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).

| 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. | 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). | do not think that this is the only available choice; nether
this is not the absolutely best choice. | 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., N,*, O," ) 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 O, , creating O, . 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 ion-electron pair is formed. The primary
positive ion can be a molecular ion (e.g., N,*, O,"), 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 O, molecule, combining to form O,). 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., H,O) 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 hydronium-water
clusters and ammonium-water clusters, reaching their equilibrium concentrations after
about 10 ps (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 O, ) cluster with water molecules in 0.1 ys and reach
their equilibrium around 0.1 s after the interaction between air and ionizing radiation.
Once at equilibrium reactions with NO, NO, and O, start to create nitric acid-water
clusters. If present, iodine is known to cluster at longer time scales (several seconds)
(Luts and Salm, 1994; Luts et al., 2011).

References added:

Leblanc, Francois, Karen Aplin, Yoav Yair, Giles Harrison, Jean Pierre Lebreton, and M.
Blanc. 2008. Planetary Atmospheric Electricity. Springer Science & Business Media.

Luts, A., and J. Salm. 1994. “Chemical Composition of Small Atmospheric lons near the
Ground.” Journal of Geophysical Research: Atmospheres 99 (D5): 10781-85.
doi:10.1029/93JD03225.

Luts, Aare. 1998. “Temperature Variation of the Evolution of Positive Small Air lons at
Constant Relative Humidity.” Journal of Atmospheric and Solar-Terrestrial Physics 60
(18): 1739-50. doi:10.1016/S1364-6826(98)00151-5.



Luts, Aare, Tiia-Ene Parts, Urmas Horrak, Heikki Junninen, and Markku Kulmala. 2011.
“Composition of Negative Air lons as a Function of lon Age and Selected Trace Gases:
Mass- and Mobility Distribution.” Journal of Aerosol Science 42 (11): 820-38.
doi:10.1016/j.jaerosci.2011.07.007.

Volland, Hans. 1995. Handbook of Atmospheric Electrodynamics. CRC Press.

2) The overview of the former studies of the conditions where ion-ion recombination can be
dominant sink of small ions is too vague. | 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 ion-ion recombination is the dominant sink.

Current version:

lon-ion recombination becomes dominant in extremely clean environments, where the integral
of the aerosol surface distribution is negligible with respect to the ion-ion recombination rate,
and the probability for ion-aerosol 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:
lon-ion recombination becomes dominant in extremely clean environments, where the integral

of the aerosol surface distribution is negligible with respect to the ion-ion recombination rate,
and the probability for ion-aerosol attachment is low (Volland, 1995). The attachment
coefficient for an ion to a neutral aerosol particle ranges from [0.1 to 2.0] x 10 cm3s™,
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. | think the

authors should express their meaning more clearly. Also, | wonder why the authors state
"..was measured primarily for dosimetry purposes" and provide only one (old) reference
(McGowan, 1965). | 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
point-by-point way.

Current version:

In past studies, the ion-ion 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 ion-ion 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 ion-aerosol
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 ion-ion 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 three-body recombination process. Lee and
Johnsen (1989) investigated ion-ion recombination in ambient helium and argon at
atmospheric densities and found that, in their setup, along with three-body
recombination, stabilization by mutual neutralization plays an important role. Heptner
et al. (2012) conducted experiments to study relative changes in ion-ion 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 ion-ion
recombination coefficient at varying temperature, relative humidity and trace gas
concentrations.



References added:

Heptner, Andre, Philipp Cochems, Jens Langejuergen, Frank Gunzer, and Stefan
Zimmermann. 2012. “Investigation of lon-lon-Recombination at Atmospheric Pressure
with a Pulsed Electron Gun.” The Analyst 137 (21): 5105-12. doi:10.1039/c2an35849b.

Lee, H. S., and R. Johnsen. 1989. “lon—ion Recombination Studies in Ambient Helium and
Argon at Atmospheric Densities.” The Journal of Chemical Physics 90 (11): 6328-34.
doi:10.1063/1.456349.

Gringel, W., K. H. Kaselau, and R. Mlhleisen. 1978. “Recombination Rates of Small lons and
Their Attachment to Aerosol Particles.” Pure and Applied Geophysics 116 (6): 1101-13.
doi:10.1007/BF00874674.

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 cm™

Proposed change:

The concentration of aerosol particles was constantly monitored with a CPC (TSI 3776)
and it remained below 30 cm™ 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 ion-ion recombination, as the NAIS
measures cluster ions with electrical mobility smaller than 3.2 X 10* m? V' s (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 ion-ion recombination, as the NAIS measures
cluster ions with electrical mobility smaller than 3.2 X 10* m? V-' s (0.8 nm in mobility
equivalent diameter).”

References added:
Gryzinski, M. A., N. Golnik, and M. Zielczynski. 2007. “Initial Recombination of lons in

lonization 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 Ipm), it agreed within 28% with the ideal system used for our
calculations (see plot below).
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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 Israél (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 Israél’'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 | 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 2.3x10° to
9.9x10°) as temperature decreased from 293 to 218 K.*

11) section 5.

Pg 3684. | 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 ion-ion recombination at
atmospheric conditions.”

Proposed changes:

"This was the first study to investigate experimentally the ion-ion 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 (1.4x10* and 2.0x10* m? V'
s 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 10-15 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 ?). |

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 9-12 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 B to be equal to (8.3 + 1.6) x 103 s™,
the value retrieved from the dataset with the best statistics (Fig. 5).

Proposed change:

The linear loss term B, equal to (8.3 + 1.6) x 10 s-", was calculated based on the dataset
with the best statistics (T = 20 °C, RH = 38 %). We assumed that the value of 8 did not
change in other cases. To check our assumption, we performed a sensitivity analysis




of the ion-ion recombination coefficient a, shown in Fig. 5. The variation in a for
different assumed values of B is linear and small compared with the observed variation
of a 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 ion-ion 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 ion-ion 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, | 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, | would highlight the most important results even more. i) | think that men-
tioning ion-ion 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 12-13). ii) Currently, the reader does not get information how
recombination coefficient depends on temperature and RH (lines 15-16, and 18-19).

Answer: We agree with Referee#2 and decided to add the following changes to the text.

Page 3669, lines 12-13.
Current version:

At 20 °C and 40% RH, the retrieved ion-ion recombination coefficient was (2.3+ 0.7) x107°

cm3s™t.

Proposed changes:

“The best agreement of the retrieved ion-ion recombination coefficient with the

commonly used literature value of 1.6x10cm?® s™ was found at a temperature of 5 °C



and a RH of 40% (1.5 £ 0.6) x10 cm® s~ . At 20 °C and 40% RH, the retrieved ion-ion

recombination coefficient was instead (2.3 £ 0.7) x107° cm®s™".

Page 3669, lines 15-16.

Current version:

“‘However, we found a strong dependency of the ion-ion recombination coefficient on
temperature.’

Proposed changes:

“However, we observed a more than fourfold increase in the ion-ion recombination
coefficient with decreasing temperature.”

Page 3669, lines 18-19.

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, | 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: | 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-
raél, 1970; Carslaw et al., 2002; Usoskin and Kovaltsov, 2009). lons are known to en-
hance nucleation rates in atmospherically relevant vapor mixtures (Kirkby et al., 2011).



In particular, ion-ion 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
(Gagneé ...”

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. “lon-Mediated Nucleation in the Atmosphere: Key Controlling
Parameters, Implications, and Look-up Table.” Journal of Geophysical
Research-Atmospheres 115 (February): D03206. doi:10.1029/2009JD012630.

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

by lon—ion Recombination.” The Journal of Chemical Physics 141 (16): 1643009.
doi:10.1063/1.4898376.

Page 3670, lines 15-20: 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).”
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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 g explored in this study.

Experimental methods

1. Page 3672, line 8: | 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: | 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



| 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.

C neg7C pos

Answer: 10% is defined as mean(z 72

), where C,..and C,; are the concentration of

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 \/5—7

neg

=0.9.

Are shown ion concentrations of positive or negative ions in Figs. 3-4 and in calculations
behind Figs. 3-77?

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. lon 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. lon concentration as a function of ion production rate ... at a constant temperature of
20 °C. The ion concentration is presented as the average between the concentration of
negative and positive ions.

2. Page 3677, lines 9-12: 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 ion-ion 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 B to be equal to (8.3 + 1.6) x 103 s,
the value retrieved from the dataset with the best statistics (Fig. 5).

Proposed change:
The linear loss term B, equal to (8.3 £ 1.6) x 102 s, was retrieved from the dataset with the

best statistics (T = 20 °C, RH = 38 %). We assumed B to be the same value for all the
other cases. To check our assumption, we performed a sensitivity analysis of the
ion-ion recombination coefficient a, shown in Fig. 5. The variation of a for different
assumed B is linear and small compared with the observed variation of a due to
changing conditions in the chamber.

3. Page 3677, lines 13-14: Fig. 3 shows that made assumptions work nicely in the

particular example case. How representative is this example case? | 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 x-axis. On the y-axis, 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.
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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. 4-5 and Tables 1-2 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 °C. The error bar represents the standard deviation
over the averaged range.”

Results

1. Tables 1-2 and Figs. 4, 6-7: 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 17-20)
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 ion-ion recombination
coefficient were studied at only one temperature, 20 °C. The extent of the dependency
might be different at different temperatures.”
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Abstract

We present the results of laboratory measurements of thmiorecombination coefficient at
different temperatures, relative humidities and conegiains of ozone and sulfur dioxide. The
experiments were carried out using the Cosmics Leaving GdtBroplets (CLOUD) chamber
at CERN, the walls of which are made of conductive materialkimg it possible to measure
small ions. We produced ions in the chamber using a 3.5 Ge\beam of positively-charged
pions ¢r*) generated by the CERN Proton Synchrotron (R8)en the PS was switched off,
galactic cosmic rays were the only ionization source in thentber.The range of the ion pro-
duction rate varied from 2 to 100 chs™!, covering the typical range of ionization throughout
the troposphere. The temperature ranged from -55 #€2€he relative humidity from 0 to 70%,
the SQ concentration from 0 to 40 ppb and the ozone concentratmn 00 to 700 ppbAt

emis—L The best agreement of the retrieved ion-ion recomblnatunffrclent Wlth the com-
monly used literature value of @0 cmPs™! was found at a temperature of°& and a
RH of 40 % (1.54+ 0.6) x10-6 cm’s~!. At 20 °C and 40 % RH, the retrieved ion-ion recom-
bination coefficient was instead (243 0.7) x10% cm’s~!. We observed no dependency of
the ion-ion recombination coefficient on ozone concerdraind a Weak varratlon Wrth sulfur
dioxide concentrationHewey
eee#rerentememperatureHowever we observed a more than fourfold increase in thooon
recombination coefficient with decreasing temperatWe.compared our results with three dif-
ferent models and found an overall agreement for temp@sanbove GC but a dlsagreement
at lower temperature$¥/e-ebse
relatwebumrdﬂy%#hreh—hasnet—beenrepertedpreweustyWe observed a strong increase in
the recombination coefficient for decreasing relative Hditigis, which has not been reported
previously.
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1 Introduction

eenneetrenbeﬁveensela%%ﬂ#@alaeﬁe@es;meRays{G@Rs}&n&d%a&e {Israel 1970;
Carslaw et all, 2002; Usoskin and Kovaltsov, 2088xsareknownto-enhancaucleatiorrates
ma%mesaheﬂeaHyele\anwapeHw*wres (Kirkby et al., 201 1abu%theeve1taHeﬁeeteﬂensen

Air ions are fundamental to atmospheric electricity and/@acentral role in the proposed
connection between solar activity, Galactic Cosmic Ray€RS) and climate _(Israél, 1970;
Carslaw et all, 2002; Usoskin and Kovaltsov, 2008). lonkaosvn to enhance nucleation rates
in atmospherically relevant vapor mixtures (Kirkby et 2011). In particular, ion-ion recom-
bination has been proposed and studied as the driving fazhedb atmospheric nucleation
(Yuand Turcb, 2008; Yu, 2010; Nagato and Nakauchi, 2014wéier, the overall effect of
ions on atmospheric new particle formation (NPF), and syiset production of cloud con-
densation nuclei, has remained a controversial ig&sané et al., 2008; Kazil etlal., 2010;
Manninen et all, 2010; Yu et al., 201.0; Hirsikko et al., 2Z06@ntkanen et al., 2013; Kulmala et al.,
2013). Air ions accumulating near cloud edges may affeaictimicrophysics and ultimately
climate via several mechanisms that are currently poordntitied (Tinsley, 2000; Harrison and An
2008).

Atmospheric ions are usually classified in three groups oigipg on their diameter (here, all
diameters are reported as Millikan-Fuchs equivalent nitgldiameters, Makela et al., 1996):
small ions 1.9 nm), intermediate ions (1.9 - 7.7 nm) and large iang.7 nm). In terms of
mobility, they are classified as: small ions@.57 cn? V—! s7!), intermediate ions (4,310~2
— 0.57 cnt V~! s71) and large ions<£4.3x 1072 cn? V1) (Horrak et al., 2000). Small ions
have a high mobility, therefore they are the main respoeditat the transfer of charge in the
atmosphere_(Chalmers, 1949; Ogawa, 1985) and play a rolé’i &hd in aerosol charging
processes (Adachi and Kousaka, 1985; Manninen! et al.| 20his)work focuses on small ions,
from here on simply referred to as “ions” unless specifiecotlise.

4
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Air ions are continuously produced in the atmosphere frorR&@nd terrestrial sources,
such as radon decay and gamma radiation from the soil (Lastksol 2004). Within the plane-
tary boundary layer, terrestrial sources play an impontalet in ionization processes, whereas
in-the-whole troposphereat altitudes greater than 2 kn§CRs are the dominant source of
ions (FigQHarrison and Carslaw, 2003; Kazil and Lovejoy, 2004; Usoskial.| 2004; Arnold,
2008; Zhanq et al., 2011 Wllllams et al., 2011 Hal’l’ISOH|P 14)

When ionizing radiation hits an air molecule, an ion-eleatpair is formed. The primary
positive ion can be a molecular ion (e.g,jl\D;L), but it can also be N or O", as the ionizing
radiation is very energetic (Smith and Spanel, 1995; Volldr995] Leblanc et al., 2008). After
the interaction between an air molecule and ionizing ramtiathe newly formed positive ion
stays in Brownian motion around its initial position. Itfdsion coefficient is similar to the
one of the surrounding molecules and its change in momergumregligible.

The electron, however, gains a finite momentum in the intenaclf the energy gained is
sufficiently high, the electron starts to interact with agpleeric molecules, exciting and ioniz-
ing them, until its energy decreases to thermal levels apiddts to an electronegative molecule
(for example an electron and an @olecule, combining to form D). This process takes place
in a few nanoseconds.
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Once molecular ions of opposite polarity are created, tlayinteract with molecules that
have higher electronegativity or proton affinity (e.ga@®) and transfer their charge. Alter-
natevly, they can establish hydrogen or other chemical ®avith other molecules and clus-
ter (Smith and Spanel, 1995). Positive ions are transforimechydronium-water clusters and
ammonium-water clusters, reaching their equilibrium @miations after about 1@ (Luts and Saln
1994; Luts) 1998). After 1 s, less abundant trace gases @i@yridine and dimethylamine)
start to be part of the clusters.

Negative primary ions (mainly D) cluster with water molecules in 0/s and reach their
equilibrium around 0.1 s after the interaction betweenrdrianizing radiation. Once at equilib-
rium reactions with NO, N@and G; start to create nitric acid-water clusters. If presentiried
is known to cluster at longer time scales (several secoildgy Gnd Salim, 1994; Luts etlal.,
2011).

The number concentration of ions depends on the balancesbetion sources and sinks.
The production rate is proportional to the amount of iorgaiadiation present, whereas the loss
mechanisms depend on the attachment rate of ions onto &erasacroscopic surfaces and on
the ion-ion recombination rate (Tammet et al., 2006). Timeicm recombination rate is the rate
at which one ion collides with another ion of opposite chaagd get neutralized. It depends
on the moblllty of |ons and possmly on their chemical comtmns and ambient condltlons

lon-ion recombination becomes dominant in extremely cleanronments, where the inte-
gral of the aerosol surface distribution is negligible wigspect to the ion-ion recombination
rate, and the probability for ion-aerosol attachment is (9@lland, 1995). The attachment co-
efficient for an ion attaching to a neutral aerosol partieieges from 0.1 to 2.& 10°% cm?
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s~1, for anion of 1.1 nm and an aerosol particle ranging from 100 nm mobility equivalent
diameter/(Tammet and Kulmala, 2005).

Recombination is also important at high ionization ratesemthe production of ion pairs is
so high that the probability of colliding with an aerosol fgge is minimal with respect to the
probability of colliding with an ion of opposite charge.

The aim of this Work is to determlne the |on |on recomblnatumefflment under dlﬁerent
condltlons i

In the past, Bates and Flannery (1969), defined the equabaitescribe ion-ion recombina-
tion as a sink for air ions, continuing the theoretical waritiated by Thomson (1924) and con-
tinued by Natanson (1960). Hoppel and Frick (1986) studiedtiheory of ion-aerosol attach-
ment, and its limiting case, ion—ion recombination, wita #im to enable the use of differential
mobility analysis to measure the aerosol population. Mc&o{1965) studied ion-ion recombi-
nation in laboratory air to improve dosimetry techniquesido chambers. Gringel etial. (1978)
measured vertical profiles of air conductivity and showeddgagreement up to 20 km altitude,
using a theoretical recombination coefficient of small ibased on a three-body recombina-
tion process. Lee and Johnsen (1989) investigated ioneocombination in helium and argon
at atmospheric densities and found that, in their setumgaleith three-body recombination,
stabilization by mutual neutralization played an importarte.|Heptner et all (2012) conducted
experiments to study relative changes in ion-ion reconttanan dry filtered air at atmospheric
pressure. In most of these cases, the ions were studied cortigitions that were either far from
those found in the atmosphere, or allowed little controlrdvéce gas concentrations and ion
production rates. In this work, we present the results obrdatory experiments performed at
conditions close to those found in the Earth’s atmosphemjiging quantitative results about

7
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the ion-ion recombination coefficient at varying tempemtuelative humidity and trace gas
concentrations.

2 Experimental methods

The typical experiment carried out consisted of measurimgion concentrations at several
beam intensities, each time for long enough (about 30 mime&ch steady state conditions
while all the other variables were kept constélfigure[3) The ion concentrations were av-
eraged over the last 10-15 minutes, before changing the heamsity. The averaging time
allowed us to compensate for occasional fluctuations indhe€oncentrations that were caused
by beam pulses, or by convective transport due to the twosfamimg the air inside the chamber.
The beam intensity was varied from 0 to £.50° pions s, corresponding to an ion production
rate ranging from about 2 to 100 ion pairs tfs~!. The concentration of aerosol particles was
constantly monitored with a CPC (TSI 3776) and it remainddw&0 cnt 3 in all experiments
The concentration of ions with, > 1.9 nm was negligible as the experiments were carried out
in an aerosol-free chamber. Usually, the beatansity wadncreased consecutively, generating
a series of steps of ion production rate. Each time, at theoéttte last step, the beam shutter
was closed, and we observed the ion concentration decayr@g. The mobility range of the
ions considered in this study was from 3.2 to 0.572¥m's ™!, that correspons to a size range
of 0.8 — 1.9 nm in mobility equivalent diameter),). In this analysis the signal of the NAIS
in ion mode was integrated over all the channels correspgntdi D, < 1.9 nm. The rest of
the ion number size distribution was not considered, asstnegligible. From this dataset, we
retrieved the ion-ion recombination coefficient underetdigt conditions.

2.1 The CLOUD Chamber

The Cosmics Leaving OUtdoor Droplets (CLOUD) chamber (Kylet al., 2011) is a cylin-
drical vessel with a diameter of 3 m and a volume of 26lmade of electro-polished 316L
stainless steel (Figuté 2.c). Its walls are conductive ctvimakes it possible to measure small

8



10

15

20

25

ions that, in a traditional aerosol chamber made of polgteioroethylene (PTFE), would be
removed in less than one second by the parasitic electritsfazbated by the dielectric material
(McMurry and Radetr, 1985). In the interior of the chambdrpkstic components are avoided
using copper o-rings and metallic coating on electricalsulating components. When it is nec-
essary to work in an ion-free environment, two circular gyione located at the top and one at
the bottom of the chamber, are provided with a potentiakdifice of up to 60 kV, generating
an axial electric field able to remove the small ions in lessitB.2 s. When the two circular
grids are not in use, they are grounded to avoid ground lobparasitic electric fields.

The total in-flow to the chamber varies between 100 and 150r- miMost of the flow is
taken by the instruments connected to the chamber and ampaitit is purged through a valve
that controls the pressure inside the chamber. The chamsli@pt at 5 mbar above the atmo-
spheric pressure to avoid contamination from the outsidie dhamber is equipped with an
ultraviolet fiber-optic system that is installed at the tdgig of the chamber, allowing OH pro-
duction (Kupc et all, 2011) without heating up the chambke fEmperature is controlled by air
circulating between the chamber and the insulation sudiognit. The temperature ranges from
-80 to 100°C with a stability inside the chamber &f0.1°C for each experiment. The chamber
is filled with ultra-pure synthetic air, consisting ot ldnd G,, obtained from the evaporation of
liquid samples. The air is humidified with a Nafion systemngsivater purified by recircula-
tion through Millipore Super-Q filters and irradiated with/Uadiation. Ozone is produced by
illuminating a portion of the incoming dry air with UV lighT.he other trace gases, such a$,SO
and NH;, are added from gas cylinder reservoirs. These measure®iihe cleanest possible
laboratory conditions (Schnitzhofer et al., 2014).

2.2 The particle beam

The particle beam is produced at the CERN Proton Synchrotiiea CLOUD chamber can be
exposed to a 3.5 GeV ¢ positively-charged piona(t) beam produced by a secondary target
of aluminium or copper (Duplissy et al., 2010). The intensitthe particle beam can be varied
to cover the full range of ionization in the tropospherepnfran ion production rate of about
2 cn3 s71, equivalent to boundary layer levels, to 80Tths !, equivalent to the levels in the

9
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free troposphere (Kazil and Lovejoy, 2004; Zhang et al. 120The beam consists of pions and
muons that have approximately the same energy of about 3/%6e&come in spills. Each spill
lasts for a few microseconds and delivers pibns at a time, at intervals of 20 s.

We varied the beam intensity, and thus the ion productioa irathe chamber, by varying
the aperture of the beam collimator, which consists of twahmeical jaws made of concrete
that can slide vertically and horizontally. At full aperu60 mmx 60 mm) we have the max-
imum flux of pions through the chamber. When the collimatos wartially closed we reduced
the flux of pions and we illuminated a smaller part of the chami/hen the collimator was
closed, almost no pion could reach the chamber. In this cade,GCRs, which are passing
through the chamber vertically, and some residual pionspidss the blocker, hitting the cham-
ber horizontally, were responsible for the ionization. &#os reason, the ion production rate in
the chamber at GCR conditions was about 30% higher than itdameliif the accelerator had
been shut down completely.

The pion beam is deliberately defocused to maximize the ateae the ionization takes
place (FiguréR .c, shaded area). About 70% of the volumeetttamber is directly ionized
and the two mixing fans produce a uniform distribution ofsanside the chamber, the mixing
time inside the chamber is estimated to be between 1.7 andif.@/oigtlander et all, 2012).

2.3 The hodoscope and the B1.2 counter

The hodoscope is an array of scintillation detectors. Itsuess the pion flux through the cham-
ber and gives accurate positional information on the gdartieam. It consists of 9 plastic scintil-
lator slabs adjacent to one another in a vertical oriematiud 9 plastic scintillator slabs oriented
horizontally (Mizin et al., 2011). The vertical and horizahslabs form a grid orthogonal to the
particle beam, covering an area of about @ m. An ionizing particle, hitting a point on this
grid, is located by measuring the coincidence of the sigh&alvo detectors (one vertical and
one horizontal). The B1.2 counter consists of two scintdladetectors placed right in front of
the beam aperture. It also measures the coincidence ofghel f two detectors in order to
count only the pions from the beam. From the number of padioheasured per unit time and
from the location of the scintillators crossed, we can ireefently retrieve the beam intensity

10



10

15

20

25

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

2.4 Neutral cluster and Air lon Spectrometer (NAIS)

The Neutral cluster and Air lon Spectrometer (NAIS, Gagnéle2011; Mirme and Mirme,
2013,SER NAIS13 is manufactured by Airel Ltd in Estonia and measures atim@spions in
the range [0.8 - 42] nm and total aerosol particle populaiticthe range [2.5 — 42] nm. It con-
sists of two cylindrical Differential Mobility AnalyserddMAs) working in parallel, classifying
negative and positive ions at the same time (Manninen €G09). The ions are simultaneously
classified according to their mobility and detected by akstd@1 electrometer rings for each
analyser. The device is equipped with a unipolar charging fan each analyser that can be
switched on and off.

During the CLOUD experiments, the instrument operated ieg¢hmodes: particle, ion and
offset. In particle mode the main charging unit is turnedlonon mode the main charging unit
is turned off. In offset mode the main charger unit stays off a filter unit is turned on to make
a zero measurement. This zero measurement is used to detdirainet signal due to ions and
particles. To maximize the flow in the tube and reduce theisiifin losses, the NAIS and a mass
spectrometer shared part of the 2.54 cm outer diameter sapiple. Outside the chamber, the
flow was split (20 L mirr! to the NAIS, 10 L mirr! to the APi-TOF) using a Y union (Figure
2.b).

The NAIS operates at a 54 L mit total inlet flow. The high intake of the NAIS is a challenge
in aerosol chamber experiments, where it is required tormaza the amount of air withdrawn.
For this reason, the NAIS was operated with a recirculati@tesn, which diluted the inlet flow
with filtered air coming from the exhaust of the instrumertieTiltered air formed an annulus
around the sample flow (Figuré 2.a). The use of the diluticstesy allowed us to reduce the
withdrawn flow from the chamber from 54 to 20-30 L mih In this study, we only present the
data recorded in ion mode, in particular the data from of tte 8 electrometers that collect
ions with mobility diameter smaller than 1.9 nm (small iorBlie detailed setup used for this
work is presented in Figufé 2.

11
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3.1 Calculation of the ion-ion recombination rate

Using the balance equation at steady state, the ion-iommeio@ation rate and a linear loss term
were determined using the measured ion concentration anéithproduction rate. We can
describe the ionization processes inside the chamber tiengllowing balance equation:

dn
d—t:t =q—angn_ — /B:l:n:l: — kCS(N, Dp)ni, (1)

wheren is the absolute concentration of positive or negative sinal (cnt?), ¢ is the ion
production rate (IPR, cm’ s™1), « is the recombination coefficient (¢ns™1), 3 is a first order
loss term (s!) that describes the ion-wall interactions in the aerosahaber, and other loss
mechanisms of the first ordéfgs is the coagulation sink, i.e., the rate at which ions arebgst
diffusion onto aerosol particles(5)(Kulmala et al., 2001; Leppa etlal., 2011). At a constant
the steady state that is eventually reached depends onltlesva«, 8 andkcs.

In this studya does not include the effect of initial recombination (Gnsii et al.) 2007).
Initial recombination would mainly affect primary ions, igh are not considered in our study
that focuses on cluster ion-ion recombination, as the NA&asares cluster ions with electri-
cal mobility smaller than 3.% 1074 m? V—! s~ (larger than 0.8 nm in mobility equivalent
diameter).

We can make some assumptions to simplifyLEEq.1. By assumatg:th~ n_, and that the
ion loss by coagulation is negligible compared with the p#iek terms, we get:

d
—=q—an’—fn, @)
These assumptions were well posed in our case, sinavdragealifference between the num-

ber concentration of positive and negative ions was 108&.25" and 79" percentile are 5 %
12
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and 14 %, respectivelisee Fig[ B)his variation in the concentration of positive and negativ
polarities is compatible with the ratio of the square rodhefmean ion electrical mobilitiex/{,

which is proportional to the loss rate of ions to the wallshef thambe g;—“g = 0.9.During

our experimentgcs was constantly below:310~"s~ 1, due to negligible aerosol concentration
in the chamber. The solution of Ed. 2 can be found analyfidédragl, 1970):

ni(ng —ng) — na(ng —ny) exp(—ty/ B2+ 4aq)

n(t) =
(ng —n2) — (ng —ny) exp(—ty/ B2+ 4aq)

®)

A/ /B2
whereny is the concentration of ions at=0, ny = ARVl 6 T4aQ andng = Ay tieQ

If we consider steady state conditior%ﬁ =0, Eql2. becomes a second order polynomial.
The recombination coefficient, and the linear loss teri®), can be retrieved by fitting a second
order polynomial function to the data, treating them as p@eameters. The ion concentration

was set to zero a;t equal to zerolhﬂmeaHess&e#mwas*e%neved#eeeaehgamreend&ren

The Ilnear loss terng, equal to (8.3t 1 6) x 1073 s!, was calculated based on the dataset
with the best statistics (T = 20C, RH = 38 %). We assumed that the valuesafid not change
in other cases. To check our assumption, we performed atisépsanalysis of the ion-ion
recombination coefficient, shown in Fig. 5. The variation in for different assumed values of
5 is linear and small compared with the obseverd variation diie to changing conditions in
the chamber.

Equation 8 was used to check the valuesraind S retrieved at steady state by comparing
the resultingn(t) to the ion decay data (Figuré 4). The ion production rate fioenbeam 4;)
was calculated using the following equation (Duplissy €t2010):

= N,IL/V, (4)

where N, is the number of pions per unit time that hit the chambéy.can vary between 0
and 1.5¢10° s7!. I = 61 i.p. cnT! is the mean ionization per cm for a 3.5 Get¢ in air at
13
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s.t.p. (Smirnav,, 2005)L. = 284 cm is the path length of a beam particle in the chamber, an
V = 26.1x10° cn?® is the chamber volume. The ion production rate was scaledifferent air
density at different temperatures.

We used a value of 1.84 cms™! for the intensity of the GCRs. The total ion production rate
q is given by the sum of the GCR contributigg and the beam contributios,, ¢ = q¢o + ¢».
The ion concentration was corrected for sample dilutiore wuthe dilution system described
in sectio 2.4 and shown in Fig. 2. The dilution system watetem the laboratory and, for the
flow range that was used in the experiments (20 - 25 LPM), g#edjwvithin 28 % with the ideal
system used for our calculations.

3.2 Modelled ion-ion recombination coefficient

The temperature dependency of the calculated ion-ion rbo@tion coefficient was compared
to the values computed using three different model appesachhe first model derived by J. J.
Thomsonl(Gardner, 1938; Loeb, 1955; Thomson and Thamsdi) 2@nsiders recombination
governed mainly by Brownian motion of ions and molecules emaiputes the recombination
coefficient as:

o =V2nd?*Ce. (5)

WhereC = /3k,T/m is the root mean square thermal velocity of the iahs, e?/[(3/2)kp T

is the distance where the Coulomb potential energy betweeitwo ions of opposite polarity is
equal to their thermal kinetic energy, ant the probability of the two ions to recombine once
they are at distancé As derived by Thomsomr, = 2w —w?, w = 1—2[1—exp(—z)(z+1)] /22,

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

a(em®s™1) = 1.90 x 1075(273/T)23/21/1/Me, (6)

whenT is the temperature in Kelvin and M is the mass of the ion in Da.
The second model taken into consideration and comparedowitexperimental data is de-
scribed by Lopez-Yglesias and Flagan (2013). Based on &l@ppml Frick (1986), this model
14
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was developed for ion-aerosol attachment, but it can be tsedmpute the recombination
coefficient, if we use an aerosol that is as small as the ionwveitid opposite charge. The
model accounts for Brownian motion, Coulombic interactimnage charging, polarization of
the molecules and three-body trapping.

The third model, by Brasseur and Chatel (1983), is a parsgagtn used for describing the
ions in the stratosphere based on earlier work by Bates j1882 Smith and Adams (1982)
that has the expression

alem®s 1) =6 x 1078/300/T 4 6 x 10725[My;,](300/T)*, (7)

where[M,;,] is the concentration of air molecules in ti

4 Results and discussion

The ion-ion recombination was measured in the CLOUD chamabelifferent temperatures,
relative humidities and concentrations of ozone and sdifxide. We obtained a value of 243
0.7x10 %cmPs™!, at 298 K and RH = 40%, higher than the constant value ot 16 5crmPs™!
usually reported in the literature (Laakso et al., 2004{erestingly, we found thak depends
on both temperature and relative humidity (Tdble 2 [and Duiel® shows the results of four
sets of experiments, where the ion concentration was megsag a function ofy. For each
set of experiments, we kept all the parameters constanpeioe one under investigation: the
concentration of ozone (200 700 ppb), sulfur dioxide (B- 50 ppb), temperature (218, 248,
278 and 293 K) and relative humidity (0, 7, 40 and 70%). Thesuesal recombination rate
showed a strong dependency (about a factor of 5 change) getatare and relative humidity
and, to some extent (a factor of 2), on the concentration lairstioxide. The variability in the
0zone concentration appeared to have little influence,yif an the measured recombination
rate.

The retrieved loss rate for ions (830 3s™!, Fig.[8), differs markedly from the linear loss
rate retrieved for the sulfuric acid neutral monomer {103s™!, Almeida et al., 2013). This
difference between the loss rates might be partially erplhiby the image charge effect of the
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ions with the chamber walls, even though this remains a owetsial topicl(McMurry and Rader,
1985%;Mayya and Sapra, 2002; Vauge, 2002; Changl et al., 2D@23es might be due to some
non-ideal behavior, e.g., retention of surface chargepuiesinsulator in the clearing field cage
region or in proximity to the mixing fans. Yet another podgipis that the mixing in the cham-
ber influences the ion concentrations, creating a higheaififoss rate. Finally, it is possible
that sulfuric acid is not lost to the walls with unit efficignc

4.1 Temperature and relative humidity dependency of the reembination rate

The strongest effect we observed was an increase in th@iorecombination coefficient with

decreasing temperature (fFig 5). The ion-ion recombinataefficientincreasedpproximately
by-afactoref 5{from11.0x10-5102.5x10-5 e s—1)

Lyincreased by approximately a factor of
4 (from 2.3t0 9.9x10°% cm?® s~1) as temperature decreased from 293 to 218 K. This behavior
seems not to be predicted by two of the three models and onfiaibaby the third model, as
shown in Figurél7. Interestingly, all the models agree wébtheother and with the experimental
results over a range of temperatures from 273 to 298 K, bué thee big discrepancies in the
absolute values as well as in the functional form of the temaipee dependency at temperatures
below 273 K. The model that seems to agree best with our déta ane by Brasseur and Chatel
(1983), linked more directly to atmospheric data. The mdgelLopez-Yglesias and Flagan
(2013) that accounts accurately for all the possible playgoocesses does not agree with our
data. Another option could be related to the evaporationrd in the line. If the number of ions
reaching the instrument was lower because of the lossesdpoeation, the resulting recombi-
nation would be overestimated. The effect of the mixing fad the chemical composition of
the ions could vary with temperature, which would affecttseombination coefficient.

We observed a strong dependency of the recombination deeffan relative humidity (RH).
The ion-ion recombination coefficient decreases with desing RH from 9.4x1076 to 2.0
%1076 cm? s7! as RH drops from 70% to 0%, at a constant temperature of 298g@E3).
The decrease of the ion-ion recombination coefficient aesmging RH values could be related
to an increase in size of the small ions: higher values of Ridlekéorm larger hydrated ions
that would be less mobile, thus decreasing the recombmadite. The change in ion mobility
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is plausible, as we know that aerosol particles with a diamketrger than 10 nm tend to be
hygroscopic, changing their diameter according to theRikba&ah et all, 1999; Keskinen et al.,
2013). We also know, from quantum chemistry calculatiohat tons form clusters with water
and that the amount of water attached is dependent on RH&iKettal.) 2007; Husar etlal.,
2012;|Henschel et al., 2014; Olenius etlal., 2014). Thisamqiion matches the observed data
qualitatively. In fact, according to quantum calculatiamwn in_Kurtén et al. (2007) for sul-
furic acid ions at 20% RH there are mostly 1 or 2 molecules dewia the cluster, whereas at
80% RH there are 3 or 4. We get the equation below if we assuatétth ions in the chamber:
1) are mainly sulfuric acid molecules, or behave the sameasaylfuric acid molecules, 2) are
perfect spheres, and 3) that their mass is the sum of the mak#®e molecules that compose
the ions.

\3/6 : (MHQSO4 + MHQO : nw)
D, =

+0.3nm (8)
TP

p = p(nw) = H2S04 " PH2SO4 + ME,0 - PHLO * Ny ©)
Mu,50, + 1w - Mu,50,4

Where D,, is the mobility diameter of the ions\/,s0, and My,o are the masses in Da of
a sulfuric acid molecule and of a water molecule, respdgtive,, is the number of water
molecules in a cluster and 0.3 nm is the difference betweeilityodiameter and mass di-
ameter [(Makela et al., 1996; Ku and de la Mara, 2009). Thisuation gives aD,, of 0.91 -
0.94 nm at 20% RH and of 0.94 - 1.01 nm at 80% RH. Unfortunatklyeffect of RH on the
ion diameter could not be observed directly, because ttdagdin diameter is too small to be
detected by the NAIS, given its low size resolution (Mirmel &tirme,[2013). However, the
RH dependency of the recombination coefficient as a changenimobility is unclear, and
cannot be predicted satisfactorily by any of the models dourthe literature. Only the model
described in_Gardner (1938) predicts an increase of themeic@tion coefficient for smaller
ions, although it underestimates the absolute values.
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4.2 Atmospheric implications

It is important to account for the ion-ion recombination wimeodelling ion concentrations. As
described by equationl(1), the term representing the inmégombination is always present
and becomes dominant for large ion production rates and whagulation sinks are small, e.g.
in the free troposphere_(Molland, 1995).

The possibility of a strong dependency of the ion-ion recioiaiion rate on temperature must
be taken into account when interpreting and modelling d&ianoconcentration or ion produc-
tion in environments or model domains with a large tempeeatariability. In fact, a change
in temperature from -54C to 20°C, a typical temperature change from the free troposphere
down to the boundary layer, can cause a change in the recatitirrate as high as one order
of magnitude.

The RH seems to influence the rate of recombination as wellidlosyeasing the mobility of
ions. In this study, the measurements at different RH wekentat constant temperature and,
therefore, changes in RH reflect those in the absolute waf@nconcentration. The lower the
RH, the faster the ion loss via recombination was. This migh&nalogous to what happens at
high altitudes, where water molecules are scarce.

It should be noted that, in the present study, the pressusekegat constant at +5 mbar above
the atmospheric level, during the experiments. In the apm@®, however, a decrease in tem-
perature with increasing altitude is associated with aahess in pressure as well. Inthe CLOUD
chamber it is not possible to lower the pressure below tyiea level values, as the chamber
is not designed to withstand under-pressure with respdtietoutside pressure. So it was not
possible to experimentally measure the variation of theiéonrecombination rate at pressures
lower than 900 hPa. It has been shown, however, that theoiquautticle coefficients are consid-
erably different in ambient conditions at 20 km altitudertlz ground level, with the recom-
bination coefficient being an order of magnitude lower at g0ddtitude than at ground level
Lopez-Yglesias and Flagan (2013). When moving from grdewmd! to 20 km altitude, the de-
crease in recombination coefficient due to decrease inyme$s only partly counterbalanced
by the increase in recombination coefficient due to decreaEmperature. Consequently, the
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pressure effect on recombination coefficient needs to entako account when interpreting
data measured at substantially different pressure thdmsimbrk, but investigating the pressure
effect is beyond the scope of this study.

5 Conclusions

We carried out an experimental determination of the ionficombination coefficient in the
CLOUD chamber at CERN. The retrieved recombination coefficat 20°C and 40% RH
agrees with the literature values and with the models. Weneadear dependency of the ion-
ion recombination rate coefficient for different ozone camtcations and only a weak varia-
tion at varying sulfur dioxide concentrations. Instead, wa¢ice a strong dependency of the
ion-ion recombination coefficient on temperature and redatumidity that has not been re-
ported in previous studies. The ion-ion recombination ficieht varied between 9:7106
and 2.3<10°% cm?® s~! over the temperature range 220 to 293 K and betweer 3% and
1.5x10°% cm?® s~! over the range of relative humidities from 0 % to 70 %. The terapure
dependency is not well described by any of the models foutitkititerature, only the model by
Brasseur and Chatel (1983) seems to give results followiageémperature dependence of our
experimental data within 50% uncertainty. The RH depengl@f¢he ion-ion recombination
coefficient is not well understood or described theordiicalt can be interpreted as an effect
of ion hydration: ions clustering with water molecules @ages their mobility, and therefore
they recombine at a lower rate. Only the model by Gardner&)18Bows a functional depen-
dency that supports this explanation, but it fails in repi@dg the absolute valueh.is also
important to note that our results for the RH dependenceefdh-ion recombination coeffi-
cient were studied for only one temperature °20 and that the extent of the dependency might
be different at different temperatures.

eonditions. This was the first study to investigate experimentally theigm recombination in
a highly controlled environment at atmospheric relevanigerature, humidity and trace gas
concentrationsOur main finding was that the recombination coefficient delgestrongly on
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temperature and relative humidity, quantities that havargel variability in the troposphere.
This work can be considered as a starting point for futurdietuin which pressure, chamber

inhomogeneities and ion chemical composition could bertaki® account.

Appendix A

Solution of the balance equation

dn

[ J— 2 J—
i Q — an” — fBn. (1A)
The right hand term of Eq.(1A) is a second degree equati@netbre
L D (24)
dt = —o(n ni)\n na),
where:
_ —B+ V% +4aQ
= 2a
and
=B/t 40Q
2 pr—

2a
are the solutions. Using the method of separation of vasftA) becomes:

dn

(n—mn1)(n—ng)

= —adt (3A)
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Integrating, [(3A) can be written as

n t
A B
/( + >dn:/—adt
n—m; nN—ny
0

no

whereng is the ion concentration at= 0

(4A)

and A(n —ng)+ B(n—mn;) =1. A(n—n2)+ B(n—n1) =1 can be written as(A+ B) —

(Ang + Bni) = 1 and its solution is:

Ae_B— 1 B a
T () /Bt 4aQ
As

By solving [4A8) we obtain:

Aln (M) Al <M> .
Ing —ni |no — nal

We can drop the absolute value because these values aresavemyer than zero:

Am<"_"1>—Am<"_"2>=—m
ng—nq nog —ng

Aln{ (n —n1)(ng —n2) } _

(n —n2)(no —n1)

(n=m) = (no —m) exp <— B2+ 4ont)

(n—=ngz)  (no—n2)

from this we can solve(t):

(ng — no)ny —na(ng — ny) exp(—ty/ 5% +4aQ)

n(t) =

(no —na2) — (no — n1) exp(—t/ % + 4aQ)
21

(5A)



10

15

20

25

Acknowledgements. We would like to thank CERN for supporting CLOUD with impantaechnical
resources and for providing a particle beam from the CERNoRr&ynchrotron. This research has
received funding from the EC’s Seventh Framework Progrageugrant agreement number 215072
(Marie Curie Initial Training Network "CLOUD-ITN") and frm the Academy of Finland Center of
Excellence program (project number 1118615), thanks tc@eman Federal Ministry of Education
and Research (project no. 01LK0902A), JL would like to acidenlge the financial support from the
Magnus Ehrnrooth Foundation, the Jane and Aatos Erkko Fagiomdand the Emil Aaltonen Founda-
tion. This research has been supported by a Marie Curie Hatigl Training Network Fellowship of
the European Community’s Seventh Framework Programmerwudgract number (PITN-GA-2012-
316662-CLOUD-TRAIN)

References

Adachi, M. and Kousaka, Y.: Unipolar and bipolar diffusidracging of ultrafine aerosol particles, Jour-
nal of Aerosol Science, 16, 109-123, d0i:10.1016/00212858)90079-5, 1985.

Almeida, J., Schobesberger, S., Kurten, A., Ortega, |. Kipidinen-Maatta, O., Praplan, A. P., Adamov,
A., Amorim, A., Bianchi, F., Breitenlechner, M., David, Dommen, J., Donahue, N. M., Downard,
A., Dunne, E., Duplissy, J., Ehrhart, S., Flagan, R. C., Enam A., Guida, R., Hakala, J., Hansel,
A., Heinritzi, M., Henschel, H., Jokinen, T., Junninen, Kajos, M., Kangasluoma, J., Keskinen,
H., Kupc, A., Kurten, T., Kvashin, A. N., Laaksonen, A., Ligtalo, K., Leiminger, M., Leppa, J.,
Loukonen, V., Makhmutov, V., Mathot, S., McGrath, M. J., Mi@en, T., Olenius, T., Onnela, A.,
Petaja, T., Riccobono, F., Riipinen, ., Rissanen, Mn&m L., Ruuskanen, T., Santos, F. D., Sarnela,
N., Schallhart, S., Schnitzhofer, R., Seinfeld, J. H., Sid., Sipila, M., Stozhkov, Y., Stratmann,
F., Tome, A., Trostl, J., Tsagkogeorgas, G., VaattovaarayiBanen, Y., Virtanen, A., Vrtala, A.,
Wagner, P. E., Weingartner, E., Wex, H., Williamson, C., \Wer, D., Ye, P., Yli-Juuti, T., Carslaw,
K. S., Kulmala, M., Curtius, J., Baltensperger, U., WorsnbpR., Vehkamaki, H., and Kirkby, J.:
Molecular understanding of sulphuric acid-amine partraieleation in the atmosphere, Nature, 502,
359-363, http://dx.doi.org/10.1038/naturelZ2663, 00Q0D4 3.

Arnold, F.: Atmospheric lons and Aerosol Formation, Spaeser®&e Reviews, 137, 225-239,
doii10.1007/s11214-008-9390-8, http://link.springem/article/10.1007/s11214-008-9390-8, 2008.

22


http://dx.doi.org/10.1016/0021-8502(85)90079-5
http://dx.doi.org/10.1038/nature12663
http://dx.doi.org/10.1007/s11214-008-9390-8
http://link.springer.com/article/10.1007/s11214-008-9390-8

10

15

20

25

30

Bates, D. R.: Recombination of small ions in the troposphemed Ilower stratosphere,
Planetary and Space Science, 30, 1275-1282, | doi:10.1035/0633(82)90101-5,
http://www.sciencedirect.com/science/article/piB2063382901015, 00051, 1982.

Bates, D. R. and Flannery, M. R.: Three-body ionic recomiiimeat moderate and high gas densities,
Journal of Physics B: Atomic and Molecular Physics, 2, 186;H0i:10.1088/0022-3700/2/2/306,
http://iopscience.iop.org/0022-3700/2/2/306, 1969.

Brasseur, G. and Chatel, A.: Modeling of stratospheric :ioAsfirst attempt, in: Presented at
9th Ann. Meeting of the European Geophys. Soc. Leeds, Gredaild Aug. 1982, vol. -1,
http://adsabs.harvard.edu/abs/1983egs..meet..00B9) 1983.

Carslaw, K. S., Harrison, R. G., and Kirkby, J.: Cosmic rajsuds and climate, Science, 298, 1732—
1737, 2002.

Chalmers, J. A.: Atmospheric electricity, Clarendon Pr&849.

Chang, K.-N., Chen, VY.-K.,, Huang, S.-H.,, Chen, C.-W.,, Lai, .Y and
Chen, C.-C.. Penetration of charged particles through lieetatubes, Jour-
nal of Aerosol Science, 48, 10-17, (10i:10.1016/j.jaer@6di2.01.006,
http://www.sciencedirect.com/science/article/pild30850212000158, 2012.

Duplissy, J., Enghoff, M. B., Aplin, K. L., Arnold, F., Aufmdff, H., Avngaard, M., Baltensperger,
U., Bondo, T., Bingham, R., Carslaw, K., Curtius, J., Davd, Fastrup, B., Gagné, S., Hahn,
F., Harrison, R. G., Kellett, B., Kirkby, J., Kulmala, M., &kso, L., Laaksonen, A., Lillestol,
E., Lockwood, M., Makela, J., Makhmutov, V., Marsh, N. Dijeminen, T., Onnela, A., Peder-
sen, E., Pedersen, J. O. P., Polny, J., Reichl, U., Seinfelti., Sipila, M., Stozhkov, Y., Strat-
mann, F., Svensmark, H., Svensmark, J., Veenhof, R., Vgdred., Viisanen, Y., Wagner, P. E.,
Wehrle, G., Weingartner, E., Wex, H., Wilhelmsson, M., anidkér, P. M.: Results from the CERN
pilot CLOUD experiment, Atmos. Chem. Phys., 10, 1635-16411{10.5194/acp-10-1635-2010,
http://www.atmos-chem-phys.net/10/1635/2010/, 2010.

Gagné, S., Laakso, L., Petaja, T., Kerminen, V.-M., anthkala, M.: Analysis of one year of lon-DMPS
data from the SMEAR Il station, Finland., Tellus B, 60, 318332008.

Gagné, S., Lehtipalo, K., Manninen, H. E., Nieminen, T.h&mesberger, S., Franchin, A., YIi-
Juuti, T., Boulon, J., Sonntag, A., Mirme, S., Mirme, A., ririik, U., Petgja, T., Asmi, E.,
and Kulmala, M.: Intercomparison of air ion spectrometeas: evaluation of results in vary-
ing conditions, Atmospheric Measurement Techniques, $-802, dol:10.5194/amt-4-805-2011,
http://www.atmos-meas-tech.net/4/805/2011/amt-4-8051.htrrl, 2011.

23


http://dx.doi.org/10.1016/0032-0633(82)90101-5
http://www.sciencedirect.com/science/article/pii/0032063382901015
http://dx.doi.org/10.1088/0022-3700/2/2/306
http://iopscience.iop.org/0022-3700/2/2/306
http://adsabs.harvard.edu/abs/1983egs..meet.....B
http://dx.doi.org/10.1016/j.jaerosci.2012.01.006
http://www.sciencedirect.com/science/article/pii/S0021850212000158
http://dx.doi.org/10.5194/acp-10-1635-2010
http://www.atmos-chem-phys.net/10/1635/2010/
http://dx.doi.org/10.5194/amt-4-805-2011
http://www.atmos-meas-tech.net/4/805/2011/amt-4-805-2011.html

10

15

20

25

Gardner, M. E.. The Recombination of lons in Pure Oxygen as umcfon of Pres-
sure and Temperature, Physical Review, 53, 75-83, | doitDB3/PhysRev.53.75,
http://link.aps.org/doi/10.1103/PhysRev.53.75, 000238.

Gringel, W., Kaselau, K. H., and Muhleisen, R.: Recomborarates of small ions and their attach-
ment to aerosol particles, pure and applied geophysics, 1M®B1-1113, doi:10.1007/BF00874674,
http://link.springer.com/article/10.1007/BF0087460@019, 1978.

Gryzinski, M. A., Golnik, N., and Zielczynski, M.: Initialecombination of ions in ionization chambers
filled with hydrocarbon gases, Nukleonika, 52, 7-12, 000@@SA000245377800002, 2007.

Horrak, U., Salm, J., and Tammet, H.: Statistical charazaéon of air ion mobility spectra at Tahkuse
Observatory: Classification of air ions, Journal of GeotalsResearch, 105, PP. 9291-9302,
doi{200010.1029/1999JD9011.97, http://lwww.agu.orggctossref/2000/1999JD901197.shtml,
2000.

Harrison, R. G. and Ambaum, M. H. P.: Enhancement of clouthfdion by droplet charging, Proc. R.
Soc., 464, 2561-2573, 2008.

Harrison, R. G. and Carslaw, K. S.: lon-aerosol-cloud psses in the lower at-
mosphere, Reviews of Geophysics, 41, 1012, [doi:200319/2022RG000114,
http://www.agu.org/pubs/crossref/2003/2002RG0004Ht4n], 2003.

Harrison, R. G., Nicoll, K. A, and Aplin, K. L. \ertical pfde mea-
surements  of lower troposphere ionisation, Journal of Aspheric and
Solar-Terrestrial Physics, 119, 203-210, doi:10.10/B61p.2014.08.006,
http://www.sciencedirect.com/science/article/pi354682614001850, 00002, 2014.

Henschel, H., Navarro, J. C. A, Yli-Juuti, T., Kupiaineraitta, O., Olenius, T., Ortega, I. K., Clegg,
S. L., Kurtén, T., Riipinen, |., and Vehkamaki, H.: Hydat of Atmospherically Relevant Molecular
Clusters: Computational Chemistry and Classical Thermadyics, The Journal of Physical Chem-
istry A, 118, 2599-2611, d0i:10.1021/jp500712y, httpc/dibi.org/10.1021/jp500712y, 00004, 2014.

Heptner, A., Cochems, P., Langejuergen, J., Gunzer, F.Zanthermann, S.: Investigation of ion-ion-
recombination at atmospheric pressure with a pulsed elegun, The Analyst, 137, 5105-5112,
doii10.1039/c2an35849h, 00006, 2012.

Hirsikko, A., Nieminen, T., Gagné, S., Lehtipalo, K., Mamen, H. E., Ehn, M., Horrak, U., Kerminen,
V., Laakso, L., McMurry, P. H., Mirme, A., Mirme, S., PedijT., Tammet, H., Vakkari, V., Vana, M.,
and Kulmala, M.: Atmospheric ions and nucleation: a reviéwlzservations, Atmos. Chem. Phys.,
11, 767-798, d0i:10.5194/acp-11-767-2011, http://mwwwas-chem-phys.net/11/767/2011/, 2011.

24


http://dx.doi.org/10.1103/PhysRev.53.75
http://link.aps.org/doi/10.1103/PhysRev.53.75
http://dx.doi.org/10.1007/BF00874674
http://link.springer.com/article/10.1007/BF00874674
http://dx.doi.org/200010.1029/1999JD901197
http://www.agu.org/pubs/crossref/2000/1999JD901197.shtml
http://dx.doi.org/200310.1029/2002RG000114
http://www.agu.org/pubs/crossref/2003/2002RG000114.shtml
http://dx.doi.org/10.1016/j.jastp.2014.08.006
http://www.sciencedirect.com/science/article/pii/S1364682614001850
http://dx.doi.org/10.1021/jp500712y
http://dx.doi.org/10.1021/jp500712y
http://dx.doi.org/10.1039/c2an35849b
http://dx.doi.org/10.5194/acp-11-767-2011
http://www.atmos-chem-phys.net/11/767/2011/

10

15

20

25

30

Hoppel, W. A. and Frick, G. M.: lon—Aerosol Attachment Coeifints and the Steady-State Charge
Distribution on Aerosols in a Bipolar lon Environment, Asob Science and Technology, 5, 1-21,
doii10.1080/02786828608959073, http://dx.doi.orgi080/02786828608959(C73, 00273, 1986.

Husar, D. E., Temelso, B., Ashworth, A. L., and Shields, G.H¥dration of the Bisulfate lon: Atmo-
spheric Implications, The Journal of Physical Chemistryl 86, 5151-5163, d0i:10.1021/jp300717j,
http://dx.doi.org/10.1021/jp300717j, 2012.

Israél, H.: Atmospheric Electricity: Fundamentals, coaiility, ions, Israel Program for Scientific
Translations, Jerusalem, 1970.

Kazil, J. and Lovejoy, E. R.: Tropospheric ionization androsel production: A model
study, Journal of Geophysical Research, 109, 9 PP, | daeZD0029/2004JD004852,
http://www.agu.org/pubs/crossref/2004/2004JD004&%#|, 2004.

Kazil, J., Stier, P., Zhang, K., Quaas, J., Kinne, S., O’'DehD., Rast, S., Esch, M., Ferrachat, S.,
Lohmann, U., and Feichter, J.: Aerosol nucleation and i far clouds and Earth’s radiative forc-
ing in the aerosol-climate model ECHAM5-HAM, Atmos. ChenmdaPhys., 10, 10733-10752,
doi{10.5194/acp-10-10733-2010, http://www.atmos-chargs.net/10/10733/201.0/, 2010.

Keskinen, H., Virtanen, A., Joutsensaari, J., TsagkogenrG., Duplissy, J., Schobesberger, S., Gysel,
M., Riccobono, F., Slowik, J. G., Bianchi, F., Yli-Juuti,, Lehtipalo, K., Rondo, L., Breitenlech-
ner, M., Kupc, A., Almeida, J., Amorim, A., Dunne, E. M., Doaml, A. J., Ehrhart, S., Franchin,
A., Kajos, M., Kirkby, J., Kirten, A., Nieminen, T., Makhrtay, V., Mathot, S., Miettinen, P., On-
nela, A., Petaja, T., Praplan, A., Santos, F. D., Schelltf, Sipila, M., Stozhkov, Y., Tomég, A.,
Vaattovaara, P., Wimmer, D., Prevot, A., Dommen, J., Doealhi M., Flagan, R., Weingartner,
E., Viisanen, Y., Riipinen, |., Hansel, A., Curtius, J., Kdla, M., Worsnop, D. R., Baltensperger,
U., Wex, H., Stratmann, F., and Laaksonen, A.: Evolution aftiple composition in CLOUD
nucleation experiments, Atmos. Chem. Phys., 13, 5587-560010.5194/acp-13-5587-2013,
http://www.atmos-chem-phys.net/13/5587/2013/, 2013.

Kirkby, J., Curtius, J., Almeida, J. 0., Dunne, E., DupliskyEhrhart, S., Franchin, A., Gagnég, S., Ickes,
L., Kurten, A., Kupc, A., Metzger, A., Riccobono, F., Rondo, Schobesberger, S., Tsagkogeorgas,
G., Wimmer, D., Amorim, A., Bianchi, F., Breitenlechner, MDavid, A., Dommen, J., Downard,
A., Ehn, M., Flagan, R. C., Haider, S., Hansel, A., Hauser,J0d, W., Junninen, H., Kreissl, F.,
Kvashin, A., Laaksonen, A., Lehtipalo, K., Lima, J., Lowj&. R., Makhmutov, V., Mathot, S.,
Mikkila, J., Minginette, P., Mogo, S., Nieminen, T., OnaghA., Pereira, P., Petgja, T., Schnitzhofer,
R., Seinfeld, J. H., Sipila, M., Stozhkov, Y., Stratmann, Tomé, A., Vanhanen, J., Viisanen, Y.,
Vrtala, A., Wagner, P. E., Walther, H., Weingartner, E., Wel, Winkler, P. M., Carslaw, K. S.,

25


http://dx.doi.org/10.1080/02786828608959073
http://dx.doi.org/10.1080/02786828608959073
http://dx.doi.org/10.1021/jp300717j
http://dx.doi.org/10.1021/jp300717j
http://dx.doi.org/200410.1029/2004JD004852
http://www.agu.org/pubs/crossref/2004/2004JD004852.shtml
http://dx.doi.org/10.5194/acp-10-10733-2010
http://www.atmos-chem-phys.net/10/10733/2010/
http://dx.doi.org/10.5194/acp-13-5587-2013
http://www.atmos-chem-phys.net/13/5587/2013/

10

15

20

25

30

Worsnop, D. R., Baltensperger, U., and Kulmala, M.: Role wpbBuric acid, ammonia and galac-
tic cosmic rays in atmospheric aerosol nucleation, Na#iré, 429-433, doi:10.1038/nature10343,
http://dx.doi.org/10.1038/nature10343, 2011.

Kontkanen, J., Lehtinen, K. E. J., Nieminen, T., Manninen, B, Lehtipalo, K., Kerminen, V.-
M., and Kulmala, M.: Estimating the contribution of ion—isacombination to sub-2 nm clus-
ter concentrations from atmospheric measurements, Atr@bem. Phys., 13, 11391-11401,
doi{10.5194/acp-13-11391-2013, http://www.atmos-chegs.net/13/11391/201.3/, 00001, 2013.

Ku, B. K. and de la Mora, J. F.: Relation between Electrical billty, Mass, and Size for
Nanodrops 1-6.5 nm in Diameter in Air, Aerosol Science anahmelogy, 43, 241-249,
doi{10.1080/02786820802590510, http://dx.doi.orgl080/02786820802590510, 00061, 2009.

Kulmala, M., Maso, M. D., Makela, J. M., Pirjola, L., Vak& M., Aalto, P., Miikku-
lainen, P., Hameri, K., and O'dowd, C. D.: On the formatiogrowth and composition
of nucleation mode particles, Tellus B, 53, 479-490, doil0684/j.1600-0889.2001.530411.x,
http://onlinelibrary.wiley.com/doi/10.1034/j.160@89.2001.530411 .x/abstract, 2001.

Kulmala, M., Kontkanen, J., Junninen, H., Lehtipalo, K., iviinen, H. E., Nieminen, T., Petaja,
T., Sipila, M., Schobesberger, S., Rantala, P., Franchin,Jakinen, T., Jarvinen, E., Aijala,
M., Kangasluoma, J., Hakala, J., Aalto, P. P., PaasonemMlikkila, J., Vanhanen, J., Aalto, J.,
Hakola, H., Makkonen, U., Ruuskanen, T., Mauldin, R. L., gy, J., Vehkamaki, H., Back,
J., Kortelainen, A., Riipinen, I., Kurten, T., Johnston, M., Smith, J. N., Ehn, M., Mentel,
T. F., Lehtinen, K. E. J., Laaksonen, A., Kerminen, V.-M.daworsnop, D. R.: Direct Obser-
vations of Atmospheric Aerosol Nucleation, Science, 338-846, doi:10.1126/science.1227385,
http://adsabs.harvard.edu/abs/2013Sci...339..943669, 2013.

Kupc, A., Amorim, A., Curtius, J., Danielczok, A., Duplissy., Ehrhart, S., Walther, H., Ickes, L.,
Kirkby, J., Klrten, A., Lima, J., Mathot, S., Minginette, Pnnela, A., Rondo, L., and Wagner, P.: A
fibre-optic UV system for H2SO4 production in aerosol charslmausing minimal thermal effects,
Journal of Aerosol Science, 42, 532-543,/d0i:10.1016jgsci.2011.05.001, 2011.

Kurtén, T., Noppel, M., Vehkamaki, H., Salonen, M., and ,MK.. Quantum chemi-
cal studies of hydrate formation of ;80, and HSQ-, Bor. Env. Res., 12, 431-453,
http://www.borenv.net/BER/pdfs/ber12/ber12-431.2007.

Laakso, L., Petaja, T., Lehtinen, K. E. J., Kulmala, M.,afao0, J., Horrak, U., Tammet,
H., and Joutsensaari, J.: lon production rate in a boreasfobased on ion, particle and
radiation measurements, Atmos. Chem. Phys., 4, 1933-184810.5194/acp-4-1933-2004,
http://www.atmos-chem-phys.net/4/1933/2004/, 2004.

26


http://dx.doi.org/10.1038/nature10343
http://dx.doi.org/10.1038/nature10343
http://dx.doi.org/10.5194/acp-13-11391-2013
http://www.atmos-chem-phys.net/13/11391/2013/
http://dx.doi.org/10.1080/02786820802590510
http://dx.doi.org/10.1080/02786820802590510
http://dx.doi.org/10.1034/j.1600-0889.2001.530411.x
http://onlinelibrary.wiley.com/doi/10.1034/j.1600-0889.2001.530411.x/abstract
http://dx.doi.org/10.1126/science.1227385
http://adsabs.harvard.edu/abs/2013Sci...339..943K
http://dx.doi.org/10.1016/j.jaerosci.2011.05.001
http://www.borenv.net/BER/pdfs/ber12/ber12-431.pdf
http://dx.doi.org/10.5194/acp-4-1933-2004
http://www.atmos-chem-phys.net/4/1933/2004/

10

15

20

25

30

Leblanc, F., Aplin, K., Yair, Y., Harrison, G., Lebreton, B., and Blanc, M.: Planetary Atmospheric
Electricity, Springer Science & Business Media, 00020,8200

Lee, H. S. and Johnsen, R.: lon—ion recombination studieanibient helium and argon at at-
mospheric densities, The Journal of Chemical Physics, 32866334, d0i:10.1063/1.456349,
http://scitation.aip.org/content/aip/journal/jcp/90/10.1063/1.456349, 00009, 1989.

Leppa, J., Anttila, T., Kerminen, V.-M., Kulmala, M., anéhtinen, K. E. J.: Atmospheric new particle
formation: real and apparent growth of neutral and chargetigtes, Atmos. Chem. Phys., 11, 4939—
4955, doi:10.5194/acp-11-4939-2011, http://www.atrobem-phys.net/11/4939/2011/, 2011.

Loeb, L. B.: Basic Processes of Gaseous Electronics, Usityef California Press, 01149, 1955.

Lopez-Yglesias, X. and Flagan, R. C.: lon—Aerosol Flux fBoents and the
Steady-State Charge Distribution of Aerosols in a Bipolaon | Environment,
Aerosol Science and Technology, 47, 688-704, [doi:10.128(86826.2013.783684,
http://www.tandfonline.com/doi/abs/10.1080/02786228 3.783684, 00002, 2013.

Luts, A.. Temperature variation of the evoluton of pogtiv small air
ions at constant relative humidity, Journal of Atmosphericand  Solar-
Terrestrial Physics, 60, 1739-1750, doi:10.1016/S13%26(8)00151-5,
http://www.sciencedirect.com/science/article/pi364682698001515, 00009, 1998.

Luts, A. and Salm, J.: Chemical composition of small atmesigh ions near the ground,
Journal of Geophysical Research: Atmospheres, 99, 1078184, doi:10.1029/93JD03225,
http://onlinelibrary.wiley.com/doi/10.1029/93JD03&Zabstract, 00031, 1994.

Luts, A., Parts, T., Horrak, U., Junninen, H., and Kulma&; Composition of negative air ions as
a function of ion age and selected trace gases: Mass- andityalstribution, Journal of Aerosol
Science, 42, 820-838, doi:10.1016/j.jaerosci.20110¥7 W/0S:000295565000007, 2011.

Makela, J. M., Riihela, M., Ukkonen, A., Jokinen, V., an#eskinen, J.: Compari-
son of mobility equivalent diameter with KelvifiThomson diameter using ion mo-
bility data, The Journal of Chemical Physics, 105, 15624]1500i:10.1063/1.472017,
http://scitation.aip.org/content/aip/journal/jcpBl8/10.1063/1.472017, 00051, 1996.

Manninen, H. E., Petgja, T., Asmi, E., Riipinen, ., Nieran, T., Mikkila, J., Horrak, U., Mirme, A,
Mirme, S., Laakso, L., Kerminen, V.-M., and Kulmala, M.: Lgpterm field measurements of charged
and neutral clusters using Neutral cluster and Air lon Spectter (NAIS), Boreal Environment Re-
search, 14, 591-605, 2009.

Manninen, H. E., Nieminen, T., Asmi, E., Gagné, S., HakkinS., Lehtipalo, K., Aalto, P., Vana, M.,
Mirme, A., Mirme, S., Horrak, U., Plass-Dulmer, C., Stan¢., Kiss, G., Hoffer, A., Tor6, N., Mo-

27


http://dx.doi.org/10.1063/1.456349
http://scitation.aip.org/content/aip/journal/jcp/90/11/10.1063/1.456349
http://dx.doi.org/10.5194/acp-11-4939-2011
http://www.atmos-chem-phys.net/11/4939/2011/
http://dx.doi.org/10.1080/02786826.2013.783684
http://www.tandfonline.com/doi/abs/10.1080/02786826.2013.783684
http://dx.doi.org/10.1016/S1364-6826(98)00151-5
http://www.sciencedirect.com/science/article/pii/S1364682698001515
http://dx.doi.org/10.1029/93JD03225
http://onlinelibrary.wiley.com/doi/10.1029/93JD03225/abstract
http://dx.doi.org/10.1016/j.jaerosci.2011.07.007
http://dx.doi.org/10.1063/1.472017
http://scitation.aip.org/content/aip/journal/jcp/105/4/10.1063/1.472017

10

15

20

25

30

erman, M., Henzing, B., de Leeuw, G., Brinkenberg, M., Kaakés, G. N., Bougiatioti, A., Mi-
halopoulos, N., O'Dowd, C., Ceburnis, D., Arneth, A., Sviegsson, B., Swietlicki, E., Tarozzi, L.,
Decesari, S., Facchini, M. C., Birmili, W., Sonntag, A., \émsohler, A., Boulon, J., Sellegri, K.,
Laj, P., Gysel, M., Bukowiecki, N., Weingartner, E., Wehi@&, Laaksonen, A., Hamed, A., Joutsen-
saari, J., Petaja, T., Kerminen, V.-M., and Kulmala, MIEAARI ion spectrometer measurements at
12 European sites — analysis of new particle formation eyeétmos. Chem. Phys., 10, 7907-7927,
doi{10.5194/acp-10-7907-2010, http://www.atmos-chamgs.net/10/7907/2010/, 2010.

Manninen, H. E., Franchin, A., Schobesberger, S., HirsiRkpHakala, J., Skromulis, A., Kangasluoma,
J., Ehn, M., Junninen, H., Mirme, A., Mirme, S., Sipila, NPetaja, T., Worsnop, D. R., and Kul-
mala, M.: Characterisation of corona-generated ions usadNeutral cluster and Air lon Spectrom-
eter (NAIS), Atmospheric Measurement Techniques, 4, 22876, doi:10.5194/amt-4-2767-2011,
http://www.atmos-meas-tech.net/4/2767/2011/amt-8722011.html, 2011.

Mayya, Y. S. and Sapra, B. K.: Image forces on a collection lbérged particles near con-
ducting surfaces, Journal of Aerosol Science, 33, 817-82810.1016/S0021-8502(02)00038-1,
http://www.sciencedirect.com/science/article/pid20850202000381, 2002.

McGowan, S.: lon-lon Recombination in Laboratory Air, Piogsn Medicine and Biology, 10, 25-40,
doi{10.1088/0031-9155/10/1/303, http://iopsciengeoog/0031-9155/10/1/303, 1965.

McMurry, P. H. and Rader, D. J.: Aerosol Wall Losses in Eleelty Charged Cham-
bers, Aerosol Science and Technology, 4, 249-268, | dol0B0/D2786828508959054,
http://www.tandfonline.com/doi/abs/10.1080/02 786828259054, 1985.

Mirme, S. and Mirme, A.: The mathematical principles andgiesf the NAIS — a spectrometer for the
measurement of cluster ion and nanometer aerosol sizébdigtns, Atmos. Meas. Tech., 6, 1061—
1071, doi:10.5194/amt-6-1061-2013, http://www.atmosasitech.net/6/1061/2013/, 00006, 2013.

Mizin, S. V., Makhmutov, V. S., Maksumov, O. S., and Kvashnik N.: Application of multi-
threading programming to physical experiment, Bulletintteé Lebedev Physics Institute, 38, 34—
40, doi:10.3103/S1068335611020023, http://link.spermpm/article/10.3103/S1068335611020023,
00000, 2011.

Nagato, K. and Nakauchi, M.: Experimental study of partidiermation by ion—ion re-
combination, The Journal of Chemical Physics, 141, 164 3@®ii10.1063/1.4898376,
http://scitation.aip.org/content/aip/journal/jcp1146/10.1063/1.4898376, 00000, 2014.

Natanson, G. L.: On the theory of the charging of a microscaprosol particles as a result of capture
of gas ions, Zhurnal Tekhnicheskoi Fiziki (Transl.), 30357588, 1960.

28


http://dx.doi.org/10.5194/acp-10-7907-2010
http://www.atmos-chem-phys.net/10/7907/2010/
http://dx.doi.org/10.5194/amt-4-2767-2011
http://www.atmos-meas-tech.net/4/2767/2011/amt-4-2767-2011.html
http://dx.doi.org/10.1016/S0021-8502(02)00038-1
http://www.sciencedirect.com/science/article/pii/S0021850202000381
http://dx.doi.org/10.1088/0031-9155/10/1/303
http://iopscience.iop.org/0031-9155/10/1/303
http://dx.doi.org/10.1080/02786828508959054
http://www.tandfonline.com/doi/abs/10.1080/02786828508959054
http://dx.doi.org/10.5194/amt-6-1061-2013
http://www.atmos-meas-tech.net/6/1061/2013/
http://dx.doi.org/10.3103/S1068335611020023
http://link.springer.com/article/10.3103/S1068335611020023
http://dx.doi.org/10.1063/1.4898376
http://scitation.aip.org/content/aip/journal/jcp/141/16/10.1063/1.4898376

10

15

20

25

30

Ogawa, T.: Fair-weather electricity, Journal of Geophgsic  Re-
search: Atmospheres, 90, 5951-5960, 00i1:10.1029/ID@BpO6951,
http://onlinelibrary.wiley.com/doi/10.1029/JD0901®@05951/abstract, 1985.

Olenius, T., Kurtén, T., Kupiainen-Maatta, O., HenslgiH., Ortega, I. K., and Vehkamaki, H.: Ef-
fect of Hydration and Base Contaminants on Sulfuric Acidfiifon Measurement: A Computa-
tional Study, Aerosol Science and Technology, 48, 593-60810.1080/02786826.2014.903556,
http://dx.doi.org/10.1080/02786826.2014.903556, @0Q014.

Onasch, T. B., Siefert, R. L., Brooks, S. D., Prenni, A. J.ridy, B., Wilson, M. A., and Tolbert, M. A.:
Infrared spectroscopic study of the deliquescence andre$tence of ammonium sulfate aerosol
as a function of temperature, Journal of Geophysical Rebe&tmospheres, 104, 21 317-21 326,
doi{10.1029/1999JD900384, http://onlinelibrary.witgym/doi/10.1029/1999JD900384/abslract,
1999.

Schnitzhofer, R., Metzger, A., Breitenlechner, M., Jud, Weinritzi, M., De Menezes, L.-P., Du-
plissy, J., Guida, R., Haider, S., Kirkby, J., Mathot, S.,nlfnette, P., Onnela, A., Walther, H.,
Wasem, A., Hansel, A., and the CLOUD Team: Characterisationrganic contaminants in the
CLOUD chamber at CERN, Atmos. Meas. Tech., 7, 2159-216810&194/amt-7-2159-2014,
http://www.atmos-meas-tech.net/7/2159/2014/, 0000042

Smirnov, |.: Modeling of ionization produced by fast chalgeparticles in gases, Nu-
clear Instruments and Methods in Physics Research SectionAdcelerators, Spectrom-
eters, Detectors and Associated Equipment, 554, 474-48810d1016/j.nima.2005.08.064,
http://adsabs.harvard.edu/abs/2005NIMPA.554..47a&36, 2005.

Smith, D. and Adams, N. G.: lonic recombination in the stptere, Geo-
physical Research Letters, 9, 1085-1087, 00i:10.102908i009p01085,
http://onlinelibrary.wiley.com/doi/10.1029/GL009i9001085/abstract, 00047, 1982.

Smith, D. and Spanel, P.. lons in the terrestrial atmosphened in interstellar
clouds, Mass Spectrometry Reviews, 14, 255-278, | doi:D2/b8as.1280140403,
http://onlinelibrary.wiley.com/doi/10.1002/mas.1430403/abstract, 1995.

Tammet, H. and Kulmala, M.: Simulation tool for atmospheriaerosol nucleation
bursts, Journal of Aerosol Science, 36, 173-196, | doi:lGAJaerosci.2004.08.004,
http://www.sciencedirect.com/science/article/pid20850204003301, 00066, 2005.

Tammet, H., Horrak, U., Laakso, L., and Kulmala, M.: Fastof air ion balance in a coniferous
forest according to measurements in Hyytiala, Finlantinds. Chem. and Phys., 6, 3377-3390,
doi{10.5194/acp-6-3377-2006, http://www.atmos-chemysonet/6/3377/2006/, 2006.

29


http://dx.doi.org/10.1029/JD090iD04p05951
http://onlinelibrary.wiley.com/doi/10.1029/JD090iD04p05951/abstract
http://dx.doi.org/10.1080/02786826.2014.903556
http://dx.doi.org/10.1080/02786826.2014.903556
http://dx.doi.org/10.1029/1999JD900384
http://onlinelibrary.wiley.com/doi/10.1029/1999JD900384/abstract
http://dx.doi.org/10.5194/amt-7-2159-2014
http://www.atmos-meas-tech.net/7/2159/2014/
http://dx.doi.org/10.1016/j.nima.2005.08.064
http://adsabs.harvard.edu/abs/2005NIMPA.554..474S
http://dx.doi.org/10.1029/GL009i009p01085
http://onlinelibrary.wiley.com/doi/10.1029/GL009i009p01085/abstract
http://dx.doi.org/10.1002/mas.1280140403
http://onlinelibrary.wiley.com/doi/10.1002/mas.1280140403/abstract
http://dx.doi.org/10.1016/j.jaerosci.2004.08.004
http://www.sciencedirect.com/science/article/pii/S0021850204003301
http://dx.doi.org/10.5194/acp-6-3377-2006
http://www.atmos-chem-phys.net/6/3377/2006/

10

15

20

25

30

Thomson, J. XXIX. Recombination of gaseous ions, the chemi
cal combination of gases, and monomolecular reactions, lofigihi-
cal Magazine Series 6, 47, 337-378, doi:10.1080/147863BBRU372,
http://www.tandfonline.com/doi/citedby/10.1080/146482408634372, 00212, 1924.

Thomson, J. J. and Thomson, G. P.: Conduction of Electridilough Gases: Volume 1, lonisation by
Heat and Light, Cambridge University Press, 00000, 2013.

Tinsley, B. A.: Influence of solar wind on the global electeiccuit, and inferred effects on cloud mi-
crophysics, temperature, temperature, and dynamics itrépesphere, Space Sci. Rev., 231-258,
2000.

Usoskin, I. G. and Kovaltsov, G. A.: Cosmic rays and climdtéhe Earth: Possible connection, C. R.
Geoscience, 340, 441-450, 2008.

Usoskin, |. G., Gladysheva, O. G., and Kovaltsov, G. A.: Ciasmray-induced
ionization in the atmosphere: spatial and temporal changdsurnal of Atmo-
spheric and Solar-Terrestrial Physics, 66, 1791-1796, :10di016/).jastp.2004.07.037,
http://www.sciencedirect.com/science/article/pi54682604002081, 00080, 2004.

Vauge, C.. On the concept of “image-force”, Journal of AefosScience, 33, 829-832,

doi{10.1016/S0021-8502(02)00037-X, http://www.sceficect.com/science/article/pii/S00218502020(

2002.

Voigtlander, J., Duplissy, J., Rondo, L., Kirten, A., éibatmann, F.: Numerical simulations of mixing
conditions and aerosol dynamics in the CERN CLOUD chambt@mo&. Chem. Phys., 12, 2205—
2214, doi:10.5194/acp-12-2205-2012, http://www.atrobem-phys.net/12/2205/2012/, 2012.

Volland, H.: Handbook of Atmospheric Electrodynamics, CR@ss, 00077, 1995.

Williams, A. G., Zahorowski, W., Chambers, S., Griffiths,, Adacker, J. M., Element, A., and
Werczynski, S.: The Vertical Distribution of Radon in Cleand Cloudy Daytime Terrestrial
Boundary Layers, Journal of the Atmospheric Sciences, 68,-174, d0i:10.1175/2010JAS3576.1,
http://apo.ansto.gov.au/dspace/handle/10238/3820,M@2011.

Yu, F.: lon-mediated nucleation in the atmosphere: Key mdiinig parameters, implications, and look-
up table, Journal of Geophysical Research-Atmospherés 103 206, doi:10.1029/2009JD012630,
00081 WOS:000274463800003, 2010.

Yu, F. and Turco, R.: Case studies of particle formation &abserved in boreal forests: impli-
cations for nucleation mechanisms, Atmospheric Chemiatrgl Physics, 8, 6085-6102, 00059
WOS:000260558500007, 2008.

30


http://dx.doi.org/10.1080/14786442408634372
http://www.tandfonline.com/doi/citedby/10.1080/14786442408634372
http://dx.doi.org/10.1016/j.jastp.2004.07.037
http://www.sciencedirect.com/science/article/pii/S1364682604002081
http://dx.doi.org/10.1016/S0021-8502(02)00037-X
http://www.sciencedirect.com/science/article/pii/S002185020200037X
http://dx.doi.org/10.5194/acp-12-2205-2012
http://www.atmos-chem-phys.net/12/2205/2012/
http://dx.doi.org/10.1175/2010JAS3576.1
http://apo.ansto.gov.au/dspace/handle/10238/3820
http://dx.doi.org/10.1029/2009JD012630

Yu, F., Luo, G., Bates, T. S., Anderson, B., Clarke, A., KdjysV., Yantosca, R. M., Wang, Y.,
and Wu, S.: Spatial distributions of particle humber comedions in the global atmosphere:
Simulations, observations, and implications for nuctaatmechanisms, J. Geophys. Res., 115,
doii10.1029/2009JD013473, 2010.

s Zhang, K., Feichter, J., Kazil, J., Wan, H., Zhuo, W., GHiiif A. D., Sartorius, H., Zahorowski,
W., Ramonet, M., Schmidt, M., Yver, C., Neubert, R. E. M., aBdinke, E.: Radon activ-
ity in the lower troposphere and its impact on ionizationerad global estimate using dif-
ferent radon emissions, Atmos. Chem. Phys., 11, 7817-788810.5194/acp-11-7817-2011,
http://www.atmos-chem-phys.net/11/7817/2011/, 2011.

31


http://dx.doi.org/10.1029/2009JD013473
http://dx.doi.org/10.5194/acp-11-7817-2011
http://www.atmos-chem-phys.net/11/7817/2011/

IodeJ UOISSNOSI(]

T =
[ ! ¥
| CLOUD chamber MR “‘,}
: " >
x o/
L — g
| X : =
[ x 2
. 2,
> @)
E * i
= ~
> 2
o -4
o e
T
e
\
\
\ \ )
\ ‘ &
\ _GCR a
| Radon =
L ! &
1 , @,
10 10 S
q(em=3s7" -

Fig. 1. A vertical profile of the ion production ratgbased on literature data. The contribution of radon®
decay at mid latitudes is shown in gray, accounting for segseariation. The minimum is in summer

and the maximum is in wintet (Zhang ef al., 2011). The countiiim of galactic cosmic rays at mid =~
latitudes, as presented by Usoskin et al. (2004), is showgan. Black crosses indicate measurements
by/Harrison et al. (2014). The double arrow at the top shoesahge of; explored in this study.
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HEPA filter

34 lpm

selpm 20 lpm

Fig. 2. a) Neutral cluster and Air lon Spectrometer (NAIS) and itwtibn system used during the
CLOUD experiments. The sample air flow is withdrawn from ttheamber at a flow rate that varies
between 20 and 30 L mirt sample air from the chamber is diluted with a portion of thaaast air
of the instrument, which is filtered with a High Efficiency Rewlate Air (HEPA) filter and mixed with
the sample air. b) Configuration of the NAIS during the CLOUperiments. c) Sketch of the chamber
and the beam. The dashed circle represents the area whétAltBevas located, outside from the beam
trajectory. The beam is deliberately defocused to maxirfieeszolume in the chamber where ionization

takes place.
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Fig. 3. In a typical experiment, the beam intensity is varied, climagghe flux of pions crossing the ;

JO(

chamber. The beam intensity is directly proportional tdtimeProduction Rate (IPR) and is kept constant =
for a period of approximately 30 min at each step, to make thatthe ion concentration reaches the
steady state. The mean ion concentration is related to tlen iR at steady state via the balance
equation (EdJ1). Blue and red colors correspond to negatidepositive ions, respectively. Magenta is -
the beam intensity.
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Fig. 4. Typical ion decay experimenthe ion concentration (blue line and circles), the solutmig. (1)
(red line) and the beam counts (magenta lifileg ion concentration is presented as the average between
the concentration of negative and positive iofhen solving Eq.[{1), the recombination coeﬁicientg
and linear loss term, retrieved independently by fitting ¢steady state balance equation at the same
conditions (T = 293 K, RH = 0 %), were 23.0-% cm?s~! and 8.3e-3 5!, respectively, and the ion
production rate was 8.3 cms~!. The initial concentration of small ions, (t=01:03), was 810 cm®
(average over time range from 00:24 to 01:03). The grey shadea is the model uncertainty assuming -
uncertainty oft 30 % on nOq andpg. :
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Fig. 5.lon concentration as a function of ion production rate atW@)different ozone concentrations (at
200 ppb and at 700 ppb); the other variables were kept can@an20°C, RH = 40% and [S¢] = 20
ppb); (b) different S@ concentrations between 2 and 30 ppb, temperature, RH ame @omcentration
were kept constant (T = A, RH = 40% and [S¢] = 20 ppb); (c) different temperatures (20, 5, -25 and
-55°C); and (d) different relative humidities (0, 7, 40 and 70 % aonstant temperature of 2. The
ion concentration is presented as the average betweennhberoation of negative and positive ions, the
uncertainty is calculated as the standard deviation of themvalues at steady state.
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Fig. 6. Variability of the retrieved recombination rate as a fuontof loss rate. The dataset used here
includes experiments performed at T =ZDand RH = 40 %. The point at the center presents the larger
confidence level interval as the loss term was kept as freenpeter. The other points were obtained
forcing the loss tern® to values varying from £1073t0 0.18 s°*.
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Fig. 7. A comparison between the ion-ion recombination coeffigiem@asured at different temperatures

(points with error bars) and the recombination coefficientielled using different models. The shaded
area represents 50% uncertainty.
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Fig. 8. The ion-ion recombination coefficient measured at differetative humidities, at a constant
temperature of 20C. The dots are measured points, the dashed line is an exjffi€to guide the eye.
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T ax107% | ¢,x10°6
(°C) | (em’s™1) | (cmPs™!)
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 ifetent temperatures. The uncer-
tainty reported is calculated with error propagation arallides the uncertainty in the fit.
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RH | ax10°% | o,x10°6
(%) | (cm?s™1) | (cmPs™)

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 iffecent relative humidities. The
uncertainty reported is calculated with error propagagiod includes the uncertainty in the fit.
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