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ARTICLE INFO ABSTRACT
Keywords: Atmospheric clusters play a key role in atmospheric new particle formation and they are a sen-
New particle formation sitive indicator for atmospheric chemistry. Both the formation and loss of atmospheric clusters

Atmospheric clusters

¢ . include a complex set of interlinked physical and chemical processes, and therefore their dy-
Particle number concentrations

Urban environment namics is highly non-linear. Here we derive a set of simple equations to estimate the atmospheric

Boreal forest cluster concentrations in size ranges of 1.5-2 nm and 2-3 nm as well as 3-6 nm aerosol particles.

Sub-10 nm We compared the estimated concentrations with measured ones both in a boreal forest site (the
SMEAR II station in Hyytiéla, Finland) and in an urban site (the AHL/BUCT station in Beijing,
China). We made this comparison first for 3-6 nm particles, since in this size range observations
are more reliable than at smaller sizes, and then repeated it for the 2-3 nm size range. Finally, we
estimated cluster concentrations in the 1.5-2 nm size range. Our main finding is that the present
observations are able to detect a major fraction of existing atmospheric clusters.

1. Introduction

New particle formation (NPF) is both a globally occurring and a frequent phenomenon in the Earth’s lower atmosphere (e.g. Chu

* Corresponding author.
E-mail address: dominik.stolzenburg@helsinki.fi (D. Stolzenburg).

https://doi.org/10.1016/j.jaerosci.2021.105878

Received 16 June 2021; Received in revised form 20 September 2021; Accepted 20 September 2021

Available online 24 September 2021

0021-8502/© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).


mailto:dominik.stolzenburg@helsinki.fi
www.sciencedirect.com/science/journal/00218502
https://www.elsevier.com/locate/jaerosci
https://doi.org/10.1016/j.jaerosci.2021.105878
https://doi.org/10.1016/j.jaerosci.2021.105878
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jaerosci.2021.105878&domain=pdf
https://doi.org/10.1016/j.jaerosci.2021.105878
http://creativecommons.org/licenses/by/4.0/

M. Kulmala et al. Journal of Aerosol Science 159 (2022) 105878

etal., 2019; Kerminen et al., 2018; Kulmala et al., 2004). As outlined by Kulmala et al. (2014), atmospheric NPF is a multi-step process
starting from molecular cluster formation and eventually leading to a growing aerosol particle population. When reaching larger sizes,
particles originating from atmospheric NPF may have significant influences on the global cloud condensation nuclei budget (e.g.
Gordon et al., 2017), human health (Ohlwein et al., 2019) and even haze formation in heavily-polluted environments (Guo et al., 2014;
Kulmala et al., 2021).

Recent progress in measurement methods and theoretical understanding, together with their application in laboratory and field
conditions, have brought extensive new insights into atmospheric NPF. More specifically, we start to have detailed information on the
composition of the smallest, sub-1.5 nm atmospheric charged clusters, and this knowledge has revealed the diversity of cluster for-
mation mechanisms in different atmospheric environments (Beck et al., 2021; Bianchi et al., 2021; Brean et al., 2021; Cai et al., 2021;
Jokinen et al., 2018; Lehtipalo et al., 2018; Sipila et al., 2016; Yan et al., 2021; Yao et al., 2018). At the same time, we have accu-
mulated plenty of information on atmospheric NPF events in terms of their frequency of occurrence, and the associated particle
formation and growth rates at sizes larger than 3 nm of the particle diameter (Chu et al., 2019; Kerminen et al., 2018). What is missing
is the exact connection between the molecular clusters and atmospheric NPF events, making it difficult to quantify the link between
emissions of aerosol precursors and potential influences of atmospheric NPF on climate or human health. A key factor towards building
this connection is to understand the properties of 1.5-3 nm atmospheric clusters, including their concentration in different
environments.

The continuous presence of sub-2 nm ions in the atmosphere has been known already for decades (e.g. Tammet, 1995; Manninen
et al., 2010; Hirsikko et al., 2011 and references therein). Kulmala et al. (2000) predicted theoretically that also electrically neutral
sub-3 nm clusters exist but, due to the lack of a technique to detect them, this could not be verified for several years. The first at-
mospheric measurements showing the continuous presence (including NPF and non-NPF times) of sub-3 nm neutral clusters were
performed at the SMEAR II station in a boreal forest environment by utilizing a Neutral cluster and Air Ion Spectrometer (NAIS) and
Condensation Particle Counters (CPCs) able to detect ~2-3 nm neutral particles (Kulmala et al., 2007; Sipila et al., 2008; Lehtipalo
etal., 2009, 2010). After that, the development of CPCs using diethylene glycol (DEG) as their working fluid has enabled the detection
of neutral clusters down to ~1 nm sizes (lida et al., 2009; Jiang, Chen, et al., 2011; Vanhanen et al., 2011; Wimmer et al., 2013). The
most commonly used DEG-based instruments are the Particle Size Magnifier (PSM; Vanhanen et al., 2011) and DEG-SMPS (Jiang,
Chen, et al., 2011) which both can measure the size distribution of particles in the ~1-3 nm size range.

Using the instruments outlined above, sub-3 nm clusters have been observed in vastly different environments, including the boreal
forest (Dada et al., 2018; Kulmala et al., 2013; Manninen et al., 2009; Rose et al., 2018), mountain sites (Rose et al., 2015; Bianchi
etal., 2016, 2021), megacities (Cai et al., 2017a; Kulmala et al., 2021; Xiao et al., 2015; Yu et al., 2016; Deng et al., 2020; Zhou et al.,
2020), other urban environments (Jiang, Zhao, et al., 2011; Kontkanen et al., 2017; Yu et al., 2016), coastal areas (Yu et al., 2014;
Sipila et al., 2016), and rural sites (Kontkanen et al., 2016). Typical concentrations of sub-3 nm clusters have been found to range from
a few hundred to about 100 000 cm* in different environments, noting that the measured size range has been slightly different at the
different sites. The highest concentrations have been detected in polluted urban environments (Deng et al., 2021), and the lowest ones
in clean environments such as high-altitude sites. The recent study by Sulo et al. (2021) reported a median sub-3 nm cluster con-
centration of about 400 cm ™ in a boreal forest environment, which is similar to earlier observations at several sites in the United States
(Kontkanen et al., 2017; Yu et al., 2014).

Despite the increasing number of observations of sub-3 nm atmospheric clusters, the uncertainties in these measurements are still
large (Kangasluoma et al., 2020; Kangasluoma & Kontkanen, 2017). These uncertainties originate from various sources, such as high
sampling losses of small particles and the effects of particle chemical composition, particle charging state and environmental con-
ditions on the detection efficiency of the instruments (Jiang, Chen, et al., 2011; Kangasluoma et al, 2013, 2016). However, recent
advances in electrical mobility spectrometry (Brilke et al., 2020; Cai et al., 2017; Fu et al., 2019; Stolzenburg et al., 2017) allow for new
insights into cluster concentrations with an unprecedented precision.

The primary goal of this paper is to find out how reliable present-day observations of sub-3 nm clusters are, and whether some or
even a major fraction of such clusters cannot be detected using the current measurement instruments. Previous attempts to bring
molecular cluster measurements with particle size-distributions into agreement have been pursued in e.g. Kulmala et al. (2013) and
Jiang, Zhao, et al. (2011). Now, we approach the problem by combining observations with theoretical calculations to investigate how
good a closure we can obtain between the measured and predicted cluster concentrations in different size ranges in atmospheric
environments. We start with investigating how good the steady-state approximation to calculate cluster concentrations is in practice.
Then we investigate the closure. For that purpose, we utilize observations from two vastly different environments: Hyytiala in Finland
and Beijing in China. We first compare measured and estimated concentrations of 3-6 nm particles, since in this size range observations
are more reliable than those at smaller sizes. Then we repeat this comparison in the 2-3 nm size range, and finally estimate 1.5-2 nm
cluster concentrations in these environments.

2. Towards a cluster closure
In order to obtain a closure of cluster concentrations, we will perform conceptual calculations. First, we will derive an expression

for the number concentrations of clusters in a specific size range from the balance between the cluster formation rates and sinks.
We start with the balance equation that determines the concentration of clusters in the diameter range of 2-3 nm, Ny 3:

=J, — J3 — N,_3 - CoagS,_; @
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Here J; is the formation rate of 2-nm clusters, i.e. the cluster flux into the 2-3 nm size range, J3 is formation rate of 3-nm clusters, i.e.
the flux of clusters out of this size range due to their growth, and CoagSs 3 is the coagulation sink of 2-3 nm clusters, i.e. the rate at
which 2-3 nm clusters are scavenged by coagulation with larger pre-existing particles. Equation (1) is obtained by integrating the
aerosol general dynamic equation (GDE), that includes condensation and coagulation loss terms, from 2 to 3 nm.

Next, we assume a pseudo steady state between the sources and sinks of 2-3 nm clusters by approximating dN5.3/dt = 0 in equation
(1), after which we get:

b=

Ny 3= ——
> Coag$,_;

(2

where J,, J3 and CoagSs 3 are calculated from observations (see, e.g. Kulmala et al., 2012). By comparing the measured number
concentrations with the values calculated using equation (2), we can find out how good assumption the pseudo steady state is, and
whether we have all crucial phenomena included in our equations.

The formation rates J, and J3 can also be related to each other following Kerminen and Kulmala (2002):

Jy=Jy e (3a)
J = J; -€ (3b)
where
a =023 - (L,l) .cs’/GR 4
d d,

Here, d; and d; are the lower and upper diameters of the considered size range given in the unit nm (here 2 nm and 3 nm, respectively),
GR is the growth rate of 2-3 nm clusters in nm/h, and CS’ = CS/(41Dy2s04) =~ CS x 10 is the condensation sink in 10* s71, calculated
for a sulfuric acid monomer. The Kerminen-Kulmala equations, 3a and 3b, assume that GR is constant and CS ~ dp_2 in the size range
2-3 nm.

As a result, Ny._3 can also be expressed as

Noz = J; - (e — 1)/CoagS,_; 5)

If we further approximate GR in the size range 2-3 nm with GR determined for 3 nm or slightly above, equation (5) allows us to
estimate Ny 3 using measurement data solely from sizes larger than 3 nm of the particle diameter.

Note that the pseudo-steady state assumption made in deriving equation (5) may break down under conditions of very rapidly
changing cluster sinks or sources. In such cases, equation (1) needs to be solved numerically in order to obtain Ny_3,

The equations given above concern the size range of 2-3 nm. We can derive similar equations for any other size range, such 3-6 nm
or 1.5-2 nm to obtain N3¢ and Nj 5.9, respectively, simply by replacing the relevant quantities (J, CoagS) with those inherent for that
size range. Note that the coagulation sink of clusters or particles at any size or size range can be obtained from the condensation sink
(CS) using the equation derived by Lehtinen et al. (2007):

0‘71} ©)

CoagS(D,) = CS - {D—p
where n is typically between about 1.5 and 2 depending on the particle number size distribution.

In the calculations of this work, we assumed n = 1.6 in equation (6), which is a typical value of n for SMEAR II data (Lehtinen et al.,
2007), whereas in equation (4) it has implicitly been assumed that n = 2. The influences of coagulation scavenging on cluster con-
centrations are, however, not very sensitive to the exact value of this parameter. When calculating CoagS for any size range [d;, dz]
using equation (6), we set D, equal to the geometric mean of d; and d>.

The formation rates were calculated from the measured particle number size distributions and their corresponding change rates as
in Kulmala et al. (2012):

AN, a,) GR

Joy =— 1=+ CoagSi a N} + )N ld1 ) @

(dy — di

where d; is the size at which the formation rate is calculated, and d; is the upper interval bound for which the change rate of the
particle or cluster number concentration is calculated. Here, in line with the common terminology used in the earlier literature, we call
the particle formation rate calculated using equation (7) as the “measured” particle formation rate. In calculating Jo, J3 and Jg, we used
2, 3, and 6 nm for d; and 4, 6, and 10 nm for d», respectively. For GR we used the corresponding observed value at each day obtained
via the maximum concentration method (e.g. Kulmala et al., 2012), which might also introduce some error, as the conditions when
growth is measured might not be representative for the entire day, especially nighttime. Therefore, the lower error bounds on the
formation rates and all subsequent calculations include the effect of GR = 0 during nighttime. Note that the growth term for the
formation rate calculations in Beijing is very minor, and the assumption of GR = 0 during nighttime barely affects the error estimate.
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3. Results and discussion
3.1. Cluster mode

It has been known for decades that there is a constantly existing mode of small ions (sub-2 nm), and that the somewhat larger
intermediate ions exist typically only during NPF events (e.g. Hirsikko et al., 2011; Manninen et al., 2010; Tammet, 1995). Kulmala
et al. (2000) suggested based on their theoretical calculations that there is also a mode of neutral clusters in sub-3 nm size range. Based
on the observations, we can state that there is always a cluster mode present in the atmosphere (e.g. Kontkanen et al., 2017; Kulmala
et al., 2013; Manninen et al., 2010; Zhou et al., 2020). Often particle or cluster number concentrations in this mode are higher than
those in the nucleation, Aitken or accumulation modes, or in all those three modes together. Therefore, we suggest that the repre-
sentations of sub-micron atmospheric aerosols include a cluster mode (Fig. 1).

3.2. Towards a closure between observations and calculations

In spite of the present progress in observations of sub-3 nm particle size distributions and concentrations, it is still hard to observe
exact concentrations in the sub-2 nm size range when these concentrations are low. Therefore, we look here at the closures in the 2-3
nm size range based on observations at the SMEAR II station in Hyytiala, Finland (Hari & Kulmala, 2005), and also in AHL/BUCT
laboratory in Beijing, China (Liu et al., 2020). As a comparison, we have also investigated the closures in the size range of 3-6 nm.

The measurements were performed using a DMA-train (Stolzenburg et al., 2017) at SMEAR Il station in Hyytiala, Finland, (e.g. Hari
& Kulmala, 2005; Kulmala et al., 2013) and a DEG-SMPS equipped with the improved DMA and sampling inlet (Cai et al., 2017a; Fu
et al., 2019; Jiang, Chen, et al., 2011) at the AHL/BUCT station in Beijing, China (e.g. Liu et al., 2020). Both instruments rely on
electrical mobility analyzers for obtaining the sizing information. Besides their lower sensitivity towards small particle number
concentrations compared to the PSM, the better sizing accuracy provides more stable estimates of number concentrations in the 2-3
nm size range. Furthermore, they additionally yield information at bigger sizes, such that we can compare our cluster closure over a
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Fig. 1. A schematic number size distributions including cluster mode based on the median values observed at SMEAR II station in Hyytiala, spring
2020, NPF days, daytime (8 a.m.-16 p.m.). (a) Measured number size distribution obtained from a DMA-train (Stolzenburg et al., 2017) and a
twin-differential mobility particle sizer system (Aalto et al., 2001). (b) A typical idealized distribution including four lognormal modes is shown.
This includes a cluster mode (sub—3 nm), which is usually measured using a particle size magnifier (Vanhanen et al., 2011), the nucleation mode
(3-25 nm) measured using a Neutral and Air ion Spectrometer in total mode (Mirme & Mirme, 2013), and an Aitken mode (25-100 nm) and
Accumulation mode (100-1000 nm), which are routinely measured using a twin-DMPS (Aalto et al., 2001).
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larger size-range with the same instrumentation.

In Fig. 2a we show the observed diurnal variation of formations rates (Jo, J3, and Jg) at the SMEAR II station, and in Fig. 2b the
corresponding values at the AHL/BUCT station, for NPF days in the spring/summer periods of 2020 (SMEAR II) and 2018 (AHL/
BUCT). The compared datasets cover roughly five months and are representatives for typical NPF conditions at both sites. Fig. 2
demonstrates that the formation rates are typically 50-100 times higher in Beijing than in Hyytiala at all the calculated sizes.

In Fig. 3, we show the values of condensation and coagulation sinks in both sites during the NPF days, as determined using Eq. (6).
Overall, the values of both CS and CoagS were roughly a factor of 10 higher in Beijing than in Hyytiala. On the contrary, as shown
Fig. 4, growth rates were pretty similar at both sites. This is consistent with previous studies (e.g. Kerminen et al., 2018; Kulmala et al.,
2004). The growth rates showed a clear increase with an increasing particle size, which has been previously observed at the same sites
and in many other environments, to be a typical feature as well (e.g. Deng et al., 2020; Kuang et al., 2012; Kulmala et al., 2013).
Together with observed sink values, the observed growth rates were used to calculate the theoretically estimated particle formation
rates using the Kerminen & Kulmala equation (Eq. (3b)) and subsequently cluster concentrations using Eq. (5).

In Fig. 5 we start by comparing the estimated and measured diurnal variations of particle formation rates and number concen-
trations in the range of 3-6 nm, where instrument-related measurement uncertainties are lower. The estimated diurnal median particle
concentrations using Eq. (2) and the measured values agree nicely for Hyytiala and Beijing daytime, as shown in Fig. 5a and b. Note
that for Beijing we expect a significant contribution of primary emissions at the BUCT/AHL station (Kontkanen et al., 2020) for the size
interval of interest. In order to reduce the influence of primary emissions on Eq. (2), which scales linearly with the difference J41-J42 of
two formation rates, we used 25 nm as the upper interval bound d; for the calculation of Jo, J3 and Je in Beijing, as shown in Fig. S1 in
the Supplement. By taking the larger size interval, the increasing primary emissions at larger sizes are offsetting both formation rate
calculations, reducing the influence on the calculated difference. However, in terms of absolute numbers the calculated values of Jy, J3,
Js would be less accurate using this larger size interval. Fig. S1 shows that the adjustment of the formation rate calculation increases
the accuracy of using Eq. (2) for Beijing, especially during afternoon and nighttime, where primary emissions might dominate the
dN/dt term in the formation rate calculation of Eq. (7).

With the approach of Eq. (2), the estimated and measured values are highly coupled, as the same size-distribution information is
used for calculating the formation rates at 3 and 6 nm and the concentration estimate for that size-range. However, the results given in
Fig. 5a and b using equation (2) confirm that we have included all the relevant processes in our expressions and that the pseudo steady
state approximation is valid. In Fig. 5¢ and d we show J3 estimated using Js and the Kerminen & Kulmala equation (Eq. (3b)), together
with measured values of J3 obtained using equation (7), for both sites. Especially during daytime, we also obtain agreement within the
uncertainties for both methods and both locations. This then further translates into some overlap for the predicted number concen-
trations using Eq. (5), as shown in Fig. 5e and f, however the agreement gets slightly worse, especially for Hyytiala. Here Eq. (5) is used
as an independent test of a closure between the observed and predicted values (Fig. 5e and f), since the estimated values do not rely on
any measurements below 6 nm. It needs to be noted that approximating the GR in Eq. (5) using measurements at larger sizes introduces
an underestimation of the number concentration due to typically increasing GR with size (Fig. 4). Moreover, the results are generally
extremely sensitive to quantities like the GR and CS, which can usually have high systematic uncertainties (e.g. Leppa et al., 2011;
Yli-Juuti et al., 2011; Kulmala et al., 2017).

The same procedure is now repeated for the more challenging size range of 2-3 nm. In Fig. 6 we show again the comparisons
between estimations and measurements using Eq. (2) (Fig. 6a and b), and the estimates using the Kerminen & Kulmala equation for the
particle formation rates (Fig. 6¢ and d) and cluster concentrations (Fig. 6e and f). The agreement using Eq. (2) is again remarkable for
both sites (again especially when reducing the influence of primary emissions in Beijing by changing the intervals for the nucleation
rate calculations as shown in Fig. S2) and well within the uncertainties (estimated by the 25%/75™ quantiles of both the nucleation rate
and CoagS measurements for the predicted values). Using the Kerminen & Kulmala equation we can also reproduce the particle
formation rates at 2 nm within the error bars (estimated using the 25™/75% quantiles for CS and GR in the Kerminen & Kulmala
estimate). As pointed out above, the approximation of the GR with the measurement from larger size range induces a systematic
underestimation of cluster concentrations. However, GR is often known from either literature or can be inferred by a different set of
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Fig. 2. Formation rates (Jo, J3 and Jg calculated based on the size intervals of 2-4, 3-6 and 6-10 nm, respectively) during NPF event days at SMEAR
II station in Hyytiala, Finland (a) and at AHL/BUCT station Beijing China (b). Median (lines) as well 25% and 75% quartiles are presented.
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Fig. 4. Particle growth rates as a function of size. In Hyytiéla, 2020 (a) and in Beijing, 2018 (b).

instrumentation than used for the number concentration measurements (e.g. NAIS ion GR). Therefore, without circular deduction,
values from Kulmala et al. (2013) and Deng et al. (2020) are used in Figs. S3 and S4 in the Supplement giving better agreement for
Hyytiala and a slight overestimation of cluster concentrations in Beijing. The higher values in Beijing are in line with the investigations
of Kulmala et al. (2017) explaining that the effective sink could actually be much smaller than the observed one (see also Tuovinen
et al., 2020). Again, these small deviations between the estimated and measured formation rates at 2 nm translate into stronger de-
viations for the cluster concentrations (Fig. 6e and f). Nevertheless, we show that our measurements and estimations are within the
same order of magnitude for two complimentary sites, indicating the presence of a strong cluster mode during new particle formation.

Additionally, our estimates of the cluster concentrations in Hyytiala are clearly higher than those measured by Sulo et al. (2021) at
the same site and those reported by some other earlier studies. This indicates significant differences in the used methodology, e.g.
systematic biases between the instruments. These biases are probably related to the measurement method (the PSM sizing relies on
activation-equivalent diameters) as well as different assumptions used in the calculations. We demonstrated above that the predicted
cluster concentrations are very sensitive to the ratio of condensation sink to growth rate (CS/GR). As discussed by Kulmala et al. (2017)
and Tuovinen et al. (2020), this ratio could be overestimated in polluted environments.

To underline the value of the cluster closure analysis, we explored the published data set from Hyytiala, Finland (Kulmala et al.,
2013). According to Kulmala et al. (2013), the median particle growth rates in the size ranges of 1.5-2 nm, 2-3 nm and 3-5 nm were
0.9, 2.1 and 2.7 nm h™, respectively, while CS had a clear diurnal variation during the NPF days between about 0.001 and 0.003 s™*.
The observed formation rates were (typical noon maximum values) 3, 1.5 and 0.4 cm ™~ s! at 1.5, 2.0 and 3.0 nm, respectively. Using
these values with CS = 0.003 s™* together with equation (3b), we get Jo = 1.7 x J3 and J1 5 = 3.6 x J,. We also calculated J; 5 as a
function of J3 and obtained J; 5 = 2.5 cm 3 s~ This value is within 20% of the observed J1.5. The estimated cluster number con-
centration (Eq (5)) in size range of 1.5-2.0 nm is 2300-7900 cm 3, while the measured one was 3000 ecm ™ (Kulmala et al., 2013).
Therefore, the closure for the cluster concentrations is a valuable tool to estimate the feasibility of the measured cluster number
concentrations. This is particularly important in the size range that is at the same time challenging to measure and prone to
considerable uncertainty and sensitive to e.g. sampling losses.

3.3. Sensitivity of estimated cluster concentrations

Using the closure equations, which were shown to work at least as order of magnitude estimates for the size ranges above 3 nm, we
can investigate order of magnitude concentrations of clusters of different sizes. Here we make such estimates for the cluster sizes of
1.5-2.0 nm and 2.0-3.0 nm.
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Fig. 5. Measured and estimated median diurnal number concentrations of 3-6 nm particles and particle formation rates at 3 nm. (a) and (b) show
the measured (solid line) and according to Eq. (2) (dashed line) the estimated values of N3 ¢ for Hyytiédla and Beijing, respectively. (c) and (d) show
the measured (solid line) and estimated according to Eq. (3b) (dashed lines) values of J3 for Hyytiédla and Beijing, respectively. (e) and (f) show the
measured and estimated according to Eq. (5) values of N3 ¢ for Hyytiédla and Beijing, respectively. The shaded areas show the 25-75 quantile for all
values.However, the lower error bound for nighttime is estimated from the 25th percentile of the data assuming GR = 0 in the formation rate

calculations.

In Fig. 7 we show the cluster concentration scaled by the J calculated from equations (2), (3) and (5) as a function of CS/GR. This
underlines the sensitivity of the ratio N/J to the ratio CS/GR.

The dependency of particle formation rate at 2 and 3 nm on the cluster concentrations (1.5-2 and 2-3 nm) is linear. Therefore, by
using the typical values for J5, CS and GR in Beijing and Hyytiald we can estimate that Ny 5_5 is about 50 000-200 000 cm > in Beijing
and about 1500-10000 cm > in Hyytiila. Since CS/GR is a factor of 10 higher in Beijing than in Hyyti4l4 and formation rates are also a
factor of 10-20 higher in Beijing than in Hyytiala, the estimated number concentrations are a factor of 10-100 higher. However, in
both places but particularly in Beijing, the estimated cluster concentrations are very sensitive to CS/GR.

4. Conclusions

During the recent years, the knowledge on atmospheric cluster concentrations has been increasing significantly (e.g. Kulmala et al.,
2017,2021; Yuetal., 2014, 2013; Kontkanen et al., 2017, 2016; Yu et al., 2016; Zhou et al., 2020; Sulo et al., 2021), demonstrating the
ubiquitous presence of a cluster mode with high concentrations — exceeding significantly the ion concentrations - in different atmo-
spheric environments. In this paper, we derived a simple conceptual model. Using this model, we were able to show that a) that the
pseudo-steady state approximation is valid in the studied conditions and b) that the measured cluster concentrations in the 2-3 nm size
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Fig. 6. Measured and estimated median diurnal number concentrations 2-3 nm clusters and particle formation rates at 2 nm. (a) and (b) show the
measured (solid line) and according to Eq. (2) (dashed line) the estimated values of N3 for Hyytiala and Beijing, respectively. (c) and (d) show the
measured (solid line) and estimated according to Eq. (3b) (dashed lines) values of J, for Hyytidla and Beijing, respectively. (e) and (f) show the
measured and estimated according to Eq. (5) values of N, 3 for Hyytiédla and Beijing, respectively. The shaded areas show the 25-75 quantile for all
values. However, the lower error bound for nighttime is estimated from the 25th percentile of the data assuming GR = 0 in the formation rate
calculations.

range agree with the estimated ones typically within a factor of 2-10. Since the aim of this conceptual model development is to provide
a tool for an order-of-magnitude estimation of atmospheric cluster concentrations, its predictions can be considered relatively accurate
for this purpose.

Furthermore, based on model predictions we showed that the cluster concentrations in both 1.5-2 nm and 2-3 nm size range
depend strongly on the cluster growth rate and coagulation sink in this size range. Also, the concentrations depended linearly on the
formation rate at 1.5, 2 or 3 nm regardless of whether we calculated it forwards (from 1.5 to 2 nm or from 2 to 3 nm) or backwards
(from 3 to 2 nm or from 2 to 1.5 nm). The estimated cluster concentrations were on the order of 1000-10 000 cm ™2 in the 1.5-2 nm size
range in a background site like Hyytiala in Finland and 10-100 times higher in polluted megacities like in Beijing, China.

By comparing cluster concentrations based on the calculated closure with measured ones, we can conclude that the present
observation techniques typically are able to detect a major fraction of existing atmospheric clusters at least within the order of
magnitude. However, we still need to improve the accuracy of detection of sub-3 nm clusters, since present uncertainties remain to be
large.
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Fig. 7. Concentration of clusters (1.5-2 nm) scaled with the formation rate at 2 nm marked with red stars, and concentrations of clusters (2-3 nm)
scaled with the formation rate at 3 nm (blue line), as a function of CS/GR at the corresponding size range. The differences between the two curves
(in N/J) is mainly due to the fact that Coag$ is smaller for 2-3 nm clusters than for 1.5-2 nm clusters. The green and grey areas indicate the range of
observed CS/GR values for Hyytiald and Beijing, respectively. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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