
We thank Referee#1 for their comments regarding our manuscript. Below we provide our 
answers (shown in Blue) to the comments (shown in Black), and where changes were made 
to the manuscript, the modified text is given (Blue Bold). 
 
I think the authors of „Experimental investigation of ion-ion recombination at 
atmospheric conditions“ have studied a very important topic.  Justified and accurate 
results about the ion-ion recombination characteristics are essential for understanding 
several atmospheric processes. Nevertheless, the in the current form the manuscript 
contains several declarations, statements and/or results that should be justified and/or 
explained and/or discussed better and/or more in detail. I think these shortcomings 
should be eliminated. 

1. Introduction: 
The discussion about the formation of small ions in the air is supported only by one (old) 
reference (Smith and Spanel, 1995). I do not think that this is the only available choice; nether 
this is not the absolutely best choice. I suggest to put a proper phrase (e.g., "model chemical 
composition air ions") into Google and to use/discuss other/newer references/studies (as 
well).  
 
Answer: We agree with the referee and decided to add the following changes to the text and 
references. 
 
Current version: 
When ionizing radiation interacts with the air, a primary positive ion (e.g., N2

+ , O2
+ ) and an 

electron are generated (Smith and Spanel, 1995). The positive ion has roughly the same 
diffusion coefficient as the surrounding molecules. 
After the interaction with the ionizing radiation, its change in momentum is negligible and 
we can picture it as in Brownian motion around its initial position. The electron, however, 
gains a finite momentum in the interaction. It starts to interact with atmospheric molecules, 
exciting and ionizing them, until its energy decreases and it binds to an electronegative 

molecule, for example O2 , creating O2
− . This process takes place in a few nanoseconds. 

Once two molecular ions of opposite polarity are created, they can interact with molecules 
that have higher electronegativity or proton affinity (e.g., H2 O) and transfer their charge, or 
they can establish hydrogen or other chemical bonds with other molecules and cluster (Smith 
and Spanel, 1995). It is only at this point that ions are considered stable and measurable. 

 
 



Proposed changes: 
When ionizing radiation hits an air molecule, an ionelectron pair is formed. The primary 
positive ion can be a molecular ion (e.g., N2

+, O2
+), but it can also be N+ or O+, as the 

ionizing radiation is very energetic (Smith and Spanel, 1995; Volland, 1995; Leblanc et 
al., 2008). After the interaction between an air molecule and ionizing radiation, the newly 
formed positive ion stays in Brownian motion around its initial position. Its diffusion 
coefficient is similar to the surrounding molecules and its change in momentum is 
negligible. 
The electron, however, gains a finite momentum in the interaction. If the energy gained is 
sufficiently high, the electron starts to interact with atmospheric molecules, exciting and 
ionizing them, until its energy decreases to thermal levels and it binds to an electronegative 
molecule (for example an electron and an O2 molecule, combining to form O2

). This 

process takes place in a few nanoseconds. 
Once molecular ions of opposite polarity are created, they can interact with molecules that 
have higher electronegativity or proton affinity (e.g., H2O) and transfer their charge, or they 
can establish hydrogen bonds or other chemical bonds with other molecules and cluster 
together (Smith and Spanel, 1995). Positive ions are transformed into hydroniumwater 
clusters and ammoniumwater clusters, reaching their equilibrium concentrations after 
about 10 μs (Luts and Salm, 1994; Luts, 1998). After 1 s, less abundant trace gases 
(such as pyridine and dimethylamine) start to join the clusters. 
Negative primary ions (mainly O2

− ) cluster with water molecules in 0.1 μs and reach 
their equilibrium around 0.1 s after the interaction between air and ionizing radiation. 
Once at equilibrium reactions with NO, NO2 and O3 start to create nitric acidwater 
clusters. If present, iodine is known to cluster at longer time scales (several seconds) 
(Luts and Salm, 1994; Luts et al., 2011). 
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2) The overview of the former studies of the conditions where ion-ion recombination can be 
dominant sink of small ions is too vague. I suggest to put a proper phrase (e.g. "new aerosol 
particle formation ion driven processes") into Google and discuss some more results about 
the conditions where ion-ion  recombination can be dominant. 
 
Answer: We added the following changes to the text and references to give better 
background for when the ionion recombination is the dominant sink. 
 
Current version: 
Ionion recombination becomes dominant in extremely clean environments, where the integral 
of the aerosol surface distribution is negligible with respect to the ionion recombination rate, 
and the probability for ionaerosol attachment is low (Volland, 1995). 
Recombination is also important at high ionization rates, when the production of ion pairs is so 
high that the probability of colliding with a neutral aerosol particle is minimal with respect to 
the probability of colliding with an ion of opposite charge. 
 
Proposed changes: 
Ionion recombination becomes dominant in extremely clean environments, where the integral 
of the aerosol surface distribution is negligible with respect to the ionion recombination rate, 
and the probability for ionaerosol attachment is low (Volland, 1995). The attachment 
coefficient for an ion to a neutral aerosol particle ranges from [0.1 to 2.0] × 10−6 cm3 s−1, 
for an ion of 1.1 nm and an aerosol particle ranging from 10 to 100 nm mobility 
equivalent diameter (Tammet and Kulmala, 2005). 
Recombination is also important at high ionization rates, when the production of ion pairs 
is so high that the probability of colliding with an aerosol particle is minimal with respect to 
the probability of colliding with an ion of opposite charge. 
 
 
Reference added: 
Tammet, H., and M. Kulmala. 2005. “Simulation Tool for Atmospheric Aerosol Nucleation 

Bursts.” Journal of Aerosol Science 36 (2): 173–96. doi:10.1016/j.jaerosci.2004.08.004. 
 
3) It is hard to understand, what do the authors mean by "In past studies, the ion-ion 
recombination rate was calculated for understanding aerosol diffusion charging...". In case 



they want to say "... ONLY for understanding aerosol diffusion" then this is not true, e.g., 
consider (Tammet et al., 2006) (already referred by the authors). In case the 
authors want to say that the presented references (Natanson, 1960; Bates and Flannery, 
1969) are the ONLY STUDIES, where the recombination rate was (remarkably) considerered 
then this is not true, neither. I think the 
authors should express their meaning more clearly. Also, I wonder why the authors state 
"..was measured primarily for dosimetry purposes" and provide only one (old) reference 
(McGowan, 1965). I think the authors should present more extensive discussion about that 
key topic (about previous studies of ion-ion recombination) and the authors should discuss a 
larger number of proper references (e.g, Pageoph, 116, 1101-1113; J. Chem. Phys., 90(11), 
6328-6334; Adv. At. Mol. Phys., 20, 1-40; Can. J. Chem., 47, 1711-1724; DOI: 
10.1039/c2an35849b; ....). 
 
Answer: We agree that the sentence is not clear. We extended the paragraph adding 
references, as suggested by Referee#1, and explained each cited reference in a more 
pointbypoint way.  
 
Current version: 
In past studies, the ionion recombination rate was calculated for understanding aerosol 
diffusion charging (Natanson, 1960; Bates and Flannery, 1969) and it was measured primarily 
for dosimetry purposes (McGowan, 1965, and references therein) … concentrations. 
 
Proposed changes: 
Bates and Flannery (1969) defined the equations to describe ionion recombination as a 
sink for air ions, continuing the theoretical work initiated by Thomson (1924) and 
continued by Natanson (1960). Hoppel and Frick (1986) studied the theory of ionaerosol 
attachment, and its limiting case, ion–ion recombination, with the aim to enable the use 
of differential mobility analysis to measure the aerosol population. McGowan (1965) 
studied ionion recombination in laboratory air to improve dosimetry techniques for ion 
chambers. Gringel et al. (1978) measured vertical profiles of air conductivity and 
showed good agreement up to 20 km altitude, using a theoretical recombination 
coefficient of small ions based on a threebody recombination process. Lee and 
Johnsen (1989) investigated ionion recombination in ambient helium and argon at 
atmospheric densities and found that, in their setup, along with threebody 
recombination, stabilization by mutual neutralization plays an important role. Heptner 
et al. (2012) conducted experiments to study relative changes in ionion recombination 
in dry filtered air at atmospheric pressure. In most of these cases, the ions were 
studied under conditions that were either far from those found in the atmosphere, or 
allowed little control over trace gas concentrations and ion production rates. In the this 
work, we present the results of laboratory experiments performed at conditions close to 
those found in the Earth’s atmosphere, providing quantitative results about the ionion 
recombination coefficient at varying temperature, relative humidity and trace gas 
concentrations. 
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4) Section 2. 
Pg 3672. The authors state "The concentration of aerosol particles was below 30 per cubic 
cm...". What is the basis of such a statement? "Aerosol-free"can maybe sound well, but is this 
phrase the only proof? 
 
Answer: We agree with Referee#1 that this sentence needs to be clarified. 
 
Current version: 
The concentration of aerosol particles was below 30 cm3 
 
Proposed change: 
The concentration of aerosol particles was constantly monitored with a CPC (TSI 3776) 
and it remained below 30 cm3 in all experiments. 
 
5) Several former studies have distinguished between "initial recombination" and "volume 
recombination" (e.g, NUKLEONIKA 2007;52(1):7-12). Is this "initial recombination" taken into 
account? 
 
Answer: 
No correction for initial recombination was used in this paper. Initial recombination is 
important and will be considered in future studies where we aim to investigate 
inhomogeneities generated by the fan and by convection in the chamber in general. However, 
because we used a pulsed pion beam,our source had a low linear energy transfer, compared 
to, for example, an alpha source. Therefore, we posit that the effect of initial recombination is 
small for cluster ions, and is well within the total uncertainty of our measurements. A 
confirmation is given by our fits for the decay lifetime (see figure 2 in answers to Referee#2), 



which support that our recombination rates are practically independent from initial 
recombination. Furthermore, initial recombination would mainly affect primary ions, which are 
not considered in our study that focuses on cluster ionion recombination, as the NAIS 
measures cluster ions  with electrical mobility smaller than 3.2 ☓ 104 m2 V1 s1 (larger than 
0.8 nm in mobility equivalent diameter). 
 
We added the following sentence on page 3676, line 17. 
 
Proposed change: “Initial recombination would mainly affect primary ions, which are not 
considered in our study that focuses on cluster ionion recombination, as the NAIS measures 
cluster ions  with electrical mobility smaller than 3.2 ☓ 104 m2 V1 s1 (0.8 nm in mobility 
equivalent diameter).” 
 
References added: 
Gryzinski, M. A., N. Golnik, and M. Zielczynski. 2007. “Initial Recombination of Ions in 

Ionization Chambers Filled with Hydrocarbon Gases.” Nukleonika 52 (1): 7–12. 
 
6) How the authors estimate the uncertainty of the obtained (raw) results, e.g. uncertainty of 
NAIS results? 
Answer: The uncertainty of the obtained (raw) results is calculated as standard deviation of 
the mean values at steady state. We added the following line in the caption of Fig. 5. 
 
Proposed change: “ … the uncertainty is calculated as the standard deviation of the mean 
values at steady state.” 
 
7) Section 2.4 
Pg 3675-3676. Is there any proof that the "dilution system" functioned just the way and only 
the way it was expected to function? Are the authors convinced that the dilution system did 
not cause any disturbing turbulence?  
Answer: The dilution system was tested in the laboratory and, for the flow range that was 
used in the experiments (20  25 lpm), it agreed within 28% with the ideal system used for our 
calculations (see plot below). 



 
Figure 1. NAIS flow (LPM, flow withdrawn from the chamber) as function of the correction 
factor for the ion concentration. The correction factor is the valued used for correcting the ion 
concentration for the dilution of the sample. In the ideal case the correction factor would be 
equal to NAIS total inlet flow (54 LPM) divided the flow withdrawn from the chamber. 
 
We added one sentence on page 3678, line 2 to clarify the text. 
Suggested changes: “... The dilution system was tested in the laboratory and agreed within 
28% with the ideal dilution correction factor.” 
 
8) Section 3.1. 
Pg 3676. Commonly, beta (or beta as a function of diameter) marks the sink, attributed to 
ambient (aerosol) particles (e.g., Tammet et al., 2006, already referred by the authors). Do the 
authors have any solid reason to drop the common notations?  
Answer: Referee #1 is correct. Usually, beta is used for sinks attributed to aerosol particles. 
However, the authors decided to use the same notation to refer to all first order losses in the 
chamber. In this way, there is a logical notation in the balance equation: alpha for the second 
degree term, and beta for the first degree term. 
 
9) pg 3676-3677. The equation (2) has been already solved by Israël (1970,  Atmospheric 
Electricity, vol 1, p. 167). True, it contains a misprint.  
Answer: Due to the misprint, the authors feel motivated to keep the solution of equation (2) in 
the Appendix. We added the reference to Israël’s  book on page 3677, line 3. 



 
 
 
10) Section 4.1. 
pg 3680. "..increased approximately by a factor of 5 (from 11*10'6 to 2.5*10'6).." How I should 
understand this? 
Answer: Referee#1 is correct, there is a mistake in the sentence. The sentence was 
corrected. We modified it to: “ … increased approximately by a factor of 4 (from 2.3x106 to 
9.9x106) as temperature decreased from 293 to 218 K.“ 
 
11) section 5. 
Pg 3684. I do not agree with the statement "... first study to experimentally investigate the 
ion-ion recombination at atmospheric conditions"; see examples of potential references to 
former studies above. Also, this investigation is not "..at atmospheric conditions". Yes, the 
authors have used air-like mixture(s), but this is not exactly "atmospheric conditions". It is still 
an additional question, how well the experimental conditions correspond to atmospheric 
conditions. 
Answer: We modified the sentence according to the Referee#1’s suggestion. 
Current version: 
 “This was the first study to experimentally investigate the ionion recombination at 
atmospheric conditions.” 
Proposed changes: 
"This was the first study to investigate experimentally the ionion recombination in a highly 
controlled environment at atmospherically relevant temperature, humidity and trace gas 
concentration." 
 
12) Fig.1. (b) The font for NAIS and API-TOF is very small. 
Answer: The font was increased. 
 
13) Fig.2. The concentrations of positive ions behave rather differently from the ones of 
negative ions. For example, shortly after 6:00 the concentration of negative ions has brief but 
deep depression, accompanied by upward spike in the concentration of positive ions. In 
general, positive and negative ions should born in pairs and recombine in pairs, therefore they 
should be strongly correlated. Also, the ion concentrations at Beam=0.9 are at times even 
lower than the ones at Beam=0.65. What are the reasons of these odds? 



Answer: Referee#1 raises a fair point. We think that the overall concentrations of positive and 
negative ions are reasonable within the uncertainty of the measurements (around 20% 
uncertainty of the NAIS electrometers). Because the beam is pulsing, the source of ions is 
discontinuous and some local, temporary fluctuations can occur. Moreover, the air inside the 
chamber is stirred by 2 fans, one at the top and one at the bottom. This could also cause 
fluctuations that are difficult to predict as a consequence of transport inside the chamber. 
Finally, positive and negative ions have different mean mobility (1.4x104 and 2.0x104 m2 V1 
s1 respectively, in mobility equivalent diameter 1.2 nm and 1 nm). This difference also affects 
the difference in concentrations for the two different polarities, as the ions will be lost to the 
walls at different rates. 
 
We added the following sentence to clarify the matter on page 3672, line 4. 
 
Proposed changes: “The ion concentrations were averaged over the last 1015 minutes, 
before changing the beam intensity. The averaging time allowed us to compensate for 
occasional fluctuations in the ion concentrations that were caused by beam pulses, or by 
convective transport due to the two fans stirring the air inside the chamber.” 
 
 
15) Fig.5. How can loss rate (constant beta) depend on recombination coefficient alpha ? Is 
there any unrevealed theoretical link ? 
The presented dependence tends to imply that these both quantities are some functions of 
some other unrevealed quantity (perhaps some functions of some systematic error ?). I 
think`the authors should explain this circumstance more in detail. 
Answer: In Fig. 5 we wanted to present a sensitivity study for the fit. Therefore, we repeated 
the fit using different first order loss rate beta. To clarify, we added a sentence on page 3677, 
line 912 as shown below. 
 
Current version: 
The linear loss term was retrieved for each given condition and, when the statistic was too 
poor to determine the linear loss term, we assumed β to be equal to (8.3 ± 1.6) × 103 s1 , 
the value retrieved from the dataset with the best statistics (Fig. 5). 
 
Proposed change: 
The linear loss term β, equal to (8.3 ± 1.6) × 103 s1, was calculated based on the dataset 
with the best statistics (T = 20 oC, RH = 38 %). We assumed that the value of β did not 
change in other cases. To check our assumption, we performed a sensitivity analysis 



of the ionion recombination coefficient α, shown in Fig. 5. The variation in α for 
different assumed values of β is linear and small compared with the observed variation 
of α due to changing conditions in the chamber. 
 
16) Fig.6. According to the figure, the number results near 280 K are below the ones near 290 
K. According to the figure, the recombination coefficient should have a strange temperature 
dependence: nearly constant below about 250 K, deep depression between 250 K and 280 K 
and slow uptrend above 280 K. Any explanation? 
Answer: We recognize that the measured point at 250 K is higher that one would expect, but 
we think that the main message of the data is that the ionion recombination coefficient 
decreases at increasing temperatures in the investigated range, quite steeply between 220 
and 260 K, more mildly between 250 and 300 K. 



We thank Referee#2 for their comments regarding our manuscript. Below we provide our 
answers (shown in Blue) to the comments (shown in Black), and where changes were made 
to the manuscript, the modified text is given (Blue Bold). 
 
Anonymous Referee #2 
Received and published: 24 March 2015 
The manuscript by Franchin et al. aims investigating ionion recombination in lab 
oratory conditions in the Cosmics Leaving Outdoor Droplets (CLOUD) chamber. In 
their experiments the authors have had excellent facility and suitable instrumentation. 
The carried experiment and subsequently presented results are well within scope of 
the journal, and are very interesting for the readership. English of the text was good. 
Though, I recommend the authors to double check text in the Sections 4 and 5. 
I recommend this manuscript to be published in the Atmospheric Chemistry and 
Physics after the authors have considered, in addition to comments given by referee 1, 
following minor comments and suggestions to further improve their manuscript. 
Minor comments 
 
Abstract 
1. Page 3669: Although the abstract nicely reflects made experiments and results of 
the paper, I would highlight the most important results even more. i) I think that men 
tioning ionion recombination coefficient value that is most commonly used in recent 
atmospheric applications in literature would put the newly obtained laboratory results 
into relevant context (lines 1213). ii) Currently, the reader does not get information how 
recombination coefficient depends on temperature and RH (lines 1516, and 1819). 
 
Answer: We agree with Referee#2 and decided to add the following changes to the text. 
 
Page 3669, lines 1213. 
Current version: 
At 20 oC and 40% RH, the retrieved ionion recombination coefficient was (2.3± 0.7) ×10−6 

cm3 s−1 . 
 
Proposed changes: 
“The best agreement of the retrieved ionion recombination coefficient with the 
commonly used literature value of 1.6×10−6 cm3 s−1  was found at a temperature of 5 oC 



and a RH of 40% (1.5 ± 0.6) ×10−6 cm3 s−1 . At 20 oC and 40% RH, the retrieved ionion 

recombination coefficient was instead (2.3 ± 0.7) ×10−6 cm3 s−1. 
 
Page 3669, lines 1516. 
Current version: 
“However, we found a strong dependency of the ionion recombination coefficient on 
temperature.’ 
 
Proposed changes: 
“However, we observed a more than fourfold increase in the ionion recombination 
coefficient with decreasing temperature.” 
 
Page 3669, lines 1819. 
Current version: 
We observed a strong dependency of the recombination coefficient on relative humidity, 
which has not been reported previously. 
 
Proposed changes: 
“We observed a strong increase in the recombination coefficient for decreasing relative 
humidities, which has not been reported previously.” 
 
Introduction 
In general, I like style of the introduction and reasonable background information is 
provided for the readership. However, following improvements could be considered. 
1. Page 3669, starting from line 21: I think that the starting paragraph should be revised 
to make it more interesting, meaningful and to better justify atmospheric relevance of 
the current study. 
Answer: To clarify, we added the following sentence and citation. In addition, some 
corrections were already made in response  for Referee #1 (see comment 1), which also 
improved the introduction. 
 
Proposed changes: 
“Air ions are fundamental to atmospheric electricity and play a central role in the pro 
posed connection between solar activity, Galactic Cosmic Rays (GCRs) and climate (Is 
raël, 1970; Carslaw et al., 2002; Usoskin and Kovaltsov, 2009). Ions are known to en 
hance nucleation rates in atmospherically relevant vapor mixtures (Kirkby et al., 2011). 



In particular, ionion recombination has been proposed and studied as a driving force 
behind atmospheric nucleation (Yu and Turco, 2008; Yu, 2010; Nagato and Nakauchi, 
2014). 
However, the overall effect of ions on atmospheric new particle formation (NPF), and 
subsequent production of cloud condensation nuclei,has remained a controversial issue 
(Gagné ...” 
 
Reference added: 
Yu, F., and R. Turco. 2008. “Case Studies of Particle Formation Events Observed in Boreal 

Forests: Implications for Nucleation Mechanisms.” Atmospheric Chemistry and Physics 8 
(20): 6085–6102. 

Yu, Fangqun. 2010. “IonMediated Nucleation in the Atmosphere: Key Controlling 
Parameters, Implications, and Lookup Table.” Journal of Geophysical 
ResearchAtmospheres 115 (February): D03206. doi:10.1029/2009JD012630. 

Nagato, Kenkichi, and Masataka Nakauchi. 2014. “Experimental Study of Particle Formation 

by Ion–ion Recombination.” The Journal of Chemical Physics 141 (16): 164309. 

doi:10.1063/1.4898376. 

 

Page 3670, lines 1520: Currently, the text gives very uninformative picture of con 
tributions of various ionization mechanisms and their altitude dependence. Readers of 
this manuscript would benefit from a schematic figure showing profile(s) of ionization 
rate(s) through the troposphere (including the lowest part, i.e. the atmospheric bound 
ary layer), and illustrating at least total amount of ionization rate. Such a figure would 
also put the experiments better into the atmospheric context. 
Answer: We added the following text to the manuscript to clarify the contribution of various 
ionization mechanisms and their altitude dependence. We added Fig. 1, which shows the 
importance of terrestrial sources and GCR as a function of altitude.  
 
Proposed changes: 
“Air ions are continuously produced in the atmosphere from GCRs and terrestrial 
sources, such as radon decay and gamma radiation from the soil (Laakso et al., 2004). 
Within the planetary boundary layer, terrestrial sources play an important role in ion 
ization processes, whereas at altitudes greater than 2 km, GCRs are the dominant source 
of ions (Harrison and Carslaw, 2003; Kazil and Lovejoy, 2004; Arnold, 2008; Zhang et 
al., 2011; Williams et al., 2011).” 



 

Fig. 1. A vertical profile of the ion production rate q, based on literature data. The contribution 
of radon decay at mid latitudes is shown in gray, accounting for seasonal variation. The 
minimum is in summer and the maximum is in winter (Zhang et al., 2011). The 
contribution of galactic cosmic rays at mid latitudes, as presented by Usoskin et al. 
(2004), is shown in cyan. Black crosses indicate measurements by Harrison et al. (2014). 
The double arrow at the top shows the range of q explored in this study. 

 
 
 
Experimental methods 
1. Page 3672, line 8: I believe that instead of ’beam settings’ authors mean ’beam 
intensity’. 
Answer: We replaced ’beam settings were’ with ’beam intensity was’ 
 
2. Page 3675, line 4: I do not think that Kulmala et al. (2007) is right reference for 
the NAIS. Instead, Manninen et al. (2011), which is already cited in the manuscript 
elsewhere, Asmi et al. (2009) and Gagné et al. (2011) would be more appropriate 
references. In order to trace the NAIS to its calibration (e.g. Asmi et al., 2007; Gagné 
et al., 2011), identification number of the instrument should be mentioned in the text. 
Answer: We removed the citation to Kulmala et al. (2007) and added the most appropriate, 
Gagné et al. (2011). We also added “SER NAIS12” on line 5, page 3675. 
 
Theoretical methods 



I think that this section needs substantial revision to better create transparency and facilitate 
potential repeatability for the applied retrieval. 
1. Page 3676, line 22: 
Clarify reasons behind number concentration differences between positive and negative ions 
in Fig. 2 and large variation in time (Page 3698, Figure 3). 
Answer: See our answer to comment n.13 by Referee #1. 
 
How was 10 % concentration difference defined? To me variation range seems large, and 25, 
50, and 75 percentiles of differences should be shown at least in caption of the Fig. 2. 

Answer: 10% is defined as  , where Cneg and Cpos are the concentration ofean( )m C  −C | neg pos|
C  /2+C  /2neg pos

 

negative and positive ions, respectively. 10% corresponds to the 50th percentile. The 25 and 
75 percentile values are 5% and 14%, respectively.  
A variation of 10% in the concentration is compatible with the ratio of the square root of 
electrical mobilities sqrt(Zp)/sqrt(Zn) = 0.9, which is proportional to the loss rate of ions to the 
walls. Moreover, additional variability could be due to variability in the chamber of trace gas 
concentration, which are difficult to control. Small variations in trace gas concentrations could 
change the mean mobility of the ions, and therefore their loss rates to the wall of the chamber. 
We added following sentence for clarification. 
 
Page 3676, line 22.  
Suggested changes: , 
“... the average difference between the number concentration of positive and negative ions 
was only about 10 %. The 25th and 75th percentile are  5 %  and 14 %, respectively (see 
Fig. 2). This variation in the concentration of positive and negative polarities is 
compatible with the ratio of the square root of the mean ion electrical mobilities (Z), 

which is proportional to the rate at which ions are lost to the walls of the chamber  √Z pos
√Z neg

 

= 0.9. 
 
Are shown ion concentrations of positive or negative ions in Figs. 34 and in calculations 
behind Figs. 37?  
Answer: The concentrations shown in Figures 3 and 4 are the average between positive and 
negative ion concentrations. We modified the captions in figure 3,4 to clarify. 
 
Figure 3. Proposed change: 



Figure 3. Ion concentration (blue line and circles), the solution to Eq. (1) (red line) and the 
beam counts (magenta line). The ion concentration is presented as the average between 
the concentration of negative and positive ions. When solving Eq. (1), the recombination 
coefficient … 
 
Figure 4. Proposed change: 
Figure 4. Ion concentration as a function of ion production rate … at a constant temperature of 
20 oC. The ion concentration is presented as the average between the concentration of 
negative and positive ions. 
 
2. Page 3677, lines 912: This paragraph requires complete revision since it raises so 
many questions. E.g. what is fraction of analyzed cases when statistics were too poor 
to determine the linear loss term? Subsequently, what are implications of such poor 
statics on retrieved ionion recombination coefficient? 
Answer: We modified the text, as shown below, to clarify the paragraph. 
 
Current version: 
The linear loss term was retrieved for each given condition and, when the statistic was too 
poor to determine the linear loss term, we assumed β to be equal to (8.3 ± 1.6) × 103 s , 
the value retrieved from the dataset with the best statistics (Fig. 5). 
 
Proposed change: 
The linear loss term β, equal to (8.3 ± 1.6) × 103 s, was retrieved from the dataset with the 
best statistics (T = 20 oC, RH = 38 %). We assumed β to be the same value for all the 
other cases. To check our assumption, we performed a sensitivity analysis of the 
ionion recombination coefficient α, shown in Fig. 5. The variation of α for different 
assumed β is linear and small compared with the observed variation of α due to 
changing conditions in the chamber. 
 
3. Page 3677, lines 1314: Fig. 3 shows that made assumptions work nicely in the 
particular example case. How representative is this example case? I think Fig. 5 is 
introduced before Fig. 3. 
Answer: In our opinion, the ion decay presented in Figure 3 is representative, as seen in the 
figure below. The scatter plot below shows all 12 ion decay experiments performed. The 
measured ion concentrations appear on the xaxis. On the yaxis, the ion concentration is 



modelled using the analytical solution of the ion balance equation described in the appendix 
(A5).   
76% of the points fall within +/30% from the 1:1 line, and 92% of the points fall within the 
+/50% lines. Therefore, we think that the ion decay presented in Figure 3 is representative. 

   
Figure 2. Comparison between the measured and modeled ion concentration during the 12 
decay experiments (similar to Fig. 3 in the manuscript). The black line is the 1:1 line, the gray 
lines are +/50% from the 1:1 line. 
 
We added following, short clarification to the caption of Fig. 3. 
Proposed change: 
“Figure 3. Typical ion decay experiment. The ion concentration …” 
 
4. Explain uncertainty estimations shown in Figs. 45 and Tables 12 more in detail. 
Answer: We added the following line to the captions of Tables 1 and 2. 
The uncertainty is calculated following the error propagation approach, accounting for the 
uncertainty of the measurements. When the data were averaged, we used the standard 
deviation. 



 
We added the following line to the caption of Figure 4. 
“... at a constant temperature of 20 oC. The error bar represents the standard deviation 
over the averaged range.” 
 
Results 
1. Tables 12 and Figs. 4, 67: The results are very interesting. However, all results 
for changing RH and temperature are shown only at one temperature and RH, respec 
tively. If the authors cannot create temperature variations of Fig. 4d or RH variations 
of the Fig. 4c, then more careful and precise discussion of temperature and RH varia 
tions in recombination coefficient in Sections 4 and 5 (e.g. on page 3683, lines 1720) 
should be provided. 
We added the following sentence.  
Page 3684, line 2. 
Proposed change: 
“... supports this explanation, but it fails in reproducing the absolute values. It is also 
important to note that our results for the RH dependence of the ionion recombination 
coefficient were studied at only one temperature, 20 oC. The extent of the dependency 
might be different at different temperatures.” 
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1



D
iscu

ssio
n

P
a
p
er

|
D

iscu
ssio

n
P
a
p
er

|
D

iscu
ssio

n
P
a
p
er

|
D

iscu
ssio

n
P
a
p
er

|

13Leibniz Institute for Tropospheric Research, Permoserstr. 15, 04318 Leipzig, Germany
14CENTRA-SIM, F.C.U.Lisboa and U. Beira Interior, Portugal
15Ionicon Analytik GmbH and University of Innsbruck, Institute for Ion and Applied Physics,
6020 Innsbruck, Austria
16Carnegie Mellon University, Center for Atmospheric Particle Studies, 5000 Forbes Avenue,
Pittsburgh PA 15213 USA
17Lebedev Physical Institute, Leninsky Prospect, 53, Moscow, 119991
18University of Leeds, Leeds LS2 9JT, United Kingdom

Correspondence to: A. Franchin
(alessandro.franchin@helsinki.fi)

2



D
iscu

ssio
n

P
a
p
er

|
D

iscu
ssio

n
P
a
p
er

|
D

iscu
ssio

n
P
a
p
er

|
D

iscu
ssio

n
P
a
p
er

|

Abstract

We present the results of laboratory measurements of the ion-ion recombination coefficient at
different temperatures, relative humidities and concentrations of ozone and sulfur dioxide. The
experiments were carried out using the Cosmics Leaving OUtdoor Droplets (CLOUD) chamber
at CERN, the walls of which are made of conductive material, making it possible to measure5

small ions. We produced ions in the chamber using a 3.5 GeV c−1 beam of positively-charged
pions (π+) generated by the CERN Proton Synchrotron (PS).When the PS was switched off,
galactic cosmic rays were the only ionization source in the chamber.The range of the ion pro-
duction rate varied from 2 to 100 cm−3 s−1, covering the typical range of ionization throughout
the troposphere. The temperature ranged from -55 to 20oC, the relative humidity from 0 to 70%,10

the SO2 concentration from 0 to 40 ppb, and the ozone concentration from 200 to 700 ppb.At
20 oC and 40% RH, the retrievedion-ion recombinationcoefficientwas (2.3± 0.7) ×10−6

cm3s−1. The best agreement of the retrieved ion-ion recombination coefficient with the com-
monly used literature value of 1.6×10−6 cm3s−1 was found at a temperature of 5oC and a
RH of 40 % (1.5± 0.6)×10−6 cm3s−1. At 20 oC and 40 % RH, the retrieved ion-ion recom-15

bination coefficient was instead (2.3± 0.7) ×10−6 cm3s−1. We observed no dependency of
the ion-ion recombination coefficient on ozone concentration and a weak variation with sulfur
dioxide concentration.However,we found a strongdependencyof the ion-ion recombination
coefficienton temperature.However, we observed a more than fourfold increase in the ion-ion
recombination coefficient with decreasing temperature.We compared our results with three dif-20

ferent models and found an overall agreement for temperatures above 0oC, but a disagreement
at lower temperatures.We observeda strongdependencyof the recombinationcoefficienton
relative humidity, which hasnot beenreportedpreviously.We observed a strong increase in
the recombination coefficient for decreasing relative humidities, which has not been reported
previously.25
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1 Introduction

Air ions are fundamentalto atmosphericelectricity and play a central role in the proposed
connectionbetweensolar activity, GalacticCosmicRays(GCRs)and climate (Israël, 1970;
Carslaw et al., 2002; Usoskin and Kovaltsov, 2008).Ionsareknowntoenhancenucleationrates
in atmosphericallyrelevantvapormixtures (Kirkby et al., 2011), buttheoveralleffectof ionson5

atmosphericnewparticleformation(NPF)andsubsequentcloudcondensationnucleiproduction
hasremainedacontroversialissue

Air ions are fundamental to atmospheric electricity and play a central role in the proposed
connection between solar activity, Galactic Cosmic Rays (GCRs) and climate (Israël, 1970;
Carslaw et al., 2002; Usoskin and Kovaltsov, 2008). Ions areknown to enhance nucleation rates10

in atmospherically relevant vapor mixtures (Kirkby et al.,2011). In particular, ion-ion recom-
bination has been proposed and studied as the driving force behind atmospheric nucleation
(Yu and Turco, 2008; Yu, 2010; Nagato and Nakauchi, 2014). However, the overall effect of
ions on atmospheric new particle formation (NPF), and subsequent production of cloud con-
densation nuclei, has remained a controversial issue(Gagné et al., 2008; Kazil et al., 2010;15

Manninen et al., 2010; Yu et al., 2010; Hirsikko et al., 2011;Kontkanen et al., 2013; Kulmala et al.,
2013). Air ions accumulating near cloud edges may affect cloud microphysics and ultimately
climate via several mechanisms that are currently poorly quantified (Tinsley, 2000; Harrison and Ambaum
2008).

Atmospheric ions are usually classified in three groups depending on their diameter (here, all20

diameters are reported as Millikan-Fuchs equivalent mobility diameters, Mäkelä et al., 1996):
small ions (<1.9 nm), intermediate ions (1.9 - 7.7 nm) and large ions (>7.7 nm). In terms of
mobility, they are classified as: small ions (>0.57 cm2 V−1 s−1), intermediate ions (4.3×10−2

− 0.57 cm2 V−1 s−1) and large ions (<4.3×10−2 cm2 V−1) (Hõrrak et al., 2000). Small ions
have a high mobility, therefore they are the main responsible for the transfer of charge in the25

atmosphere (Chalmers, 1949; Ogawa, 1985) and play a role in NPF and in aerosol charging
processes (Adachi and Kousaka, 1985; Manninen et al., 2011). This work focuses on small ions,
from here on simply referred to as “ions” unless specified otherwise.
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Air ions are continuously produced in the atmosphere from GCRs and terrestrial sources,
such as radon decay and gamma radiation from the soil (Laaksoet al., 2004). Within the plane-
tary boundary layer, terrestrial sources play an importantrole in ionization processes, whereas
in the whole troposphereat altitudes greater than 2 km,GCRs are the dominant source of
ions (Fig.1Harrison and Carslaw, 2003; Kazil and Lovejoy, 2004; Usoskin et al., 2004; Arnold,5

2008; Zhang et al., 2011; Williams et al., 2011; Harrison et al., 2014).
When ionizing radiation interactswith the air, a primary positive ion (e.g.,N+

2
, O+

2
) and

an electronare generated (Smith and Spanel, 1995).The positive ion hasroughly the same
diffusion coefficientasthesurroundingmolecules.

After the interactionwith the ionizing radiation, its changein momentumis negligibleand10

wecanpictureit asin Brownianmotionaroundits initial position.Theelectron,however,gains
a finite momentumin the interaction.It startsto interactwith atmosphericmolecules,exciting
andionizing them,until its energydecreasesand it binds to anelectro-negativemolecule,for
exampleO2, creatingO−

2
. This processtakesplacein afew nanoseconds.Oncetwo molecular

ionsof oppositepolarityarecreated,theycaninteractwith moleculesthathavehigherelectronegativity15

or protonaffinity (e.g.,H2O) andtransfertheir charge,or theycanestablishhydrogenbondsor
otherchemicalbondswith othermoleculesandclustertogether (Smith and Spanel, 1995).It is
only at this point that ionsareconsideredstableandmeasurable.

When ionizing radiation hits an air molecule, an ion-electron pair is formed. The primary
positive ion can be a molecular ion (e.g., N+

2
, O+

2
), but it can also be N+ or O+, as the ionizing20

radiation is very energetic (Smith and Spanel, 1995; Volland, 1995; Leblanc et al., 2008). After
the interaction between an air molecule and ionizing radiation, the newly formed positive ion
stays in Brownian motion around its initial position. Its diffusion coefficient is similar to the
one of the surrounding molecules and its change in momentum is negligible.

The electron, however, gains a finite momentum in the interaction. If the energy gained is25

sufficiently high, the electron starts to interact with atmospheric molecules, exciting and ioniz-
ing them, until its energy decreases to thermal levels and itbinds to an electronegative molecule
(for example an electron and an O2 molecule, combining to form O−

2
). This process takes place

in a few nanoseconds.

5
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Once molecular ions of opposite polarity are created, they can interact with molecules that
have higher electronegativity or proton affinity (e.g., H2O) and transfer their charge. Alter-
natevly, they can establish hydrogen or other chemical bonds with other molecules and clus-
ter (Smith and Spanel, 1995). Positive ions are transformedinto hydronium-water clusters and
ammonium-water clusters, reaching their equilibrium concentrations after about 10µs (Luts and Salm,5

1994; Luts, 1998). After 1 s, less abundant trace gases (suchas pyridine and dimethylamine)
start to be part of the clusters.

Negative primary ions (mainly O−
2

) cluster with water molecules in 0.1µs and reach their
equilibrium around 0.1 s after the interaction between air and ionizing radiation. Once at equilib-
rium reactions with NO, NO2 and O3 start to create nitric acid-water clusters. If present, iodine10

is known to cluster at longer time scales (several seconds) (Luts and Salm, 1994; Luts et al.,
2011).

The number concentration of ions depends on the balance between ion sources and sinks.
The production rate is proportional to the amount of ionizing radiation present, whereas the loss
mechanisms depend on the attachment rate of ions onto aerosol or macroscopic surfaces and on15

the ion-ion recombination rate (Tammet et al., 2006). The ion-ion recombination rate is the rate
at which one ion collides with another ion of opposite chargeand get neutralized. It depends
on the mobility of ions and possibly on their chemical composition and ambient conditions.
Ion-ion recombinationbecomesdominantin extremelycleanenvironments,wherethe integral
of theaerosolsurfacedistribution is negligiblewith respectto the ion-ion recombinationrate,20

andthe probability for ion-aerosolattachmentis low (Volland, 1995).Recombinationis also
importantathighionizationrates,whentheproductionof ion pairsis sohighthattheprobability
of colliding with aneutralaerosolparticleisminimalwith respecttotheprobability of colliding
with anion of oppositecharge.

Ion-ion recombination becomes dominant in extremely cleanenvironments, where the inte-25

gral of the aerosol surface distribution is negligible withrespect to the ion-ion recombination
rate, and the probability for ion-aerosol attachment is low(Volland, 1995). The attachment co-
efficient for an ion attaching to a neutral aerosol particle ranges from 0.1 to 2.0× 10−6 cm3

6
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s−1, for an ion of 1.1 nm and an aerosol particle ranging from 10 to100 nm mobility equivalent
diameter (Tammet and Kulmala, 2005).

Recombination is also important at high ionization rates, when the production of ion pairs is
so high that the probability of colliding with an aerosol particle is minimal with respect to the
probability of colliding with an ion of opposite charge.5

The aim of this work is to determine the ion-ion recombination coefficient under different
conditions.In paststudies,the ion-ion recombinationrate was calculatedfor understanding
aerosoldiffusion charging (Natanson, 1960; Bates and Flannery, 1969)and it was measured
primarily for dosimetrypurposes (McGowan, 1965, and references therein).In mostcases,the
ions werestudiedin noble gasesor in pureoxygen.The presentwork is the first laboratory10

experimentperformedat conditionsclose to thosefound in Earth’satmospherethat presents
quantitativeresultsabouttheion-ion recombinationcoefficientatvaryingtemperature,relative
humidity andtracegasconcentrations.

In the past, Bates and Flannery (1969), defined the equationsto describe ion-ion recombina-
tion as a sink for air ions, continuing the theoretical work initiated by Thomson (1924) and con-15

tinued by Natanson (1960). Hoppel and Frick (1986) studied the theory of ion-aerosol attach-
ment, and its limiting case, ion–ion recombination, with the aim to enable the use of differential
mobility analysis to measure the aerosol population. McGowan (1965) studied ion-ion recombi-
nation in laboratory air to improve dosimetry techniques for ion chambers. Gringel et al. (1978)
measured vertical profiles of air conductivity and showed good agreement up to 20 km altitude,20

using a theoretical recombination coefficient of small ionsbased on a three-body recombina-
tion process. Lee and Johnsen (1989) investigated ion-ion recombination in helium and argon
at atmospheric densities and found that, in their setup, along with three-body recombination,
stabilization by mutual neutralization played an important role. Heptner et al. (2012) conducted
experiments to study relative changes in ion-ion recombination in dry filtered air at atmospheric25

pressure. In most of these cases, the ions were studied underconditions that were either far from
those found in the atmosphere, or allowed little control over trace gas concentrations and ion
production rates. In this work, we present the results of laboratory experiments performed at
conditions close to those found in the Earth’s atmosphere, providing quantitative results about

7
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the ion-ion recombination coefficient at varying temperature, relative humidity and trace gas
concentrations.

2 Experimental methods

The typical experiment carried out consisted of measuring the ion concentrations at several
beam intensities, each time for long enough (about 30 min) toreach steady state conditions5

while all the other variables were kept constant(Figure 3). The ion concentrations were av-
eraged over the last 10-15 minutes, before changing the beamintensity. The averaging time
allowed us to compensate for occasional fluctuations in the ion concentrations that were caused
by beam pulses, or by convective transport due to the two fansstirring the air inside the chamber.
The beam intensity was varied from 0 to 1.5×105 pions s−1, corresponding to an ion production10

rate ranging from about 2 to 100 ion pairs cm−3s−1. The concentration of aerosol particles was
constantly monitored with a CPC (TSI 3776) and it remained below 30 cm−3 in all experiments.
The concentration of ions withDp > 1.9 nm was negligible as the experiments were carried out
in an aerosol-free chamber. Usually, the beamintensity wasincreased consecutively, generating
a series of steps of ion production rate. Each time, at the endof the last step, the beam shutter15

was closed, and we observed the ion concentration decay (Figure 4). The mobility range of the
ions considered in this study was from 3.2 to 0.57 cm2V−1s−1, that correspons to a size range
of 0.8− 1.9 nm in mobility equivalent diameter (Dp). In this analysis the signal of the NAIS
in ion mode was integrated over all the channels corresponding toDp < 1.9 nm. The rest of
the ion number size distribution was not considered, as it was negligible. From this dataset, we20

retrieved the ion-ion recombination coefficient under different conditions.

2.1 The CLOUD Chamber

The Cosmics Leaving OUtdoor Droplets (CLOUD) chamber (Kirkby et al., 2011) is a cylin-
drical vessel with a diameter of 3 m and a volume of 26.1 m3 made of electro-polished 316L
stainless steel (Figure 2.c). Its walls are conductive, which makes it possible to measure small25

8
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ions that, in a traditional aerosol chamber made of polytetrafluoroethylene (PTFE), would be
removed in less than one second by the parasitic electric fields created by the dielectric material
(McMurry and Rader, 1985). In the interior of the chamber, all plastic components are avoided
using copper o-rings and metallic coating on electrically insulating components. When it is nec-
essary to work in an ion-free environment, two circular grids, one located at the top and one at5

the bottom of the chamber, are provided with a potential difference of up to 60 kV, generating
an axial electric field able to remove the small ions in less than 0.2 s. When the two circular
grids are not in use, they are grounded to avoid ground loops or parasitic electric fields.

The total in-flow to the chamber varies between 100 and 150 L min−1. Most of the flow is
taken by the instruments connected to the chamber and a portion of it is purged through a valve10

that controls the pressure inside the chamber. The chamber is kept at 5 mbar above the atmo-
spheric pressure to avoid contamination from the outside. The chamber is equipped with an
ultraviolet fiber-optic system that is installed at the top plate of the chamber, allowing OH pro-
duction (Kupc et al., 2011) without heating up the chamber. The temperature is controlled by air
circulating between the chamber and the insulation surrounding it. The temperature ranges from15

-80 to 100oC with a stability inside the chamber of± 0.1oC for each experiment. The chamber
is filled with ultra-pure synthetic air, consisting of N2 and O2, obtained from the evaporation of
liquid samples. The air is humidified with a Nafion system, using water purified by recircula-
tion through Millipore Super-Q filters and irradiated with UV radiation. Ozone is produced by
illuminating a portion of the incoming dry air with UV light.The other trace gases, such as SO220

and NH3, are added from gas cylinder reservoirs. These measures aimfor the cleanest possible
laboratory conditions (Schnitzhofer et al., 2014).

2.2 The particle beam

The particle beam is produced at the CERN Proton Synchrotron. The CLOUD chamber can be
exposed to a 3.5 GeV c−1 positively-charged pion (π+) beam produced by a secondary target25

of aluminium or copper (Duplissy et al., 2010). The intensity of the particle beam can be varied
to cover the full range of ionization in the troposphere, from an ion production rate of about
2 cm−3 s−1, equivalent to boundary layer levels, to 80 cm−3 s−1, equivalent to the levels in the

9
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free troposphere (Kazil and Lovejoy, 2004; Zhang et al., 2011). The beam consists of pions and
muons that have approximately the same energy of about 3.5 GeV and come in spills. Each spill
lasts for a few microseconds and delivers 108 pions at a time, at intervals of 20 s.

We varied the beam intensity, and thus the ion production rate in the chamber, by varying
the aperture of the beam collimator, which consists of two mechanical jaws made of concrete5

that can slide vertically and horizontally. At full aperture (60 mm× 60 mm) we have the max-
imum flux of pions through the chamber. When the collimator was partially closed we reduced
the flux of pions and we illuminated a smaller part of the chamber. When the collimator was
closed, almost no pion could reach the chamber. In this case,only GCRs, which are passing
through the chamber vertically, and some residual pions that pass the blocker, hitting the cham-10

ber horizontally, were responsible for the ionization. Forthis reason, the ion production rate in
the chamber at GCR conditions was about 30% higher than it would be if the accelerator had
been shut down completely.

The pion beam is deliberately defocused to maximize the areawhere the ionization takes
place (Figure 2 .c, shaded area). About 70% of the volume of the chamber is directly ionized15

and the two mixing fans produce a uniform distribution of ions inside the chamber, the mixing
time inside the chamber is estimated to be between 1.7 and 3.6min (Voigtländer et al., 2012).

2.3 The hodoscope and the B1.2 counter

The hodoscope is an array of scintillation detectors. It measures the pion flux through the cham-
ber and gives accurate positional information on the particle beam. It consists of 9 plastic scintil-20

lator slabs adjacent to one another in a vertical orientation and 9 plastic scintillator slabs oriented
horizontally (Mizin et al., 2011). The vertical and horizontal slabs form a grid orthogonal to the
particle beam, covering an area of about 2 m× 2 m. An ionizing particle, hitting a point on this
grid, is located by measuring the coincidence of the signal of two detectors (one vertical and
one horizontal). The B1.2 counter consists of two scintillation detectors placed right in front of25

the beam aperture. It also measures the coincidence of the signal of two detectors in order to
count only the pions from the beam. From the number of particles measured per unit time and
from the location of the scintillators crossed, we can independently retrieve the beam intensity

10



D
iscu

ssio
n

P
a
p
er

|
D

iscu
ssio

n
P
a
p
er

|
D

iscu
ssio

n
P
a
p
er

|
D

iscu
ssio

n
P
a
p
er

|

(Hz) and its horizontal and vertical profile. This allows us to discriminate between high energy
particles coming from the beam, which travel almost horizontally, and the GCRs.

2.4 Neutral cluster and Air Ion Spectrometer (NAIS)

The Neutral cluster and Air Ion Spectrometer (NAIS, Gagné et al., 2011; Mirme and Mirme,
2013,SER NAIS12) is manufactured by Airel Ltd in Estonia and measures atmospheric ions in5

the range [0.8 - 42] nm and total aerosol particle populationin the range [2.5 – 42] nm. It con-
sists of two cylindrical Differential Mobility Analysers (DMAs) working in parallel, classifying
negative and positive ions at the same time (Manninen et al.,2009). The ions are simultaneously
classified according to their mobility and detected by a stack of 21 electrometer rings for each
analyser. The device is equipped with a unipolar charging unit for each analyser that can be10

switched on and off.
During the CLOUD experiments, the instrument operated in three modes: particle, ion and

offset. In particle mode the main charging unit is turned on.In ion mode the main charging unit
is turned off. In offset mode the main charger unit stays off and a filter unit is turned on to make
a zero measurement. This zero measurement is used to determine the net signal due to ions and15

particles. To maximize the flow in the tube and reduce the diffusion losses, the NAIS and a mass
spectrometer shared part of the 2.54 cm outer diameter sampling line. Outside the chamber, the
flow was split (20 L min−1 to the NAIS, 10 L min−1 to the APi-TOF) using a Y union (Figure
2.b).

The NAIS operates at a 54 L min−1 total inlet flow. The high intake of the NAIS is a challenge20

in aerosol chamber experiments, where it is required to minimize the amount of air withdrawn.
For this reason, the NAIS was operated with a recirculation system, which diluted the inlet flow
with filtered air coming from the exhaust of the instrument. The filtered air formed an annulus
around the sample flow (Figure 2.a). The use of the dilution system allowed us to reduce the
withdrawn flow from the chamber from 54 to 20-30 L min−1. In this study, we only present the25

data recorded in ion mode, in particular the data from of the first 9 electrometers that collect
ions with mobility diameter smaller than 1.9 nm (small ions). The detailed setup used for this
work is presented in Figure 2.

11
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3 Theoretical methods

3.1 Calculation of the ion-ion recombination rate

Using the balance equation at steady state, the ion-ion recombination rate and a linear loss term
were determined using the measured ion concentration and the ion production rate. We can
describe the ionization processes inside the chamber usingthe following balance equation:5

dn±

dt
= q−αn+n−−β±n±− kCS(N,Dp)n±, (1)

wheren± is the absolute concentration of positive or negative smallions (cm−3), q is the ion
production rate (IPR, cm−3 s−1), α is the recombination coefficient (cm3 s−1), β is a first order
loss term (s−1) that describes the ion-wall interactions in the aerosol chamber, and other loss10

mechanisms of the first order,kCS is the coagulation sink, i.e., the rate at which ions are lostby
diffusion onto aerosol particles (s−1)(Kulmala et al., 2001; Leppä et al., 2011). At a constantq,
the steady state that is eventually reached depends on the values ofα, β andkCS.

In this studyα does not include the effect of initial recombination (Gryzinski et al., 2007).
Initial recombination would mainly affect primary ions, which are not considered in our study15

that focuses on cluster ion-ion recombination, as the NAIS measures cluster ions with electri-
cal mobility smaller than 3.2× 10−4 m2 V−1 s−1 (larger than 0.8 nm in mobility equivalent
diameter).

We can make some assumptions to simplify Eq.1. By assuming that n− ≃ n+, and that the
ion loss by coagulation is negligible compared with the other sink terms, we get:20

dn

dt
= q−αn2 −βn, (2)

These assumptions were well posed in our case, since theaveragedifference between the num-
ber concentration of positive and negative ions was 10 %.The 25th and 75th percentile are 5 %

12
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and 14 %, respectively(see Fig. 3)This variation in the concentration of positive and negative
polarities is compatible with the ratio of the square root ofthe mean ion electrical mobilities (Z),

which is proportional to the loss rate of ions to the walls of the chamber
√

Zpos

Zneg
= 0.9.During

our experimentskCS was constantly below 3×10−7s−1, due to negligible aerosol concentration
in the chamber. The solution of Eq. 2 can be found analytically (Israël, 1970):5

n(t) =
n1(n0 −n2)−n2(n0 −n1) exp(−t

√

β2 +4αq)

(n0 −n2)− (n0 −n1) exp(−t
√

β2 +4αq)
, (3)

wheren0 is the concentration of ions att= 0, n1 =
−β+

√
β2+4αQ

2α
andn2 =

−β−
√

β2+4αQ

2α
.

If we consider steady state conditions,dn
dt

= 0, Eq.2. becomes a second order polynomial.
The recombination coefficientα, and the linear loss termβ, can be retrieved by fitting a second
order polynomial function to the data, treating them as freeparameters. The ion concentration10

was set to zero atq equal to zero.The linear lossterm wasretrievedfor eachgiven condition
and,whenthestatisticwastoopoor todeterminethelinearlossterm,weassumedβ to beequal
to (8.3±1.6)×10−3 s−1, the valueretrievedfrom the datasetwith the beststatistics(Fig. ??).
The linear loss termβ, equal to (8.3± 1.6)× 10−3 s−1, was calculated based on the dataset
with the best statistics (T = 20oC, RH = 38 %). We assumed that the value ofβ did not change15

in other cases. To check our assumption, we performed a sensitivity analysis of the ion-ion
recombination coefficientα, shown in Fig. 5. The variation inα for different assumed values of
β is linear and small compared with the obseverd variation ofα due to changing conditions in
the chamber.

Equation 3 was used to check the values ofα andβ retrieved at steady state by comparing20

the resultingn(t) to the ion decay data (Figure 4). The ion production rate fromthe beam (qb)
was calculated using the following equation (Duplissy et al., 2010):

qb =NbIL/V, (4)

whereNb is the number of pions per unit time that hit the chamber.Nb can vary between 0
and 1.5×106 s−1. I = 61 i.p. cm−1 is the mean ionization per cm for a 3.5 GeV/cπ+ in air at25

13
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s.t.p. (Smirnov, 2005),L = 284 cm is the path length of a beam particle in the chamber, and
V = 26.1×106 cm3 is the chamber volume. The ion production rate was scaled fordifferent air
density at different temperatures.

We used a value of 1.84 cm−3s−1 for the intensity of the GCRs. The total ion production rate
q is given by the sum of the GCR contributionq0 and the beam contributionqb, q = q0 + qb.5

The ion concentration was corrected for sample dilution, due to the dilution system described
in section 2.4 and shown in Fig. 2. The dilution system was tested in the laboratory and, for the
flow range that was used in the experiments (20 - 25 LPM), it agreed within 28 % with the ideal
system used for our calculations.

3.2 Modelled ion-ion recombination coefficient10

The temperature dependency of the calculated ion-ion recombination coefficient was compared
to the values computed using three different model approaches. The first model derived by J. J.
Thomson (Gardner, 1938; Loeb, 1955; Thomson and Thomson, 2013) considers recombination
governed mainly by Brownian motion of ions and molecules andcomputes the recombination
coefficient as:15

α=
√
2πd2Cǫ. (5)

WhereC =
√

3kbT/m is the root mean square thermal velocity of the ions,d= e2/[(3/2)kBT ]
is the distance where the Coulomb potential energy between the two ions of opposite polarity is
equal to their thermal kinetic energy, andǫ is the probability of the two ions to recombine once
they are at distanced. As derived by Thomson,ǫ= 2w−w2,w = 1−2[1−exp(−x)(x+1)]/x2,20

x= 2d/L andL is the mean free path of the ions. The equation forα then becomes:

α(cm3s−1) = 1.90× 10−5(273/T )
3

2 3/2
√

1/Mǫ, (6)

whenT is the temperature in Kelvin and M is the mass of the ion in Da.
The second model taken into consideration and compared withour experimental data is de-

scribed by López-Yglesias and Flagan (2013). Based on Hoppel and Frick (1986), this model25
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was developed for ion-aerosol attachment, but it can be usedto compute the recombination
coefficient, if we use an aerosol that is as small as the ion andwith opposite charge. The
model accounts for Brownian motion, Coulombic interaction, image charging, polarization of
the molecules and three-body trapping.

The third model, by Brasseur and Chatel (1983), is a parametrization used for describing the5

ions in the stratosphere based on earlier work by Bates (1982) and Smith and Adams (1982)
that has the expression

α(cm3s
−1) = 6× 10−8

√

300/T +6× 10−26[Mair](300/T )
4, (7)

where[Mair] is the concentration of air molecules in cm−3.

4 Results and discussion10

The ion-ion recombination was measured in the CLOUD chamberat different temperatures,
relative humidities and concentrations of ozone and sulfurdioxide. We obtained a value of 2.3±
0.7×10−6cm3s−1, at 298 K and RH = 40%, higher than the constant value of 1.6×10−6cm3s−1

usually reported in the literature (Laakso et al., 2004). Interestingly, we found thatα depends
on both temperature and relative humidity (Table 2 and 1). Figure 5 shows the results of four15

sets of experiments, where the ion concentration was measured as a function ofq. For each
set of experiments, we kept all the parameters constant except the one under investigation: the
concentration of ozone (200− 700 ppb), sulfur dioxide (0− 50 ppb), temperature (218, 248,
278 and 293 K) and relative humidity (0, 7, 40 and 70%). The measured recombination rate
showed a strong dependency (about a factor of 5 change) on temperature and relative humidity20

and, to some extent (a factor of 2), on the concentration of sulfur dioxide. The variability in the
ozone concentration appeared to have little influence, if any, on the measured recombination
rate.

The retrieved loss rate for ions (8.3×10−3s−1, Fig. 6), differs markedly from the linear loss
rate retrieved for the sulfuric acid neutral monomer (1.7×10−3s−1, Almeida et al., 2013). This25

difference between the loss rates might be partially explained by the image charge effect of the
15



D
iscu

ssio
n

P
a
p
er

|
D

iscu
ssio

n
P
a
p
er

|
D

iscu
ssio

n
P
a
p
er

|
D

iscu
ssio

n
P
a
p
er

|

ions with the chamber walls, even though this remains a controversial topic (McMurry and Rader,
1985; Mayya and Sapra, 2002; Vauge, 2002; Chang et al., 2012). Losses might be due to some
non-ideal behavior, e.g., retention of surface charge, of some insulator in the clearing field cage
region or in proximity to the mixing fans. Yet another possibility is that the mixing in the cham-
ber influences the ion concentrations, creating a higher linear loss rate. Finally, it is possible5

that sulfuric acid is not lost to the walls with unit efficiency.

4.1 Temperature and relative humidity dependency of the recombination rate

The strongest effect we observed was an increase in the ion-ion recombination coefficient with
decreasing temperature (Fig 5). The ion-ion recombinationcoefficientincreasedapproximately
by afactorof 5(from 11.0×10−6 to 2.5×10−6 cm3 s−1) increased by approximately a factor of10

4 (from 2.3 to 9.9×10−6 cm3 s−1) as temperature decreased from 293 to 218 K. This behavior
seems not to be predicted by two of the three models and only partially by the third model, as
shown in Figure 7. Interestingly, all the models agree with each other and with the experimental
results over a range of temperatures from 273 to 298 K, but there are big discrepancies in the
absolute values as well as in the functional form of the temperature dependency at temperatures15

below 273 K. The model that seems to agree best with our data isthe one by Brasseur and Chatel
(1983), linked more directly to atmospheric data. The modelby López-Yglesias and Flagan
(2013) that accounts accurately for all the possible physical processes does not agree with our
data. Another option could be related to the evaporation of ions in the line. If the number of ions
reaching the instrument was lower because of the losses for evaporation, the resulting recombi-20

nation would be overestimated. The effect of the mixing fan and the chemical composition of
the ions could vary with temperature, which would affect therecombination coefficient.

We observed a strong dependency of the recombination coefficient on relative humidity (RH).
The ion-ion recombination coefficient decreases with decreasing RH from 9.4×10−6 to 2.0
×10−6 cm3 s−1 as RH drops from 70% to 0%, at a constant temperature of 298 K (Figure 8).25

The decrease of the ion-ion recombination coefficient at increasing RH values could be related
to an increase in size of the small ions: higher values of RH would form larger hydrated ions
that would be less mobile, thus decreasing the recombination rate. The change in ion mobility

16
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is plausible, as we know that aerosol particles with a diameter larger than 10 nm tend to be
hygroscopic, changing their diameter according to the RH (Onasch et al., 1999; Keskinen et al.,
2013). We also know, from quantum chemistry calculations, that ions form clusters with water
and that the amount of water attached is dependent on RH (Kurtén et al., 2007; Husar et al.,
2012; Henschel et al., 2014; Olenius et al., 2014). This explanation matches the observed data5

qualitatively. In fact, according to quantum calculationsshown in Kurtén et al. (2007) for sul-
furic acid ions at 20% RH there are mostly 1 or 2 molecules of water in the cluster, whereas at
80% RH there are 3 or 4. We get the equation below if we assume that the ions in the chamber:
1) are mainly sulfuric acid molecules, or behave the same wayas sulfuric acid molecules, 2) are
perfect spheres, and 3) that their mass is the sum of the masses of the molecules that compose10

the ions.

Dp =
3

√

6 · (MH2SO4
+MH2O ·nw)

πρ
+0.3nm (8)

with

ρ= ρ(nw) =
MH2SO4

· ρH2SO4
+MH2O · ρH2O ·nw

MH2SO4
+nw ·MH2SO4

(9)

WhereDp is the mobility diameter of the ions,MH2SO4
andMH2O are the masses in Da of15

a sulfuric acid molecule and of a water molecule, respectively, nw is the number of water
molecules in a cluster and 0.3 nm is the difference between mobility diameter and mass di-
ameter (Mäkelä et al., 1996; Ku and de la Mora, 2009). This calculation gives aDp of 0.91 -
0.94 nm at 20% RH and of 0.94 - 1.01 nm at 80% RH. Unfortunately,the effect of RH on the
ion diameter could not be observed directly, because this change in diameter is too small to be20

detected by the NAIS, given its low size resolution (Mirme and Mirme, 2013). However, the
RH dependency of the recombination coefficient as a change inion mobility is unclear, and
cannot be predicted satisfactorily by any of the models found in the literature. Only the model
described in Gardner (1938) predicts an increase of the recombination coefficient for smaller
ions, although it underestimates the absolute values.25
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4.2 Atmospheric implications

It is important to account for the ion-ion recombination when modelling ion concentrations. As
described by equation (1), the term representing the ion-ion recombination is always present
and becomes dominant for large ion production rates and whencoagulation sinks are small, e.g.
in the free troposphere (Volland, 1995).5

The possibility of a strong dependency of the ion-ion recombination rate on temperature must
be taken into account when interpreting and modelling data of ion concentration or ion produc-
tion in environments or model domains with a large temperature variability. In fact, a change
in temperature from -54oC to 20oC, a typical temperature change from the free troposphere
down to the boundary layer, can cause a change in the recombination rate as high as one order10

of magnitude.
The RH seems to influence the rate of recombination as well, bydecreasing the mobility of

ions. In this study, the measurements at different RH were taken at constant temperature and,
therefore, changes in RH reflect those in the absolute water vapor concentration. The lower the
RH, the faster the ion loss via recombination was. This mightbe analogous to what happens at15

high altitudes, where water molecules are scarce.
It should be noted that, in the present study, the pressure was kept constant at +5 mbar above

the atmospheric level, during the experiments. In the atmosphere, however, a decrease in tem-
perature with increasing altitude is associated with a decrease in pressure as well. In the CLOUD
chamber it is not possible to lower the pressure below typical sea level values, as the chamber20

is not designed to withstand under-pressure with respect tothe outside pressure. So it was not
possible to experimentally measure the variation of the ion-ion recombination rate at pressures
lower than 900 hPa. It has been shown, however, that the ion-to-particle coefficients are consid-
erably different in ambient conditions at 20 km altitude than at ground level, with the recom-
bination coefficient being an order of magnitude lower at 20 km altitude than at ground level25

López-Yglesias and Flagan (2013). When moving from groundlevel to 20 km altitude, the de-
crease in recombination coefficient due to decrease in pressure is only partly counterbalanced
by the increase in recombination coefficient due to decreasein temperature. Consequently, the
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pressure effect on recombination coefficient needs to be taken into account when interpreting
data measured at substantially different pressure than in this work, but investigating the pressure
effect is beyond the scope of this study.

5 Conclusions

We carried out an experimental determination of the ion-ionrecombination coefficient in the5

CLOUD chamber at CERN. The retrieved recombination coefficient at 20oC and 40% RH
agrees with the literature values and with the models. We seeno clear dependency of the ion-
ion recombination rate coefficient for different ozone concentrations and only a weak varia-
tion at varying sulfur dioxide concentrations. Instead, wenotice a strong dependency of the
ion-ion recombination coefficient on temperature and relative humidity that has not been re-10

ported in previous studies. The ion-ion recombination coefficient varied between 9.7×10−6

and 2.3×10−6 cm3 s−1 over the temperature range 220 to 293 K and between 9.3×10−6 and
1.5×10−6 cm3 s−1 over the range of relative humidities from 0 % to 70 %. The temperature
dependency is not well described by any of the models found inthe literature, only the model by
Brasseur and Chatel (1983) seems to give results following the temperature dependence of our15

experimental data within 50% uncertainty. The RH dependency of the ion-ion recombination
coefficient is not well understood or described theoretically, but can be interpreted as an effect
of ion hydration: ions clustering with water molecules decreases their mobility, and therefore
they recombine at a lower rate. Only the model by Gardner (1938) shows a functional depen-
dency that supports this explanation, but it fails in reproducing the absolute values.It is also20

important to note that our results for the RH dependence of the ion-ion recombination coeffi-
cient were studied for only one temperature, 20oC, and that the extent of the dependency might
be different at different temperatures.

Thiswasthefirst studytoinvestigatingexperimentallytheion-ionrecombinationatatmospheric
conditions.This was the first study to investigate experimentally the ion-ion recombination in25

a highly controlled environment at atmospheric relevant temperature, humidity and trace gas
concentrations.Our main finding was that the recombination coefficient depends strongly on
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temperature and relative humidity, quantities that have a large variability in the troposphere.
This work can be considered as a starting point for future studies in which pressure, chamber
inhomogeneities and ion chemical composition could be taken into account.

Appendix A

5

Solution of the balance equation

dn

dt
=Q−αn2 −βn. (1A)

The right hand term of Eq.(1A) is a second degree equation, therefore

dn

dt
=−α(n−n1)(n−n2), (2A)10

where:

n1 =
−β+

√

β2 +4αQ

2α

and

n2 =
−β−

√

β2 +4αQ

2α

are the solutions. Using the method of separation of variables (2A) becomes:15

dn

(n−n1)(n−n2)
=−αdt (3A)
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Integrating, (3A) can be written as
n
∫

n0

(

A

n−n1

+
B

n−n2

)

dn=

t
∫

0

−αdt (4A)

wheren0 is the ion concentration att= 0
andA(n−n2)+B(n−n1) = 1. A(n−n2)+B(n−n1) = 1 can be written asn(A+B)−5

(An2 +Bn1) = 1 and its solution is:

A=−B =
1

(n1−n2)
=

α
√

β2 +4αQ

As
By solving (4A) we obtain:

A ln

( |n−n1|
|n0 −n1|

)

−A ln

( |n−n2|
|n0−n2|

)

=−αt10

We can drop the absolute value because these values are always greater than zero:

A ln

(

n−n1

n0−n1

)

−A ln

(

n−n2

n0−n2

)

=−αt

A ln

{

(n−n1)(n0 −n2)

(n−n2)(n0 −n1)

}

=−αt15

(n−n1)

(n−n2)
=

(n0−n1)

(n0−n2)
exp

(

−
√

β2 +4αQt
)

from this we can solven(t):

n(t) =
(n0 −n2)n1−n2(n0 −n1)exp(−t

√

β2+4αQ)

(n0 −n2)− (n0 −n1)exp(−t
√

β2+4αQ)
(5A)
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S. L., Kurtén, T., Riipinen, I., and Vehkamäki, H.: Hydration of Atmospherically Relevant Molecular
Clusters: Computational Chemistry and Classical Thermodynamics, The Journal of Physical Chem-
istry A, 118, 2599–2611, doi:10.1021/jp500712y, http://dx.doi.org/10.1021/jp500712y, 00004, 2014.25

Heptner, A., Cochems, P., Langejuergen, J., Gunzer, F., andZimmermann, S.: Investigation of ion-ion-
recombination at atmospheric pressure with a pulsed electron gun, The Analyst, 137, 5105–5112,
doi:10.1039/c2an35849b, 00006, 2012.
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A., Kajos, M., Kirkby, J., Kürten, A., Nieminen, T., Makhmutov, V., Mathot, S., Miettinen, P., On-
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Fig. 1. A vertical profile of the ion production rateq based on literature data. The contribution of radon
decay at mid latitudes is shown in gray, accounting for seasonal variation. The minimum is in summer
and the maximum is in winter (Zhang et al., 2011). The contribution of galactic cosmic rays at mid
latitudes, as presented by Usoskin et al. (2004), is shown incyan. Black crosses indicate measurements
by Harrison et al. (2014). The double arrow at the top shows the range ofq explored in this study.
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Fig. 2. a) Neutral cluster and Air Ion Spectrometer (NAIS) and its dilution system used during the
CLOUD experiments. The sample air flow is withdrawn from the chamber at a flow rate that varies
between 20 and 30 L min−1 sample air from the chamber is diluted with a portion of the exhaust air
of the instrument, which is filtered with a High Efficiency Particulate Air (HEPA) filter and mixed with
the sample air. b) Configuration of the NAIS during the CLOUD experiments. c) Sketch of the chamber
and the beam. The dashed circle represents the area where theNAIS was located, outside from the beam
trajectory. The beam is deliberately defocused to maximizethe volume in the chamber where ionization
takes place.
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Fig. 3. In a typical experiment, the beam intensity is varied, changing the flux of pions crossing the
chamber. The beam intensity is directly proportional to theIon Production Rate (IPR) and is kept constant
for a period of approximately 30 min at each step, to make surethat the ion concentration reaches the
steady state. The mean ion concentration is related to the mean IPR at steady state via the balance
equation (Eq.1). Blue and red colors correspond to negativeand positive ions, respectively. Magenta is
the beam intensity.
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Fig. 4.Typical ion decay experiment.The ion concentration (blue line and circles), the solutionto Eq. (1)
(red line) and the beam counts (magenta line)The ion concentration is presented as the average between
the concentration of negative and positive ions. When solving Eq. (1), the recombination coefficient
and linear loss term, retrieved independently by fitting thesteady state balance equation at the same
conditions (T = 293 K, RH = 0 %), were 9.3×10−6 cm3s−1 and 8.3e-3 s−1, respectively, and the ion
production rate was 8.3 cm−3s−1. The initial concentration of small ions,n0 (t=01:03), was 810 cm−3

(average over time range from 00:24 to 01:03). The grey shaded area is the model uncertainty assuming
uncertainty of± 30 % on n0,α andβ.
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Fig. 5. Ion concentration as a function of ion production rate at (a)two different ozone concentrations (at
200 ppb and at 700 ppb); the other variables were kept constant (T = 20 oC, RH = 40% and [SO2] = 20
ppb); (b) different SO2 concentrations between 2 and 30 ppb, temperature, RH and ozone concentration
were kept constant (T = 20oC, RH = 40% and [SO2] = 20 ppb); (c) different temperatures (20, 5, -25 and
-55 oC); and (d) different relative humidities (0, 7, 40 and 70 %) at a constant temperature of 20oC.The
ion concentration is presented as the average between the concentration of negative and positive ions, the
uncertainty is calculated as the standard deviation of the mean values at steady state.
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Fig. 6. Variability of the retrieved recombination rate as a function of loss rate. The dataset used here
includes experiments performed at T = 20oC and RH = 40 %. The point at the center presents the larger
confidence level interval as the loss term was kept as free parameter. The other points were obtained
forcing the loss termβ to values varying from 1×10−3 to 0.18 s−1.
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Fig. 7.A comparison between the ion-ion recombination coefficient, measured at different temperatures
(points with error bars) and the recombination coefficient modelled using different models. The shaded
area represents 50% uncertainty.
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Fig. 8. The ion-ion recombination coefficient measured at different relative humidities, at a constant
temperature of 20oC. The dots are measured points, the dashed line is an exponential fit to guide the eye.
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T α x10−6 σαx10−6

(oC) (cm3s−1) (cm3s−1)
20 2.3 0.7
5 1.6 0.6

-25 7.6 1.0
-55 9.7 1.2

Table 1. Values of recombination coefficient and its uncertainty at different temperatures. The uncer-
tainty reported is calculated with error propagation and includes the uncertainty in the fit.
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RH α x10−6 σαx10−6

(%) (cm3s−1) (cm3s−1)
70 2.0 0.7
40 2.3 0.7
7 8.1 2.8
0 9.9 3.0

Table 2. Values of recombination coefficient and its uncertainty at different relative humidities. The
uncertainty reported is calculated with error propagationand includes the uncertainty in the fit.
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