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Abstract. Many different atmospheric, physical, and chemical processes are affected by ions. An important
sink for atmospheric ions is the reaction and mutual neutralisation of a positive and negative ion, also called
ion—ion recombination. While the value for the ion—ion recombination coefficient o is well-known for standard
conditions (namely 1.7 x 10~®cm3 s™1), it needs to be calculated for deviating temperature and pressure con-
ditions, especially for applications at higher altitudes of the atmosphere. In this work, we review the history
of theories and parameterisations of the ion—ion recombination coefficient, focussing on the temperature and
pressure dependencies as well as the altitude range between 0 and 50 km. Commencing with theories based on
J. J. Thomson’s work, we describe important semi-empirical adjustments as well as field, model, and laboratory
data sets, followed by short reviews of binary recombination theories, model simulations, and the application of
ion—aerosol theories to ion—ion recombination. We present a comparison between theories, parameterisations,
and field, model, and laboratory data sets to conclude favourable parameterisations. While many theories agree
well with field data above an altitude of approximately 10 km, the nature of the recombination coefficient is still
widely unknown between Earth’s surface and an altitude of 10 km. According to the current state of knowledge,
it appears reasonable to assume an almost constant value for the recombination coefficient for this region, while
it is necessary to use values that are adjusted for pressure and temperature for altitudes above 10 km. Suitable pa-
rameterisations for different altitude ranges are presented and the need for future research, be it in the laboratory

or by means of modelling, is identified.

1 Introduction

Earth’s atmosphere is not only a neutral mixture of gases,
but also contains gas-phase ions that are crucial to the phe-
nomena of atmospheric electricity. They play a central role
in meteorological processes in thunderstorms (Sagalyn et al.,
1985), maintaining the global atmospheric electrical circuit
(Harrison, 2004), the formation of aerosol particles with the
ion-induced nucleation mechanism (Hirsikko et al., 2011),
and the propagation of radio waves in the ionosphere (Basu
et al., 1985), to name but a few processes. It is thus impor-
tant to understand the production and loss of atmospheric

ions. There are several sources of ions in the atmosphere, of
which ionisation by galactic cosmic rays (GCRs) is the most
important (Bazilevskaya et al., 2008). Close to the ground,
ionisation by the radioactive decay of radon as well as light-
ning are additional sources of atmospheric ions (Viggiano
and Arnold, 1995). Further, minor sources of ionisation in
the atmosphere include solar cosmic rays (also called so-
lar energetic particles, SEPs) and magnetospheric electrons
(Bazilevskaya et al., 2008). The two important sinks for at-
mospheric ions are the reaction of a positive ion and negative
ion, the so-called recombination, as well as the condensation
of ions onto aerosol particles (Viggiano and Arnold, 1995).

Published by Copernicus Publications on behalf of the European Geosciences Union.

9|011JBe MBINSY



12444

The ion—ion recombination coefficient « describes the reac-
tion rate of the recombination of a positive and negative ion
in the gas phase; its unit is cm® s~!, which is used through-
out this work unless noted otherwise. There are two impor-
tant recombination mechanisms: binary recombination, in
which two ions of opposite sign recombine upon collision,
and ternary recombination, in which one of the ions first col-
lides with a neutral gas molecule, i.e. the third body, to dissi-
pate energy in order to recombine successfully with the sec-
ond ion. Hence, the latter process is also called three-body
trapping. When both the binary and ternary processes are in-
cluded in a theory or parameterisation, it is called total re-
combination. While ion—ion recombination concerns the re-
combination of atomic or molecular ions or small molecu-
lar ion clusters, ion—aerosol attachment regards the interac-
tion 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.

In this work, we focus on ion—ion recombination and sum-
marise the history and fundamentals of the theory behind it in
Sect. 2, followed by a description of the theories of the binary
ion—ion recombination process in Sect. 3. In Sect. 4, we dis-
cuss the field and laboratory measurements and subsequent
semi-empirical parameterisations of ion—ion recombination.
We focus on the applicability of the theory to atmospheric
conditions, especially for the troposphere and stratosphere,
i.e. in an altitude range of 0-50km. We describe the appli-
cation of ion—aerosol theories to the ion—ion recombination
in Sect. 5, followed by an overview of numerical simulations
in Sect. 6. Thereafter, we compare the available parameter-
isations and theories with field data, laboratory data, and a
model simulation for the atmospheric altitude range of 0-
50km in Sect. 7. The determination of the three-body trap-
ping sphere radius and the collision probability in the limit-
ing sphere (a concept used in different theories) can be found
in Sect. 8. Finally, we conclude the applicability of the dis-
cussed theories to atmospheric conditions and identify the
demand for future research in Sect. 9. To improve the read-
ability, we adhere to the conventionally used units of hPa and
atm for pressure, cm3 s~ for the recombination rate and re-
lated quantities, eV for the electron affinity, and km for the
atmospheric altitude; otherwise, we use the SI units.

2 The fundamental theories

The theoretical foundation of the recombination of gaseous
ions was laid down by J. J. Thomson and Ernest Ruther-
ford. The theory based on their approach is referred to as
the Thomson theory in the literature. In their work “On the
Passage of Electricity of Gases exposed to Rontgen Rays”,
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Thomson and Rutherford (1896) discuss, for the first time,
the sources and sinks of ions in the gas phase. In their exper-
imental setup, the source of ions are X-rays, while the sinks
are the recombination of negative and positive ions as well as
losses to the electrodes. They describe the temporal change
of the number concentration of ions n according to Eq. (1):
dn_ an’*—L 1)
a q )

where ¢ is the time, g is the ion production rate, and L is
the loss rate to the electrodes. This formula already includes
the assumption that the number concentrations of negative
and positive ions, n_ and n, are approximately equal and,
therefore, the product n_n, can be simplified to n2. They
conclude that when the electrode current is small (L ~ 0) and
the system is in a steady state (dn/d¢ = 0), the number con-
centration of gas-phase ions can be calculated in a simple
way (Eq. 2):

n?=2 )

As per today’s convention, g is the production rate for ion
pairs so that n in Egs. (1) and (2) must be specified to be
either ny or n_, not to be confused with nyp =ny +n_.
Equation (2) can be rearranged to determine o when the ion
pair production rate and the number concentration of positive
or negative ions are known. A few years later, in 1906, the
Nobel Prize in Physics was awarded to J. J. Thomson for his
studies on the electrical conductivity of gases.

Soon after Thomson and Rutherford’s publication, several
experiments to determine the ion—ion recombination coef-
ficient were pursued by different scientists. It was shown
that « is dependent on the chemical composition of the
surrounding gas, as well as on the temperature and pres-
sure. Here, we focus on experiments in air. Many of these
first approaches have been reviewed by Lenz (1932), who
himself had developed a sophisticated experimental setup
in order to control losses due to diffusion and deposition
on walls. It is remarkable that even during this time, the
determined values of « are similar to the one used today
and have not changed significantly since then. For stan-
dard conditions, i.e. 273.15 K and 1013 hPa, Thirkill (1913)
determined a value of 1.7 x 10%cm3s™!, while Thom-
son (1924) determined a value of 2.0 x 107 ®cm?s 1.
Lenz (1932) reported (1.740.1) x 10"%cm?s~! for the
conditions of 291.15K and 1013hPa. The value for
o used nowadays is 1.6 x 107®cm3s~! (e.g. Franchin
et al.,, 2015) and is taken from Isra&l (1971) (which
is the English translation of the first edition in Ger-
man: Israél, 1957). In addition, Gardner (1938) re-
ported the value of 2.1 x 107%cm?s™! for pure oxygen,
1013 hPa, and 298.15K. Sayers (1938) reported a value
of 2.3 x 107%cm?s™!, while Nolan (1943), who has also
reviewed previous works, concluded 1.4 x 107 %cm3 s~
Within a particular uncertainty range, these values do agree
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quite well and no further ado appears to be necessary to
discuss this value. However, the values for « differ tremen-
dously when temperatures are lower than 273.15 K and pres-
sures are lower than 1013 hPa, as Lenz (1932) has already
shown. Loeb (1960) pointed out that before the 1950s,
measurement techniques were not sophisticated enough and
gases not pure enough to be able to determine the ion—ion
recombination accurately. In any case, a correct value for
« is crucial for the analysis of field data and the calcula-
tions of atmospheric models at higher altitudes in the at-
mosphere where the temperatures and pressures are differ-
ent from those at ground level. This calls for a good under-
standing of the mechanisms involved in ion—ion recombina-
tion and a solid parameterisation of «.

In a later work, Thomson (1924) explains his theory in
more detail and provides a kinetic derivation of the recom-
bination coefficient. In his approach, recombination occurs
when the two oppositely charged ions each collide with
a neutral molecule of the surrounding gas within a cer-
tain sphere dt around the respective ions. It is defined as
the sphere in which the ions of opposite signs experience
Coulomb attraction (Loeb, 1960); thus, it can be derived from
equalising the Coulomb potential energy, e?(4weodr)!,
and the thermal energy of motion from the surrounding
molecules and ions in the absence of an electrical field,
1.5 kgT (Loeb, 1960), as shown in Eq. (3):

62

dr = ————,
4m - go - 1.5kgT

3)
where e is the elementary charge, ¢q is the vacuum permit-
tivity, kg is the Boltzmann constant, and T is the tempera-
ture. Loeb (1960) stresses that the pre-factor value of 1.5 for
the thermal energy is debated, ranging from 1 (Tamadate et
al., 2020b), 1.5 (Thomson, 1924), and 2.4 (Natanson, 1959a)
to 6 (Loeb and Marshall, 1929), amongst others. Loeb and
Marshall (1929) approximate the radius dr to be in the order
of 10nm when the value of 6 kg7 is used for the thermal
energy. Thus, a rough estimate of 10-60 nm for dt can be
derived from different Thomsonian theories.

Thomson deduced that « is dependent on the average
speeds of the positive and negative ion, vy and v_, respec-
tively, according to Eq. (4) for low pressures and Eq. (5) for
high pressures:

0.5 o1
azzn.(viﬂi) ~d%-<r+r>, @)
+ —

where the pressure is low, i.e. dT)‘i:nl] is small, A4 and A_ are
the mean free paths of the positive and negative ions, respec-
tively, and Ajon is the mean free path of one ion.

o =2m- (v%r + v%>0.5 -d}, (5)

where the pressure is high, i.e. dT)‘i:)rll is large. From these

equations, Thomson (1924) deduced that the recombina-

https://doi.org/10.5194/acp-22-12443-2022

12445

tion coefficient is proportional to the pressure for low pres-
sures (because of the sum of the reciprocal mean free paths
of the ions), whereas it is independent of the pressure for
high pressures. This was supported by the measurements of
Thirkill (1913) who found « to be proportional to the pres-
sure throughout the measurement range of approximately
200-1000 hPa. Thus, the pressure regime of 1013 hPa and
below is included in the low-pressure scenario. The transition
pressure from the low-pressure to the high-pressure regime is
clearly above 1013 hPa, and thus beyond the concern of at-
mospheric application. The temperature dependence is given
as o ~ T2 for low pressures and o ~ T~ for high pres-
sures because d ~T~! and Uy~ 795 (Thomson, 1924).
Hence, the recombination coefficient decreases with rising
temperature for pressures below 1013 hPa. For the tropo-
sphere, this leads to a somewhat counterbalancing effect on «
for increasing altitudes when both the temperature and pres-
sure drop simultaneously.

Another approach to explain the recombination of ions
was introduced by Langevin (1903a, b) whose ansatz is based
on the speeds of ions in an electrical field, as opposed to
the later thermodynamic approach of Thomson. To account
for the effectiveness of collisions of a negative and positive
ion with regard to recombination, Langevin introduced the
ratio of successful recombinations per collision, er,, which
is included in the formula that he proposed to determine «
(Eq. 6); this probability is of empirical nature and was not
further defined by a formula:

e
o=—-(U++u-)-eL, (6)
€0

where py and p_ are the ion mobilities of the positive and
negative ions, respectively, defined by Eq. (7a) and (7b):

e
= . E —_— ), 7
Vi = [y < +4n-eo-r2> (7a)

e
_=—pu_ - (E+—), 7b
v u ( +4n.80.r2> (7b)

where E is the external electrical field and e(4mwor?)~! is the
electrical field produced by the ions. Here, r is the distance
between the two ions of opposite charge (Langevin, 1903a).
The consideration of the recombination efficiency leads to an
adapted term for the recombination sink (Langevin, 1903a)
shown in Eq. (8):

dn4 e
d—=——~(u++u«f)'8L~n+‘n~ 3)
t &0

Langevin (1903b) further determined the pressure (p) de-
pendence of e, (and thus of «). For 1013 hPa, ¢ =0.27
and e ~ p* (and thus a ~ p?) for pressures below 1013 hPa.
However, this is in contrast to Thomson (1924) who stated
that o ~ p for low pressures. Loeb and his colleagues later ar-
gued that the assumptions made by Langevin to calculate e,
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are based on incorrect, sometimes even antithetical assump-
tions. They even stated that this correction factor was only
introduced to make the experimental results fit the theoreti-
cal ones. The application of the Langevin theory is only con-
sidered valid for very high pressures (above approximately
10 atm) (Loeb and Marshall, 1929; Gardner, 1938; Loeb,
1960) and is therefore not within the focus of this work.

Loeb and Marshall (1929) further advanced and refined the
Thomson theory; they introduced a probability term, similar
to Langevin, for collisions leading to recombination, extend-
ing Eq. (5) to a more refined Eq. (9):

0.5
a=n~d%-(vi+vz)

2
22 2d
1= 10;1 | 1 = e2dr/%ion . i +1 . 9
ZdT Aion

In subsequent works, the ratio of the doubled collision sphere
radius and the mean free path of the ion, 2dr - )L;)III, is of-
ten denoted as x. With a number of assumptions and sim-
plifications, and together with validation from experimental
work, Gardner (1938) summarised the previous findings and
advanced them to a set of equations (Egs. 10—13) that contain
macroscopic quantities that are more accessible for direct ob-

servation:

TO 1.5 1 0.5
a=19x107>- <—) : < ) -eT, (10
T Mion
where
e = 2wt — w3, )
1= (1)
wr=1-2- — , (12)
and
Ty 2 )4 Aair
x' =0.810- (—) (—) , (13)
T Po Aion

where Tp is the temperature at standard conditions (i.e.
273.15K), mjon is the ion mass in Da, et is the recombina-
tion probability upon collision, py is the pressure at standard
conditions (i.e. 1013.25hPa), A, is the mean free path of
the surrounding air, and the ratio A,jr - )‘1;11 =15. Here, x is no
longer defined by the ratio of dt and Ao, but as a function
of T, p, and the ratio Agj - )L;nll, and hence denoted as x’.
Importantly, Loeb and Marshall (1929) also discuss the limi-
tations of their approach. Firstly, the exact masses of the ions
are unknown since clustered ions and ions from impurities
in the sample gas can also occur. This has a non-negligible
effect on the value of the recombination coefficient. They ar-
gue that this circumstance could be the reason for the vari-
ation of results among different authors. Apart from the dif-
ference in ion mass, the property of free electron pairs in the
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surrounding gas may also influence the recombination (Loeb
and Marshall, 1929). Secondly, based on the observation that
the measured o value is much smaller than the calculated
one at low temperatures, they discuss whether the presumed
power of —1.5 for the T dependence might be inaccurate.

A detailed overview of the different theories and their ex-
perimental validations can be found in Loeb (1960) (second
edition of Loeb, 1955) where he discusses ion—electron and
ion—ion recombination. For the latter, cases of «, particle-
or X-ray-induced ion production that feature a non-uniform
spatial ion distribution are also described. Until the begin-
ning of the 1980s, it was hypothesised that, in general, ions
are not uniformly distributed in the atmosphere because the
ions are produced along the GCR paths and diffusion may
not be sufficiently fast. Bates (1982) showed that ions are
mixed fast enough in the atmosphere so that the assumption
of a uniform ion concentration of the “volume recombina-
tion” theories, described in the following discussion, is valid.
Table 1 provides a selection of recombination theories dis-
cussed in detail by Loeb (1960). Above atmospheric pres-
sure, the Langevin theory is applied. Loeb subclassifies it,
firstly, to the range of 20-100atm, where there is no dif-
fusional approach of the ions towards each other because
they are already within the Coulomb attractive radius dr and,
secondly, to the range of 2-20atm (called the Langevin—
Harper theory), where the initial distance of the ions rg is
greater than dt; hence they first have to diffuse towards
each other. The subsequent collision inside dt is almost cer-
tain because of the high pressure. For the pressure range of
0.01-1013 hPa, i.e. for the lower and middle atmosphere, the
Thomson theory is applicable. Here, the initial distance of the
ions is greater than dt and the mean free path Ajqy; therefore,
a random diffusive approach is necessary. Within dr, the col-
lision probability et is less than 1. Below 0.01 hPa, i.e. in
the ionosphere, the collision probability becomes almost 0,
and thus the collision is governed by the collision cross sec-
tion. For super-atmospheric pressures (i.e. in the Langevin
regime), « is dependent on p~! and proportional to T. In
the regime where the Thomson theory should be applicable
(i.e. from 0.01 to 1013 hPa), « is dependent on T-15. The
pressure dependence of « is different in various Thomsonian
theories; while Thomson (1924) stated a proportional depen-
dence (see Eq. 4), it varies in the parameterisations of Gard-
ner (1938), Israél (1957), and Loeb (1960) (see Eqgs. 10, 14,
15, respectively, with Eqs. 11-13): for approximately 500—
1000 hPa, « is dependent on p- and below 500 hPa, it ap-
proaches p'. In the cross-section regime (i.e. <0.01hPa),
is independent of the pressure and dependent on 779,

A detailed derivation of all theories and the above-
mentioned equations is given in Loeb (1960). In his work,
the only variation in the Thomson parameterisation for o
from the one presented by Gardner (1938) is the first factor
in the formula for the recombination coefficient, as shown in
Eq. (14):
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Table 1. Selection of ion—ion recombination theories described in detail by Loeb (1960), where d is the radius of mutual Coulomb attraction
between the two ions of opposite charge, r is the initial distance of the two ions, and Ay, is the mean free path of one ion.

Theory Pressure range  Conditions pand T Description
dependence

Langevin 20-100 atm dr >ry>rion P~ L T! Both ions inside dT, no diffusive approach

Langevin— 1-20 atm ro>dr>Xon P, T! Diffusion towards dr, collision inside dt

Harper certain

Thomson 0.01-1013hPa  rg > dT = Ajon pOs-1 r-1Ls Random diffusive approach, finite collision

probability eT
Collision cross <0.01 hPa Mion >ro>dr no pdep., 7-05  Collision probability eT =~ 0, collision
section driven by cross section (ionosphere)
with
- 273\ 15 1 \05 2 5,2
a=1.73x105~(—> . 6T (14  an= 14— 1], (17)
T Mion 2 12 - g9 - kT - A

Isra€l (1957) further altered this parameterisation by includ- 8 kT
ing the few experimental data available at that time into his Vel = B. (18)
parameterisation. In the derivation of the formula, he used the TT - Mred
value of 1.6 x 1.0_6 cm3 s~! for « for “normal (.:onditions”. eN = 2wN — wl%b (19)
However, he neither included a reference for this nor spec- )
ified the normal conditions. These were probably 273.15K ~ wn=1——-[1—¢™™. - (xn+1)], (20)
and 1013.25 hPa. Furthermore, he stated that the recombina- N
tion of small negative and small positive ions are accompa- and
nied by the recombination of small and big ions as well as 2.dx
small ions with neutrals, so that a whole equation system of XN = ; (21

recombination rates would result. He proposed the slightly
altered parameterisation of the small-ion recombination that
no longer includes the ion mass according to Eq. (15):

273 1.5
a=195%x107°. (T) - ET. (15)

Contrary to previous authors, Israél used the value A -
)Li;]l ~ 3 for air; Gardner (1938) and Loeb (1960) used the
value of 5. Note that in Israél’s work, there is a typing error in
the formula of et: instead of e = 1— % -[1 —e (X + 1)]2,
tlie fraction in front of the brackets was erroneously given as
7z

* Natanson (1959a) (English translation of the original in
Russian: Natanson, 1959b) developed a theory to unify
Thomson’s (low pressure) and Langevin’s (high pressure) ap-
proaches; this formula is given in Eq. (16), assuming two ions
of identical mass:

2 2
T - dy - Vrel - €N - [1 + 4n~ao-dN~(dN+x)-kBT]

2
-eXp (e_)
o= 4m-e0-(dN+A)-kpT (16)

m-80-dg vre1eN-kp T e=-) ’
1+ ;) N Trrrd AT T

2
~[e><p<m) N 1]
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where dy is the ion—ion trapping distance, vy is the mean
relative thermal speed of the ions, en is the probability that
one ion collides with a gas molecule while the other ion is
at a distance < dy (also named “absorption coefficient”), D
is the diffusion coefficient, and mq is the reduced mass in
kg. Note that the use of xN depends on Natanson’s dn in
Eq. (20), which is otherwise identical to Eq. (12); D is the
sum of Dy and D_, the diffusion coefficients of the positive
and negative ion, respectively. Tamadate et al. (2020b) sug-
gested exchanging vre; - D! with the reciprocal of the ion—
ion mean free path, A~ 1 in the first fraction of the denomi-
nator in Eq. (16), based on the definition of A in Eq. (22):

~ L 7 teg \ O b’
A=D-v 4 =(Dy+D_)- S kel ) (22)

where D and D_ are calculated according to Eq. (23a) and
(23b), respectively:

1.75
0 T
D+=D+,0-%-<FO> , (23a)
and
T 1.75
D =D o 2. (X)) |, (23b)
“p \D
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wo - ks To
D+/—,0 = e 5 (24)

where Dy and D_ are the reference diffusivities
calculated from the reference ion mobility at stan-
dard pressure (po=1013.25hPa) and standard tempera-
ture (Tp =273.15K), no, given by Lopez-Yglesias and Fla-
gan (2013) as ;o =1.35 x 1074 m2 Vs~ for the ion mass
of 90 Da. The temperature dependence of 1.75 for D4 _ is
taken from Tang et al. (2014). Note that Lépez-Yglesias and
Flagan (2013) use 72 and the Chapman—Enskog theory pre-
dicts 7'-3 (Chapman and Cowling, 1960).

In the course of time, additional sinks for atmospheric
ions, other than the ion—ion recombination process, have
been discussed. Lenz (1932) explained the strong deviations
observed between several experimentally derived values for
o by the authors’ negligence of losses due to their experi-
mental setups, for example, by wall losses. In addition, the
attachment of ions to aerosol particles suspended in the sur-
rounding gas has been found to cause problems in the quan-
tification of «, especially in field studies performed in the at-
mosphere (Rosen and Hofmann, 1981; Morita, 1983), while
Franchin et al. (2015), who conducted chamber experiments,
included the aerosol sink and wall losses to their calcula-
tions. Furthermore, one has to bear in mind that the capa-
bilities of the instruments and the purity of the gases were
less advanced before the 1950s (Loeb, 1960). Therefore, re-
sults obtained before that time need to be considered with
caution. Nevertheless, the theory of ion—ion recombination
experienced more advances in the following decades as dis-
cussed in the next sections.

3 Binary ion—-ion recombination

In the previous section, the theories and parameterisations
that concern the total ion—ion recombination, i.e. the com-
bination of binary and ternary processes, were discussed.
Commencing in the late 1970s, several groups examined the
binary and ternary processes, respectively, in more detail.
Hickman (1979) developed an approach to determine the bi-
nary recombination coefficient, op. Based on a complex po-
tential model, the neutralisation of two ions of opposite sign
is determined by an electron transfer from the negative to the
positive ion. While the two ions approach one other, the elec-
tron transfer can occur when the potential curve of the initial
state crosses at least one of the potential curves of the final
states. In the semi-empirical Eq. (25), o depends on the tem-
perature T', the reduced mass mq, and the electron affinity
EA of the negative ion, i.e. its electron detachment energy:

T —0.5
@ =535x 1077 [ — .m_ > EAT04, (25)
300

red

where mq is in Da and EA is in eV. Due to the
mass and electron affinity dependencies, the recombina-
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tion coefficient can vary by 1 order of magnitude or
more, e.g. from (49420) x 1078 cm3s™! for NOT +0~
to (4.1£0.4) x 108 cm?s~! for CCIF;r + Cl~ (Hickman,
1979). The temperature dependence is 7~°; the mass de-
pendence of mr_eg‘s is in accordance to Gardner (1938) and
Loeb (1960). The dependence on the electron affinity is
unique compared to the other approaches.

Several experiments were performed to test this deduc-
tion. A recent approach was reported by Miller et al. (2012),
who used the variable electron and neutral density attach-
ment mass spectrometry (VENDAMS) method, utilising a
flowing afterglow/Langmuir probe (FALP) apparatus. This
method is limited to atomic cations from noble gases. Miller
et al. (2012) determined the rate coefficients of neutralisa-
tion reactions of several anions, among them SF, , NO;,
and Bry, with Art and Krt at conditions of 300-550K
and a helium buffer gas number concentration of typically
32x10"%ecm™3 (i.e. 1.3hPa at 300K). They also sum-
marised previous works. The resulting binary ion—ion re-
combination coefficients were found to be in the range of
2.5-5.6 x 1078 cm3s~! at 300K, showing decreasing val-
ues for higher temperatures, with a typical uncertainty of
5x 1072 cm? s~ (Miller et al., 2012). Shuman et al. (2014b)
later pointed out that the rate coefficients involving Ar™
should be increased uniformly by 4 x 10~ cm?®s~!. Miller
et al. (2012) fitted the data to the parameterisation developed
by Hickman (1979), resulting in adapted exponents for T,
Mred, and EA, as shown in Eqs. (26) and (27):

ﬁ red
. EA70‘04:‘:0'23 (26)

T —1.1£0.2
= 32+1.4)x 10—8.< ) - 9-0140.09

for diatomic anions and

—0.5+0.1
red

T —0.9£0.2
%) '

. EA—0.13i0.04 (27)

ar = (2.8+£1.0) x 10—7~(

for polyatomic anions.

Later, the mutual neutralisation reactions of di- and poly-
atomic cations with the halide anions Cl—, I7, and Br™
were also studied (Shuman et al., 2014a). The cations were
produced by transferring the charge from Ar™ to neutral
species such as O, NO, or CF4. It was found that the bi-
nary ion—ion recombination coefficients are primarily gov-
erned by the chemical nature of the system (i.e. the loca-
tions of the curve crossings) for systems with the recombi-
nation of two monoatomic ions, while the physical nature of
the system (e.g. the relative velocity of the ions) becomes
dominant for systems with more than four or five atoms. For
the latter, a good description of the rate constants is given
by 2.7 x 10~"m 9> (7/300)~% (Shuman et al., 2014a), thus
agreeing with the previous findings given in Eq. (27). In
addition, experiments with heavier molecular ions such as
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Clng, WF;F, and C6FT1 support these findings (Wiens et
al., 2015).

While most research in the field has been carried out on the
recombination process itself, some works have also been de-
voted to study the product formation. For instance, Shuman
et al. (2010) investigated the different product channels of
the recombination of SF, , with Art. Besides simple elec-
tron transfer reactions, the elimination of F atoms was also
observed.

Subsequently, further parameterisations of the total ion—
ion recombination coefficient based on laboratory experi-
ments and field measurements in the troposphere and strato-
sphere were developed, as will be discussed in the next sec-
tion.

4 Field and laboratory measurements and
semi-empirical parameterisations

In the late 1970s, Smith and Church (1977) investigated the
different influences of binary and ternary collisions on the re-
combination coefficient. They determined the recombination
rates of NO™ and NOj in an experimental setup for different
temperatures and pressures typical for the atmosphere and
inferred the binary («z) and ternary («3) recombination rates
for different altitudes using helium as the carrier gas. They
found that above 30km, where air is less dense, the binary
recombination is dominant, while below 30 km, where air is
denser and three-body collisions are more likely, the ternary
recombination is more important. For ground level, they de-
termined a rather high value of 3 =3 x 1079 cm? s~!. Inter-
estingly, the total ion—ion recombination rate is almost con-
stant throughout the whole troposphere according to their
work. The value only decreases above 10 km, until an altitude
of about 50 km. With regard to the temperature, they deter-
mined a dependency of 704 from their data for the binary
recombination. For the ternary recombination, they expected
a dependency of T2 to T3, while Fisk et al. (1967) even
determined 7—*! in a recombination experiment with Tl,I*
and TII;, . Smith and Church (1977) have inferred an equa-
tion for the binary recombination from further experiments
(Eq. 28), which was later adapted by Bates (1982) (Eq. 29):

o =68x10"7.7704, (28)
and

g (300\%°
0 =5x10"(==) (29)

Furthermore, Smith and Adams (1982) presented a parame-
terisation valid for the altitude range of 10-60 km based on
the laboratory measurements of binary recombination with
the FALP technique. The resulting parameterisation is sim-
ple because it only depends on the altitude and contains two
terms that represent the ternary and binary recombination,
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respectively, as Eq. (30) shows:

a=163%x10"5.¢"7% +525x 10°8, (30)

where £ is the altitude in km. Johnsen et al. (1994) later dis-
puted their results because they found that the ion-collecting
probes, as used by Smith and Adams, are not suitable to ob-
tain data on ion—ion recombination coefficients in flowing-
afterglow studies.

Bates (1982) criticised that the binary and ternary recom-
bination rates had been erroneously considered to be addi-
tive in previous works, stating that both processes are not
independent of each other. Instead of the binary recombi-
nation rate «p, he defined the enhancement due to the bi-
nary channel, Aay, and calculated o3, Aoy, and the re-
sulting total recombination coefficient, , in a Monte Carlo
(MC) simulation for altitudes between 0 and 40km. In-
terestingly, Smith, Church, Adams, and Bates have never
cited the works of Israg&l (1957) or Lenz (1932). It seems
that the two latter authors have been overlooked, proba-
bly because they published their works in German (how-
ever, Israél’s textbook was translated into English in 1971).
This is especially remarkable since Bates (1982) determined
a to be 1.67 x 107 %cm3s~! at ground level, which is in
striking agreement with Isra€l (1957) (1.6 x 10 %cm3s~ 1)
and Lenz (1932) ((1.740.1)x 10~°cm3s~!). Instead,
Bates referred to Sayers (1938) (2.3 x 10~%cm3s~!) and
Nolan (1943) (1.4 x 1076 cm? s~ 1), whom he regarded as the
first experimenters to quantitatively and accurately determine
o.

At the start of the 1980s, science was in urgent need of cor-
rect and altitude-resolved values for the recombination coef-
ficient. Arnold and Fabian (1980) presented a method to cal-
culate the concentration of gaseous sulfuric acid from mea-
sured concentration ratios of the ambient HSO, and NO3
ions. The recombination coefficient, which describes the sink
for ions, forms part of the formula (see Arnold and Qiu, 1984,
for a more detailed derivation). Until the early 1980s, this
method was the only way to determine the concentration of
trace gases, such as sulfuric or nitric acid, in the different
layers of the atmosphere.

The need for an experimental investigation in the atmo-
sphere was answered by Gringel et al. (1978), Rosen and
Hofmann (1981), and Morita (1983). Gringel et al. (1978)
conducted balloon-borne measurements of the air conduc-
tivity between 4 and 25 km over northern Germany in Au-
gust and October 1976. From the measured air conductivity,
o, the calculated altitude-corrected ion mobility, u, and the
mean of formerly measured ionisation rates, they determined
the ion—ion recombination coefficients for different altitudes
according to Egs. (31) and (32):

q-e*-p?
o= —

= (31)

o
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where
po T

W=po - — - —, (32)
p To

with 19 = 1.3 x 10~*m? V~! s~1. The altitude-resolved val-
ues for g are the means of three independent measurements
between the 1930s and the 1970s, although ¢ varies with the
11-year solar cycle which casts doubt on the validity of the
values in the calculations.

On the other hand, both Rosen and Hofmann (1981) and
Morita (1983) measured the positive ion number concentra-
tion ny directly along with the ionisation rate ¢ in a con-
certed measurement campaign. Thus, Rosen and Hofmann’s
data, being available earlier than Morita’s, were considered
to be the most reliable data at that time because they mea-
sured the relevant parameters simultaneously (Arijs, 1983).
Applying Eq. (2), they calculated « for different altitude lev-
els. Additionally, for altitudes above 32 km, they used the al-
ternative method given in Eq. (31) to calculate «. The derived
data points followed a profile suggested by a theory that ac-
counted for both binary and ternary recombination. The data
points derived with Eq. (31) fit the theoretical predictions
better. However, below 9 km, the derived values for the ion—
ion recombination were unexpectedly large. As the authors
themselves wrote, in the troposphere, the losses of ions due
to aerosol particle attachment have to be taken into account,
otherwise the loss due to ion—ion recombination is overesti-
mated when using Eq. (2); this is why only the values above
9 km are reliable. Nevertheless, these measurements have led
to further adjustments of the parameterisations, such as the
ones by Arijs et al. (1983) and Brasseur and Chatel (1983).
Arijs et al. (1983) presented a formula that contains two
terms, accounting for binary and ternary reactions, as shown
in Eq. (33):

300\ %3 300\ *
a:6x10—8-<7> +1.25><10_25-[M]~(T> , (33)

where [M] is the number density of air molecules in cm™3

(representing the pressure dependence), given by Eq. (34):
[M] =7.243 x 10'8 . (%) . (34)

Independently, Brasseur and Chatel (1983) proposed a very
similar formula that only differs in the factor of the ternary
recombination term (Eq. 35):

300\%° 300\*
a=6x10—8-<7> +6x10_26-[M]~<T> . (35)

Due to the 7~} dependence of [M], the ternary recombina-
tion coefficient ultimately shows a 7> dependence in Arijs
et al. (1983) and Brasseur and Chatel (1983), which is even
stronger than previously discussed. The temperature depen-
dence of 7703 in the binary term is in agreement with Hick-
man (1979) (but not with the more recent parameterisation
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of Miller et al. (2012) that describes a 799 dependence).
The pressure dependence of « is p! in the ternary terms in
Egs. (33) and (35) through the linear p dependence of [M]
(see Eq. 34). A proportional pressure dependence is also ob-
served in some Thomsonian theories (see Sect. 2).

Parallel to Rosen and Hofmann, Morita (1983) conducted
atmospheric field measurements and also found reasonable
results for altitudes above 6km; however, for the above-
mentioned reason, strong disagreement of the observed re-
sults from the theoretically expected ones below 6 km was
found. Bates (1985) synthesised his earlier model results (see
Sect. 6) and the measurements by Morita to define another
parameterisation that is merely dependent on the altitude, as
shown in Eq. (36):

o« =533x1070. 01117 (36)

which is valid for the range of 10-25 km. Below 10km, « is
expected to be constant at 1.7 x 107%cm3s~1.

More recently, Franchin et al. (2015) reported experimen-
tal data for the recombination coefficient for atmospheric
conditions. They have examined the dependency of « on the
temperature, relative humidity (RH), and the number con-
centrations of sulfur dioxide [SO>] and ozone [O3] in a se-
ries of chamber experiments. Their experimental setup did
not allow for pressures below 1013 hPa, therefore, it is not
directly possible to derive new insights with regard to pro-
cesses in the upper troposphere or stratosphere. However,
they did show that « is dependent on RH; with increas-
ing RH, the recombination coefficient decreases. At 70 %
RH, « is 2.0 x 10~%cm3s~!, which is within the known
range of uncertainty; however, for 7% RH, it is as high as
8.1 x 1076 cm?s~! (both at 293.15K). They convincingly
explain this by an increase in ion sizes with increasing RH.
With a higher humidity, more water ligands are added to the
ion cluster, and thus its size and mass increase while its mo-
bility decreases. This effect could not be reproduced quan-
titatively by any theory (Franchin et al., 2015). Their data
also revealed the temperature dependence of «: at 293.15K,
the value was (2.3 +0.7) x 107 %cm3 s~ ! and, at 218.15K,
it was (9.7+£1.2) x 107%cm?s™! (both at 40 % RH). Un-
fortunately, the standard deviations of the data points are
large, thus any temperature dependence derived from the
four data tuples is inaccurate in itself. Nevertheless, we de-
rived a temperature dependence of 773 from their data. This
is in a similar order of magnitude to the findings of Smith
and Church (1977) (T =23 to T73) and is still comparable
to Arijs et al. (1983) and Brasseur and Chatel (1983) (both
teams: 7~°) for the ternary recombination, considering that
ternary recombination is the predominant process at atmo-
spheric pressure. Besides this, the recombination coefficient
was found to be independent of [O3] and [SO»].

After 1985, no further improvements of the parameterisa-
tion for direct application in the atmosphere have been made.
One reason could be that the need for this value has be-
come less urgent, since, from that year, trace gases could be
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measured directly in their neutral forms (Arnold and Hauck,
1985). In addition, most of the parameterisations were in
good accordance for the altitude range of 10—40km (Arijs,
1983) so that no further improvement appeared to be neces-
sary. As yet, for the troposphere, experimental validation of
the parameterisations remains open until this day. The best
estimate available is the assumption that & remains constant
between 0 and 10 km due to the cancellation of the oppos-
ing temperature and pressure effects. However, theories con-
cerning the ion—aerosol attachment have been further devel-
oped. The most important theories and their applicability to
the ion—ion recombination will be discussed in the next sec-
tion.

5 Application of ion—-aerosol theories

Apart from ion—ion recombination, the analogous process of
ion—aerosol attachment was further studied as well. For in-
stance, Natanson (1960a) (English translation of the original
in Russian: Natanson, 1960b) expanded his approach to the
attachment of ions to particles. In general, the ion—ion re-
combination can be considered as a special case of the ion—
aerosol attachment, i.e. when the radius of the aerosol parti-
cle is reduced to ionic sizes. While in many ion—ion recom-
bination theories, the concept of the three-body collision ra-
dius, or trapping radius, d, can be found, many ion—aerosol
theories additionally use the concept of the limiting sphere,
8. The limiting sphere and its radius are defined slightly dif-
ferently depending on the theory. With Fuchs (1963), it is
defined as a concentric sphere around the particle with the
radius 8g =rp + A/, where rp, is the particle radius and 1" 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, A’ is not equal
to the mean free path of one ion, Aiop, or the ion—-ion mean
free path, A. Hoppel and Frick (1986) define it 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 re-
combination, the limiting sphere can be defined as the sum
of the ion—ion three-body trapping distance and one mean
free path (see Eq. 45), as depicted in Fig. 1.

In Fig. 1a, an ion (white circle) approaches the ion in the
centre (black circle) which has the opposite charge. The ap-
proaching ion experiences its last collision with a neutral gas
molecule approximately one mean free path away from the
trapping sphere (i.e. on the surface of the limiting sphere
according to Hoppel and Frick’s definition). When enter-
ing the limiting sphere, the white ion collides with another
neutral gas molecule on the surface of the trapping sphere.
This process is also called three-body trapping, because the
gas molecule, which is the third body, “traps” the white ion
inside the trapping sphere of the centre ion. However, not
all of these collisions lead to the recombination of the two
ions. The probability for an ion to collide with a neutral gas
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(a) P O (b)

Figure 1. Schematic representation of the limiting sphere, based
on Hoppel and Frick (1986), Lépez-Yglesias and Flagan (2013),
and Tamadate et al. (2020b). The black circle in the centre rep-
resents an ion and the white circle represents an ion of opposite
sign, while the grey circles represent neutral gas molecules. The in-
ner dotted circle with the radius d is the ion—ion trapping sphere,
while the outer dotted circle with the radius § =d 4 A describes
the limiting sphere. The spheres are defined differently in various
theories; this schematic representation depicts the theory of Hop-
pel and Frick (1986). (a) The approaching white ion experiences
its last collision with a neutral gas molecule outside the ion—ion
trapping sphere, here, one mean free path away from the surface of
the trapping sphere. (b) The white ion collides with another neutral
gas molecule, this time leading to it entering the trapping sphere,
i.e. being “trapped”. In case 1, it collides and subsequently recom-
bines with the black ion of opposite sign. In case 2, no ion—ion colli-
sion and recombination occur and the white ion leaves the trapping
sphere.

molecule is accounted for in many theories. Two possible
outcomes of the third-body collision are shown as cases 1
(collision) and 2 (non-collision) in Fig. 1b.

Tamadate et al. (2020b) provided a comprehensive review
of those theories and their application to the ion—ion recom-
bination in the introductory part of their work. For the sake
of completeness and to identify the potential of these ap-
proaches for their application to the lower atmosphere, the
most important concepts and formulae are given in the fol-
lowing paragraphs.

In Fuchs’s theory, outside the limiting sphere, continuum
equations are used, whereas inside the sphere, kinetic the-
ory is applied because steady-state, rather than equilibrium
conditions, are valid (Fuchs, 1963; Hoppel and Frick, 1986).
Coulomb as well as image forces are taken into account in
this theory, but no third-body processes. The radius g of the
limiting sphere is given in Eq. (37) (Fuchs, 1963), based on
considerations by Wright (1960):

3 5 2

r 1 A 1 A
Sp = <ol _.<1+ ) — 1+ ==

)"2 5 rCOll 3 r(%oll

N 5\ 25
(1+ )‘>+2 112 (37)
Teoll 15 rfoll '

where rco1 1s the collision radius, which is the sum of both
ion radii (originally, the particle radius rp).
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Although Fuchs (1963) did not provide a formula for «
himself, Tamadate et al. (2020b) have used Fuchs’s approach
to derive the ion—ion recombination coefficient, shown in
Egs. (38) to (40):

o (D4 +D_)- e
— _ 2
go-kpT - [1 —exp (W)]
-1
Di+D_)-&2
1+ D+ ) 2 > 39
og - &Q - kBT . [exp (47‘[~€0'€kBT'5F) - 1]
where
SkBT 0.5
ags (reon) =7 -1, czou' ( > ¥ (reon), 39)
TT - Mred
and
o) =1+ ——© - 0
. = 1 o .7\~ < )
Y Ueoll 4w - g0 -kgT Teoll I

where o is the ion—ion collision rate coefficient at the limit-
ing sphere surface.

However, there are two main problems with the theory of
Fuchs (1963). Firstly, it ignores the three-body trapping, i.e.
collisions of the two ions (or the ion and the particle) with
neutral gas molecules (Hoppel and Frick, 1986; Tamadate et
al., 2020b). Hoppel and Frick (1986) showed that Fuchs’s
theory would lead to an ever-growing underestimation of
the attachment coefficient for decreasing particle radii (e.g.
4.4 x 1077 cm?s™! for a 1 nm radius) due to the negligence
of the three-body trapping. Three-body trapping becomes in-
creasingly more relevant for aerosol particles approaching
ionic sizes (or when two ions recombine) and when the pres-
sure is relatively high, as is the case in the lower atmosphere.
Secondly, an ion entering the limiting sphere of another ion
with the opposite sign does not follow the thermal equilib-
rium distribution; instead, the equilibrium ion drift velocity,
v = wE, in the direction of the ion in the centre of the limiting
sphere needs to be considered (Gopalakrishnan and Hogan,
2012; Tamadate et al., 2020b).

Similarly, Tamadate et al. (2020b) derived « using the the-
ory of Filippov (1993), who had examined the ionic charg-
ing of small aerosol particles with respect to the Knud-
sen number, which was also based on the considerations of
Fuchs (1963). Tamadate et al. (2020b) presented Eq. (41) that
defines the ion—ion recombination coefficient and which al-
ready includes the collision probability for ions entering the
limiting sphere, &5, and is independent of «s:

47 -(Dy+D_)-8-Ws
o =
1 —exp(=¥s)

TN0S 2 —gs Wy -1
11+5) Kny——>— | (4]
2 &s exp(Ws)—1
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with
Wy = ¢ (42)
T 4x eo kgT -8’
and
D, +D_
Kng = (Mred) . Pet Do 43)
kgT I}

where W;s is the ratio of Coulomb and thermal energy at the
limiting sphere surface and Kng is the Knudsen number for
the limiting sphere. To obtain ¢5, Tamadate et al. (2020b)
performed molecular dynamics (MD) simulations that will
be described in the next section.

Subsequent to Fuchs, Hoppel and Frick (1986) devel-
oped a theory for ion—aerosol attachment based on Natan-
son (1960a), Keefe et al. (1968), and Hoppel (1977) that uses
the limiting sphere approach and includes image forces and
three-body trapping.

Hoppel and Frick (1986) defined limiting sphere radii for
both effects as well as for their combination, which indicate
the maximum distance for which the ions would recombine
with a particle given the respective effect(s). Since the colli-
sions with a third body (i.e. a gas molecule) only occur with
a certain probability within the limiting sphere, this probabil-
ity needs to be taken into account in a similar way as in the
Thomson theory. Hoppel and Frick (1986) show that image
forces are not relevant for the case of ion—ion recombination
or for ion—particle attachment when the particle diameter is
small (< 40 nm). For this condition, they define the limiting
sphere radius, dyF, as the sum of the ion—aerosol three-body
trapping distance, di,, and the ion—ion mean free path accord-
ing to Eq. (44):

SHF = dja + A. (44)

The value for the attachment coefficient of a singly charged
particle smaller than 2nm in radius and an ion of oppo-
site sign reported by Hoppel and Frick (1986) approaches
1.3 x 107%cm? s, and thus approaches the ion—ion recom-
bination coefficient itself. Therefore, by applying Eq. (44) to
ion—ion recombination, one can derive Eq. (45) where the
ion—aerosol trapping sphere dj, is replaced by the ion—ion
trapping sphere dyr (see also Tamadate et al., 2020b):

SHF = duF + A. (45)

In the following discussion we want to briefly outline how
the Hoppel and Frick method is used to determine the ion—
aerosol attachment coefficients. Their method does not pro-
vide any means of accurately calculating the ion—aerosol
trapping distance from theory. Therefore, they adopt the
theory by Natanson (1959a) to derive the ion-ion trap-
ping distance from a measured ion—ion recombination co-
efficient and certain ion properties (they take the value of
a=1.4x10"%cm?s~! from Nolan, 1943). The value of the

https://doi.org/10.5194/acp-22-12443-2022



M. Zauner-Wieczorek et al.: The ion—ion recombination coefficient a

ion—ion trapping sphere distance can then be used to cal-
culate the ion—aerosol trapping sphere distance. Since the
method by Hoppel and Frick (1986) was explicitly developed
to determine ion—aerosol attachment coefficients, it is not
directly suitable to determine ion—ion recombination coef-
ficients. One important application for the Hoppel and Frick
theory is the calculation of equilibrium charge distribution of
aerosols as a function of the particle diameter. The knowl-
edge of the charged fractions (as a function of diameter
and the number of elementary charges) are important for
aerosol size distribution measurements with differential mo-
bility analysers after the aerosol is “neutralised” by passing
a strong ion source with high concentrations of bipolar ions
(e.g. Wang and Flagan, 1990). The fact that the method by
Hoppel and Frick (1986) does not include any means of cal-
culating the ion—aerosol or the ion—ion trapping distance di-
rectly was also discussed by Tamadate et al. (2020b). They
highlight that the effect of changing pressure and temperature
on the trapping distance is not taken into account. Neverthe-
less, Lopez-Yglesias and Flagan (2013) have improved some
approximations made by Hoppel and Frick (1986) and de-
veloped a model to calculate the ion—aerosol attachment for
aerosol particles of different sizes and charges. The amend-
ment of using Maxwellian speed distributions for the ion and
the colliding gas molecule instead of fixed average speeds
led to the most significant of the deviations from Hoppel and
Frick’s model.

Tamadate et al. (2020b) provided a set of formulae in or-
der to calculate the ion—ion recombination rate after Hoppel
and Frick, also using Eq. (38). However, the ion—ion colli-
sion rate coefficient o5 at distance § is defined differently for
Hoppel and Frick, and is given in Eq. (46). Here, the ion—ion
collision rate «; is not directly dependent on the collision ra-
dius rcon (cf. Eq. 39), but on the ion—ion trapping distance
dyrp. Furthermore, the additional probability factor for ions
entering the trapping sphere, ¢4, is introduced to the ion—ion
collision rate:

kT \05
aa(dHF)=7T'd£1F'< > d) -y (duF) - &4, (46)
° re
with
) =14 — L1 @7)
Y AGHE) = A gy -kgT dgr O/’
22 —2 -dygr - cosf
eqg=1— s (l—exp| ———
2-dpy A
2-d
.<1+ F .cose>>, (48)
b
6 = sin™! (-) , (49)
dur
and
b 1y L (50)
= Fion ¢ _— . —— ),
on 32-kgT -e9 \rcon dur
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where 6 is the critical angle to enter the trapping sphere
and b is the critical collision parameter (Tamadate et al.,
2020b). Again, to obtain a value for «, one needs to know
the given trapping sphere radius, dyr. However, to determine
dur, Hoppel and Frick used a known ion—ion recombination
coefficient. This circular logic arises because we divert their
theory that is meant to determine ion—aerosol attachment pro-
cesses to ion—ion recombination processes. Nevertheless, it
can be tested to calculate o for different altitudes of the at-
mosphere by keeping a constant value for dyr while varying
T and p.

6 Numerical simulations

Tamadate et al. (2020b) highlight the fact that there is no sin-
gle calculation approach that yields accurate ion—ion recom-
bination rates for a wide range of pressures, temperatures,
gas compositions, and ion chemical compositions. This de-
ficiency motivated their development of a so-called hybrid
continuum-MD approach. This method couples the limiting
sphere method, when the two ions are sufficiently far apart
from each other and their motion is controlled by diffusion,
with MD simulations that model the ion motions within a
critical distance §. The calculations are applied to a system
where NHZ and NO, ions recombine in helium at 300K
under varying pressure. Collisions between the ions and neu-
tral gas molecules are taken into account. Excellent agree-
ment is found when the model results are compared with
the laboratory measurements at two different pressures (Lee
and Johnsen, 1989). The equation for calculating the ion—
ion recombination coefficient (Eq. 41) is derived from Filip-
pov (1993). For their test case, Tamadate et al. (2020b) show
that the limiting sphere distance suggested by Fuchs (1963)
(8, see Eq. 37) can be used as the initial distance between
the two ions when the MD simulations commence. For larger
distances, the calculated recombination rates do not change,
demonstrating that the proposed method is independent of
the choice of the limiting sphere radius, as long as it is suf-
ficiently large. The quantity that is determined by the simu-
lations is the probability, €5, that a successful collision oc-
curs when the initial speeds of the ions in 3D are drawn
from probability density functions based on Boltzmann dis-
tributions. A collision is defined as being successful if the
distance between the two ions gets smaller than a threshold
value, whereas it is not successful if the distance eventually
exceeds §p. Especially for low pressures (and correspond-
ingly large &f), €5 can become very small, hence it requires
many simulations for achieving results with small statistical
errors. The MD simulations require, in addition, Lennard-
Jones parameters and partial charges on atoms as input vari-
ables. In a separate publication, Tamadate et al. (2020a) ap-
ply their continuum—MD approach to a system where pos-
itively charged polyethylene glycol ions (1 to 7 charges,
mass of 4600 Da) recombine with NO, ions in nitrogen.
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The comparison between the experimentally determined re-
combination rates and the calculated ones indicates that they
agree within a factor of 2. These results show that the hy-
brid continuum—MD approach is well suited to yield accurate
ion—ion recombination rates for a wide range of applications
and conditions, including studies of the different layers of the
atmosphere.

Numerical simulations using MC methods have been an-
other powerful tool for gaining insights into ion—ion recom-
bination or ion—particle attachment rates and their dependen-
cies on parameters such as gas pressure and temperature. In
contrast to the MD simulations, the ion—ion and the ion—
neutral interactions are generally much more simplified, e.g.
the collisions with neutral gas molecules are treated by the
use of random numbers for the collision frequencies, ener-
gies, and angles. In the majority of cases, the collisions are
treated as elastic, while spherical geometry is assumed for
the collision partners. The first MC calculations to include
three-body trapping were conducted by Feibelman (1965),
who found good agreement with a measured recombina-
tion rate. Later, MC simulations studied the recombination
in oxygen for varying pressure from zero pressure, i.e. for
the binary condition, up to approximately 1000 hPa where
ternary recombination is clearly dominant (Bates and Men-
das, 1978). The results showed that the ion—ion recombi-
nation rates peak between 1000 and 2000 hPa, as expected
from theory. Besides the pressure dependence of the recom-
bination rate, Bardsley and Wadehra (1980) also studied the
temperature dependence using MC simulations. The results
indicate a dependence stronger than 7> for low pressures
and a strongly reduced temperature dependence for pressures
above approximately 5000 hPa. Bates (1982) reported ion—
ion recombination rates calculated with an MC model for the
atmospheric conditions ranging between 0 and 40km alti-
tude, which agree well when compared to the values from the
balloon measurements (see Sect. 7.1). Filippov (1993) devel-
oped an MC model for the charging of aerosol particles. The
numerical results show fairly good agreement with the mea-
sured values in the range of 5 and 80 nm when using either
air or helium as the neutral gas.

7 Comparison of the parameterisations and theories

In Table 2, all theories, parameterisations, field and labora-
tory data sets, and model results discussed in the previous
sections are listed for a better overview. In the following sec-
tions, they will be addressed by the abbreviations listed in
Table 2. In order to determine the most suitable single for-
mula to determine the ion—ion recombination coefficient for
different altitudes, we compare the above-mentioned param-
eterisations and theories to the field, laboratory, and model
data.
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7.1 Comparison to field and model data

In a first step, the parameterisations and theories were
compared to the field and model data. The tempera-
ture, pressure and air density data of the US Stan-
dard Atmosphere were used here (National Oceanic
and Atmospheric Administration et al., 1976). Further-
more, we used the parameters mion =m4 =m_ =90Da,
no=1.35x10"*m?V~!s~! (Lépez-Yglesias and Flagan,
2013), dyr = 18 nm for HF86 (the proposed value of Hop-
pel and Frick (1986) for an ion of 90 Da, assuming an ion—
ion recombination coefficient of 1.7 x 107 cm? s’l), and
EA =3.94 eV (Weaver et al., 1991). r.o;1 Was calculated ac-
cording to Eq. (A1). The results are plotted in Fig. 2. Here,
the y axes represent the altitude # and the x axes represent
the ion—ion recombination coefficient . In Fig. 2a to d, the
field measurements Gr78, RH81, and Mo83 are shown for
better comparability. Note that the data are inaccurate be-
low 10km. For RHS81, there are two data sets for altitudes
above 32km: one is calculated based on Eq. (2), the other
one is based on Eq. (31). 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 in-
strument that were not accounted for; however, these remain
the most reliable data from field measurements available to
this day. The challenge for the theories and parameterisations
is to accurately determine the ion—ion recombination coef-
ficient for the different regimes: the ternary recombination
regime between 0 and approximately 25 km, the transition
regime between 25 and approximately 40 km, and the binary
recombination regime above 40 km. Note that the binary the-
ories (i.e. Fu63, Hi79, and Mil2) are therefore only plotted
above 40 km altitude.

In Fig. 2a, the Thomsonian theories (Ga38, Lo60, Is57,
and Na59) are depicted. In Fig. 2b, the semi-empirical ad-
justments to the Thomson theory (Ar83 and BCS83) as well
as the MC simulation (Ba82) are shown and in Fig. 2c, the
binary complex potential models (Hi79 and Mil2) as well
as the solely altitude-dependent parameterisations (SA82 and
Bag5) are plotted. Figure 2d shows Fu63 and HF86, the ion—
aerosol attachment theories that are applied to the ion—ion
recombination. Figure 2e provides an overview of the most
relevant theories and data sets for an altitude range of up to
12 km with a linear x scale, whereas the other subplots use a
logarithmic x scale.

The Thomsonian theories (Ga38, Lo60, Is57, and Na59;
see Fig. 2a and e) all show a similar behaviour; from ground
level up to 11 km (tropopause), the « value slightly increases,
and above 11 km, it decreases more strongly. Above 16 km,
Ga38, Na59, and Lo60 yield almost the same values, while
Is57 yields lower values throughout the stratosphere. Close
to the ground, Ga38, Lo60, and Is57 predict « values identi-
cal or close to 1.7 x 1070 cm3 s~!, whereas it is slightly el-
evated for Na59. Comparing these theories to the field data,
Is57 shows a striking agreement in the altitude range of 11—
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Table 2. List of all theories, parameterisations, data sets, and models used for comparison.

Study

Abbr.

Formula (for parameterisations)/range (for data sets)

Theories and parameterisations

s (23\'" (L1 \%
Gardner (1938) Ga38 a=19x1075. (—) . (m) e Egs. (10) to (13)
s (a\1S [ g \0S
Loeb (1955, 1960) Lo60 a=1.73x10 (T) (m) - e1(Tp) Egs. (14) and (11) to (13)
1.5
Israél (1957, 1971) 557 a=1.95x10"0. (%) -e7(Tp) Egs. (15) and (11) to (13)
2 ez'Aion
T dN “Vrel * €N - [1 + 471-80~dN-(dN+Mon)~kBT]
“exp (#
Natanson (1959a) Nas9 a= S o7 fo-(nthion) BT/ Egs. (16) to (21)
1+ 77-80-d Vrel"NkB T T+ €% Aion
e2.D 47 -g0-dn-(dN+hion) kBT
2
’ [exp (477'80'(dNe:|')\ion)'kBT) B 1]
~ - _ 7 (1% 05 pa—04
Hickman (1979) Hi79 o =535x10""-( 555 “mq” -EA Eq. (25)
: : 7 (1 \ % 05 La—013 I,
Miller et al. (2012) Mil2  «ap=28x10""- (ﬁ) sm_ g -EATH For polyatomic anions, Eq. (27)
Smith and Adams (1982) SA82 a=163x1073. e_% +5.25% 1078 Valid from 10 to 60 km, Eq. (30)
0.5 4
Arijs et al. (1983) Ar83 a=6x10"8. (@) +1.25x 1072 . [M]- (@) Egs. (33) and (34)
0.5 4
Brasseur and Chatel (1983)  BC83 o =6x 1075+ (¥2)™ 46 x 10726 M) (3?) Egs. (35) and (34)
Bates (1985) Ba85 a=5.33x1070.=0111:A Valid from 10 to 25 km, Eq. (36)
(D++D,)»62
2
e kB T| 1—exp| g frse
Fuchs (1963) Fu63 = [ @ fj,) % 3 Egs. (38) to (40) and (37)
1+ =Je
a54504kBT-|:cxp(W>—li|
Hoppel and Frick (1986) HF86  see Fu63 Egs. (38), (37) and (46) to (50)
Field data
Gringel et al. (1978) Gr78 « derived from measurements of ¢ and o at 4-30 km
Rosen and Hofmann (1981) RHS81  « derived from measurements of ¢ and n4 at 2-36 km and of ¢ and o at 32-45km
Morita (1983) Mo83  « derived from measurements of g and n4 at 3-35km
Laboratory data
Franchin et al. (2015) Fr15 «o(T) for RH = const. and «(RH) for T = const.; o ~ T3 (approximately)
Model data
Bates (1982) Ba82  Monte Carlo simulation of a3, Awp and « for 0—40 km in 5 km steps

22 km. However, none of the theories predict the slower de-
crease and asymptotic approach towards a constant value due
to the binary recombination predominating over the ternary
process. Apparently, the binary process is not sufficiently
taken into account in these theories, thus, their validity is
limited to the altitude range of 0-22 km. However, within this
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range, the parameterisation of Is57 yields the most promising
results.

The MC simulation Ba82 (see Fig. 2b and e) reproduces
the ground-level value of 1.7 x 107%cm?s~! and yields al-
most constant values for 0, 5, and 10 km altitudes, while de-
creasing above 10km, reproducing the field data with re-
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Figure 2. Altitude profiles of theories and parameterisations (solid lines), field data (grey symbols), and model simulations (purple triangles)
of the recombination coefficient « for conditions of the US Standard Atmosphere. Panels (a—d) depict altitude profiles up to 50 km with a
logarithmic x axis; the field data are depicted in all panels for better comparability. Panel (e) shows altitude profiles up to 12 km with a linear
x axis. The meanings of the labels are listed in Table 2. See text for more details.

markable agreement. The semi-empirical parameterisations
Ar83 and BC83 (see Fig. 2b and e) contain both a binary
and a ternary recombination term and were developed to re-
produce the data set of RH81; BC83 does so between 11
and approximately 20 km, while Ar83 reproduces the data
set between approximately 20 and 35 km. Moreover, BC83
predicts a ground-level value of 1.9 x 10~¢cm3s~! for a,
which is much closer to the expected value than that of
3.8x107%cm3s™! by Ar83. Close to 50km, both param-
eterisations approach a similar value because their binary
term is identical and becomes increasingly more dominant
at higher altitudes. The strong deviations, especially in the
troposphere, show that small changes in the prefactor of the
ternary term can have substantial effects on the resulting re-
combination coefficient. For altitudes above 25 km, Ar83 can
be chosen to parameterise the ion—ion recombination coeffi-
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cient because it reproduces the field data sufficiently well. It
is worth noting that BC83 and Ar83 both have a strong tem-
perature dependence of 7>, while the Thomsonian theories
have a much weaker temperature dependence of 771, al-
though they do still yield similar results in the troposphere.
The solely altitude-dependent empirical parameterisations
SA82 and Ba85 (see Fig. 2c and e) are valid from 10 to
60 km and from 10 to 25 km, respectively. The Ba85 param-
eterisation, indeed, reproduces the field data of RH81 well
within this range, while Sa82 overestimates the recombina-
tion coefficient below an altitude of 30 km but fits the field
data reasonably well between 32 and 45 km; this is because
it features the slower decrease of « for increasing altitudes
above 30km where the binary recombination process pre-
dominates. Given their solely empirical nature and their lim-
ited validity ranges, these two parameterisations appear to be
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useful in applications where only information about the alti-
tude is available but knowledge of the temperature or pres-
sure is lacking.

The two binary theories Hi79 and Mil2 (see Fig. 2c, only
shown above 40 km altitude) yield lower recombination co-
efficients than the field data while still being in the same or-
der of magnitude as SA82, Ar83, and BC83. However, as the
data coverage is scarce above 35 km altitude, it is difficult to
compare these theories to the field data and draw appropriate
conclusions.

The two ion—aerosol attachment theories Fu63 and HF86
(see Fig. 2d and e), when applied to the ion—ion recombina-
tion process, do not reproduce the field measurements. While
Fu63 only accounts for the binary recombination process and
is therefore only shown in the binary regime, i.e. above 40 km
altitude, it yields reasonable results with values for « that
are only slightly lower compared to the field data. On the
other hand, HF86 yields results that are in the correct order
of magnitude within the troposphere; however, the o value of
2.9 x 107%cm? s~ at ground level is higher than expected.
Within the stratosphere, one can observe the increasing dom-
inance of the binary recombination process in HF86 with in-
creasing altitude since the curve approaches a constant value,
as seen in other theories discussed above. The recombination
coefficient is in excellent agreement with the field data above
30 km altitude, however, it is underestimated between 15 and
25 km. One possible source for these inaccuracies could be
the assumption of a constant value of 18 nm for the ion—ion
trapping sphere radius dy; in other theories, this value is de-
pendent on 7" and/or p. An altitude-dependent trapping dis-
tance may improve the performance of HF86 (see Sect. 8).

In summarising the intercomparison, it becomes obvious
that there is no theory that can accurately reproduce the
known ground-level value for the recombination coefficient
o as well as the field data between 10 and 45 km altitude.
Within the troposphere, it is reasonable to assume that the
recombination coefficient remains almost constant due to
the counterbalancing temperature and pressure effects. In
the stratosphere, on the other hand, it decreases, although
the decline lessens in the upper stratosphere, approaching
an almost constant value at the top of the stratosphere. For
altitudes between 0 and 22km, the Thomsonian parame-
terisation Is57 most accurately reproduces the ground-level
data and the field data. The semi-empirical parameterisation
BC83 yields similar results in this altitude range, although
it misses the exact values slightly. The Thomsonian theo-
ries and the semi-empirical parameterisations show similar
results to each other in the troposphere despite having very
different temperature dependencies in the ternary term. Be-
tween 10 and 25 km, Ba85 reproduces the field data of RH81
accurately, however, its application is limited because it is
only dependent on 2 and does not contain physical infor-
mation about the p and 7 dependencies. Above this altitude
range, the picture is more complicated. Field data coverage
above 35 km is sparse, hence it is difficult to judge the perfor-
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Figure 3. Parameterisations and theories (solid lines) and labora-
tory data (circles; dotted lines to guide the eye) of the recombina-
tion coefficient « versus T for the temperature range of 213-298 K.
The meanings of the abbreviated labels are listed in Table 2.

mance of the different theories and parameterisations. Based
on the available field data, HF86 shows the best performance,
followed by Ar83 and SAS82, although both parameterisa-
tions come with certain constraints: the ternary term of Ar83
has a weak performance below 25 km; SA82 is solely depen-
dent on & and contains no physical information about 7 and
p, similar to Ba85. This intercomparison ultimately shows
that the question regarding an accurate parameterisation or
theory of the recombination coefficient « for the troposphere
and stratosphere is not yet solved and further research is nec-
essary in the future.

7.2 Comparison to laboratory data

In a second step, the parameterisations and theories are com-
pared to the constant-pressure (1013.25hPa assumed) and
temperature-dependent (218.15-293.15 K) data set reported
by Franchin et al. (2015). Here, only theories and parame-
terisations are used that include the temperature as a param-
eter and account for the ternary recombination mechanism
(i.e. Ga38, Is57, Na59, Lo60, Ar83, BC83, and HF86). Pa-
rameterisations that predict o based solely on the altitude or
only describe the binary recombination mechanism are there-
fore excluded (i.e. Fu63, Hi79, SA82, Ba85, and Mil2). We
used the same parameters as in the previous subsection. The
result of the intercomparison is shown in Fig. 3. For Frl5,
there is a general trend towards higher recombination coeffi-
cient values for lower temperatures, although the fluctuation
is comparably strong. One should be mindful of the possi-
ble sources of error from wall losses in the aerosol chamber
and sampling-line losses of the Neutral cluster and Air Ion
Spectrometer (NAIS), the instrument used to determine the
mobility distribution of the ions from which the ion—ion re-
combination rate could be derived. The reported uncertain-
ties for o can be as high as 30 % (Franchin et al., 2015).
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All theories and parameterisations agree within a rea-
sonable range at ground-level temperatures (270-300 K).
This is especially the case for the Thomsonian theories
Ga38, Is57, Na59, and Lo60; in Ga38, Is57, and Lo60, al-
most the same values are yielded throughout the consid-
ered temperature range. However, the Thomsonian theories
differ tremendously from the semi-empirical parameterisa-
tions (Ar83 and BC83) for tropopause temperatures (around
220K). The weaker temperature dependence (7~'-) of the
group — Ga38, Is57, Na59, and Lo60 — results in a negligi-
ble increase of « with decreasing temperatures. The labora-
tory data of Fr15, on the other hand, show a stronger 7' de-
pendence (around 7 ~3) that is best reproduced by Ar83 and
BC83. These parameterisations assume a 7> dependence
for the ternary recombination that is dominant at ground-
level pressure; BC83 appears to reproduce the data points
slightly better than Ar83. For 278 and 293 K, HF86 is in the
same range as Frl5, although it yields much lower values
for 248 K compared to Fr15. However, HF86 shows an un-
expected behaviour below 230 K, with fluctuating o values
that can even become negative. This feature occurs at differ-
ent temperatures, depending on the input chosen for the ion
masses.

In summary, all considered theories and parameterisations
can reproduce the laboratory data for warm temperatures
(270 and 300 K), while only BC83 and Ar83 can reproduce
the « values for colder temperatures (218 and 248 K) be-
cause their temperature dependence is more similar to the
temperature trend in Fr15. The Thomsonian theories (Ga38,
Lo60, Is57, and Na59) only show a weak reaction to reducing
temperatures, while HF86 displays an unexpected behaviour
within the temperature range considered here.

Franchin et al. (2015) have additionally used the model
by Lépez-Yglesias and Flagan (2013) to simulate the ion—
ion recombination coefficient for the discussed temperature
range. This model describes the ion—aerosol attachment co-
efficient, although it can also be applied to the special case
of two ions recombining. However, the model is unable to
reproduce the measured data in the low-temperature regime
(Franchin et al., 2015).

8 Determination of the ion-ion trapping distance
and the collision probability in the limiting sphere

As discussed in the previous section, the ion—ion trapping
sphere radius d is an important parameter in the process of
the ion—ion recombination. It is connected with the recom-
bination rate o according to Eq. (16) (Natanson, 1959a). In
order to find the values for the ion—ion trapping radius as a
function of pressure and temperature from the measured ion—
ion recombination rates (Rosen and Hofmann, 1981; Morita,
1983; Gringel et al., 1978), the equation needs to be solved
for dy. Since this cannot be done analytically, it is performed
numerically using the Newton—Raphson method. The results
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are listed in Table B1 and shown in Fig. 4a as an altitude
plot, where each data point for d is based on the measured
«. Only o values above 10 km are considered due to the er-
roneous determination of the ion—ion recombination coeffi-
cient below 10km, as discussed previously. The values for
the temperature and pressure are taken from the US Stan-
dard Atmosphere (National Oceanic and Atmospheric Ad-
ministration et al., 1976). The reference value for the elec-
trical mobilities, g, for the conditions of 288.15K and
1013.25hPa is 1.3 x 107*m? V~!s~! for Gr78 and Mo83,
whereas 1.5 x 107*m? V~!s~! is used for the RH81 data
set. The mobility values, u, were adjusted for temperature
and pressure according to Eq. (32), with a reference temper-
ature of Tp =288.15 K. For the calculations, it is further as-
sumed that the masses are 90 Da for both the positive and
negative ions (see Sect. 7).

All data sets yield similar results for d (see Fig. 4a). The
resulting values of d show an increasing trend with altitude;
this trend is approximately linear for a logarithmic x axis. A
linear fit of all data points using a logarithmic x axis yields
the altitude-dependent parameterisation given in Eq. (51) and
a multivariate fit is performed to determine the 7" and p de-
pendencies (see Eq. 52):

h—(468+15)

d(h) = 107855220 . 51)
7\ 19£04
d(T,p)=(1.9£0.3)x107%. <_>
To
—0.19+£0.02
(A o

It is not possible to extrapolate the parameterisations beyond
the input data range of 10—45km. Especially in the tropo-
sphere, the temperature trend is opposite to the one in the
stratosphere, while the pressure trend is the same. Thus, a
conclusion for the altitude range of 0—10 km cannot be drawn
from these calculations. Furthermore, the significance of the
pressure- and temperature-dependent fit is limited because
the temperature only changes by approximately 15 % be-
tween 10 and 45 km altitude which could lead to imprecise
results in the temperature dependence.

The gained values for the altitude-dependent Eq. (51) are
15 nm for 10 km, 22 nm for 20 km, and 57 nm for 44 km. The
values for the temperature- and pressure-dependent Eq. (52)
are similar: 17 nm for 10 km, 21 nm for 20 km, and 59 nm for
44 km. These results are in contrast to the values calculated
for Na59 according to Eq. (17) (see Fig. 4a). Natanson’s trap-
ping distance dy is 15 nm at O km altitude, 22 nm at 10km,
and 29 nm at 20 km, reaching a maximum of 30 nm at 30 km;
above this altitude, dy decreases again, with a value of 27 nm
at 44 km. For HF86 on the other hand, dyF is assumed to be
constant at 18 nm. The divergence of the numerical deter-
mination presented here, the calculation according to Natan-
son’s formula, and the constant value of Hoppel and Frick
highlight that the determination of d is anything but trivial;
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Figure 4. Altitude plots of the (a) numerically determined ion—ion trapping radius d and (b) analytically determined limiting sphere collision
probability &5, each for the field data sets of Gringel et al. (1978) (Gr78, yellow), Rosen and Hofmann (1981) (RH81, blue), and Morita (1983)
(Mo83, red). Additionally, the dotted curve (Na59) in panel (a) shows dy after Eq. (17) (Natanson, 1959a).

further research has to be conducted to determine the ion—ion
trapping distance for theories that use this parameter in their
formulae.

The formula used in Eq. (41) by Filippov (1993) and
Tamadate et al. (2020b) to determine the ion—ion recombi-
nation coefficient is generally valid. Other theories, experi-
ments, or models, therefore, only need to determine the col-
lision probability for ions entering the limiting sphere, &5,
in order to be compared with other theories or data sets. To
be able to validate the determined values with the field data,
&5 is calculated by analytically solving Eq. (41) for &5 and
using the balloon-borne ion—ion recombination rates men-
tioned above as the input variable. The results are listed in
Table B1 and are shown in the altitude plot in Fig. 4b. All
data sets yield similar results and show a decreasing trend
for increasing altitudes. With a logarithmic x axis, this trend
is linear and can be described by the parameterisation given
in Eq. (53):

h—(7.0£0.2)

es(h) = 10=G.T5006) (53)

For the above-mentioned reasons, this parameterisation is
only valid between 10 and 45 km. For instance, &5 is 0.33
for 10 km altitude, 7.9 x 103 for 20 km, and 1.0 x 10~ for
44 km. The multivariate fit for 7 and p does not yield a sat-
isfactory parameterisation for g5; the deviation from the ini-
tially determined values can be as high as 1 order of magni-
tude for higher altitudes, therefore, the T- and p-dependent
parameterisation is omitted.

9 Conclusion and outlook

The history of theoretical and empirical approaches to quan-
tify the ion—ion recombination coefficient o and its param-
eterisations have been reviewed. The parameterisations and
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theories have been compared to field and laboratory data
and to a model calculation of « with a focus on tempera-
ture and pressure dependence and their applicability to the
troposphere and stratosphere, i.e. from 0 to 50km altitude.
For standard conditions (i.e. 273.15 K, 1013 hPa), the value
of 1.7 x 1079 ecm? s~ is recommended to be used. Evidence
is strong that this value is accurate because several authors
have derived it independently from both laboratory measure-
ments and model calculations. As of today’s knowledge, it
is the best assumption to use a nearly constant value for alti-
tudes between 0 and 10 km; this is due to the roughly counter-
balancing effects of temperature and pressure on the recom-
bination coefficient. Above 10km, however, a temperature-
and pressure-dependent parameterisation must be used to ac-
count for the decreasing value of the ion—ion recombination
coefficient. The parameterisation of Israél (1957) shows the
best agreement with the field and model data of « for the
altitude range of 0-22 km. Between 0 and 20 km, the param-
eterisation by Brasseur and Chatel (1983) also yields good
results and, furthermore, it reproduces the recent laboratory
measurements the most faithfully. Between 10 and 25 km,
the altitude-dependent parameterisation of Bates (1985) re-
produces the field data accurately, while for altitudes above
25 km, the parameterisations of Smith and Adams (1982) and
Arijs et al. (1983) show the closest resemblance to the field
data, although it is difficult to judge this for altitudes above
35 km because of the sparse data coverage above this altitude.
Above 30 km altitude, the theory of Hoppel and Frick (1986)
shows an excellent agreement with the (sparse) field data.
However, the understanding of the processes in ion—ion
recombination is far from complete. Binary and ternary re-
combination mechanisms both play a role; however, their
specific temperature and pressure dependencies are not fully
resolved up to the present day. Additionally, the ion—ion re-
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combination is influenced by the mobilities and masses of
the ions. Moreover, this work only focussed on the recom-
bination in air; additional gases can be investigated in future
studies. More experiments and state-of-the-art model simula-
tions, including MD simulations, are needed to determine the
ion—ion recombination coefficient in dependence of tempera-
ture, pressure, ion masses, and ion mobilities. This is crucial
in order to accurately calculate the recombination loss of ions
for the diverse ambient conditions we observe in our atmo-
sphere.

Appendix A: Calculation of the collision radius

They collision radius rco is defined as the sum of the radii
of the positive and the negative ion, r4 4 r_, respectively.
These can be calculated in dependence of the masses of the
two ions, the temperature, and the pressure, according to
Egs. (A1) to (A4) (L6pez-Yglesias and Flagan, 2013):

-kgT
ri = —rgas+0.5- e (A1)
mgab 8 p- D+
8-kgT
vy = [ ———, (A2)
T -my
0.25
Mgas - kg T
rgas:<m) ) (A3)
To+Sc (T\"
= — . A4
=m0 e (To> (A4)

where rgys is the radius of the gas molecule, m is the mass
of the positive ion in kg, mgys is the mass of the gas molecule
in kg, n is the viscosity of the gas, no is the viscosity of
the gas at standard temperature, and Sc¢ is the Sutherland’s
constant. Accordingly, r_— can be calculated by replacing
my for m_, vy for v_, and D for D_, respectively. Here,
To =298.15 K, for mgy,s, we assumed 29 Da, for no, we used
1.827 x 107> Pas (L6pez-Yglesias and Flagan, 2013), and
for Sc, we used 113 K (Chapman and Cowling, 1960).
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Appendix B: Values for the ion—ion trapping distance Table B1. Continued.
and the collision probability in the limiting sphere

h o T P d es
(km) (em®s™)  (K) (hPa) (m)
Table B1. Numerically calculated values for the ion—ion trapping Rosen and Hofmann (1981) (Eq. 31)

distance, d, and analytically calculated values for the collision prob-
ability in the limiting sphere, g5, for the reported field data of
the ion—ion recombination coefficient, «, taken from Gringel et

325 228x1077 230 825 3.66x107% 6.78x 107
334 216x1077 232 724 381x107% 4.79x 107
345 205x1077 235 608 4.06x107% 3.07x 107

al. (1978), Rosen and Hofmann (1981), and Morita (1983). The data 359  194x10~7 239 513 430x10-% 1.98 x 10-5
for T and p are taken from the US Standard Atmosphere (National 400 151x10~7 250 287 510x10-% 4.14 x 10~6
Oceanic and Atmospheric Administration et al., 1976). For details, 449 128x10-7 264 153 635x10~8 837 x 10~7
see Sect. 8.
Morita (1983)
h « T p d € 103 1.54x 100 222 255 128x10~8  1.40x 10~
(m)  (em*s™h (®) (bPo) (m) 113 159x1076 217 217 144x10% 131x 10!
Gringel et al. (1978) 122 157x107% 217 188 1.60x107% 1.16x 107!
132 143x107% 217 161 1.70x 1078 9.27x 1072
102 214x107% 223 265 1.63x1078 199x 10! 143 131x10-6 217 135 182x10~% 7.10x 10~2
1.1 1.93x1076% 217 227 1.60x107% 1.64x 107! 152 118x10-6 217 117 189x10-8 543 x 10-2
120 206x107°% 217 194 190x107% 1.57x 107! 162 105x10-6 217 100 195x10-% 395 x 10-2
130 142x107°% 217 166 1.65x1078 9.45x 1072 172 901x10~7 217 858 198x10-8 274 x 10-2
145 127x107% 217 131 183x1078 6.64x 1072 182 799x10-7 217 733 203x10-% 194 x 10~2
161 1.05x107° 217 102 194x107% 4.06x 102 191 677x10~7 217 637 203x10-8 132 x 10-2
184 782x1077 217 711 205x107% 1.81x 1072 200 591x10-7 217 544 206x10-5  8.98x 10-3
203 6.37 x 10—; 217 528 2.18x 10—: 9.18 x 10-? 212 532x10-7 218 458 2.16x10-% 599 x 10-3
223 5731070 219386 246107 1 474> 107 22 469x1077 219 392 221x10-% 4.00x 1073
241 495x1077 221 293 265x1078 244x 10*2 239 422x10=7 220 336 229 x10-% 270 x 10-3
263 444x1077 223 209 298x 107 1l4x o= 242 386x107 221 288 238x 1078 1.85x 1073
283  4.06x1077 225 154 331x 10—2 5.74 x 10—4 352 363x10-7 222 944 2.52x10-% 126 x 10-3
304 392x1077 227 113 377x107°% 2.94x 10~ 262 342x1077 223 212 2.62x10°8 9.08x 10~4
Rosen and Hofmann (1981) (Eq. 2) 272 3.08x1077 224 182 270x1078 6.07x 107*

6 " - 281 2.85x1077 225 159 278x107% 428x107*
118 181x107> 217 200 188x107" 1.26x10 201 245x10~7 226 137 279x10°8 273 x 10~%

-6 -8 -2
137 134107 5217 149 20851075 791> 1077 303 224x1077 227 115 292x1078 1.73x 104
166 1.04 x 1077 217 942 220x 1078 2.96 x 1072 311 208x10=7 28 102 299x 10~ 126 x 10~
18.2 B4l 107 - 217 73.3 2271070 1641077 322 205x1077 229 863 321x10°8% 891x 105
203 679> 1072 217528 243 x 107 770 332 187x10~7 232 745 332x10°% 5.86x 105
;;3 i'g X }877 ;3 ‘3‘(1); ;% X }8*8 ‘:-gg X }873 342 181x1077 234 645 352x10°8 4.10x 105

. . X . . X . X

264 375x1077 223 206 297x107% 7.17x 1074
2855 3.03x1077 225 150 3.14x107% 3.07x1074
308 245x 1077 227 106 336x107% 1.23x 1074
325 205x1077 230 825 350x107% 6.10x 1079
334 1.84x1077 232 724 356x107% 4.08 x 1079
343 1.63x1077 235 608 3.68x1078 244x107°
359 134x1077 239 513 3.67x107% 1.37x1075
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Appendix C: Nomenclature

M]
m4 —
Mgas
Nlion

Myed

I’l+’ _
Ntotal

Po

ro
Feoll
F'gas

os

S

Critical collision parameter, in m

Ton—ion trapping distance or trapping sphere radius, in m

Three-body trapping distance in ion—aerosol attachment (after Hoppel and Frick), in m

Ion—ion trapping distance (after Hoppel and Frick, Natanson), in m

Ion—ion trapping distance, radius of the collision sphere around each ion, or radius of mutual Coulomb
attraction between two ions of opposite charge (after Thomson), in m

Diffusion coefficient, sum of Dy and D_, in mZs~!
Diffusion coefficient of the positive, negative ion, in m* s~
Diffusion coefficient of the positive/negative ion at standard temperature and pressure, in m
Diffusion coefficient of one ion, in mZs~!

Electron charge, 1.602177 x 1079 ¢

External electrical field, in Vm™!

Electron affinity, in eV

Altitude, in km

Boltzmann constant, 1.380649 x 10~23 JK~!

Knudsen number for the limiting sphere
Loss rate to the electrodes, in cm™3 s~
Number density of air molecules, in cm™
Mass of the positive, negative ion, in Da (unless noted otherwise)
Molecular mass of the gas, in kg

Ion mass, in Da (unless noted otherwise)

Reduced mass, in kg (unless noted otherwise)

Number concentration of ions in the gas phase, in cm™
Number concentration of the positive, negative ions in the gas phase, in cm™
Number concentration of the sum of negative and positive ions in the gas phase, in cm™
Pressure, in hPa

Standard pressure, 1013.25 hPa
Ion pair production rate, in cm™
Distance of the two ions, in m
Initial distance of the two ions, in m

Collision radius, sum of the radii of the positive and negative ions, in m
Radius of the gas molecule, in m
Particle radius, in m

Relative humidity, in %

Sutherland’s constant, 113 K for air
Time, in s

Temperature, in K

Standard temperature, 273.15K
Equilibrium ion drift velocity, in ms™
Mean thermal speed of the positive, negative ion, in ms™
Relative thermal speed of two ions, in m g1

Function of x (used in Thomson theory and Natanson’s theory)
Function of dt and Ao (used in Thomson theory)
Function of T and p (used in Thomson theory)
Function of dn and Ajon (used in Natanson’s theory)
Ion-ion recombination coefficient, in cm? !
Binary ion—ion recombination coefficient, in cm” s~
Ternary ion—ion recombination coefficient, in cm3 s~
Ton—ion collision rate coefficient at distance § (limiting sphere surface), in m
Function of 7o) or dyr (used for the theories of Fuchs and Hoppel and Frick)
limiting sphere radius, in m

2 —1

21

-

3

3
3
3

3871

1
1

3.1

1

3.1

§
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SF Limiting sphere radius of Fuchs, in m
SHF Limiting sphere radius of Hoppel and Frick, in m
Aay Enhancement to the ion—ion recombination coefficient due to the binary channel, in cm3s!
€0 Vacuum permittivity, 8.854188 x 10712 As VvV~ m™!
&4 Probability factor for ions entering the trapping sphere
ELT Ratio of successful recombinations per collision (after Langevin, Thomson)
EN Ton—gas molecule collision probability, also named ““adsorption coefficient” (after Natanson)
&s Collision probability for ions entering the limiting sphere
n Viscosity of a gas, in Pas
no Viscosity of air at 298.15K, 1.827 x 10~5Pas
0 Critical angle to enter the trapping sphere
A Ion—ion mean free path, in m
Ay, — Mean free path of the positive, negative ion, in m
Aair Mean free path of air, in m
Xion Mean free path of one ion, in m
A Mean distance of the last collision of a particle with a gas molecule before striking the limiting sphere
surface (after Fuchs), in m
7 Ion mobility, in m2V-lg-!
Pt — Ton mobility of the positive, negative ion, in m? V~!s~!
Lo Ton mobility at standard temperature and pressure, in m? V! s~!
o Electrical conductivity of the air, in S m™!
W Ratio of Coulomb and thermal energy at distance § (limiting sphere surface)

Data availability. The data shown in the fig-
ures are available on the data repository Zenodo:
https://doi.org/10.5281/zenodo.7044018 (Zauner-Wieczorek
et al., 2022).
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