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Abstract. Sulfuric acid (H>SOy4, SA) is the key compound
in atmospheric new particle formation. Therefore, it is cru-
cial to observe its concentration with sensitive instrumenta-
tion, such as chemical ionisation (CI) inlets coupled to at-
mospheric pressure interface time-of-flight (APi-TOF) mass
spectrometers. However, there are environmental conditions
for which and physical reasons why chemical ionisation can-
not be used, for example in certain remote places or during
flight measurements with limitations regarding chemicals.
Here, we propose a theoretical method to estimate the SA
concentration based on ambient ion composition and concen-
tration measurements that are achieved by APi-TOF alone.
We derive a theoretical expression to estimate the SA con-
centration and validate it with accurate CI-APi-TOF obser-
vations. Our validation shows that the developed estimate
works well during daytime in a boreal forest (R? = 0.85);
however, it underestimates the SA concentration in, e.g. the
Antarctic atmosphere during new particle formation events
where the dominating pathway for nucleation involves sulfu-
ric acid and a base (R* = 0.48).

1 Introduction

Sulfuric acid (H2SO4, SA) is the key compound in atmo-
spheric new particle formation (e.g. Weber et al., 1995, 1996;
Birmili et al., 2003; Kulmala et al., 2004, 2014; Kuang et al.,
2008; Kerminen et al., 2010; Wang et al., 2011; Yao et al.,
2018; Cai et al., 2021); therefore, it is crucial to have ac-
curate observations of its concentration. However, ambient
concentrations of HySO4 are low, commonly less than a part
per trillion by volume (~ 2 x 107 molecules cm™), making it
challenging to measure it. During the recent years there have
been instrumental developments towards a reliable detection
of HpSO4 in the atmosphere, particularly via the develop-
ment of a chemical ionisation atmospheric pressure interface
time-of-flight (CI-APi-TOF) mass spectrometer (Jokinen et
al., 2012), using nitrate as a reagent ion. Still, the measure-
ment technique with CI-APi-TOF is relatively challenging,
as a thorough calibration, i.e. with sulfuric acid as proposed
by Kiirten et al. (2012), is needed in order to get reliable num-
bers. Furthermore, the loss of sulfuric acid to surfaces, such
as an inlet, and the correct flow rates must be known and
characterised.

During the past decade, APi-TOF mass spectrometers
(Junninen et al., 2010) have been deployed in several mea-
surement campaigns where the use of a CI inlet was either
not possible or desired. In these instances, the APi-TOF only
observed the composition and concentration of ambient ions.
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Figure 1. Ion transmission of the APi-TOF mass spectrometers used in this study. The transmission efficiency was determined via production
of charged particles with a NiCr wire. The concentration of the size-selected ions with a Hermann nano differential mobility analyser (HDMA;
Hermann, 2000) were measured with an electrometer and an APi-TOF in parallel. A more detailed description can be found in Junninen et
al. (2010). Panel (a) shows the transmission efficiency of the APi-TOF used for measurements at the SMEAR 1I station, Hyytiéld, Finland.
Panel (b) shows the transmission efficiency used for measurements at Neumayer Station III.

The APi-TOF is capable of directly sampling and detect-
ing naturally charged gas-phase ions, including molecular
clusters, and is often used to detect clustering processes as
a first step of new particle formation on a molecular basis
(e.g. Schobesberger et al., 2013; Jokinen et al., 2018; Beck
et al., 2021a). While a CI-APi-TOF has a limit of detec-
tion of, at best, around 10* molecules cm™3 (~ppq level),
the APi-TOF can detect approximately 1 % of the ambient
ion concentration (Fig. 1; Junninen et al., 2010). With an av-
erage ion concentration of ~ 1000cm™> per polarity (Hir-
sikko et al., 2011), the APi-TOF measures 10 ions cm3s7!
with a limit of detection of ~ 0.01 counts per second, hence
0.1ionscm™3. This approximately corresponds to parts per
sextillion (100 x 10721), showing that the limit of detection
of an APi-TOF in comparison to a CI-APi-TOF is lower by
5 orders of magnitude.

A detailed description of the APi-TOF can be found in
Junninen et al. (2010). Since concentrations of neutral clus-
ters are below the detection limit of CI-APi-TOF in many at-
mospheric conditions and environments, using the APi-TOF
is currently the only way to directly detect atmospheric clus-
tering. Therefore, if we can estimate HySO4 concentration
particularly during initial steps of new particle formation,
based on the same dataset, we can readily get better insight
into the process itself.

Since there are only limited long-term observations of
H>SO4 concentrations, several proxies have been developed
(e.g. Petdjd et al., 2009; Mikkonen et al., 2011; Lu et al.,,
2019; Dada et al., 2020). These proxies attempt to approx-
imate the ambient H,SO4 concentrations using more read-
ily measured quantities, in particular the sulfur dioxide con-
centration, (UV) radiation intensity and pre-existing particle
number size distribution that can be used to calculate the con-
densation sink for gas-phase HySOj. In circumstances where
the required data for HySO4 proxies are not available, but
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APi-TOF measurements have been conducted, the HySOq4
concentration can be obtained from the ion mass spectra. The
first attempt to estimate sulfuric acid concentration via the
concentration of atmospheric ions was taken by Arnold and
Fabian (1980); this was followed by Eisele (1989) under the
assumption that most H>SO4 molecules are charged by re-
acting with NO3.

Motivated by the reasonings outlined above, we derive
here an expression to estimate HpSO4 concentration based
primarily on APi-TOF observations and then validate it.

2 Theoretical estimation of sulfuric acid concentration
with bisulfate ions and H,SOy4 clusters

Ambient ion mass spectra usually show clear evidence of
gas-phase H>SO4, predominantly in the form of bisulfate
ions (HSOy) and their adducts involving H>SOy4, forming
dimers (H2SO4 - HSO, ), as well as larger clusters (Ehn et
al., 2010). These ions’ existence is due to the efficient scav-
enging of a negative charge by ambient H,SO4 via proton
donation, and due to the high stability of the sulfuric acid-
bisulfate ion clusters, in particular for the dimer (Ortega et
al., 2014). In order to estimate the sulfuric acid concentration
(H2S0O4) using measured naturally charged ions (see Fig. 2),
we approximate this concentration by following the bisul-
fate ion HSO,, herein denoted SAmonomer, the dimer cluster
H,S04-HSO, (SAdimer) and trimer cluster (HySOy4)» -HSO,
(SAgimer)- Any other HySOy4-containing ion clusters, in par-
ticular those larger than SAgimer, typically occur at much
smaller concentrations and will be neglected here.

If we assume that the concentration of SAmonomer depends
generally on its production rate (P;) and that its loss is
by condensation onto aerosol particles (condensation sink,
CS), to the SAgimer When clustering with another HySOy4
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Figure 2. (a) Mass spectrum from 50 to 600 Th measured with the
APi-TOF on 24 May 2017 during the time period 08:00-18:00 LT
at the SMEAR 1I station, Hyytiéld, Finland. (b) Mass spectrum
from 14 January 2019 between 08:00 and 18:00LT at Neumayer
Station III, Antarctica, during a new particle formation event. The
bisulfate ion HSO, and H>SO4 clusters containing it were used for
the estimation of H,SO4 concentration, and are coloured in red.

molecule, and to ion—ion recombination with positive ions
(Npos), we get the following equation for the SAmonomer cON-
centration:

d [SAmonomer]
I dr = Pl -CS- [SAmonomer] - P2

— o - [SAmonomer] - NpOSv (D

where P> = ki - [SAmonomer] - [H2SO4] is the dimer produc-
tion rate from SAponomer—H2S04 collisions, o (& 1.6 x
10~% cm?® s~1) is the ion—ion recombination coefficient (Kon-
tkanen et al., 2013) and the collision rate &k is assumed to be
constant.

For the dimer concentration we consider the production
P>, the loss due to CS, the clustering of the SAgimer With
H,>SO4 with a rate constant k, and the ion—ion recombina-
tion:
% = Py~ CS - [SAdimer]

— k2 - [SAdimer] - [H2SO4]

—a - [SAdimer] - Npom 2
and with substituting P, Eq. (2) for SAgimer changes to

d [SAdimer]

d = kl ' [SAmonomer] ' [HZSO4]

—CS - [SAdimer] — k2 - [SAdimer] - [H2SO4]
— o - [SAdimer] - Npos' 3)
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Finally, to produce SAimer We consider the collision of
the SAgdimer With HySOy4 and the loss to the CS and ion—ion
recombination. For the sake of completeness, we would ad-
ditionally have to consider the loss of SAgimers to form the
tetramer (H>,SOy4)3 - HSOy4; however, this additional term is
rather small and will therefore be neglected in this deriva-
tion. Therefore, we get the simplified equation for SAimer:

d [SAtimer]
% = k2 - [SAdimer] - [H2SO04] — CS - [SArimer]
— - [SAtimer] - Npos- “4)

For simplification, we consider a pseudo-steady-state con-
dition for both dimers and trimers by setting the left-hand
side of Egs. (3) and (4) to be zero, which is justified when
the dimer and trimer concentrations change at rates smaller
than their overall production and loss rates. Thereby, from
Eq. (3) we obtain
k1 - [SAmonomer] - [H2SO4] = CS - [SAdimer]

+ k2 - [SAdimer] - [H2SO4] + o - [SAdimer] - NpOSs )
and from Eq. (4) we obtain
k2 - [SAdimer] - [H2SO4] = CS - [SAurimer]

+a - [SAtimer] - Npos' (6)

If we now deploy Eq. (6) in Eq. (5) and solve for H,SO4,
the result is

kl : [SAmonomer] : [HZSO4] =CS- [SAdimer]

+ CS - [SAttimer] + o - [SAdimer] - Npos
+a - [SAyimer] - Npos, (7N

(CS + o - Npos) - ([SAdimer] + [SAtrimer])
k] : [SAmonomer] .

Besides the steady-state assumption, it should be noted
that in deriving Eq. (8), monomers, dimers and trimers were
assumed to have the same loss rate (CS) onto pre-existing
aerosol particles. This causes an additional, yet minor, uncer-
tainty in the estimated H>SO4 concentrations, as such loss
rates are dependent on the size/mass of the clusters (e.g.
Lehtinen et al., 2007; Tuovinen et al., 2021). According to
Tuovinen et al. (2021), the CS of H>SOy4 clusters decreases
with an increasing number of H,SO4 molecules. The study
shows that the CS of the SAgimer clustered with ammonia
decreases to 68 % (compared to one H,SO4 molecule) and
for SApentamer With four ammonia molecules to 42 %. How-
ever, the order of magnitude of the CS remains the same,
and the effect on the estimation of the H,SO,4 concentration
is assumed to be negligible. Additionally, the CS for ions is
higher than for neutral compounds. The enhancement of CS
has been shown by Mahfouz and Donahue (2021) to reach

[H2SO4] = (®)

Atmos. Meas. Tech., 15, 1957-1965, 2022



1960 L. J. Beck et al.: Estimation of sulfuric acid concentration with APi-TOF

Transmission correction considered
T T

T T T T T
100H(@)
—_ F =N
iy 1) |
« ———HSO,-
%]
2 7 --—H,50,-HSO, -
S 107 ',- - (H,50,),HSO,-
p\ s - = =(H,50,),-HS0,-
c NE: Y
o u,'.,\:\: u‘,\:v.,n H \r\"\ln“ pit l\n\,:'t CHRLE
) Vol 1y, ul n,'l l;
]
1
104 | I | 1 I

i I i ¥
19.05 20.05 21.05 22.05 23.05 24.05 25.05 26.05 27.05
date (dd.mm)

Raw signal without transmission correction
T T T

T T T T

10° f(b)‘ _— - A,
o ‘ : ,
o : El —HSOA-
2 o
o : ---H,S0,HSO,-
S 107 . +(H,50,),-HSO,-
c P I\IA" 1 |- = =(H,S0,),-HSO,-
= H l|,|,‘ Ik u‘ ‘ l|r 'l i, Wy ll‘l‘ 2774’3 4
0 fhjin R BT

LERR
i v
104 y i) I I L : I I

i i
19.05 20.05 21.05 22.05 23.05 24.05 25.05 26.05 27.05
date (dd.mm)

Figure 3. Time series of the bisulfate ion (HSO,, SAmonomer), H2SOy4 clustered with bisulfate (HSO4 - HSO, ', SAdimer), two HpSO4
molecules clustered with the bisulfate ion ((H2SO4)2-HSO,, SAgimer) and three HpSO4 molecules clustered with the bisulfate ion
((H2S04)3-HSO, , SAtetramer) between 19 and 27 May 2017 at the SMEAR II station, Hyytiéld, Finland. The concentration is given in

ionss~! as measured by the APi-TOF. Panel (a) shows the concentration of the clusters considering the transmission efficiency of the instru-

ment (see Fig. 1). Panel (b) shows the concentration of the clusters without that correction and assuming a constant transmission efficiency
of 1 % for all ions.
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Figure 4. (a) Time series of measured H»SO4 concentration from the CI-APi-TOF (black) and estimated H» SO4 concentration from the APi-
TOF (blue) and HySO4 proxy from Dada et al. (2020; orange) between 19 and 27 May 2017. The concentration is given in molecules cm™3.
(b) Measured H>,SO,4 concentration as in panel (a) in black and determined concentration from Eq. (2) (blue) and Eq. (4) (orange). (¢) Tem-
perature and relative humidity.

Atmos. Meas. Tech., 15, 1957-1965, 2022 https://doi.org/10.5194/amt-15-1957-2022



L. J. Beck et al.: Estimation of sulfuric acid concentration with APi-TOF 1961

SMEAR Il Station

107

estimated HZSO4 concentration (molec. cm'3)
hour of day

104 10° 10° 107
H,S0, concentration (molec. cm™3)

Figure 5. Measured H>,SO,4 concentration using a CI-APi-TOF
(horizontal axis) versus estimated HpSO,4 concentration based on
APi-TOF results (vertical axis) at the SMEAR 1I station. For the
estimation of Hp SOy, the transmission efficiency was taken into ac-
count. The colour indicates the hour of the day and the black line
is the 1: 1 ratio. Between 08:00 and 16:00 LT, the concentrations
agree well. The data shown cover the time period from 19 to 27
May 2017. The overall correlation coefficient (Pearson) is 0.94.

a maximum value of 2 when the pre-existing particles are
< 10nm and to decrease to 1 when the pre-existing particles
are > 100nm. The impact of ions on CS and estimated SA
concentrations depends thereby on the environmental condi-
tions determining the size distribution and charges of the pre-
existing particle population. Neglecting the size dependency
of CS between the SA monomers, dimers and trimers causes
additional errors in the estimated SA concentrations; how-
ever, it is difficult to determine this effect in ambient mea-
surements with limited data and instrumentation.

Furthermore, the derivation neglects the losses of SAimer
to the SAterramer and larger clusters, as well as the clustering
of sulfuric acid ion clusters with water and base molecules,
such as NH3. These simplifications can cause an under-
estimation of the H,SO4 concentration with the presented
method. If necessary, the method can easily be adapted, and
bigger clusters can be included in the equation.

From Eq. (8) we also see that the concentration of HySOy4
is proportional to relative concentrations of sulfuric acid
monomers, dimers and trimers clustered with the bisulfate
ion:

-~ [SAdimer] + [SAtrimer]
[SAmonomer] .

To estimate the Hy)SOy4 concentration with the “ion mode”
APi-TOF, we can therefore use this theoretical approach,
in particular Eq. (8). For the collision rate of H,SO4 with
HSO, , weuse k| =2x 102 cm3 molecule™! s~ ! as in Love-

[H2SO4]

C))
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joy et al. (2004). The value of CS is calculated based on Kul-
mala et al. (2012). Even if the CS was unknown due, for ex-
ample, to the lack of particle measurements, the daytime vari-
ability of the H,SO4 concentration could still be estimated
by using the relation of the HySO4-containing cluster with
HSO,, as it is proportional to the H,SO4 concentration (see
Eq. 9). If the concentration of positive small ions is not avail-
able, it can be assumed to be in the range of 500—1000 cm ™3,
which is a reasonable approximation for the average concen-
tration (Hirsikko et al., 2011).

As the transmission of clusters within an APi-TOF de-
pends on the tuning of the instrument and on the pres-
sures within its chambers, the transmission efficiency needs
to be considered, in order to get reliable concentrations of
the SAmonomers SAdimer and SAgimer. Figure 1 shows the
transmission efficiency curve of the APi-TOF used at the
SMEAR I station and Neumayer Station III. The effect of
applying the transmission correction to the different SA clus-
ters is depicted in Fig. 3 for the time series at the SMEAR II
station. All ion signals were normalised to a transmission
of 1 %. As can be determined from Fig. 1a, the SAmonomer
transmission at SMEAR II was ~ 1 %, while the dimer and
trimer were corrected by a factor of 1/1.8 and 1/1.65 respec-
tively. The correction was also applied to the ions measured
at Neumayer Station III according to the APi-TOF transmis-
sion (Fig. 1b).

3 Validation

We tested the expression derived above using a dataset
collected during inter-comparison measurements at the
SMEAR 1I station in Hyytidld, Finland (Hari and Kulmala,
2005). In Fig. 4 we show the time series of the observed
H;SOy4 concentrations, measured with a CI-APi-TOF. The
CI-APi-TOF was calibrated for sulfuric acid, based on the
method by Kiirten et al. (2012) and resulted in a calibration
factor of 2.5x10° cm 3. Additionally, we show the estimated
sulfuric acid concentration based on APi-TOF measurements
together with Eq. (8) and the sulfuric acid proxy concentra-
tion (Dada et al., 2020). The concentration of positive ions
for the estimated sulfuric acid concentration was obtained
from a neutral cluster and air ion spectrometer (NAIS, Airel
Ltd.; Mirme and Mirme, 2013).

The estimated H;SO4 concentration agrees with that mea-
sured during most of the daytime (between 06:00 and
18:00 LT), during which the correlation (R?) between the es-
timated and measured H>SO4 concentration is equal to 0.85,
with a root mean square error (RMSE) of 4.12 x 10° cm™3.
During nighttime, the corresponding values are 0.85 and
3.23 x 10° cm™3 (Table 1).

The scatter plot in Fig. 5 shows that the estimated HySO4
concentrations agree well with those observed when they
are larger than 2 x 10° cm—3, demonstrating that our method
works particularly well at the SMEAR 11 station during con-

Atmos. Meas. Tech., 15, 1957-1965, 2022
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Figure 6. (a) Time series of measured H,SO4 concentration from the CI-APi-TOF (black) and estimated HpSO4 concentration from the
APi-TOF (blue) between 24 December 2018 and 14 January 2019 at Neumayer Station III, Antarctica. The concentration is given in
molecules cm™3. (b) Time series of the bisulfate ion (HSO4™, SAmonomer), H2SO4 clustered with bisulfate (HySOy - HSOZ, SAdimer)»

two HpSO4 molecules clustered with the bisulfate ion ((H2SO4)2 - HSO,, SAyimer) and (c), three HySO4 molecules clustered with the
bisulfate ion ((HySO4)3 ~HSOZ, SAtetramer) and the SAtetramer clustered with NH3. (d) Temperature and relative humidity measured at

Neumayer Station III.

Table 1. Root mean square error (RMSE) and R? of the estimated HySOy4 concentration at the SMEAR 11 station and Neumayer Station III.
Daytime and nighttime are split as 06:00-18:00 LT and 18:00-06:00 LT respectively. For the SMEAR 1I station, we also show the RMSE
and R? of the H»SO4 proxy calculated with the method introduced by Dada et al. (2020).

RMSE
SMEAR II | Neumayer Station I1I
Estimated H,SO4 | HpSOy4 proxy Estimated HySO4
Eq. (8) Eq. (8)
Daytime  4.12x 109cm™3 | 554 x 109cm™3 | 1.43 x 10°cm™3
Nighttime 3.23x10°cm™3 | 425 x 10°cm™3 | 1.63 x 106 cm™3
R2
Daytime  0.85 0.78 0.48
Nighttime ~ 0.85 0.84 0.37

ditions that favour the formation of HySO4-containing clus-
ters.

For the sake of completeness, the estimation of the H»SO4
concentration determined from Egs. (2) and (4), assuming
a pseudo-steady state, are depicted in Fig. 4b. The H,SO4
concentration from Eq. (2) is an overestimate, while solving
Eq. (4) for H2SO4 underestimates the real concentration as

Atmos. Meas. Tech., 15, 1957-1965, 2022

these equations are only approximations. By combining the
various approximations, Eq. (8) yields in the best fit to the
observed SA concentration.

The presented method was also applied to measurements
taken at Neumayer Station III, Antarctica, in order to test it
in a different environment. Here, we used the condensation
sink reported by Weller et al. (2015) at the Neumayer station

https://doi.org/10.5194/amt-15-1957-2022
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Figure 7. Measured H>,SO,4 concentration using a CI-APi-TOF
(horizontal axis) versus estimated HpSO,4 concentration based on
APi-TOF results (vertical axis) at Neumayer Station III. For the es-
timation of HpSOy, the transmission efficiency was taken into ac-
count. The colour indicates the hour of the day and the black line is
the 1:1 ratio. The data shown cover the time period from 24 De-
cember 2016 to 14 January 2019. The overall correlation coefficient
(Pearson) is 0.77.

of 1 x 1073 s~!. Figure 6 shows a 3-week period between 24
December 2018 and 14 January 2019. The calibration factor
of the CI-APi-TOF used for measuring the sulfuric acid con-
centration is 4.9 x 10° cm™3. Here, the sulfuric acid concen-
tration is underestimated versus the measured concentration
when the SAetramer and NH3(H2S04)3HSO, clusters show
high concentrations (Fig. 6¢). A possible explanation for the
underestimation might be the neglection of the growth of sul-
furic acid to oligomers larger than the tetramer, as well as its
clustering with bases and water (Fig. 6b and c). In coastal
Antarctica, the main nucleating mechanism was observed to
be negative ion-induced sulfuric acid-ammonia nucleation,
acting as a major sink for sulfuric acid molecules due to its
clustering with bases (Jokinen et al., 2018). Including the
SAtetramer and SAtetramer Clustered with NH3 in the estima-
tion equation improved the correlation (R?) from 0.48 to
0.54. Furthermore, as mentioned above, the value of CS for
Neumayer was assumed to be constant (10_3 s~1) due to the
lack of data needed for its calculation. This simplification
certainly causes additional errors in estimated SA concen-
trations, especially during periods of high sea salt concen-
trations causing potentially large variations in values of CS.
Nevertheless, the diurnal variation of the SA concentration
is represented well by this method. During times with lower
sulfuric acid concentrations, our method gives higher values
than the measured concentrations (Figs. 6 and 7).
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4 Conclusions

Here we derived a theoretical expression to estimate HySO4
concentrations based on APi-TOF measurements of ambi-
ent ions. The estimated concentration agrees well with the
measured concentration during daytime in a boreal forest
(R* = 0.85), indicating that the estimation is able to repre-
sent the diurnal variation and trend of H,SO4 concentrations
during most of the time when active clustering of sulfuric
acid induces the initial step(s) of atmospheric new particle
formation. However, in an atmosphere where sulfuric acid
is the dominating pathway for initiating new particle forma-
tion, the method might underestimate HySO,4 concentrations
as this method does not include rapid clustering to bigger sul-
furic acid clusters or clustering with bases directly, e.g. in the
Antarctic atmosphere (R? = 0.48; during daytime).

The APi-TOF “ion mode”, i.e. direct ion sampling with-
out chemical ionisation, remains a crucial tool in many field
deployments and laboratory studies, since it is extremely
sensitive and allows for observing atmospheric clustering
molecule by molecule, which in most cases is impossible
when relying on chemical ionisation. Therefore, having a re-
liable estimate of HySO4 concentration available allows us
to utilise the APi-TOF ion mode even more effectively.
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