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The manuscript authored by Zauner-Wieczorek et al. presents a good review of
the historical theory development on ion-ion recombination under relevant
conditions of the troposphere and lower stratosphere. The authors then made a
simple sensitivity study on the limiting sphere theories and compared the
different parameterisations of the theories to measurement data from a few
laboratory and field as well as model results. The content of the work, especially
the review part, is valuable. The comparison studies are a bit flimsy, without
discussions on why some parametrisations worked poorly and there was no
insights given for corrections or improvements. The clarity of the manuscript
needs to be improved and the manuscript needs somewhat a major revision.  

We would like to thank the referee for their feedback. Based on the feedback provided by
this referee and the other two referees, we revised the manuscript to improve the
readability, the structure, the notations and use of symbols, and the discussion of the
inter-comparison.

 

Comments:

When talk about ion-ion recombination, could you please first of all provide the
definition of ion? Do you also consider the recombination of charged aerosol
particles as ion-ion recombination?

We added the definition of ion-ion recombination as opposed to ion-aerosol attachment in
the introduction (Sect. 1):

p. 3, l. 42ff.: “While ion-ion recombination concerns the recombination of atomic or
molecular ions or small molecular ion clusters, ion-aerosol attachment regards the
interaction between an ion and a charged or neutral aerosol particle. Typically, aerosol
particles are defined to have a size of 1 nm or bigger. As the ion-aerosol attachment



coefficient depends on the size of the aerosol particle, the ion-ion recombination
coefficient can be viewed as a special case of the former if the “aerosol particle” is
considered to have ionic size and is singly charged.”

 

You compared the different parameterisations on ion-ion recombination to a few
laboratory, field and model results and demonstrated that some models clearly
have poor performance but did not discuss the potential causes. Could you
please elaborate on this and provide insights into how they may be corrected or
further improved?

We rewrote the discussion part of the inter-comparison completely (now Sect. 7) and
added a discussion of the possible causes for deviations or poor performances.

 

Based on the comparisons with laboratory, field and model data, you suggested
Brasseur and Chatel 1983 over other parameterisations. Given the fact that it
has the semi-empirical nature, it is expected to agree better with measurement
data. The measurement data (whether it is Rosen&Hofmann, Gringel et al.,
Morita or Franchin et al.) are based on probing air ion concentrations. Air
conductivity is intrinsically dependent on ion concentration. Then the uncertainty
from measurement loss inside the instrumentation or the system cannot be
avoided. This was not discussed in the manuscript when making suggestions on
the choice of theory.

We added more information on how the data by Gringel et al. (1978), Rosen and Hofmann
(1981), and Morita (1983) were retrieved (see Sect. 4). Furthermore, we pointed out that
these data sets can be subject to systematic error in the discussion part of the inter-
comparison chapter (Sect. 7.1):

p. 19, l. 541ff.: “In Fig. 2 (a) to (d), the field measurements Gr78, RH81, and Mo83 are
shown for a better comparability. Note that the data are inaccurate below 10 km. For
RH81, there are two data sets for altitudes above 32 km: one is calculated based on Eq.
(2), the other one is based on Eq. (37). One should bear in mind that these data sets,
which were determined with similar methods, may also suffer from systematic errors such
as losses inside the instrument that were not accounted for, however, these are the most
reliable data from field measurements available to this day.”

 

You did not recommend Tamadate 2020 due to its resulting in large deviation
from measurement data. It seems however that the authors did not perform a
MD simulation as described in Tamadate et al. 2020, instead the authors used
the formula listed in Table 2 and referred that as Tamadate 2020. However, this
functional form is merely Filippov's approach, which is similar to Fuchs model, as
described in Tamadate 2020.

We rewrote the former chapter on limiting sphere theories (former Sect. 4), by separating
and reorganising it into one chapter on ion-aerosol theories (now Sect. 5) and one on
numerical simulations (now Sect. 6). The misconception of the work of Tamadate et al.
(2020) was corrected and their work, i.e. a hybrid continuum-MD approach, is now
described in Sect. 6. Fuchs’s (1963) theory is explained in Sect. 5 and used for the
comparison in Sect. 7.1. We renamed and relabelled the main text and the figure (now
Fig. 2) accordingly.



 

I also find the manuscript was not very carefully prepared. The notations are
especially confusing. For example, the mathematical symbol of prime should be
used instead of ’ (e.g. p6 L137). Also d have several definitions through the
manuscript, which is confusing. v

+

 and v
-

 were not defined where they appear
first and definitions of U

+

 and U
-

 in eq 8 were missing. It is also unclear what is x
on p5 L128. A few different notations were used for the same property, e.g. e
and e

T

for collision probability, d and d
3

 for three-body trapping distance, etc. It
is also sometimes difficult to distinguish between similar symbols like a and a
and M for molar mass and [M] for number density of air molecules. Please revise
the manuscript carefully and drop off the repeated notions and use symbols that
can be better distinguished.

We are thankful for the suggestions to enhance clarity in notation. We introduced the
prime symbol instead of the apostrophe where applicable. We revised all radii and
introduced a uniform notation as follows: d is the three-body trapping distance; δ is the
limiting sphere distance; we changed the collision radius from a to rcoll. Indices further
define d and δ depending on the different theories. We introduced the symbol ε to all
collision probabilities, also using indices to indicate the specific definition of the different
theories. For a better distinction, we changed the symbol of the ion mass from M to mion.
We introduced v+ and v– where they first appeared (now Eq. 4) and changed U+ and U– in
former Eq. 8 (now Eq. 9) to v+ and v–, which was a remnant of an older version of the
draft. We added an explanatory sentence to define x: “In subsequent works, the ratio of
the collision sphere radius and the mean free path of the ion, 2dT ⸱ λion

–1, is often
denoted as x.” We omitted repeated notions and only introduce the physical quantities in
the main text where they first appear. The nomenclature in the end of the manuscript that
contains all symbols and their explanations was revised accordingly.

 

p7 L160-161. It is confusing that you talk about 'collision probability becomes
almost 0' and then 'collision is governed by the collision cross section'. Could you
please elaborate what you mean here? How do you distinguish 'collision
probability' and 'collision cross section'? To my understanding, the CCS is just a
different way to quantify the probability of successful collisions.

Indeed, the ion-molecule collisions (leading to the dissipation of energy to enable the
recombination) and the ion-ion collisions (i.e. the recombination itself) were not clearly
distinguished in the former version of the manuscript. We, therefore, adapted the whole
paragraph to make this distinction clearer. It now reads as follows:

p. 7, l. 169ff.: “Above atmospheric pressure, Langevin theory is applied. Loeb subclassifies
it, firstly, to the range of 20 to 100 atm where there is no diffusional approach of the ions
towards each other because they are already within the Coulomb attractive radius dT and,
secondly, to the range of 2 to 20 atm (called Langevin-Harper theory), where the initial
distance of the ions r0 is greater than dT and so they first have to diffuse towards each
other. The subsequent collision inside dT is almost certain because of the high pressure.
For the pressure range of 0.01 to 1013 hPa, i.e. for the lower and middle atmosphere,
Thomson theory is applicable. Here, the initial distance of the ions is greater than dT and
the mean free path λion, therefore a random diffusive approach is necessary. Within dT, the
collision probability εT is less than 1. Below 0.01 hPa, i.e. in the ionosphere, the collision
probability becomes almost 0 and, thus, the collision is then governed by the collision
cross section. For super-atmospheric pressures (i.e. in the Langevin regime), α is
dependent on p–1 and proportional to T. In the regime where the Thomson theory should
be applicable (i.e. from 0.01 to 1013 hPa), α is dependent T–1.5, The pressure dependence



of α is different in various Thomsonian theories; while Thomson (1924) stated a
proportional dependence (see Eq. (4)), it varies in the parameterisations of Gardner
(1938), Israël (1957), and Loeb (1960) (see Eq. (10), (14), (15), respectively, with Eq.
(11) to (13)): for approximately 500 to 1000 hPa, α is dependent on p0.5 and below
500 hPa, it approaches p1. In the cross section regime (i.e. < 0.01 hPa), α is independent
of the pressure and dependent on T–0.5.”

After Tamadate et al. (2020), the collision probability is the ratio of recombined ions over
all ions that entered the limiting sphere; whereas the collision cross section is defined by
π (r+ + r–)2 and is, thus, a measure for the probability for binary recombination.

 

p7 L177. normal value? what is not normal?

For more clarification, we elaborated more on what the cited authors referred to as
“normal” (as compared to “standard”) conditions or values in the manuscript. The
respective paragraphs now read as followed:

p. 4, l. 82f.: “ Lenz (1932) reported (1.7 ± 0.1) · 10–6cm3s–1 for the conditions of
291.15 K and 1013 hPa.”

p. 8, l. 192ff.: “In the derivation of the formula he [Israël, 1957] used the value of 1.6 ·
10–6cm3s–1 for α for “normal conditions”, however, he neither included a reference for this
nor specified the normal conditions. These are probably 273.15 K and 1013.25 hPa.”

 

P13 L367. what do you mean by 'ion current'?

In Hoppel and Frick’s (1986) derivation of their Equation 4, given in our manuscript in
former Eq. 32 (now omitted), they state: “Diffusion-mobility theories calculate the current
of ions, Ii, to a particle from the steady-state diffusion-mobility equation. […] The inner
boundary conditions distinguish the various theories and match the diffusion-mobility flux
outside some limiting sphere to the microscopic flux inside. The limiting sphere is
concentric with the particle and has a radius δ′ about one mean free path larger than the
particle radius. […] Matching the two fluxes at δ′ yields [Equation 4].” In the course of
revising the manuscript and the description of Hoppel and Frick’s (1986) theory, the
manuscript does not mention the ion current anymore.

 

p18 L472. what do you mean by 'trapping sphere'? Is it different from limiting
sphere?

We added a more detailed explanation of the trapping sphere and the limiting sphere in
the introduction of the new Sect. 5 (Application of ion-aerosol theories):

p. 14, l. 380ff.: “While in many ion-ion recombination theories, the concept of the three-
body collision radius, or trapping radius, d, can be found, many ion-aerosol theories
additionally use the concept of the limiting sphere, δ. The limiting sphere and its radius
are defined slightly differently depending on the theory. With Fuchs (1963), it is defined as
a concentric sphere around the particle with the radius δF= rp+ λʹ, where rp is the particle
radius and λʹ is “the mean distance from the surface of the particle at which the ions
collide for the last time with gas molecules before striking this surface” (Fuchs, 1963).
Notably, λʹ is not equal to the mean free path of one ion, λion, or the ion-ion mean free



path, λ. With Hoppel and Frick (1986), it is defined as the sum of the ion-aerosol three-
body trapping sphere and the ion-ion mean free path (see Eq. (44)). Transferred to the
ion-ion recombination, the limiting sphere can be defined as the sum of the ion-ion aerosol
three-body trapping and one mean free path (see Eq. (45)), as depicted in Fig. 1.”

 

p24 L587. Ta20 yields α values which are one order of magnitude too low (2.7 ·
10–6 cm3 s–1 at ground level). Is it true? 2.7e-6 cm3s-1 does not seem too low.

We thank the referee for pointing out this typo. It should read 2.7 · 10–5 cm3 s–1, but the
main text of the comparison chapter was revised completely for the updated manuscript.

 

Fig.1 caption. please consider using open circle instead of white point.

We appreciate this suggestion, but the white point/circle is not open, but filled white. In
the further text, referring to the “open-circle ion” would be more cumbersome than
referring to the “white ion”, so that we decided to keep the initial wording.

 

Fig.3c The color for Tamadate et al. 2020 in legend is different from that in the
plot.

We decided to omit the legends and added labels within the plots to enhance
comprehensibility.

 

Table 1. please define the symbols in the caption. what is r
0

?

We added the definition of symbols in the table caption, including r0, the initial distance of
the two ions. We changed d to dT (Coulombic radius after Thomson) to distinguish it from
other radii discussed in the manuscript.

 

I also suggest that you consider restructuring some parts of the text. I find
organisation of section 2 in the current manuscript does not render a smooth
textflow, especially concerning the definition of d. Because d appears earlier in
the text already but its definition comes quite late. Also in section 4, there is a
sudden jump to ion-aerosol attachment without preparing the readers with the
purpose.

We followed the suggestion of the referee and reorganised parts of the manuscript. Now,
the three-body trapping distance d is introduced and explained at its first appearance in
Sect. 2. We added a chapter (Sect. 8) to determine d numerically by solving Natanson’s
(1959) equation for d, using the field data of α by Gringel et al. (1978), Rosen and
Hofmann (1981), and Morita (1983) as input parameters. The short chapter on the
sensitivity study of Hoppel and Frick’s and Natanson’s d (former Sect. 5.1) was replaced
by it. Furthermore, we reorganised the chapter on ion-aerosol theories (now Sect. 5),
explaining the motivation more clearly why to add this chapter.
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