
 

Authors’ response to Martin Gysel 

We would like to thank Martin Gysel for his thorough comments and valuable suggestions regarding 

our manuscript. Based on these comments we have made modifications to our manuscript and slightly 

changed the analysis method and data presentation. These changes are addressed below with 

reviewer’s comments written in italics and followed by authors’ responses (normal font). 

 

This study investigates the role of aerosol hygroscopicity on its ability to form cloud droplets. Many previous 

studies have addressed the roles played by particle size and particle hygroscopicity on the ability of such 

particles to act as cloud condensation nuclei (CCN). However, this was for the most part done based on 

theoretical considerations, laboratory studies and/or simulated droplet formation on ambient aerosol in CCN 

counters. This study is one of very few studies that directly investigated the activation of aerosol into the 

droplets of atmospheric clouds as a function of their size and hygroscopicity. State‐of‐the‐art experimental 

methods were applied to independently determine the hygroscopicity distributions of the total aerosol and the 

interstitial aerosol, based on which they could clearly show that the less hygroscopic particles are much less 

efficient in forming cloud droplets compared to the more hygroscopic particles of equal size. While this 

essentially confirms expectations, it is still a very valuable result as it directly affects how local/regional 

emissions contribute to cloud droplet number and to what extent the less hygroscopic particles can be 

processed by clouds.  

The manuscript is generally well written, concise and within the scope of ACP. The data analysis approaches 

seem appropriate for the most part. However, in two cases I am not sure whether the results are internally 

consistent. Besides, one figure, which is essentially just an internal consistency check of the data analysis 

approaches, comes as if it was an independent result (see major comments). The “minor comments” are 

largely just meant to clarify e few things, to improve the notation in equations in order to avoid ambiguities 

and to provide several ideas for additional analyses. I do not expect that the latter should all be addressed in 

a comprehensive manner (nor would I expect exhaustive rebuttals for most of them).  

In conclusion, I recommend this interesting and relevant manuscript for publication in ACP after the most 

relevant comments have been addressed by the authors.  

Major comments:  

1. Comment: P.8, l.21‐22:“Typically, the activation efficiencies calculated by Eq. (9) (fact,GF>0.80) 

appeared somewhat larger than the DMPS derived values (fact,DMPS).” – I claim that this is impossible! 

It must be caused by errors in the calculations (e.g. from inconsistent choice of GF‐PDF normalization 

approach and integration of the GF‐PDFs in Equation 9 or from comparing at different times). Let 

me explain: “GF>0.80” means that you integrate over the whole GF‐range of the GF‐PDF. The fact 

that the GF‐PDF, as used in Equation 9, must be normalized to unit area, directly implies that, for 

“GF>0.80”, Equation 9 simplifies to  

 

fact,GF>0.80(Dp)= ( dNtot(Dp)/dlogDp – dNint(Dp)/dlogDp ) / dNtot(Dp)/dlogDp 

 

and this is nothing else than how I would define fact,DMPS(Dp). Or in other words: there is no more 

HTDMA derived information left in fact,GF>0.80(Dp), only DMPS‐derived information. Therefore the 

poor time resolution or other potential issues with the HTDMA measurement cannot influence the 



 

result. Please reconsider your calculations and add the results from all other available measurements 

to Table 1 too, if there was really a mistake in the previous approach.  

 

Response: In the original manuscript, the GF-PDF “scaling factors” were derived from HTDMA 

measurements, and therefore, all the fact,GF values were independent from DMPS measurements. We 

agree that this was quite poorly expressed in the text. However, we have re-considered our calculations 

and decided to change the analysis so that the scaling factors are now derived from DMPS 

measurements.  

 

As the reviewer pointed out, this should result in equal fact,DMPS and fact,GF>0.80 (in the case that fact,GF>0.80 

is determined by integrating over the whole GF range). However, due to issues with time resolution 

and relatively slow alteration between the two sampling lines, fact,GF<1.25 can sometimes appear 

negative. Please see our response to comment #2 for further details on this issue. 

 

After revising the calculations, we have decided to include one more cloud event in the manuscript. 

We also found a small mistake in the analysis as the starting time of event #1 (now event #2) was 

miscopied as 20:35 instead of 20:25. We have updated Table 1 and revised the related discussion 

accordingly. 

 

 

2. Comment: Table 1: Shouldn’t the following equality hold for the data shown in Table 1?  

fact,GF>0.80(Dp) = fGF<1.25(Dp) * fact,GF<1.25(Dp) + (1 – fGF<1.25(Dp))* fact,GF>1.25(Dp)  

(simply use Equation 9 to get this). It does seem to be fulfilled for some columns of Table 1 but not for 

others. Please check your data or clarify the manuscript if I misinterpreted the meaning of Equation 

9 or fact or so. 

Response: This is a good point and this issue should have been addressed in the manuscript. Ideally, 

if the activated fraction is zero, the interstitial and total particle concentrations should be equal. 

However, as the measurements are not done simultaneously, the interstitial concentrations can be 

occasionally higher than the respective total concentrations. Thus, the activation efficiencies calculated 

by Eq. (9) (now, Eq. 10) can become negative. 

In the original manuscript, these values were reported as zeros but treated as negative when calculating 

the total activated fractions (fact,GF>0.80). By contrast, in the revised version, the negative activation 

efficiencies are treated as zeros in order to reach consistent values for fact,GF<1.25, fact,GF>1.25, and fact,GF>0.80. 

On the other hand, this may (again) cause small differences between fact,GF>0.80 and fact,DMPS. 

The following sentences are now added to the manuscript right after the Eq. (10):  

“Here it should be noted that the activation efficiencies can appear negative if the averaged 

interstitial concentrations are higher than the corresponding total values. This can be the case 

especially within the less hygroscopic regime where the activated fractions are generally low. 

In such cases, the negative activation efficiencies are reported as zeros and treated as such when 

calculating the total activated fractions (fact,GF≥0.80). Thus, the resulting fact,GF≥0.80 values can be 

slightly different from the ones derived solely from DMPS measurements. “. 

 



 

3. Comment: Figure 3 and first paragraph of Section 3.4:  

The comparison of cloud droplet predictions made with considering the hygroscopic mixing state or 

with assuming internal mixture (and using κavg) is useful, as it confirms previous results on the 

sensitivity of CCN predictions to simplified treatment of mixing state for the effect of mixing state of 

total cloud droplet concentration in real clouds.  

By contrast, the comparison of HTDMA+DMPStot+Sc,eff‐predictions of cloud droplet number 

concentration with those derived from the DMPStot minus DMPSint measurements is meaningless 

because it is circular argumentation! Equation 8 was first used to infer the Sc,eff from the HTDMA, 

DMPStot and DMPSint measurements. The Sc,eff obtained in this manner was then used, along with the 

HTDMA + DMPStot data, for cloud droplet prediction to be compared with those derived from DMPStot 

minus DMPSint measurements as shown in Figure 3. Consequently, this analysis has nothing to do 

with a closure study, instead it is simply an internal consistency check of the approach to infer Sc,eff 

and to predict cloud droplet number. Therefore, this part of the figure (i.e. the red data points) has to 

be removed and the discussion needs to be adapted.  

 

Response: Again, this is very good point and we agree that we are not presenting any closure results 

in Fig. 3. In our opinion, however, this self-consistency check should be included in the paper as it 

serves a justification/base for the results presented in Sect. 3.5.  

In Sect. 3.5, the cloud droplet concentrations are estimated with an assumption that only the more 

hygroscopic particles were present in the atmosphere. Thereafter, these values are compared to those 

shown in Fig. 3 (red points). Thus, the main purpose of Fig. 3 is just to assure that the simulated 

reference values/conditions are comparable to real ambient observations. 

Keeping this in mind, we have added the following disclaimer to the manuscript:  

“Nevertheless, since the determination of Nact,HTDMA included the estimation of effective peak 

supersaturation by means of fact,DMPS, the comparison shown here can't be considered as a real 

CCN closure study in an explicit manner. Instead, it rather serves as a base for the analysis 

presented in the following section (Sect. 3.5)”.  

 

Comment: Nevertheless, it is worth to have a closer look into Figure 3. The fact that the grey points 

have higher correlation and slope closer to unity than the red points is unexpected. If the cloud droplet 

prediction is so insensitive to assuming internal mixing state, why is then the “internal consistency 

check” of inferring and re‐applying the effective supersaturation from/to the HTDMA measurements 

so poor (referring to slope and particularly the scatter of the red points)? Is this related to improper 

treatment of activation plateau values that differ from unity (see separate comment below concerning 

this potential issue)? Or is the minimization approach applied to infer the effective supersaturation 

(Equation 8) not suitable? Other reasons? 

Response: We apologize for the typo that we had on page 10, line 14. As it was marked in Fig. 3, the 

line fitted through the red data points had a slope of 1.016 instead on 1.03 (as it was mentioned in the 

text). It is true, however, that the grey dots had slightly higher R2 than the red points. On the other 

hand, considering the reasonably low number of data points (n = 26) the difference (0.991 vs. 0.997) 

is practically negligible and should not be overinterpret. 



 

It is also true that the measured activation curves did not always reach unity at larger sizes, whereas 

the HTDMA derived curves typically did. Therefore, it is definitely one possible explanation for the 

positive biases between Nact,HTDMA and Nact,DMPS (Nact,HTDMA > Nact,DMPS). We also tried an alternative 

minimization approach by simply minimizing the difference between the HTDMA and DMPS derived 

D50s, but the effect was negligible. 

 

Minor comments:  

4. Comment: Abstract: Well written but for one missing element: The range of supersaturations 

occurring in the is not mentioned. This would be worthwhile as they appear to be rather low, which 

increases the sensitivity of CCN number concentration to hygroscopicity/composition compared to 

high supersaturation.  

 

Response: The range of effective peak supersaturation is now included in the abstract. 

 

 

5. Comment: P.3, l.26: It might be worthwhile to mention how the visibility was measured. 

Response: The weather sensors are now described in the manuscript. 

 

6. Comment: Sect. 2.3: A PM1.0 impactor was used in the interstitial inlet to remove the activated cloud 

droplets just leaving the interstitial aerosol behind. However, the mode of none‐activated droplets in 

stable equilibrium within the cloud may potentially extend to diameters larger than 1 µm, if the peak 

supersaturation at cloud formation was very low (the lower the peak supersaturation, the larger the 

activation cut‐off diameter, the larger the maximal diameter of non‐activated interstitial particles). In 

such a case, the largest and most hygroscopic particles of the true interstitial aerosol in the cloud 

would be missing in the aerosol sample measured behind the interstitial inlet. Hammer et al. (2014) 

address this issue in more detail. Can you exclude this potential artefact based on supporting data 

such as droplet size distributions or estimates of the maximal possible equilibrium droplet size for the 

clouds formed with the lowest peak supersaturation?  

 

Hammer, E., Gysel, M., Roberts, G. C., Elias, T., Hofer, J., Hoyle, C. R., Bukowiecki, N., Dupont, J.C., 

Burnet, F., Baltensperger, U., and Weingartner, E.: Size‐dependent particle activation properties in 

fog during the ParisFog 2012/13 field campaign. Atmos. Chem. Phys., 14, 1051710533, 

doi:10.5194/acp‐14‐10517‐2014, 2014.  

 

Response: This is a very good point and definitely something that we need to take into account in the 

future measurements. At this stage, however, we can neither exclude, nor quantify, the possible 

uncertainties inflicted to our observations. 

 

7. Comment: Sect. 2.4: The residence time between humidifier and DMA is provided (2s). The residence 

time within the humidifier might also be of interest, possibly even including a brief remark on the 

reasons for choosing a rather short or rather long residence time.  

 



 

Response: The residence time inside the humidifier was approximately 0.2 s. This piece of 

information is now added to the manuscript. 

 

8. Comment: Equation 2 and other instances in Sect. 2.5 and possibly the rest of the manuscript: This 

equation (Köhler‐equation) describes the equilibrium water vapour saturation ratio (Seq) as a function 

of particle hygroscopicity, diameter, etc. By contrast, the critical saturation ratio (Sc) is the maximum 

of the Köhler curve described with Equation 2. You are using the same symbol for these two different 

quantities. This needs to be fixed.  

 

Response: Thank you for pointing out this mistake. Sc in Eq. (2) is now changed to Seq and determined 

as an equilibrium saturation ratio. Later, Sc is defined as a critical saturation ratio and explained 

accordingly. 

 

9. Comment: Line just below Equation 3, “…where Vs and Vw are the soluble and water volumes…”: 

In general, Vs is the volume of the whole dry particle, not just the soluble components. Insoluble 

fractions, if present, are accounted for with the κ‐value. 

 

Response: Good point. We have replaced Vs with Vp and rephrased the following definition as 

“…where Vp and Vw are the dry particle and water volumes…” 

 

10. Comment: Equation 5: This analytical solution for the critical saturation ratio contains mathematical 

approximations which become increasingly inaccurate with decreasing critical saturation ratio. 

Therefore, this equation should only be used for qualitative purposes, whereas a numerical solution 

of the Köhler equation must be implemented for quantitative purposes. 

Response: This is also a good point, and therefore, Eq. (5) is now referred as an approximation. In 

addition, we repeated the simulations by solving the Köhler equation numerically. However, the effect 

was negligible and most likely compensated by very minor changes in the estimated Sc,eff values. 

 

11. Comment: Equation 5 and line just below: This is now the critical saturation ratio. It should be 

explained what it is – in contrast to the equilibrium saturation ratio appearing in Equation 2 – and 

the symbol should be defined.  

 

Response: Please see our response to comment 8.  

 

 

12. Comment: Equations 6 and 7: It could be mentioned that the approach and equations used to predict 

the CCN number concentration from particle number size distribution (from SMPS) and GF‐PDFs 

(from HTDMA) is identical to the approach introduced by Kammermann et al., 2010b (cf. their 

Equations 2&3).  

 

Response: Reference to Kammermann et al. (2010b) is included. 



 

 

 

13. Comment: P.6, l. 5‐8: This step also involves interpolation in time (besides inter‐/extrapolation in 

size).  

 

Response: Yes. Or alternatively, temporal averaging.  

 

 

14. Comment: P.6, l. 11ff: “Nonetheless, it has to be noted that above 200 nm, hygroscopicity is quite 

rarely a limiting factor and the most crucial activation characteristics are dependent on particle 

properties between the ~80 nm and ~200 nm sizes.” – Isn’t this statement somewhat in conflict with 

your result that a substantial portion of the non‐hygroscopic particles remains interstitial (at the 

largest diameter covered by your measurements)? Therefore you need the additional argument that 

the number fraction of non‐hygroscopic particles depends only weakly on size across the size range 

relevant in this context.  

 

Response: This part of the text was indeed unclearly written. What we really wanted to state here was 

that according to the observed size dependence of fGF<1.25, the particles at Dp > 200 nm were supposedly 

characterized by reasonably low number fractions of less hygroscopic particles. As a result, small 

uncertainties in the estimated GF-PDFs would only cause a small net bias to droplet predictions.  

 

Nevertheless, as we don’t have actual measurement data for this size range (and this argument would 

be limited to average conditions at Puijo), we have decided to omit this statement from the manuscript.  

 

15. Comment: P.6, l.13ff: “Secondly, the method assumes that the subsaturated hygroscopicities are 

representative for supersaturated conditions. Such an assumption is not always totally valid and 

discrepancies between the two saturation regimes have been reported based on laboratory and field 

experiments…” – The study by Jurányi et al. (2013) could also be referenced here, as one of the 

examples that found very good closure between sub‐ and supersaturated regimes for externally mixed 

urban aerosol.  

 

Response: We have added a reference to Jurányi et al. (2013). 

 

 

16. Comment: P6., l.19ff: Comments on the approach to estimate the effective peak supersaturation (PS: 

I’d suggest Sc,eff rather than Seff as symbol): 

 

Response: Seff and seff are replaced with Sc,eff and sc,eff as suggested. 

  

a. I suggest to start with a brief explanation of the concept behind estimating Sc,eff, possibly also 

referring to Hammer et al. (2014). This would be likely be helpful for the “average” reader of this 

manuscript.  

Response: We have included a brief definition of Sc,eff as well as a reference to Hammer et al. 

(2014). 

 



 

b. If entrainment occurs or in the case of partially/fully glaciated clouds the plateau value of fact,DMPS, 

i.e. the value fact,DMPS takes at large diameters at which also the nonhygroscopic particle activate, 

may be substantially smaller than unity (e.g. Fig. 3 in Verheggen et al., 2007). The minimization 

approach given in Equation 8 would cause a bias for such a scenario. – Did you observe evidence 

for entrainment and/or glaciation or did the plateau value of fact,DMPS always reach unity? 

 

Verheggen, B., Cozic, J., Weingartner, E., Bower, K., Mertes, S., Connolly, P., Gallagher, M., 

Flynn, M., Choularton, T., and Baltensperger, U.: Aerosol partitioning between the interstitial and 

the condensed phase in mixed‐phase clouds. J. Geophys. Res., 112, D23202, 

doi:10.1029/2007JD008714, 2007.   

Response: As we mentioned in our response to comment #3, the DMPS derived activation curves 

did not always reach unity. Thus, we can’t fully exclude the possibility of entrainment. On the 

other hand, the reduced activation efficiency of larger particles was also associated with reasonably 

low particle concentrations (→ small deviations in particle concentrations may cause relatively 

large fluctuations in number fractions). Thus, distinguishing the effect of entrainment from 

measurement uncertainties/biases can be tricky. 

In order to minimize the possible biases arising from minimization, the residual (Eq. 8) was 

calculated over the 80‒200 nm size range. 

c. Our experience from similar measurements at the Jungfraujoch research station is that the 

diameter range across which fact,DMPS increases from 0 to 1 is much broader than can be explained 

with the heterogeneity of the aerosol in terms of mixing state/GF‐PDF (the JFJ‐aerosol is rather 

internally mixed). This indicates that the width of fact,DMPS is mainly driven by heterogeneity of Sc,eff 

on small spatial scales due to e.g. turbulence. What does it look like in your case (the aerosol at 

Puijo is obviously much more externally mixed than that observed at the Jungfraujoch)? Can the 

shape of fact,DMPS(Dp) be explained with the external mixing alone? This question possibly goes 

beyond the main focus of this paper, but it might still be worth looking at it. You have the data at 

hand and could possibly produce a supplementary figure using representative examples).  

Response: One criteria for case selection in Sect. 3.4 (and Sect. 3.5) was that the fact,HTDMA managed 

to produce the size-dependence/slope similar to fact,DMPS. Ideally (assuming that the GF-surfaces 

were well-predicted), this would indicate that the changes in hygroscopicity/mixing state were 

enough to explain the width of fact,DMPS.  

However, as pointed out in the revised manuscript, this wasn’t always the case and thus, we can’t 

exclude the possible influence of turbulent/heterogeneous Sc,eff. This is definitely an interesting 

topic but would require a much more comprehensive set of analysis to be addressed adequately.  

d. An alternative approach would be to fit something like a sigmoid curve into fact,DMPS(Dp) to obtain 

an effective activation cut‐off diameter (half rise). Inserting this cut‐off diameter and κavg(Dp) into 

Köhler theory then provides Sc,eff under the assumption of internal mixing. I would expect that these 

values are very similar to those obtained with your approach accounting for external mixture. If 

not, you should comment on the fact that proper treatment of mixing state is crucial for inferring 

Sc,eff when dealing with clouds formed on externally mixed aerosol.  

 



 

Response: This is also a good idea. However, determination of cloud supersaturation is likely 

beyond the main scope of the current manuscript and will be examined more comprehensively in 

future studies. 

 

e. Did you define fact,DMPS(Dp)?  

Response: The definition of fact,DMPS is added to the manuscript. 

 

17. Comment: P.6, l.26ff: First, this paragraph belongs above the paragraph describing how you infer 

Sc,eff, as this is still about predicting CCN number concentration from HTDMA data, if I got that right. 

Second, you may have to explain how you obtain κavg(Dp). 

 

Response: We have decided to keep the order of these paragraphs as they are. The main idea here is 

that adjusting the Sc is an integral part of determining Nact,HTDMA, rather than an individual analysis. 

Another reason is that the obtained Sc,eff values are later used in the internally mixed approach.  

We have rephrased the paragraph describing the internal mixing approach to improve the language 

and clarity. 

 

18. Comment: Sect. 3.1: Some at least partially glaciated clouds wouldn’t be surprising if ambient 

temperature was sometimes below zero (minimum was ‐9.7 °C).  

 

Response: The minimum temperature during cloud events was -5.8 °C. Although we do not have 

direct measurements on ice nuclei activity, our current perception is that glaciation plays a very minor 

role at these temperatures (at Puijo). 

 

 

19. Comment: Figure 1, bottom row: GF‐PDFs shown here are normalized to unit area. I wonder 

whether it would be instructive to add an extra row (or replace the current bottom row) with a version 

in which you re‐normalize the GF‐PDFs as follows. For the total aerosol, multiply the GF‐PDF that 

is already normalized to unit area with dNtot/dlogDp(Dp). And equivalently for the interstitial aerosol. 

The area between the curves representing the total and interstitial GF‐PDFs for equal size would then 

directly correspond to the activated particles. Furthermore, normalized in this manner, the bottom 

row of Figure 1 would then be are more close graphical representation of what you calculate with 

Equation 9. You could even add an extra row of panels that shows fact,GF for each diameter and GF‐

resolved, i.e. as a function of GF rather than integrated over a GF range.  

 

Response: Due to highly variable total/interstitial concentrations, averaging these kind of “non-

normalized” GF distributions would result in very different looking distributions compared to what is 

presented in the current version of Fig. 1 (i.e., the averaged distributions would be largely biased 

towards the observations with high concentrations). To avoid any confusion, we’ve decided to keep 

the Fig. 1 as it is and include the suggested figure in the supplementary material. In this figure, shown 

are the median GF distributions and their 25th and 75th percentiles determined from hourly averaged 

HTDMA+DMPS observations.  



 

 

20. Comment: P.7, l.20: Was the shift of the more hygroscopic mode towards larger GF with increasing 

particles size less or more than what can be explained by the size dependence of the GF imposed by 

the Kelvin effect? 

 

Response: Typically, the κ values of more hygroscopic particles increased with particle size indicating 

that the Kelvin effect alone was not enough to explain the observed shift towards larger growth factors. 

This can be seen from Fig. 1 (see the attached figure below) showing the average κ-PDFs calculated 

over the whole measurement campaign. This figure is also included in the manuscript together with a 

brief explanation. 

 

 

Fig. 1: Mean κ-PDFs of 80, 120 and 150 nm particles averaged over the whole campaign. The shaded 

areas represent the ranges between the 25th and 75th percentiles. 

 

21. Comment: P.7, l21ff: The observations by Laborde et al. (2013) in Paris revealed even a little more 

detail. There was very clear evidence that particles from fresh traffic emissions appeared mainly at 

GF≈1.0, whereas particles from wood burning appeared mainly at GF≈1.1, together forming the 

“nonhygroscopic” mode in the HTDMA. I have added this detailed remark because the GF‐PDFs 

shown in the bottom row of your Figure 1 for particles with diameters of 120 nm and 150 nm seem to 

provide evidence that the cloud droplet active fraction differs slightly between GF≈1.0 and GF≈1.1. 

Could you confirm this or is this difference within uncertainty?  

 

Response: This is a good point. As we mentioned in our response to comment #2, the difference 

between the interstitial and total concentrations (“TOT-INT”) could become negative if the activated 

fraction was low. When estimating the residual GF-PDFs, these values are first set to zeros, which 

leads to a strengthening of positive peaks when the distributions are normalized. Therefore, the 

difference between GF = 1 and GF = 1.1 is at least partially an artefact, rather than a real difference in 

activation efficiency. This is now explained in the manuscript. 



 

 

22. Comment: Equation 9: Ntot(Dp) should be replaced by dNtot(Dp)/dlogDp, shouldn’t it? And so for 

Nint(Dp)? – You define Ntot as: “…where Ntot and Nint are the total and interstitial number 

concentrations…”. This rather rather sounds as if Ntot(Dp) was representing a cumulative number 

concentration, which would be wrong in Equation 9 (as I understand the purpose of Equation 9).  

PS: you could of course also choose dNtot(Dp)/dDp instead of dNtot(Dp)/dlogDp as the factor in between 

those two eventually cancels out.  

Besides: I recommend adding another line to Equation 9, in which you rearrange it as follows: 

fact,GF1<GF<GF2(Dp, GF1, GF2)= ( dNtot(Dp)/dlogDp * f tot,GF1<GF<GF2(Dp) – 

dNint(Dp)/dlogDp * f int,GF1<GF<GF2(Dp) ) / dNtot(Dp)/dlogDp * f tot,GF1<GF<GF2(Dp) where 

f tot,GF1<GF<GF2(Dp) is the number fraction of particles (total aerosol) with dry diameter Dp and GF 

between GF1 and GF2 (and equivalent for the interstitial particles). This addition should help in 

understanding the meaning of Equation 9.  

 

Response: We have modified the equation as suggested.  

 

 

23. Comment: P.9, l.3ff: “The most interesting remark concerns the difference between the low and high 

hygroscopicity particles at 120 and 150 nm. While the activation efficiency of total aerosol and more 

hygroscopic particles increases with size, the less hygroscopic particle mode remains almost non‐
activated.” – The “size dependence” mentioned in this statement is distracting from the main message. 

In my view Table 1 already captures the central and very nice results of your study, which is: “...., the 

cloud droplet activated fraction of the less hygroscopic particles is much smaller than that of the more 

hygroscopic particles of equal size…which confirms that cloud droplet activation critically depends 

on particle hygroscopicity for particle sizes for all sizes in the range of the droplet activation cut‐

off….” The very nice thing is that you showed this, which is expected based theory and hygroscopicity‐

resolved HTDMA‐CCN closure studies, for the activation of atmospheric aerosols in atmospheric 

clouds. Personally I would focus on this, i.e. comparing less versus more hygroscopic at equal size, 

and address size dependence in the next paragraph.  

 

Response: This part of the manuscript has been re-written according to the updated results. 

 

24. Comment: P.9, l.11ff: “Here, the residual aerosol‐properties were estimated indirectly by using the 

hourly averaged total and interstitial GF‐PDFs and their actual number concentrations.” – Which 

factors did you apply to the normalized GF‐PDFs,  dNtot(Dp)/dlogDp and dNint(Dp)/dlogDp for the total 

and interstitial inlets or did you revert the normalization factor of the GF‐PDFs with the normalization 

factor that had been applied? I would believe that the former is the better choice, if the total and 

interstitial DMPS measurements are corrected such that they are identical for out of cloud 

measurements. However, this is just a subtlety.  

 

PS: Applying the number of counts of the HTDMA raw measurements would be “wrong” because the 

detection probability in the HTDMA is GF‐dependent for a fixed dry size. However, again just a small 

but still systematic bias.  

 



 

Response: In the original manuscript, the GF-PDFs were scaled by using the concentrations derived 

from HTDMA measurements. In the current version, we are instead using the DMPS derived 

concentrations. This now clarified in the manuscript. 

 

 

25. Comment: P.9, l.10‐17: why do you not discuss the size dependence of the activated fractions of the 

more and of the less hygroscopic particles in this paragraph? There are good reasons for how they 

depend on size and why there is hardly any difference between total and interstitial inlet at the smallest 

covered size.   

Response: We have added a couple of sentences regarding the observed size dependence. 

 

26. Comment: Figure 1: According the legend in the bottom row of Figure 1 the difference of the average 

GF between total and interstitial inlet is 0.04 for the two dry diameters 80 nm and 120 nm. However, 

the difference between total and interstitial seems to be much larger for 120 nm compared to 80 nm 

when looking at the bottom row of Figure 1. Please check carefully and adapt the figure and discussion 

on P.9 l.10‐17 if needed 

 

Response: Thank you for pointing this out. There was indeed a mistake in the legend values in the 

case of interstitial aerosol. The figure is updated with revised values and the discussion is adapted.   

 

 

27. Comment: P.9, l.18 ff: “To our knowledge, this is one of the very few studies characterizing the 

hygroscopic properties of different in‐cloud aerosol populations.” – there might exist some CCN based 

literature on this topic; you could check for authors like U. Pöschl and D. Rose. Concerning chemical 

composition: you could check for SP2‐based studies by J. Schroder et al. This might potentially link 

in to the behaviour of the less‐hygroscopic particles.  

 

Response: We have added a reference to discussion paper by Rose et al. (2013). 

 

28. Comment: Figure 2 and associated discussion: Relevant analysis, however, somewhat incomplete. 

Equation 5 tells us that the three parameters Sc, κ and D50 are related to each other. Therefore, the 

relation between the three of them should be reflected in the analysis, figures and discussion. Some 

thoughts on this:  

 

a. The dependence of D50 on κ could be the result of cross‐correlation rather than causality. You 

should confirm that κ and Sc are not correlated to make your result stronger. This is definitely 

required before you make the statement at the end of Section 3.3.  

Response: No correlation was found between κ and Sc,eff (R
2 ~ 0.02). This is now mentioned in the 

manuscript. 

b. Color code: the most relevant information I seem to learn from the colour code is that the 

variability of κ is for the most part driven by the variability of the number fraction of less and more 

hygroscopic particles rather than the variability of the respective mean GFs of these two modes. 

Correct? This would be better seen from a scatter plot of κ versus fGF<1.25.  



 

Response: This essentially true. According to simple linear correlation, the less hygroscopic 

fraction explained approximately 80% of the total variation in κ regardless of particle size. On the 

other hand, the less hygroscopic fraction is also linked to the position of the more hygroscopic 

mode (R2 ~ 0.3‒0.4), which makes the comparison a bit more complicated. 

c. Fit curve: the fit curve can be quantitatively interpreted, i.e. it provides you an estimate about the 

Sc,eff “averaged” over the whole data set. Is this value consistent with your other analyses of Sc,eff? 

Caveat: Equation 5 is an approximation, which is likely not accurate for the rather low critical 

supersaturations you are dealing with.  

Response: This estimation is given in Sect. 3.4. 

d. I suggest you include multiple theoretical lines in Figure 2 that show D50 versus κ for different Sc 

(based on unbiased numerical solutions rather than the approximate Equation 5). These theoretical 

lines might possibly save you the trouble of including a fit curve. Additionally you should choose 

the Sc,eff as colour scale for the data points (you can have multiple versions with different colour 

scales if you like to keep your old colour scale too). This will give you a more complete picture on 

the influence of κ, Sc,eff and also “measurement noise” on the variability of D50. 

Response: We have added theoretical lines for critical supersaturations of 0.10, 0.15, 0.20, 0.30, 

0.40 and 0.50%. However, the suggested figure (attached below) is included in the supplementary 

material. The reason is that due to the discrepancies between the HTDMA and DMPS derived 

activation properties (highlighted in Sect. 3.4), some of the determined sc,eff values were most likely 

characterized by increased uncertainties. 

 



 

e. You should also create a figure in which you swap the roles of κ and Sc,eff, i.e. you plot D50 vs Sc,eff 

and choose κavg (I’d say for 120 nm or 150 nm or a value interpolated to the mean D50) as colour 

scale (theoretical lines should also be added). How does it compare with the figure suggested 

above? 

Response: This figure is also included in the supplementary material. 

 

f. The outlier in Figure 2: is it an outlier in the sense of “cannot be explained” or do you have 

independent evidence that the very high D50 could possibly be caused by exceptionally low 

supersaturation (you cannot use Sc,eff. to argue as Sc,eff is inferred from D50)?  

 

Response: In this case, the D50 was most likely biased towards larger sizes due to the uncertainties 

arising from extremely low number concentrations (i.e., the activation curve wasn’t perfectly 

smooth around ~170‒240 nm). 

 

29. Comment: P.10, l.28‐29: “…the estimated peak supersaturations… …they provide some valuable 

information about the in‐cloud conditions…”. – The droplet activation happens at the initial stages of 

cloud formation.  

 

Response: This paragraph is rephrased as “…about the conditions relevant to cloud droplet 

formation”. 

30. Comment: Last paragraph of Section 3.4 (comparison of supersaturations with literature): Hammer 

et al. (2014) reported a systematic difference in observed peak supersaturations for the two prevalent 

wind directions, which could be explained by differences in the orographic forcing (steep vs gentle 

mountain slopes). What are the cloud formation mechanisms for the clouds probed at Puijo (and 

Pallas)? Are the lower peak supersaturations at those two sites possibly related to weaker orographic 

forcing compared to the Puy de Dôme and Jungfraujoch sites?  

 

Response: We are currently preparing a manuscript concentrating on the effect of updrafts on cloud 

properties at Puijo. The preliminary model results suggest that due to the reasonably low height of the 

Puijo hill and the fact that the measurement station is located on the top of a 75-metre tower, the terrain 

topography has a minor effect on the observed cloud properties. We have slightly widened the 

discussion regarding the results by Hammer et al. (2014). 



 

 

31. Comment: Figure 4 and associated discussion: The susceptibility of cloud droplet concentration to 

hygroscopicity can be quite asymmetric with respect to increase vs decrease of κ (see e.g. Figure 8 in 

Juranyi et al., 2010, or other studies that did similar sensitivity analyses for CCN number 

concentrations). Instead of just considering the case “no less hygroscopic particles at all” (higher κ), 

you could additionally consider the case “no more hygroscopic particles at all” (lower κ) for the 

sensitivity analysis presented in your Figure 4 and Table 2.  

 

Jurányi, Z., Gysel, M., Weingartner, E., DeCarlo, P. F., Kammermann, L., and Baltensperger, U.:  

Measured and modelled cloud condensation nuclei number concentration at the high alpine site  

Jungfraujoch. Atmos. Chem. Phys., 10, 7891‐7906, doi:10.5194/acp‐10‐7891‐2010, 2010. PS: 

further down in the manuscript it became clear why you specifically look at positive deviations. 

You could try to clarify this earlier.  

Response: Actually, we already performed this kind of an analysis when preparing the 

manuscript. In our opinion, however, including several scenarios provided only little added value 

considering the main message of our manuscript. 

Anyhow, in case you’re interested, please see the attached figure showing the results from 

simulations where the less hygroscopic GF modes were rescaled by a positive factor of 2.5 (i.e. 

the less hygroscopic fractions were increased by 150% → hygroscopicities decreased).  

 

 

32. Comment: Concerning difference of the activation behaviour of the two modes: As the aerosol at 

Puijo appears to have two rather well separated hygroscopicity modes, and since you prove that this 

directly affects the cloud droplet formation ability, you could quantify the expected difference of 

activation cut‐off diameter for these two modes, if you like. One option would be the following:  from 

“every” HTDMA measurement you can infer Sc,eff, κavg,GF<1.25 and κavg,GF>1.25. This allows to infer 

D50,GF<1.25 and D50,GF>1.25. Plotting D50,GF<1.25 and D50,GF>1.25 versus Sc,eff then gives a 

fair idea of the activation cut‐off diameter of the two modes, which is for example relevant for the 

threshold size down to which the particles in either mode can undergo cloud processing under the 

conditions in clouds at Puijo. (The only thing you would have to think about is how to deal with the 

diameter depends of hygroscopicity.)  

 

Response: A relevant analysis but most preferably to be included in future studies. 

 

 



 

33. Comment: There is another potentially interesting question you could look at if you like: while 

assuming an internally mixed aerosol can provide very good estimates of the total CCN number 

concentration, if properly done, it will not give an accurate answer concerning the respective 

contributions of the background aerosol and local/regional emissions to CCN number (with the 

picture in mind that the less hygroscopic mode is of local/regional origin). Based on your data set you 

could make at least a crude estimate of how the number fraction of local/regional particles compares 

between total aerosol and those particles that formed cloud droplets (pulling the idea of the previous 

comment even a little further). Or in other words: your data set seems to imply that most particles of 

local/regional origin have to undergo quite some atmospheric aging processes until they start 

participating in cloud droplet formation, doesn’t it?  

 

Response: This is also a very good idea and well-linked to our ongoing work concentrating on the 

influence of nearby pollution sources.   

 

  

34. Comment: l.26‐27: “Understandably, by suppressing the size‐dependent variations in chemical 

composition, the activation curves become steeper and the D50s decrease.” – This is unclear. You 

only present data from a single size, so how can size dependence be suppressed? To my understanding 

the D50s decrease because you make the particles more hygroscopic! Please clarify how you mean 

this.  

 

Response: The idea here is that neglecting the effect of less hygroscopic particles suppresses the size 

dependence of hygroscopic growth factors (that is, the average GFs increase much more clearly with 

particle size when the less hygroscopic mode in included – please see Table 2).  

As we are not changing the effective peak supersaturation, the activation starts to occur approximately 

at same sizes in both scenarios (original mixing state vs. high hygroscopicity assumption). However, 

as the particles become more hygroscopic the shape of the activation curves changes, i.e. the curves 

become steeper, which decreases the D50s. We have tried to use more precise wording here. 

 

Technical corrections:  

35. Comment: P.7, l24: In the context of HTDMA measurements I would speak of “non‐hygroscopic” 

particles for GF=1.0 rather than hydrophobic. I’d rather use the latter term in the context of 

measurements that are sensitive to “wettability”, i.e. adsorption or contact angle or similar.  

 

Response: Corrected as suggested
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Abstract. The relationship between aerosol hygroscopicity and cloud droplet activation was studied at the Puijo measurement

station in Kuopio, Finland, during the autumn 2014. The hygroscopic growth of 80, 120 and 150 nm particles was measured10

at 90 % relative humidity with a hygroscopic tandem differential mobility analyzer. Typically, the growth factor (GF)

distributions appeared bimodal with clearly distinguishable peaks around 1.0‒1.1 and 1.4‒1.6. However, the relative

contribution of the two modes appeared highly variable reflecting the varyingprobable presence of fresh anthropogenic particle

emissions. The hygroscopicity-dependent activation properties were estimated in a case study comprising threefour separate

cloud events with varying characteristics. At 120 and 150 nm, the activation efficiencies within the low- and high-GF modes15

varied between 0‒0.33%‒34% and 0.66‒0.86,57%‒83%, respectively, indicating that the less hygroscopic particles remained

almostmostly non-activated, whereas the more hygroscopic mode was predominantly scavenged into cloud droplets. By

modifying the measured GF distributions, it was estimated how the cloud droplet concentrations would change if all the

particles belonged to the more hygroscopic group. According to the κ-Köhler simulations, the cloud droplet concentrations

increased up to 70 % with increasing hygroscopicity% when the possible feedback effects on effective peak supersaturation20

(between 0.16% and 0.29%) were assumed negligible. This is an indirect but clear illustration of the sensitivity of cloud

formation to aerosol chemical composition.

1 Introduction

Atmospheric aerosols play a key role in the global climate system. They can affect the Earth’s radiation balance either directly

by scattering and absorbing the solar radiation, or indirectly, via clouds. Despite their relatively long-known influence25

pathways, atmospheric aerosols and especially their interactions with clouds, are still recognized as the most important source

of uncertainty in the estimates of radiative forcing over the industrial period (IPCC, 2013). Although the climatic sensitivity

and clouds are linked via numerous feedback mechanisms, one fundamental key towards a diminished uncertainty is to

understand the factors controlling the particle’s ability to act as cloud condensation nuclei (CCN).
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The particles’ ability to activate into cloud droplets underat a certain meteorological conditionslevel of supersaturation depends

on their size and chemical composition. The role of particle size is already quite well identified and it’s commonly considered

as the most important factor. For example, according to the early model calculations by Junge and McLaren (1971) and

measurements by Fitzgerald (1973), the shape of the CCN spectrum was predominantly determined by the initial particle size

distribution, and compositional variations became significant only when the aerosol was highly insoluble. More recently,5

Dusek et al. (2006) estimated that the changes in aerosol size distribution explained over 80 % of the observed variance in

CCN concentration. Similarly, Ervens et al.  (2007) stated that the CCN predictions were the most sensitive to variations in

particle size distribution and supersaturation.

Considering the great climatological uncertainty related to aerosol-cloud interactions, such a straightforward relationship

between aerosol size distributions and CCN spectra could substantially improve the estimates of the aerosol indirect radiative10

forcing. However, as Hudson (2007) stated, the estimation by Dusek et al. (2006) was based on rather small variation in

chemical composition, which may have led to considerable underestimation of its role in cloud droplet activation. In addition,

Quinn et al. (2008) parametrized the aerosol chemical composition by using the mass fraction of hydrocarbon-like organic

aerosol (HOA) and combined the results with CCN activity measurements. The results indicated that the uncertainty between

the measured and estimated CCN concentrations was up to 50 % when the variations in HOA were neglected.15

During the last few decades, a lot of effort has been put into CCN closure studies, i.e. determination of CCN concentration by

means of size and composition related properties (Broekhuizen et al., 2006; Conant et al., 2004; Ervens et al., 2007; Fountoukis

et al., 2007). CCN closure studies allow to assess the importance of different parameters on cloud droplet activation and

therefore, they are an important tool towards a sufficient understanding of the link between atmospheric aerosols and cloud

processes. One specific method includes the determination of CCN spectrumspectra by means of hygroscopicity20

measurements. Under subsaturated conditions (i.e. relative humidity (RH) < 100 %), aerosol hygroscopicity can be

characterized by using a parameter called hygroscopic growth factor

GF൫RH,ܦ୮൯ = 	౭౪(ୖୌ,౦)

౦
, (1)

where Dwet is the wet particle diameter at a certain RH and Dp is the corresponding dry diameter. In principle, GFs reflect the

aerosol chemical composition. Pure inorganic salts such as sodium chloride (NaCl) and ammonium sulfate ((NH4)2SO4) are25

usually associated with elevated growth factors (GF > 1.60 at RH = 90 %), whereas some other species appear clearly less

hygroscopic (McFiggans et al., 2006). For example, fresh mineral dust and pure black carbon are almost hydrophobic with

typical GFs below 1.05 (Vlasenko et al., 2005; Weingartner et al., 1997; Liu et al., 2013). In atmospheric conditions, the

average GFs usually vary between 1.0 and 1.8, and the GF distributions may consist of several independent modes originating

from various sources of particulate matter (Ferron et al., 2005, Fors et al., 2011; Sjogren et al., 2008; Liu et al., 2011;30

McFiggans et al., 2006).
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In order to better understand the relationship between cloud droplet activation, aerosol chemical composition and

hygroscopicity, we organized an intensive measurement campaign at the Puijo measurement station in Kuopio, Eastern

Finland, during the autumn 2014 (Puijo Cloud Experiment 2014). Along with the Global Atmospheric Watch (GAW) stations

such as Pallas, Finland (Komppula et al., 2005), Jungfraujoch, Switzerland (Sjogren et al., 2008) and Puy-de-Dôme, France

(Asmi et al., 2012), the Puijo station is one of the few measurement sites, where long-term continuous in situ measurements5

on aerosol-cloud interactions are being carried out. Therefore, it provides an established base for detailed aerosol and cloud

studies. Utilizing the conducted in-cloud measurements, this paper aims to identify the hygroscopicity-dependent activation

properties of a cloud-forming aerosol population and study the effects of varying chemical composition on cloud droplet

formation.

2 Methods10

2.1 Measurement site

The measurement campaign took place at the Puijo SMEAR IV station in Kuopio, Finland (around 340 km to NE from

Helsinki) between 17 September and 4 November 2014. The measurement station is located at the top of the Puijo observation

tower (62°54’34’’ N, 27°39’19’’ E) approximately 224 m above the surrounding lake level (Leskinen et al., 2009; Ahmad et

al., 2013; Portin et al., 2014). The station was established in 2005 and since then it has provided continuous data on aerosol15

and cloud droplet size distributions, aerosol optical properties, atmospheric trace constituents and differentvarious weather

parameters. Due to the diverse surroundings, the measurement site can be characterized as a semi-urban environment. The

eastern side of the tower (0‒215°) includes several local pollution sources such as a paper mill in the northeast, the city center

in the southeast, a heating plant in the south and the two main roads in south‒north direction, as well as residential areas with

occasional domestic biomass combustion. By contrast, the western sector (215‒360°) has no important local sources besides20

the relatively small residential areas. For more detailed overview of the station and local pollution sources, see Leskinen et al.

(2012) and Portin et al. (2014).

2.2 Weather data and cloud events

Temperature, visibility, wind speed, wind direction, precipitation, air pressure and relative humidity were measured

continuously during the campaign. Visibility and precipitation were measured with a Vaisala FD12P weather sensor, wind25

speed and direction with an ultrasonic two-dimensional anemometer (Thies UA2D), and temperature and relative humidity

with a Vaisala HMT337 temperature and humidity transmitter. Based on meteorological conditions, the measurement period

was divided into cloudy and cloud-free sub-periods. Cloud events were defined as continuous periods (duration more than 1

h) with visibility below 200 m. For cloud-free conditions, the lower visibility limit was set to 8000 m in order to avoid the

biasing effects of non-uniform clouds and fog. In addition, the observed events were classified as rainy if the average rain30
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intensity exceeded 0.2 mm h-1. However, these cases were omitted from the analyses, since precipitation removes both

activated and non-activated particles from the atmosphere causing a possible source of error for the measurement data.

2.3 Twin inlet system and size distribution measurements

During the campaign, we utilized a custom made twin inlet system (Portin et al., 2014) consisting of two separate sample lines5

in order to measure total and non-activated (interstitial) particles separately. The total air inlet had an approximate cut-off

diameter of 40 µm and the sample line was heated to 30–40 °C. Due to the heating, liquid water was evaporated from the

droplets and residual particles were formed. Thus, when the top of the tower was inside a cloud, the total flow contained both

the residual and interstitial particles. Meanwhile, the interstitial sample line was equipped with a PM1.0 impactor (lower cut-

off limit of 1 µm) to prevent the cloud droplets from entering the sampling system. During cloud-free conditions, both of the10

inlets sampled the same aerosol population.

Aerosol size distributions from 3 to 800 nm were measured with a twin differential mobility particle sizer (twin-DMPS). TwoIn

this setup, two independent DMPSs measured the particle diameters from 3 to 53 nm and from 30 up to 800 nm with

aerosol/sheath flow ratios of 1.4:23 and 1:5.5, respectively. The instrument wasinstruments were attached to the twin inlet

system with an automated valve, which was operated to switch between the sampling lines in 6-minute intervals. Consequently,15

the total measurement time for total and interstitial population was 12 minutes, assuming that the aerosol was not changing

during the cycle. Full data inversion was applied to the raw data, including corrections for sampling losses, multiple charging

probabilities, instrumental transfer functions and particle counting efficiencies. as recommended by Wiedensohler et al. (2012).

2.4 HTDMA experiments

Aerosol hygroscopicity under subsaturated conditions was measured with a hygroscopic tandem differential mobility analyzer20

(HTDMA, Table S1). Briefly, HTDMA consists of two differential mobility analyzers (DMA) and a humidifier. The first

DMA (DMA1) selects the dry size of interest and the second DMA (DMA2) coupled with a condensation particle counter

(CPC) measures the resulting size distribution, after the nearly monodisperse aerosol sample has been exposed to certain RH.

During the campaign, the initial dry sizes were 80, 120 and 150 nm and the RH inside the DMA2 (RHDMA2) was adjusted to

∼90 %. Both of the DMAs were 28 cm long Vienna type DMAs (Winklmayr et al., 1991) operated with flow ratios of 1:6,25

and the RH control of the sheath air inside the DMA2 was achieved by using a closed-loop circulation. The residence time

betweeninside the aerosol humidifier and particle sizingwas approximately 0.2 s, after which the particles spent ~2 s in elevated

RH before entering the DMA2 was ∼2 s, and the. The propagated instrumental uncertainty associated with the measured GFs

was approximately ±4.5 %.

The instrumentHTDMA was attached to the changingtwin inlet system for a 4-week period (26 September – 20 October;30

hereafter referred as a twin inlet period) in the middle of the campaign. Otherwise, total aerosol was being measured

continuously. During the twin inlet period, an external valve system switched between the two sampling lines in 24 -minute
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intervals. Therefore, the duration of individual size scans was adjusted so that the whole measurement cycle with three initial

dry sizes was performed twice between each line change. However, some of the data points had to be removed afterwards

because the line change had occurred during an ongoing size scan. In the case of continuous total line measurements, each size

scan took 5 minutes.

The average hygroscopic growth factors and their probability density functions (GF-PDF) were evaluated using the TDMAinv5

inversion toolkit (Gysel et al., 2009). The procedure calculates the broadening factor of the instrumental transfer function from

the dry size measurements and then describes the inverted GF-PDFs as piecewise linear functions. For this purpose, dry size

scans with ammonium sulfate particles were performed at low RH before and during the campaign. The inversion algorithm

was operated to solve the GF-PDFs with a resolution of ΔGF = 0.10 and only the size scans with average RHDMA2 between 88

% and 92 % were taken into account in the analysis. In addition these data points were corrected to the 90 % target RH by10

using the built-in γ-model within the inversion toolkit. Briefly, γ-correction adjusts the measured growth factors to the desired

RH by applying thea parametrization GF = (1-RH)-γ, where γ is first calculated from the original measurement data and then

substituted backwards to obtain the RH corrected growth factorGF.

2.5 Derivation of Nact,HTDMA

According to the Köhler theory (Köhler, 1936), the equilibrium saturation ratio, ScSeq, over a liquid droplet can be calculated15

by

ୡܵܵୣ୯ = ܽ୵exp ቀ ସெ౭ఙ
ோ்ఘ౭౭౪

ቁ,

(2)

where aw is the water activity, Mw the molar weight of water, σ the surface tension (here, assumed to be that of water, 0.072 J

m-2), R the universal gas constant, T the ambient temperature and ρw the density of water. In order to relate the measured growth20

factors to water activities, we used the κ-Köhler model described by Petters and Kreidenweis (2007). With κ-Köhler model,

the water activity can be parametrized as

ଵ
౭

= 1 + ߢ ౩౦
౭

, (3)

where VsVp and Vw are the solubledry particle and water volumes, and κ is the hygroscopicity parameter determined as below:

,୮ܦ,൫GFߢ RH൯ = 	
(ୋయିଵ)exp൬ రಾ౭

ೃഐ౭ವ౦ృూ
൰

ୖୌ
− GFଷ + 1. (4)25

Alternatively, the relationship between κ and critical saturation ratio, Sc, i.e. the maximum of the Köhler curve (Eq. 2), can be

related to Scapproximated by
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,୮ܦ൫ߢ ୡܵ൯ = 	 ସయ

ଶ౦య	lnమௌౙ
, (5)

where A = 4Mwσ/RTρw. Thus, by combining the Eqs. (4) and (5) and by assuming a certain value for Sc, it is possible to estimate

the critical growth factor, GFc, i.e. the required growth factor for particles with dry size Dp to become activated at the given

supersaturation. Thereafter, the size-resolved activation efficiency fact,HTDMA can be calculated according to

ୟ݂ୡ୲,ୌୈ൫ܦ୮, ୡܵ൯ = 	 ∫ GF-PDF൫GF,ܦ୮൯݀GFஶ
ୋౙ൫౦,ௌౙ൯

. (6)5

Furthermore, the available CCN concentration can now be obtained by weighting the measured particle size distribution with

the activation efficiency and by integrating over the whole size range:

ୟܰୡ୲,ୌୈ( ୡܵ) = 	 ∫ ୟ݂ୡ୲,ୌୈ൫ܦ୮, ୡܵ൯
ௗே౪౪
ௗ ୪୭ ౦

݀ logܦ୮
ஶ
ିஶ . (7)

In order to solve the preceding equation, the GF-PDFs determined for Dp = 80, 120 and 150 nm were linearly interpolated to

cover the whole size range of interest. This was done by interpolating the GF-PDFs over the measurement range (80–150 nm)10

and then extrapolating up to 200 nm. In addition, the 80 and 200 nm GF-PDFs were assumed to be representative for particles

smaller than 80 nm and larger than 200 nm, respectively.

The procedure follows the principles described by previously by e.g. Kammermann et al. (2010b) and Fors et al. (2011), except

that here we did not have an independent HTDMA data point around 200–250 nm. Therefore, extrapolation totowards larger

sizes is also the main source of uncertainty. At larger particle sizes,, as underestimation of aerosol hygroscopicity could15

possibly lead to underestimation of fact,HTDMA and vice versa. Nonetheless, it has to be noted that above 200 nm, hygroscopicity

is quite rarely a limiting factor and the most crucial activation characteristics are dependent on particle properties between the

~80 nm and ~200 nm sizes. Secondly, the method assumes that the subsaturated hygroscopicities are representative for

supersaturated conditions. Such an assumption is not always totally valid and discrepancies between the two saturation regimes

have been reported based on laboratory and field experiments (Good et al. 2010; Hersey et al., 2014; Jaatinen et al., 2014;20

Pajunoja et al. 2015). Typically, the subsaturated hygroscopicities can appear somewhat lower than the supersaturated ones,

which may result in underestimation of CCN concentration at a fixed supersaturation. On the other hand, for example Jurányi

et al. (2013) found a very good closure between the sub- and supersaturated regimes for an externally mixed urban aerosol in

Paris, France.

In order to estimate the cloud droplet concentration in atmospherically relevant conditions, the effective peak supersaturation,25

seffsc,eff (where seff = Seffsc,eff = Sc,eff –1), was approximated by minimizing the difference between the measured (DMPS) and

estimated (HTDMA) activation curves, i.e. by minimizing the norm
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ห|ܴ( ୡܵ)|ห = 	ට∑ ൣ ୟ݂ୡ୲,ୌୈ൫ܦ୮,୧, ୡܵ൯ − ୟ݂ୡ୲,ୈୗ൫ܦ୮,୧൯൧
ଶ

୧ , (8)

where Dp,i was limited to vary from 80 to 200 nm. It’s, and the DMPS derived activation efficiency, fact,DMPS, was determined

by means of total and interstitial particle size distributions as follows:

ୟ݂ୡ୲,ୈୗ(ܦ୮) = 	
ಿ౪౪
 ౢౝವ౦

(౦)ି
ಿ౪
 ౢౝವ౦

(౦)

ಿ౪౪
 ౢౝವ౦

(౦)
. (9)

In principle, the effective peak supersaturation can be described as the maximum supersaturation that the particles experience5

for an adequate time to form stable cloud droplets (Hammer et al. 2014). It’s also important to point out that this kind of

approach masks the potential discrepancies between the two saturation regimes, and underestimation of supersaturated

hygroscopicity willwould eventually lead to positive bias in seffsc,eff.

In addition to the “externally mixed approach” described above, the cloud droplet concentrations were estimated by

representingunder an assumption that the ambient aerosol was completely internally mixed. In this approach, the interpolated10

GF surfaces in terms of size-averagedwere used to calculate the average hygroscopicity parametersparameter κavg(Dp). This

(Eq. 4) for each dry size. These values were then compared to critical κ values approximated by using the Eq. (5) and the

previously determined Sc,eff. Furthermore, depending on whether the κavg was higher or lower than the respective critical value,

the activation efficiency was assumed to be either 1 or 0, respectively. Therefore, this kind of internally mixed approach

resultsresulted in activation efficiency curves resembling a step function instead of S-shaped curves obtained fromby means15

of full GF-PDFs. More precisely, the size-dependent activation efficiency equals either 0 or 1 depending on whether the

κavg(Dp) is lower or higher than the critical κ(Dp,Seff) calculated by Eq. (5).

3 Results and discussion

3.1 Weather parameters and cloud events

During the campaign, the hourly averaged ambient temperatures varied between -9.7 °C and 15.3 °C, with sub-zero20

temperatures occurring mostly during the latter half of the measurement period. Due to the diurnal temperature variations,

relative humidity usually reached its daily maxima during the nighttime and early morning hours. Therefore, most of the cloud

formation events also occurred within these time periods. Generally, the wind speeds exhibited a diurnal variation similar to

ambient RH with slightly increased velocities during the nighttime. The wind was blowing from southwestern directions (180‒

270°) approximately 39 % of time, and during cloud events, this fraction was even higher, roughly 50 %. Altogether, the tower25

was inside a cloud approximately 10 % of time, which is somewhat less compared to typical autumn conditions at Puijo (Portin

et al., 2009). In total, 15 non-precipitative cloud events were observed during the campaign, providing up to 47 cloud event

hours.
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3.2 Hygroscopicity at Puijo

Figure 1 shows the average GFs and GF-PDFs observed at Puijo during the campaign period. Overall, the measured GFs varied

between ~1 and ~1.7 reaching the campaign averages (± 1 standard deviation) of 1.30 ± 0.11 (80 nm), 1.42 ± 0.10 (120 nm)

and 1.47 ± 0.10 (150 nm). A closer look at the GF-PDFs indicates that there are two main factors affecting the observed size

dependence. In general, the GF-PDFs appearedappear bimodal with clearly distinguishable peaks around 1.0‒1.1 and 1.4‒1.6.5

However, the number fraction of less hygroscopic particles (fGF<1.25) decreases with increasing particle size, and at the same

time, the more hygroscopic mode tends to shift slightly towards larger growth factors. A similar shift is also apparent in Fig.

2 where the average hygroscopicity distributions are plotted as κ-PDFs. Furthermore, this indicates that the transition towards

higher GFs can be attributed both to Kelvin effect as well as changes in chemical composition.

According to a wind sector analysis (see supplementary material for further details), the polluted sector was characterized by10

higher fGF<1.25 than the clean one, but on the other hand, the more hygroscopic mode shifted towards higher GFs suppressing

the differences in average GFs. Tiitta et al. (2010) studied the particulate roadside emissions in Kuopio and observed an

elevated hydrophobicnon-hygroscopic particle mode (Dp ≤ 50  nm)  originating  from  fresh  exhaust  emissions.  A  similar

observation was also made by Laborde et al. (2013) in Paris with particle sizes up to 265 nm. Against this background, it is

probable that the less hygroscopic fraction observed at Puijo is also linked to the traffic and other anthropogenic particle15

emissionssources of organic aerosol.

Minor differences can be seen also in the GF-PDFs between cloudy and cloud-free conditions (Fig. 1). The fraction of more

hygroscopic particles is slightly enhanced during the cloud-free conditions, resulting in higher average GFs. This can be due

to the limited time scale of cloud events and varying contribution of local pollution, together with possibility for in-cloud

processing and precipitation scavenging. However, for example Henning et al. (2014) and Zelenyuk et al. (2010) reported a20

cloud-induced sulfate enrichment in the particle phase, which should eventually result in increasing hygroscopicity. One may

also note that the in-cloud distributions measured during the changingtwin inlet period differ considerably from the campaign

averages with substantially stronger contribution of fGF<1.25 at Dp = 120 and 150 nm. Again, the most probable explanation is

the enhanced presence of local pollution resulting fromdue to more frequent easterneasterly winds.

AnalyticalAs indicated above, the analytical division between the lowless and high hygroscopicitymore hygroscopic particles25

was done by using a GF limit of 1.25. The value represents thea common midpoint between the two GF modes and it has been

used in several preceding studies (e.g. Kammermann et al., 2010a; Jurányi et al., 2013; Portin et al., 2014). Averaged over the

whole campaign, the size-dependent less hygroscopic fractions were 0.44 ± 0.25 (80 nm), 0.22 ± 0.17 (120 nm) and 0.15 ±

0.14 (150 nm). Together with the observedaverage GF-PDFs, these values are comparable to the average hygroscopicities

obtainedobserved at a back-ground site in southern Sweden (Fors et al., 2011). However, as seen during the changingtwin inlet30

period, our site experienced reasonably strong variation in less hygroscopic fraction with fGF<1.25 regularly reaching the levels

of urban conditions (McFiggans et al., 2006). For example during the observed cloud hours, the average fGF<1.25 ranged from 0

up to 0.6862 at Dp = 150 nm. By comparison, Jurányi et al. (2013) studied the aerosol mixing state in Paris, France and reported
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typical values varying between ~0.20 and ~0.60 at Dp = 165 nm. In addition, Ferron et al. (2005) observed that in urban and

semi-urban conditions, the non-hygroscopic mode could be dominant at particle sizes up to 250 nm, especially during the

autumn and winter seasons.

3.3 Hygroscopic properties of total, interstitial and residual aerosol

The GF-dependent activation efficiencies (fact,GF) were calculatedderived from the measured GF-PDFs according to5

ୟ݂ୡ୲(ܦ୮, GFଵ , GFଶ	) = 	
∫ ൣே౪౪൫౦൯×GF-PDFtot൫ୋ,౦൯ିே౪൫౦൯×GF-PDFint൫ୋ,౦൯	൧ௗୋ
ృూమ
ృూభ

∫ ே౪౪൫౦൯×GF-PDFtot൫ୋ,౦൯	ௗୋ
ృూమ
ృూభ

, (9)

ୟ݂ୡ୲,GFభழGF<GFమ൫ܦ୮൯ = 	
ಿ౪౪
 ౢౝವ౦

(౦)×౪౪,GFభಬGF<GFమ൫౦	൯ି
ಿ౪
 ౢౝವ౦

(౦)×౪,GFభಬGF<GFమ൫౦	൯

ಿ౪౪
 ౢౝವ౦

(౦)×౪౪,GFభಬGF<GFమ൫౦ 	൯
, (10)

where Ntot ftot,GF1<GF<GF2 and Nint arefint,GF1<GF<GF2 were the total and interstitial number concentrationsfractions of particles with

dry size Dp and GF between GF1 and GF2 specify the applied GF range. The average activation efficiencies were calculated

separately for each cloud event and for three different GF regimes (GF ≥ 0.80, 0.80 ≤ GF < 1.25 and GF ≥ 1.25). Here it should10

be noted that the activation efficiencies can appear negative if the averaged interstitial concentrations are higher than the

corresponding total values. This can be the case especially within the less hygroscopic regime where the activated fractions

are generally low. In such cases, the negative activation efficiencies are reported as zeros and treated as such when calculating

the total activated fractions (fact,GF≥0.80). Thus, the resulting fact,GF≥0.80 values can be slightly different from those derived solely

from DMPS measurements.15

For comparison purposes, theA total activated fractions were also determined from size distribution measurements. Typically,

the activation efficiencies calculated by Eq. (9) (fact,GF≥0.80) appeared somewhat larger than the DMPS derived values (fact,DMPS).

One possible explanation is the relatively of nine cloud events were observed during the twin inlet period. Due to the reasonably

low time resolution of the HTDMA size scans, which can lead to biased results if the changes in the air masses are not captured

adequately by both of the sample lines. Therefore, we only present the results from three and slow alteration between the two20

sampling lines, data with good coverage and reasonable agreement between fact,GF≥0.80 and fact,DMPS were available for four

separate cloud events with reasonably good agreement between the two methods.. These three cloud eventscases are

summarized in Table 1. Because of the low activation efficiency of ultrafine particles, the data is activation parameters are

presented only for 120 nm and 150 nm sizes.

The duration of the selected cloud casesevents varied from 1 h 2031 min (event #2) to 4 h 25 min with event #1 being the25

shortest and (event #3 the longest. The cloud event #1 was characterized by western winds blowing across the clean sector. By

contrast, the wind was blowing from the northeast and southeast during the cloud events #2 and #3, respectively. Some

differences can be seen also in the hygroscopic characteristics. Event #2 was characterized by relatively small fraction of less
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hygroscopic particles and the more hygroscopic mode was shifted towards larger GFs. Conversely,4). Cloud event #1 had an

elevated fGF<1.25 and also the more hygroscopic mode appeared the least hygroscopic out of all three cases.

The most interesting remark concerns the difference between the low and high hygroscopicity particles at 120 and 150 nm.

While the activation efficiency of total aerosol and more hygroscopic particles increases with size, the less hygroscopic the

highest particle mode remains almost non-activated. As an exception, part of the less hygroscopic 150 nm particles seemand5

cloud droplet number concentrations, up to have activated into cloud droplets2935 cm-3 and 781 cm-3, respectively, whereas

much lower values were observed during the latter events. For example during the cloud event #4, the particle and cloud

droplet concentrations were down to 792 cm-3 and 69 cm-3, respectively. These four cloud events were also characterized by

very different wind patterns. Event #2 was influenced by westerly winds blowing across the clean sector. By contrast, the wind

was from the northeast during cloud event #1. However, this is only due to the reasonably large fraction of particles around10

GF = 3 and from the southeast during the cloud . Also, since this “intermediate” GF mode became visible at the end of the

cloud event, it’s slightly uncertain if it  #4. Furthermore, event #1 was presentdominated by southwesterly winds blowing

across the transition region between the clean and polluted sectors.

The most interesting remark, however, concerns the different activated fractions within the two GF modes. At Dp = 120 nm,

the activation efficiencies of less hygroscopic particles varied from 0% to 4%, whereas the values for more hygroscopic15

particles were much higher (between 57% and 70%).  A similar trend was observed also during the preceding interstitial

measurements. If this wasn’tat Dp = 150 nm, with corresponding intervals of 0%‒34% and 78%‒83%, respectively.

One may also note that the hygroscopicity-dependent activation efficiencies increased with particle size. In the  case, the

reported value of more hygroscopic particles, this was most likely attributed to Kelvin effect and small increments in respective

hygroscopicities. Besides, the cloud events #2 and #4 were characterized by somewhat increased fact,GF<1.25 = 0.33 might be20

overestimatedvalues at Dp = 150 nm. Although it is possible that part of these less hygroscopic particles were scavenged into

cloud droplets, it’s good to note that these cases were also characterized by notably low particle concentrations which may

have led to increased uncertainties in activated fractions.

The difference between the activated and non-activated particles is also illustrated in Fig. 1 (lower panel) where the average

GFs and GF-PDFs are presented separately for total, interstitial and residual aerosol populations. Here, the residual aerosol25

properties were estimated indirectly by using the hourly averaged total and interstitial GF-PDFs and their actual numberthe

respective ambient particle concentrations.  as follows:

ܿres൫GF,ܦ୮൯ = ௗே౪౪
ௗ ୪୭౦

൫ܦ୮൯× GF-PDFtot൫GF,ܦ୮൯ −
ௗே౪
ௗ ୪୭ ౦

൫ܦ୮൯× GF-PDFint൫GF,ܦ୮൯. (11)

Apparently, the relative contribution of less hygroscopic particles is the strongest in the interstitial population and the more

hygroscopic mode appears distinctly only in the total and estimated residual aerosol. This is also reflected by the average30

growth factors. At Dp = 120 nm and 150 nm, the GFs of cloud droplet residuals are approximately 10 18% higher than those

of interstitial particles. In terms of κ values, this discrepancy correspondswould correspond to a difference up to 60‒80 65%‒
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75% depending on particle size. Again, it should be remarked that similar to activated fractions, the residual GF distributions

(cres) can appear locally negative if the interstitial concentrations are higher than the respective total concentrations. Before

converting these distributions into GF-PDFs shown in Fig. 1, the negative values were set to zeros which eventually

strengthened the positive peaks appearing in normalized distributions. As a result, for example the less hygroscopic particle

mode appearing in the estimated residual aerosol can be partially attributed to methodological uncertainties.5

To our knowledge, this is one of the very few studies characterizing the hygroscopic properties of different in-cloud aerosol

populations. Previously, Svenningsson et al. (1994) studied the aerosol hygroscopicity and its relationship to cloud droplet

activation at Kleiner Feldberg in Germany. Interstitial aerosol hygroscopicity was measured during cloud events, and by

assuming that the air mass was the same, it was compared to the total aerosol sampled during the following clear sky conditions.

The less hygroscopic particle fraction was substantially higher in the interstitial population, indicating that the more10

hygroscopic particles were scavenged into the cloud droplets more efficiently than the less hygroscopic ones. This observation

was confirmed in a case study, where a counter flow virtual impactor (CVI) was used to separate the cloud droplets from the

total aerosol, so that the hygroscopicity of cloud droplet residuals could be measured independently. Likewise, Rose et al.

(2013) observed a decreasing fraction of available CCN during a precipitative cloud event, suggesting that the more

hygroscopic particles were mostly activated into cloud droplets and removed from the air through precipitation. Overall, theour15

results by Svenningsson et al. (1994)from Puijo are  in a good agreement with ourthe observations from Puijo.reported by

Svenningsson et al. (1994) and Rose et al. (2013).

In situ aerosol chemical composition and partitioning between activated and non-activated particles has been studied recently

by means of aerosol mass spectrometry (e.g. Hao et al., 2013; Zelenyuk at al., 2010; Kamphus et al., 2010; Drewnick et al.,

2006) and electron microscopy (Li et al., 2011). Based on the results from Puijo Cloud Experiment 2010, Hao et al. (2013)20

reported substantially higher mass fractions of organic nitrate and less oxidized organic species in the interstitial particles

compared to residual ones. Similarly, Zelenyuk et al. (2010) and Li et al. (2011) observed an elevated fraction of sulfates in

the activated particles. Although these results are broadly in line with our observations on the hygroscopic discrepancies

observed in this studydistinct hygroscopicity of activated and non-activated particles,  great  care  should  be  taken  when

comparing the results. For example, Hao et al. (2013) observed an increased organic fraction in the Aitken mode particles,25

indicating that the differences in chemical composition also reflected the effect of particle size.

At Puijo, the critical droplet activation diameter, i.e. the diameter corresponding to the 50 % activation efficiency (D50), varies

typically between 100 and 200 nm. According to the above resultsour observations, this value is highly dependent on the

prevailing hygroscopicity. To illustrate this relationship, the DMPS derived D50s (obtained from fact,DMPS via linear

interpolation) were correlated with the hourly averaged κ values. Furthermore, a non-linear regression model D50 ~ a × κ-⅓30

was chosen to account for the theoretical dependence addressed in Eq. (5). The results are summarized in Fig. 2, where the

data points are colored according to the number fraction of less hygroscopic particles.Figure 3 summarizes the results from all

the observed cloud hours. Since the average hygroscopicity reflects the relative contribution of the two GF modes, the low-

end κ values were characterized by elevated fGF<1.25 and vice versa. Differing more than three standard deviations from the
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campaign average of 132 nm, the data point with D50 = 231 nm was excluded from the analysis as an outlier. Apart from this

exception, the hourly D50s ranged from 93 to 173 nm.

The 80 nm particles yielded the weakest correlation with root-mean-square error (RMSE) of ~29 nm. This could be expected

since the 80 nm size usually remained well below the critical activation limit. On the contrary, the 120 and 150 nm sizes

yielded the RMSE values ofaround ~13 nm, suggesting a considerably stronger correlation between the two parameters.5

According to the linear correlations reported by Quinn et al. (2008), the chemical composition (parametrized byas HOA mass

fraction) explained approximately 40% to 50 % of the variation in critical activation diameter. In our casecomparison, applying

a linear regression to our data set would lead toresult in R2 values of 0.58 (120 nm) and 0.57 (150 nm), indicating). Assuming

that the hygroscopicity ofrelationship between κ and D50 could be treated as (locally) linear, these values would indicate that

the accumulation mode particles hygroscopicity explained up to 57‒%‒58 % of the observed variance in D50, therefore10

dominating the effect of varying meteorology and especially, the varying supersaturation. Moreover, no correlation was found

between the κ values and the estimated effective peak supersaturations (R2 ~ 0.02; not shown here).

3.4 Nact,HTDMA and seffsc,eff

The activation efficiency curves and the corresponding cloud droplet number concentrations were derived from the hourly

averaged GF-PDFs according to the procedure described in Sect. 2.5. Reproducibility of the DMPS derived activation curves15

and cloud droplet nuclei spectra was confirmed visually, and the data points with considerable uncertainties differences were

omitted from the analysis. Afollowing analyses. In most of these cases, the estimated activation curves appeared clearly steeper

than the measured ones, leading to both an underestimation of activated fraction at Dp < D50 and an overestimation of activated

fraction at Dp > D50. Alternatively, some of the estimated curves managed to reproduce the correct behavior at smaller sizes

(Dp < 150 nm) but overestimated the activation at the size range of extrapolated GF-PDFs. Although these uncertainties caused20

only a small net bias to droplet estimations, they indicate that the estimated GF surfaces may have failed to replicate the real

ambient conditions.

Figure 4 shows a comparison between the HTDMA and DMPS derived cloud droplet concentrations is shown in Fig. 3 (red

dots). The regression line fitted through the 26 data points has a slope of 1.03016 indicating a good agreement between the

estimated and measured cloud droplet concentrations. In addition, Fig. 34 includes a comparison between the external and the25

internal mixing approaches (grey dots). Correspondingly, the regression line has a slope of 1.022 and all the hourly data points

lie between the ratios 0.91 and 1.04. SimilarlyAnalogous to Kammermann et al. (2010b), this observation suggests that the

CCN concentration can be determined with reasonable accuracy even if the exact mixing state remains unknown. Nevertheless,

since the determination of Nact,HTDMA included the estimation of effective peak supersaturation by means of fact,DMPS, the

comparison shown here can't be considered as a real CCN closure study in an explicit manner. Instead, it rather serves as a30

base for the analysis presented in the following section (Sect. 3.5).

In this studyOverall, the hourly estimated peak supersaturations ranged from 0.16% to 0.29 %.%. Apart of one exception with

sc,eff up to 0.44%, this range was valid also for the omitted cloud hours. Although these values might be slightly biased due to



13

the  hygroscopicity relatedpossible discrepancies between sub- and supersaturated hygroscopicities, they provide some

valuable information about the in-cloud conditions. relevant to cloud droplet formation. Reaching the average and median

values of 0.22 %, these%, the estimated sc,eff values are comparable to the supersaturations of 0.18‒%‒0.26 % obtained by

Anttila et al. (2009) at the Pallas GAW station in Northern Finland. Similar “average” supersaturations can also be obtained

also by using the regression curves presented in Fig. 23. By assuming a constant temperature of 2.2 °C (average temperature5

of all the cloud eventshours), the regression parameters 6.94×10-8 (120 nm) and 7.52×10-8 (150 nm) imply supersaturations of

0.23 % and 0.20 %, respectively. On the other handBy contrast, these values are somewhat low compared to the high-end

supersaturations determined at some European high altitudemountain sites. For example, Hammer et al. (2014) reported a

median peak supersaturation of 0.35 % for a mountain site at Jungfraujoch and similarly, Asmi et al. (2012) found

supersaturations ranging from 0.1% up to 0.6 % at Puy-de-Dôme., and similarly, Hammer et al. (2014) observed a median10

peak supersaturation of 0.35% at Jungfraujoch. On the other hand, Hammer et al. (2014) also found a clear difference between

the two dominant wind sectors reflecting the effect of terrain topography on updraft velocities. Generally, the air masses rising

over the less steep mountainside were characterized by weaker updrafts and consequently, by supersaturations more

comparable to ours (median 0.22%).

3.5 Sensitivity of cloud droplet formation to varying hygroscopicity15

Following the procedure described in Sect. 2.5, we performed κ-Köhler simulations to investigate, how the cloud droplet

concentrations would change if all the particles belonged to the more hygroscopic group. For each cloud hour, we created an

alternative hygroscopicity scenario by modifying the original GF-PDFs. This alteration was doneconducted by eliminating the

contribution of the less hygroscopic particles and normalizing the resulting distributions so that the integral over each particle

size became equal to one. In principle, the most significant changes appeared at sizes where the original fGF<1.25 waswere large20

enough to be affected by the modifications. Thus, instead of varying the growth factorsGFs equally and regardless of particle

size, the modifications only effectedaffected the presence of an existing low-GF mode and increased the average GFs

accordingly.

Overview of the applied hygroscopic variations is presented in Table 2. Shown are average GFs at Dp = 80, 120, 150 and 200

nm for the two hygroscopicity scenarios, as well as their absolute deviation from each other. In terms of κ values, the high25

hygroscopicity assumption results in values lying between 0.20 and 0.40. According to Andreae and Rosenfeld (2008), these

values would be characteristic forof typical aged continental aerosol. In order to highlight their atmospheric relevance, it’s also

important to note that they are within the range of hygroscopicities observed at Puijo during the campaign period. In Fig. 4,The

cloud droplet concentrations were calculated for both scenarios by using identical particle size distributions as well as equal

effective peak supersaturations.30

Figure 5 shows the relative and absolute changes in Nact,HTDMA are plotted against the hygroscopicity shift at Dp = 150 nm.

Again, the data points are colored according to the less hygroscopic fraction, and the marker size is scaled relative to total

particle number concentration.
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Naturally, the relative change in cloud droplet concentration increases with an increasing hygroscopicity shift. The total

variation extends up to 70 %, with. Although most of the data points residingreside in the range of 10‒%‒40 %. Because%,

the total variation extends up to 70%. Furthermore, because of the approximately linear behavior of relative ΔNact,HTDMA, the

absolute change appears highly sensitive to initial particle size distribution. In the case of high total concentration, the absolute

ΔNact,HTDMA can be up to hundreds of droplets per cubic centimeter even with reasonably small hygroscopic variations (ΔGF1505

nm < 0.10). In addition to droplet concentration, Fig. 4 illustrates the change in critical activation diameter (D50).

Understandably, by suppressing the size-dependent variations in chemical composition, the activation curves become steeper

and the D50s decrease. Typically, the change in D50 remains below 20 nm, but in the most extreme cases, it can be up to

almost 35 nm.

In addition to droplet concentration, Fig. 5 illustrates the change in critical activation diameter (D50HTDMA; derived from10

fact,HTDMA via linear interpolation). Understandably, as the high hygroscopicity assumption suppresses the size-dependence of

aerosol hygroscopicity (see Table 2), the activation efficiency curves become steeper and D50s decrease. Typically, the change

in D50 remains below 20 nm but can reach 35 nm in the most extreme cases.

Anttila et al. (2009) studied the effect of varying hygroscopicity at the Pallas GAW station in Northern Finland. According to

the simulations, increasing the GFs by 10 % led to 17‒%‒51 % increments in cloud droplet number concentration. Bearing in15

mind that thea 10 % relative change in GFs corresponded to an absolute change of ~0.13 at Dp = 150 nm, the observations by

Anttila et al. (2009) are in a good agreement with theour results reported above.. However, it is also worth pointing out, that

by increasing all the GFs by 10 %, the absolute change in hygroscopicitygrowth factors increased with particle size. In our

analysis, removal of the less hygroscopic mode induced the opposite effect.

SimilarlySimilar to our analysis, Wex et al. (2010) assessed the overestimation of CCN concentration if all the particles were20

assumed to have κ of the more hygroscopic particles. By using data from the literature data, the overestimation was derived

for rural, urban and marine aerosol populations and for different less hygroscopic fractions. In the case of urban and rural

aerosols, the overestimation varied between 20‒%‒40 % and 40‒%‒100 % when the less hygroscopic fraction (κ < 0.10) was

set to 0.3 and 0.5, respectively. With the range of variation illustrating the inverse proportionality to supersaturation (s

=between 0.1‒% and 0.5 %), these values are comparable to our observations. However, Wex et al. (2010) assumed the same25

less hygroscopic fraction for all particle sizes, which is very rarely the case in our conditions at Puijo.

In addition, Kammermann et al. (2010b) performed a set of CCN closure studies to investigate the sensitivity of CCN

concentration to unknown chemical composition. According to the results, theThe median bias between the predicted and

measured CCN concentrations was up to +54 % when a constant κ = 0.30 was assumed. SimilarlyAnalogous to our

measurement siteobservations, the average hygroscopicities reported by Kammermann et al. (2010b) were relatively low30

explaining the remarkable bias in CCN predictions. On the contrary, Meng et al. (2014) found a reasonably good agreement

between the measured and predicted CCN concentrations by using a constant κ as high as 0.33 at a coastal site in Hong Kong,

where the aerosol composition was dominated by inorganic species.
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In principle, the high hygroscopicity assumption yields in values resembling the hygroscopicities that could be obtained from

bulk composition measurements by means of aerosol mass spectrometry. Typically, the bulk composition is biased towards

the inorganics because ofdue to the emphasis on larger particles. This can lead to a considerable overestimation of CCN

concentration. For example, Medina et al. (2007), Almeida et al. (2013) and Meng et al. (2014) reported an overprediction of

26‒%‒44 % at ~0.20 % supersaturation when only the size-averaged composition was taken into account.considered. In all of5

these studies, implementing the size-dependent or size-resolved chemical composition substantially improved the CCN

predictions substantially.

4 Summary and conclusions

The relationship between aerosol hygroscopicity and cloud droplet activation was studied at the Puijo measurement station in

Kuopio, Finland during the Puijo Cloud Experiment 2014. The purpose of the campaign was to identify the hygroscopicity-10

dependent activation properties of cloud forming aerosol population, as well as to study the sensitivity of cloud droplet

activation to varying chemical composition in real atmospheric in-cloud conditions. In total, 15 cloud events were observed

during the 2-month long campaign providing a total of 47 cloud hours.

The aerosol hygroscopicity at 90 % RH was measured with an HTDMA. Typically, the measured GF-PDFs appeared bimodal,

indicating an externally mixed aerosol population. By using the GF-PDFs and particle concentrations measured separately for15

interstitial and total aerosol populations, the hygroscopicity-dependent activation properties were estimated. The growth factor

distributions were divided into low and high hygroscopicity regimes by using thea GF limit of 1.25 and the activated fraction

in each category was calculatedestimated.

The in-cloud measurements revealed clear differences in activation efficiency between the two GF modes. The less

hygroscopic particles originating most likely from local anthropogenic sources remained almostmostly non-activated,20

whilewhereas the more hygroscopic mode was primarily scavenged into cloud droplets. This observation highlights the role

of aerosol hygroscopicity and chemical composition in cloud droplet activation. A highly variable portion of less hygroscopic

particles have been reported in several studies and in many different locations during the last few decades. Due to the

anthropogenic contribution, the less hygroscopic mode can be dominant at particle sizes up to 250 nm. As shown by our

analysis, this can lead to a significant decrease in the fraction of available CCN.25

By modifying the measured GF-PDFs, we estimated, how the cloud droplet concentrationconcentrations would change if all

the particles belonged to the more hygroscopic mode. This would correspond to a situation with typical aged, continental

aerosol in the atmosphere without any fresh anthropogenic influence. According to the κ-Köhler simulations, the change in

cloud droplet concentration was up to 70 % depending% when the possible feedback effects on the increase in

hygroscopicity.cloud supersaturation were assumed negligible. Our result clearly demonstrates the importance of correct30

treatment of anthropogenic organic aerosols, their hygroscopicity and the effect of atmospheric aging, when estimating the

CCN concentrationconcentrations.
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Table 1: Overview of the threefour cloud events observed during the measurement campaign. Given are the total particle and cloud

droplet number concentrations as well as the hygroscopicity-segregateddependent activation efficiencies and growth factors of 120

and 150 nm particles. The number fraction of less hygroscopic particles is denoted by fGF<1.25.

Event #1 Event #2 Event #3 Event #4
Time 08.10/20:46‒23:45 11.10/20:25‒21:56 13.10/05:57‒07:40 20.10/00:01‒04:26
Ntot 2935 cm-3 699 cm-3 1442 cm-3 792 cm-3

Nact 781 cm-3 135 cm-3 158 cm-3 69 cm-3

120 nm 150 nm 120 nm 150 nm 120 nm 150 nm 120 nm 150 nm
fact,DMPS 0.20 0.40 0.29 0.55 0.37 0.68 0.39 0.68
fact,GF≥0.80 0.32 0.48 0.29 0.55 0.52 0.72 0.39 0.68
fact,GF<1.25 0 0 0 0.31 0 0 0.04 0.34
fact,GF≥1.25 0.57 0.80 0.69 0.77 0.60 0.79 0.70 0.83

GFavg,GF≥0.80 1.27 1.31 1.20 1.25 1.58 1.65 1.27 1.41
GFavg,GF<1.25 1.13 1.13 1.05 1.06 1.00 1.00 1.01 1.02
GFavg,GF≥1.25 1.38 1.42 1.41 1.42 1.68 1.71 1.50 1.58
fGF<1.25 0.44 0.39 0.58 0.47 0.14 0.08 0.48 0.31
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Table 2: The average GFs for reference and high hygroscopicity scenarios and their absolute deviation from each other. The values

shown in the parentheses correspond to the minimum and maximum values. The GFs for Dp = 80, 120 and 150 nm originate from

direct measurements, whereas the data for Dp = 200 nm is obtained via extrapolation.

80 nm 120 nm 150 nm 200 nm

GFavg [Reference] 1.20 (1.04/1.29) 1.30 (1.18/1.43) 1.38 (1.25/1.49) 1.44 (1.27/1.58)

GFavg [High-GF] 1.40 (1.33/1.59) 1.43 (1.36/1.57) 1.47 (1.39/1.59) 1.49 (1.4/1.61)

ΔGFavg 0.20 (0.07/0.43) 0.13 (0.06/0.24) 0.09 (0.04/0.21) 0.05 (0/0.15)
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Figure 1: Top row: Average hygroscopicity of total aerosol at 90 % RH during cloudy (blue) and cloud-free (red) conditions (whole
campaign). Bottom row: Average in-cloud hygroscopicity of total (red), interstitial (blue) and residual aerosol (black) during the
changingtwin inlet period. The values shown in the parentheses represent the number of averaged observations and the 25th and 75th

percentiles. In the graphs, the lower and upper quartiles are illustrated with whiskers.
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Figure 2: Mean κ-PDFs of 80, 120 and 150 nm particles calculated over the whole data set. The shaded areas represent the ranges
between the 25th and 75th percentiles.
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Figure 3: Critical activation diameter (D50) vs. size-averaged hygroscopicity (κ) of 80 nm, 120 nm and 150 nm particles, as well as
the power law fits (black lines) to the data. The data points are colored according to number fraction of less hygroscopic particles.  ,
and the grey dashed lines represent the numerical solutions of Köhler theory in the range of sc = 0.1%‒0.5%.
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Figure 34. Correlations between the estimated (HTDMA) and measured (DMPS) cloud droplet concentrations (red dots) and the
external and internal mixing approaches (grey dots). Each data point represents an hourly average.
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Figure 45: Simulated changes in cloud droplet number concentration (Nact,HTDMA) and critical activation diameter (D50D50HTDMA)
if all the particles belonged to the more hygroscopic mode. The marker size illustrates the total particle concentration in the range
of  388  cm-3 to 3316 cm-3 and the data points are colored according to the less hygroscopic fraction (i.e. the fraction of particles
merged into the more hygroscopic mode). The horizontal lines correspond to the 25th, 50th and 75th percentiles.


