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Abstract. At SMEAR II research station in Hyytiälä, located in the Finnish boreal forest, the process of new particle formation

and the role of ions has been investigated for almost 20 years near the ground and at canopy level. However, above SMEAR

II, the vertical distribution and diurnal variation of these different atmospheric ions are poorly characterized. In this study, we

assess the atmospheric ion composition in the stable boundary layer, residual layer, mixing layer and free troposphere, and the

evolution of these atmospheric ions due to photochemistry and turbulent mixing through the day. To measure the vertical profile5

of atmospheric ions, we developed a tailored setup for online mass spectrometric measurements, capable of being deployed in

a Cessna 172 with minimal modifications. Simultaneously, instruments dedicated to aerosol properties measured in a second

Cessna. We conducted a total of 16 measurement flights in May 2017, during the spring, which is the most active new particle

formation season. A flight day typically consisted of three distinct flights through the day (dawn, morning and afternoon) to

observe the diurnal variation and at different altitudes (from 100 m to 3200 m above ground), and to capture the boundary layer10

development from stable boundary layer, residual layer to mixing layer, and the free troposphere. Our observations showed

that the ion composition is distinctly different in each layer and depends on the air mass origin and time of the day. Before

sunrise, the layers are separated from each other and have their own ion chemistry. We observed that the ions present within
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the stable layer are of the same composition as the ions measured at the canopy level. During daytime when the mixing layer

evolved and the compounds are vertically mixed, we observed that highly oxidised organic molecules are distributed to the top15

of the boundary layer. The ion composition in the residual layer varies with each day, showing similarities with either the stable

boundary layer or the free troposphere. Finally, within the free troposphere, we detected a variety of carboxylic acids and ions

that are likely containing halogens, originating from the Arctic Sea.

1 Introduction

Atmospheric ions have been a subject of research for many decades (Hõrrak et al., 1994; Tammet, 1995; Hirsikko et al., 2011,20

and references therein). The term ‘atmospheric ion’ includes molecular ions and ion clusters. Ion clusters are composed of a

neutral molecule or molecular cluster attached to a molecular ion. The source of ions varies. In higher altitudes, ions are pri-

marily produced via galactic cosmic ray interaction with the atmosphere, while closer to the ground, radon decay and gamma

radiation from soil are the main sources of ions (Israël, 1970). The primarily formed ions, such as N+
2 , O+

2 and e−, quickly

undergo reactions to form secondary molecular ions (Arnold, 2006; Junninen et al., 2016). Depending on the proton affinity25

of the trace gases present in the atmosphere, different compounds can be charged, leading to a variety of ions with different

elemental compositions (Mohnen, 1976; Hirsikko et al., 2011; Ehn et al., 2010). The main sinks of atmospheric ions are ion-ion

recombination and attachment to pre-existing aerosol particles (Israël, 1970; Smith and Spanel, 1995; Arnold, 2006).

The role of ions in the atmosphere is broad. For example, ions can alter cloud microphysics through enhancing condensation30

or coalescence with rain droplets (Harrison and Ambaum, 2009). Ions can also amplify the formation of secondary aerosols.

Various field studies have shown that, depending on the location, ion-induced nucleation initiates about 1 to 100 % of new

particle formation (NPF) (Hirsikko et al., 2011; Manninen et al., 2010; Jokinen et al., 2018; Beck et al., 2021a). Atmospheric

NPF produces secondary aerosol particles via gas-to-particle conversion, including clustering and further growth of these clus-

ters to larger sizes. Ions enhance NPF, mainly by acting as stabilizers for clusters, by reducing the critical cluster size, and35

facilitating their growth to larger sizes (Seinfeld and Pandis, 2016; Kirkby et al., 2016; Wagner et al., 2017; Rose et al., 2018;

Merikanto et al., 2016). Secondary aerosol particles affect human health (Baltensperger et al., 2008; Lelieveld et al., 2015),

interact directly with radiation and act as cloud condensation nuclei (CCN) or ice nuclei (IN) (IPCC, 2021; Merikanto et al.,

2009; Seinfeld and Pandis, 2016). In terms of their number concentration, NPF is the dominant source of aerosol particles

in the global atmosphere (e.g. Gordon et al., 2017), but both concentration and chemical composition of secondary aerosol40

particles vary considerably with location (Zhang et al., 2007). Globally, it is estimated that roughly half of the CCN is derived

from NPF (Merikanto et al., 2009; Gordon et al., 2017). The importance of secondary aerosol particle in aerosol-radiation and

aerosol-cloud interactions necessitates a thorough understanding of their formation from precursor gases (Lee et al., 2019).

Ion-induced nucleation mechanisms have been studied theoretically (Laakso et al., 2002), experimentally and via field mea-45

surements. Laboratory studies, such as the CLOUD experiment (Kirkby et al., 2011; Duplissy et al., 2016), investigated the
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molecular processes leading to NPF and the role of ions within these processes. These experimental data have revealed different

molecular pathways and quantified the importance of charged and neutral processes in the different molecular formation mech-

anisms. Such mechanisms include NPF associated with sulfuric acid (Duplissy et al., 2016; Merikanto et al., 2016), sulfuric

acid and ammonia (Kirkby et al., 2011; Kürten, 2019), sulfuric acid and amines (Almeida et al., 2013), iodine oxoacids (He50

et al., 2021), various organic compounds (Riccobono et al., 2014; Kirkby et al., 2016), and mixtures of organic compounds,

ammonia, and sulfuric acid (Lehtipalo et al., 2018). The two latter mechanisms involve the formation of highly oxygenated

organic molecules (HOM), in particular via the autoxidation of volatile organic compounds (VOC) (Ehn et al., 2014; Bianchi

et al., 2019). The lower volatility of the HOM compared to the VOC enables them to contribute also to particle growth through

condensing onto nucleated particles (Kulmala et al., 1998; Ehn et al., 2014; Bianchi et al., 2019; Donahue et al., 2012). While55

HOM are a significant contributor to NPF in the boreal forest environment (Yan et al., 2018), their contribution to the particle

growth was also observed in the Arctic (Beck et al., 2021a).

Ions have been observed to influence NPF in several environments. In coastal Antarctica, negative ion-induced nucleation

of sulfuric acid and ammonia was identified as the main NPF mechanism (Jokinen et al., 2018). In the Arctic region, several60

NPF pathways have been observed (Schmale and Baccarini, 2021), many of them involving ions. These include sulfuric acid-

ammonia nucleation and iodic acid nucleation (Beck et al., 2021a; Baccarini et al., 2020), with subsequent particle growth

being also influenced by condensation of methanesulfonic acid (MSA) or HOM. In the boreal forest environment, ion-induced

nucleation was first reported by Kulmala et al. (2004), and the daytime ion-induced nucleation pathway was found to involve

sulfuric acid, ammonia and HOM (Yan et al., 2018). During evening hours when sulfuric acid concentrations are rather low,65

particle formation up to 6 nm by clustering of HOM was observed in the boreal forest (Rose et al., 2018).

Further up in the atmosphere, field studies conducted at mountain stations have provided insight into the behaviour of ions

in the transition between the boundary layer and the free troposphere. Rose et al. (2015) observed that NPF at Puy de Dôme

(1465 m asl), France, was occurring in the interface of the boundary layer and free troposphere. However, the first steps of70

NPF appeared to be driven by neutral clusters rather than ions. Bianchi et al. (2016) reported the composition of negative ions

during NPF days at Jungfraujoch (3580 m asl), Switzerland. They observed organic compounds in the free troposphere when

the measured air mass had been in contact with the boundary layer before reaching the measurement site. A further study by

Bianchi et al. (2021) observed a high frequency of NPF in the Himalayas at the Nepal Climate Observatory Pyramid station

(5079 m asl), where up-valley winds carry the precursor gases upwards, delivering them to the free troposphere and enabling75

nucleation. An airborne study (ATom) by Williamson et al. (2019) observed NPF at high altitudes above the tropics, initiated

in the upper troposphere. However the chemical composition of the initial clusters remained unknown.

Atmospheric processes in the boundary layer, such as roll vortices, are a relevant vertical transport mechanism and carry

vapours and aerosols from lower levels to higher altitudes and vice versa (Etling and Brown, 1993). Using airborne measure-80

ments above a boreal forest, Lampilahti et al. (2020) showed that roll vortices can enhance NPF and lead to the particles’
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growth up to CCN sizes. However, the compositions during such NPF events were not elucidated. Atmospheric chemistry and

secondary aerosol formation are taking place throughout the troposphere, so continuous mixing and both vertical and horizontal

transport of air masses should be considered when conducting field studies. The majority of detailed free-tropospheric aerosol

observations have been made in mountain stations, which are still somehow influenced by transportation from the boundary85

layer.

Our present study combines 1) airborne aerosol and ion cluster measurements, 2) ground-based in situ observations and 3)

remote sensing observations. Our goals are firstly to map the differences of atmospheric ions between the stable boundary layer,

residual layer, mixing layer and free troposphere, and secondly, to explore how the character of atmospheric ions changes with90

photochemistry and turbulent mixing condition during daytime, and how this influences the vertical distribution of ions within

the boundary layer, and thirdly to probe for possible ions precursors of NPF within the boundary layer and free troposphere.

2 Methods

The presented data were collected during an airborne measurement campaign in spring 2017 on six intensive measurement

days between 2 and 16 May above the boreal forest at the Station for Measuring Ecosystem Atmospheric Relations (SMEAR)95

II, located in Hyytiälä, southern Finland (Hari and Kulmala, 2005; Brasseur et al., 2021). In addition, continuous ground-based

data from SMEAR II were included in this study, such as aerosol precursor gases and ions, particle size distributions, mete-

orological data and Doppler lidar (section 2.4). The days of airborne measurements were chosen with the help of the ground

measurements from SMEAR II, using the NPF prediction from Nieminen et al. (2015).

100

The airborne measurements were conducted with two Cessna 172, one equipped with a mass spectrometer measuring in

negative ion mode (section 2.1) and the second aircraft equipped with particle and meteorological measurement devices (section

2.2). Both aircraft were flying at the same time and in formation above the boreal forest, to simultaneously capture vertical

profiles of ion composition and particle size distribution.

2.1 Airborne measurements with APi-TOF105

We deployed an Atmospheric Pressure Interface Time-of-Flight mass spectrometer (APi-TOF, Tofwerk AG Aerodyne Re-

search Inc.; see Junninen et al., 2010) in a high-performance Cessna 172 aircraft (Reims FR172) to detect negative ions and

ion clusters within the boundary layer and the free troposphere. The principal components of an APi-TOF are an atmospheric

pressure interface, attached to a time-of-flight (TOF) chamber. The atmospheric pressure interface allows the transition of ions

from ambient pressure to the high vacuum in the TOF. The atmospheric pressure interface consists of three chambers with110

various ion optics and pressures. The sample is transported from ambient pressure to the first chamber (Small Segmented

Quadrupole, SSQ) at ~2 mbar pressure (the pressure of the SSQ was controlled during the flight measurements, see end of

this section), then further to the Big Segmented Quadrupole (BSQ) at ~10−3 mbar, the Primary Beam (PB) chamber at ~10−4

4
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mbar and finally to the TOF at ~10−6 mbar. Inside the TOF, the ions are guided to a detector, acquiring their time of flight

from which the mass per charge (m/z) is calculated (Junninen et al., 2010). The total ion sample rate to the instrument was set115

to 20 lpm (more details at the end of this section) of which 0.8 lpm is entering the APi-TOF through a pinhole with a diameter

of 0.3 mm.

A tailored setup for the APi-TOF, including its own power supply, had to be developed to conduct the measurements on-

board the Cessna aircraft and to maintain the vacuum inside the APi-TOF between the flights while, for example, the Cessna120

was parked in the airport hangar or for refuelling. This standalone independent setup was particularly designed to offer the

possibility to deploy the mass spectrometer in most single-engine Cessna models, which are widely used around the globe, and

to allow further measurements in different parts of the world.

The maximum weight for the tailored instrumentation setup that can be installed in the above-mentioned Cessna, while125

allowing for the required fuel and a crew of two, was 200 kg. The APi-TOF (85 kg) was first mounted in a rack (Fig. 1c),

using helical wire rope isolators to prevent the vibration of the airplane from affecting the mass spectrometer components.

The specifically designed outer aluminium rack (12.7 kg) was constructed to altogether hold the APi-TOF, the power supply

and the EBARA Dry Vacuum Pump (PDV500, EBARA Corporation, 20 kg) used for the pre-vacuum in the APi-TOF. The

whole construction can be fit on the seat rails in the back of any Cessna 172 (or larger models) from which the back seats are130

removed. The power for all the scientific instrumentation, including the mass spectrometer, computer, vacuum pump and addi-

tional measurement devices, was provided by a lithium iron phosphate battery (MLI Ultra 24/5500, Mastervolt, 57 kg and 23

kg for additional battery components). The lithium iron-phosphate battery was chosen as the safest solution for this campaign,

which required a high energy density. This type of battery can withstand temperatures of up to 270°C before catching fire,

whereas a common lithium cobalt oxide battery already overheats at 150◦C. Furthermore, it has been tested in a set of standard135

stress tests and fulfils the test requirements according to UN38.3. An automatic fail-safe switch was implemented to shut down

the device in case of any overheating or battery emergency. In addition, a manual safety switch was mounted in the cockpit, so

that the pilot or instrument operator could shut down the battery conveniently.

The battery lifetime was sufficient to cover the 2.5-hour flight duration, the refuelling of the Cessna, and additional possible140

delays leading to prolonged flight times. For safety reasons, the battery shutdown threshold was set to 20%; the battery status

reached on average 40% after a typical flight of 2.5–3 hours (see Fig. S1, supplementary material). In between flights, the

batteries were recharged in the hangar directly inside the Cessna within two hours.

During both take-off and landing, the inlet system had to be located inside the airplane. Therefore, a sliding inlet-system of145

110 cm in length and 5 kg in weight (Fig. 1a, c) was mounted on the top of the rack. The operator could then connect the inlet

of the APi-TOF with the inlet-line during the flight. At the entrance of the inlet line we used a stainless-steel T-shaped inlet

5
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Figure 1. Setup of the APi-TOF inside the Cessna 172 aircraft. (a) Schematic of the APi-TOF setup from top. The air sample was taken

through a T-piece to reduce turbulence and guide the sample into the APi-TOF pinhole through a sliding inlet system. The battery was in the

back of the airplane; the vacuum pump (EBARA) was located behind the pilot and co-pilot seat. (b) Cessna 172 with the APi-TOF setup in

the rear. (c) APi-TOF setup with outer rack, holding the pump and battery and the sliding inlet construction.

(Mirme et al., 2010) to reduce turbulence and to guide the air sample smoothly into the sliding inlet system (Fig. 1a).

Due to restrictions regarding chemicals onboard the aircraft, we could not use a chemical ionisation method to detect neu-150

tral molecules. Instead, we measured with a direct Ambient Ionisation (AI) inlet combined with an APi-TOF (AI-APi-TOF,

Sahyoun et al., 2019), using a soft x-ray source (Hamamatsu, L12535) to ionise the air sample before entering the mass spec-

trometer. The x-ray source was operated for 20 seconds within a 10-minute interval. The acquired data with the x-ray ionisation

were primarily used to determine the peak shape and to perform an instrumentation check during the flight measurements. The

signal with ionisation gave ~106 ions per second, instead of only ~10 ions per second without ionisation. This allowed the155

operator to evaluate if the ion count was low due to natural reasons, or if the instrumentation was malfunctioning.

At higher altitudes, the dropping ambient pressure affected the pressures inside the chambers of the APi-TOF. Therefore,

an IMR pressure controller (Aerodyne Research Inc.) was attached to the SSQ chamber to maintain pressure at 2 mbar by

introducing compensatory air into the chamber (Fig. S2). However, the lower pressures in the subsequent instrument chambers160
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(BSQ, PB and TOF) decreased along with decreasing ambient pressure by ~20% (BSQ) and ~40% (TOF) even with stable SSQ

pressure. As the IMR controller malfunctioned on the first two measurement days (2 and 3 May 2017, Fig. S2), we were able

to compare if the data were affected by stable SSQ or decreasing SSQ pressure, respectively. In both cases (stable or not stable

pressure withing SSQ), the total ion count at the different height levels did not seem to be affected. However, for quantitative

measurements, further investigation in a controlled lab environment would be necessary in order to understand the effect of165

pressure on the amount of signal.

The total ion sample flow was kept at 20 lpm. The function of the different pumps attached to an APi-TOF were slightly

adapted: The 20 lpm ion sample flow was created by the MD1 (Fore) pump of the APi-TOF setup, which originally was used

to support the Turbo pump. Instead, the support for the Turbo pump was provided by the external EBARA vacuum pump. This170

configuration saved additional weight, as no extra pump for the inlet flow was necessary.

The aircraft was also equipped with a GPS receiver and a temperature, relative humidity and pressure sensor for meteoro-

logical data analysis. The overall weight of the setup including all components was 199.6 kg.

175

A transmission characterisation of the full setup (including the sliding inlet-system for the APi-TOF) was performed in the

laboratory before the campaign. The transmission of ions between 100 Th and 400 Th was between 1–2%, and for ions >500

Th the transmission was below 0.5% (Fig. S3).

2.2 Airborne particle measurements

In the second airplane we installed one of these two setups at different stages of the campaign: The first setup was used for180

the first 4 flight days, and consisted of an ultrafine Condensation Particle Counter (uCPC, model TSI-3776; measuring >3 nm

particles), a Scanning Mobility Particle Sizer (SMPS, Wang and Flagan, 1990; measuring a size range 10–400 nm), and a

Particle Size Magnifier (PSM, Vanhanen et al., 2011) together with a TSI 3010 CPC (measuring particles with a diameter > 1.5

nm). The second setup consisted of a Neutral cluster and Air Ion Spectrometer (NAIS, Airel Ltd., Mirme and Mirme, 2013) for

the last 2 flight days, measuring neutral particles between 2–40 nm and ions between 0.8–40 nm. Detailed information about185

the two setups can be found in Lampilahti et al. (2021) and Leino et al. (2019).

2.3 Flight trajectories and profiling

We conducted a total of 16 flights (with both aircrafts) of ~2.5 h duration for each flight between 2 May 2017 and 16 May

2017. When possible, three flights per day were performed to capture the development of the boundary layer and its change in190

particle number concentration and ion composition within one day. Therefore, we conducted an early morning flight between

3:00–6:00 EET (UTC + 2), to capture the stable boundary layer and residual layer; a morning flight between 8:00–11:00 EET,

when the mixing of the boundary layer started but was not fully developed; and an afternoon flight between 13:00–16:00 EET,

7
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Figure 2. (a) Wind rose of the measured wind direction and wind speed from SMEAR II station at 125 m height, including the data from all

six days when airborne measurements were conducted. (b) Flight route from the Tampere-Pirkkala Airport (Finland) to SMEAR II station.

The depicted route is from a measurement flight on 2 May 2017 during early morning (04:00–06:30 EET). The distance from the airport to

SMEAR II station is ~60 km, the length of one long leg at the SMEAR II station is ~22 km. (c) Profile of the same flight as depicted in (b)

but including the height. The colouring of the trajectories is represents the hour of the day. ©OpenStreetMap contributors 2021. Distributed

under the Open Data Commons Open Database License (ODbL) v1.0.

when the maximum of the boundary layer height was reached. We performed the vertical profiling of the measurements on

fixed altitudes (and pressure, respectively) in ~10 min legs, which enabled a broad vertical profiling of the ion composition. In195

this way, we were able to accumulate sufficient amount of data with the APi-TOF despite its pressure sensitivity. The measure-

ment times and height levels of all measurement flights can be determined from Table S1. For simplicity, the height levels in

figures and tables are rounded to the nearest hundred.

The airborne measurements were conducted in five legs per flight between 100 and 3200 m above ground level (agl). For200

each height level, the aircraft circled around the SMEAR II station for ~10 min before descending or ascending to the next

level. Figure 2b shows one example of a horizontal trajectory during 2 May 2017 early morning flight. The vertical profile is

depicted in Fig. 2c. For a more direct comparison with ground-based measurements, in all the following instances we refer to

altitude agl from the SMEAR II station (180 m asl).

205
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The flight route started and ended at the Tampere-Pirkkala airport. It took 20–30 min per flight to the measurement site. The

vertical profiling was done once arrived at the SMEAR II station (Fig. 2). The two aircraft were flying at the same time but in a

staggered formation and at slightly different heights, to avoid contamination. The aircraft with the particle measurements was

on the right-hand side of the APi-TOF aircraft. Generally, the flight speed was 130 km h−1 but was increased to 150 km h−1

depending on flight conditions. Thus, a 1 min flight time was capturing between 2200 and 2500 m.210

2.4 Ground measurements

A second APi-TOF was deployed on a tower at the SMEAR II station at a 35 m height, i.e., 16 m above the forest canopy

(estimated to be at ~19 m height in 2017 from the 2012 reported canopy height at ~17.5 m (Bäck et al., 2012) from which

further average growth of 30 cm per year was added). The APi-TOF was equipped with a switching inlet-system, enabling

alternating measurements of either natural ions or neutral molecules by using chemical ionisation (CI) with nitric acid (CI-215

APi-TOF, Jokinen et al., 2012). The cycle between the modes was 3 min for natural ions and 3 min for the CI-mode. The

APi-TOF measured in the same polarity (negative) mode as the flying APi-TOF throughout the campaign. To have a compara-

ble dataset between the tower and airborne measurements, we accumulated 10 min of ambient ion data from the APi-TOF in

the tower, collected within a 20 min time window when the aircraft was flying at the lowest level (at ~100 m height) above the

SMEAR II station. To assure comparability of both mass spectrometers, the flying setup was deployed in the tower next to the220

switching (CI-)APi-TOF for 3 weeks after the campaign from 19 May to 8 June 2017. The comparison shows that the detection

of smaller masses differed slightly, while the higher mass range (>400 Th) was comparable between both instruments (Fig. S4).

For determination of the boundary layer height, we used the attenuated backscatter coefficient and vertical velocity measured

with a Doppler lidar at the SMEAR II station. A more detailed description of the measurements and data treatment can be found225

in Manninen et al. (2018). Additionally, we used the temperature and water vapour profile from the flight measurements.

Particle measurements were taken from a differential mobility particle sizer (DMPS, Aalto et al., 2001) for particles with

a diameter 3–1000 nm, and from a Neutral cluster and Air ion Spectrometer (NAIS, Airel Ltd., Mirme and Mirme, 2013) for

particles 2–42 nm and for ions 0.8–42 nm.230

2.5 Analysis and data processing

The APi-TOF data were analysed using the tofTools toolbox, developed by Junninen et al. (2010) in Matlab. As mentioned

in the previous section, the data acquisition of only 10 min per leg is minimal for accumulating sufficient signal of naturally

charged ions, as the instrument only captures about 1% of the total atmospheric ions (see section 2.1) and the usual ion con-

centration is 200–2500 pairs cm−3 (positive and negative pairs) (Hirsikko et al., 2011).235

During the flight, interference due to radio and mobile phone signals caused additional noise in the data acquisition. For data

processing, the noise had to be removed before averaging the spectrum to obtain reliable peaks for high resolution analysis
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of their chemical composition. Therefore, we used a noise-removal filter, implemented in tofTools; a threshold of 0.01 counts

per second (cps) was set for a 1-second acquisition period, defining all incoming signal with ≤ 0.01 cps as noise. After noise240

removal, the data yielded in a much clearer spectrum (Fig. S5).

Since the highest signal in the APi-TOF during daytime was composed of sulfuric acid (H2SO4) peaks, such as sulfuric

acid monomer (HSO−4 , bisulfate ion), sulfuric acid dimer ((H2SO4)HSO−4 ) and sulfuric acid trimer ((H2SO4)2HSO−4 ), their

vertical behaviour could be captured with a 2 min resolution. This enabled us to estimate the vertical sulfuric acid concentra-245

tion, as performed in Beck et al. (2021b), during ascents and descents. However, such vertical concentration profiles of other

compounds were not possible, as their signal was too low and was primarily lost to noise.

An estimation of the sulfuric acid concentration based on ion signals in APi-TOF was tested with the intercomparison period

mentioned in section 2.4 of both mass spectrometers at the SMEAR II station. A comparison with measured sulfuric acid con-250

centrations revealed that the daytime sulfuric acid concentration was well estimated with this method (Beck et al., 2021b, Fig.

S6). However, it should be noted that the changes in pressure during the flight measurements may create additional sources of

error due to a change in transmission and fragmentation within the APi-TOF.

3 Results and discussion255

3.1 Campaign overview

Figure 3 provides an overview of the ground measurements during the flight campaign. Panel (f) indicates the days when

airborne measurements were conducted, including the instrumentation installed on the aerosol aircraft. The particle size dis-

tribution and negative ion size distribution (Fig. 3a, b) show that on each flight day, NPF was observed close to the ground.

The temperatures varied between -5 and 18◦C (Fig. 3c). Since the CI-APi-TOF at the tower at SMEAR II station occasionally260

malfunctioned, we used the sulfuric acid proxy based on Dada et al. (2020) to estimate the sulfuric acid concentration at the

ground (Fig. 3e). The proxy correlates with the measured sulfuric acid concentration (during the times when CI-APi-TOF was

functioning) by 0.79 (Pearson correlation coefficient). On days with NPF, the maximum sulfuric acid concentration reached

7 ·105 to 3 ·106 molecules cm−3. The temperature, relative humidity and potential temperature profiles of all flights are shown

in Fig. S7 to S12.265

The aircraft measurements were designed to capture different layers of the boundary layer and the free troposphere. There-

fore, we will briefly summarise the boundary layer development as it occurred during our measurement period. As shown in

the schematic in Fig. 4 based on Stull (1988), the classical boundary layer (BL) structure consists of several sub-layers that

are formed due to a diurnal variation of temperature and heat transfer. In the studied region and during the time of the year,270

when the measurements were conducted, the following description of the BL structure can be assumed to apply for most days
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Figure 3. Ground measurements at Hyytiälä, SMEAR II station from 2 May to 16 May 2017. (a) Particle size distribution of particles with

a mobility diameter of 3 nm to 1000 nm. (b) Negative ion size distribution of ions in the size range 0.8–20 nm. (c) Temperature and UV-B

radiation. (d) O3 and NOx concentration. (e) Sulfuric acid concentration measured (red dots) and calculated with a proxy based on Dada

et al. (2020). (f) Data availability of the flight campaign distinguishing between early morning, morning and afternoon flight, as well as the

instrumentation setup on both airplanes. The instrumentation in the aerosol measurement airplane was changed between 5 May and 12 May

2017 from PSM, uCPC and SMPS to a NAIS. The exact times when the measurements were conducted are shown in Table S1.
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Figure 4. Schematic of the boundary layer development based on Stull (1988) with example height profiles of airborne measurements. The

actual layer heights may vary from the values on the values depicted on the vertical axis. The tower with the (CI-)APi-TOF is 35 m tall and

reaches above the canopy (19 m agl in 2017).

with similar weather conditions. During daytime, a mixing layer (ML) is formed via convective turbulence. This is caused by

heating of the surface through radiation, causing warmer air at the lower levels as updrafts to rise and cool adiabatically. Once

the air parcels cool down and reach a lower temperature than the surrounding air, they start descending due to their higher

density. This vertical exchange causes turbulent mixing of air parcels throughout the whole BL, increasing the vertical extent275

of the BL. The BL usually reaches its maximum height in the afternoon. The mixing ceases once the buoyancy is lost due to

cooling or reaching an inversion. However, if the moisture of the air parcel condenses and forms a cloud, the latent heat creates

additional turbulence (Oke, 1987).

The upper 10% of the ML at the transition to the free troposphere (FT) is called the entrainment zone. The heat flux is280

reversed due to an inversion within the entrainment zone. However, some air parcels that manage to go past the inversion, are

eventually repulsed and transport the warmer air downwards. The entrainment zone is characterised by a significant change in

the water vapour content, potential temperature and sensible heat flux between the ML and FT (Stull, 1988; Oke, 1987).
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With the setting sun, the turbulence and mixing of the BL start to cease (Lothon et al., 2014; Darbieu et al., 2015). However,285

the previously mixed air from the ML remains. This leftover layer, which contains the residues of the ML from the previous

day, is called a residual layer (RL). The RL persists until the early morning hours when it is mixed again with the ML. Usually,

the RL is not attached to the ground, as there is another layer in between. Due to the cooling of the ground during night-time, a

very stable layer is formed in the lowest level of the BL, called a stable (nocturnal) boundary layer (SBL). The lowest 10% of

the BL, which is primarily influenced by small-scale turbulences, is called the surface layer. The transition between the SBL290

and RL is not as distinct as that in the entrainment zone (Oke, 1987).

During night-time with ceasing turbulent mixing, the entrainment zone starts to transfer into a capping inversion. The capping

inversion forms a border between the RL and FT (Stull, 1988). The term free troposphere (FT), called sometimes a “free

atmosphere”, comprises the air between the top of the BL and tropopause. In contrast to the BL, both friction and turbulence295

due to heat transfer are negligible in the FT. Instead, the air mass transport in the FT is determined primarily by the synoptic,

large-scale weather patterns (Holton and Hakim, 2013).

3.2 Case study 1: Diurnal development of ion composition in the boundary layer

For the first case study, we chose 2 May 2017, since this day exhibited a classic development of the BL. Furthermore, we were

able to capture NPF in the upper part of the ML during the measurements. The NPF event has been discussed and published300

by Lampilahti et al. (2021). With this case study, we aim to gain insight into the ion composition and how it developed in the

different layers and throughout the day before and during the NPF event.

The attenuated backscatter coefficient and vertical radial velocity from the Doppler lidar in Fig. 5 show the BL develop-

ment on 2 May 2017. During morning hours, the RL is visible up to ~1700 m (Fig. 5a). The FT begins at 2100 m, as can305

be determined from the water vapour profile in Fig. S13; the water vapour drops from 4 to <1 g kg−1 within the entrainment

zone (1700–2100 m). With incoming radiation during morning hours, the ML slowly develops and increases with height, as

apparent from the vertical radial velocity profile, which reached its maximum of 1.5 m s−1 around 15 EET (Fig. 5b) at the top

of the ML (~2000 m), where a cloud layer also formed (Fig. 5a). With the airborne measurements, we were able to measure

the ion composition within the SBL, RL and FT during early morning hours and in the fully developed ML and FT during the310

afternoon. The ion composition of each layer will be discussed in the following subsections.

3.2.1 Vertical profile at sunrise: Ion composition of the stable boundary layer, residual layer and free troposphere

During the first measurement flight on 2 May 2017, we captured the ion composition of the SBL and RL, and the FT before

the sunlight intensity was high enough for stronger photo-oxidation (UV-B < 0.5 Wm−2, Fig. 6a.2 and Fig. 3c). The profil-315

ing around sunrise (04:14 EET, Table S2) was performed between 04:10–06:10 EET at three different height levels (100 m,
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Figure 5. Doppler lidar measurement at Hyytiälä, SMEAR II station from 2 May 2017. (a) Attenuated backscatter coefficient and (b) vertical

radial velocity measured on 2 May 2017 at SMEAR II station. The measurements were used to estimate the height and vertical extent of the

different layers of the boundary layer, such as stable layer, residual layer, mixed layer and free troposphere. The red line on the time axis

indicates the airborne measurement periods. The vertical radial velocity (b) is showing the vertical mixing and the resulting increase of the

boundary layer height. During early morning flight (04:00–06:00 EET) the airborne captured the stable (boundary) layer, residual layer and

the free troposphere. The clouds are visible in the attenuated backscatter coefficient in panel (a). The measurements during morning from

09:00–10:15 EET were conducted only within the mixing layer (< 1000 m), in the afternoon flight, in addition to the mixing layer, the free

troposphere was also measured.

700 m, and 3200 m, Fig. 6a.1). In this section, we will describe the ion composition of the different layers: the SBL, RL and FT.

During early morning hours in the SBL at 35 m, the spectrum in Fig. 6b shows ions dominated by monoterpene HOM

monomers (mass range of 250–450 Th), and HOM dimers (450–600 Th) (see Bianchi et al., 2019 for the definition of HOM320

monomer and dimer). The majority of the HOM we detected with the APi-TOF are charged by natural clustering with NO−3 or

HSO−4 (see also Table A1). Additionally, it should be noted that the total HOM signal over the 300–600 Th range is amplified

by a factor of 4 in Fig. 6 (and following figures) to make it more visible.
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Figure 6. Vertical profile of ions above Hyytiälä on 2 May 2017 04:00–06:00 EET. (a.1) Height profile of the flight measurements and

indication of the different layers (stable boundary layer (SBL), residual layer (RL), and free troposphere (FT)). (a.2) UV-B radiation measured

on the ground at SMEAR II station during the flight. (b) Mass spectra measured with APi-TOF at different heights. The altitude where the

mass spectra were measured is indicated in the figures and can be compared with the height profile of panel (a). The lowest mass spectra

show the measurements from the tower at SMEAR II station at 35 m height, while the presented data is covering the time period of the lowest

level measurements at 100 m (04:10–04:20 EET and 05:55–06:05 EET) to be comparable. The signal of the HOM dominated ions (green)

between 300–600 Th is multiplied by factor 4 to make the pattern more visible. A peak list of the different layers can be found in Table A1.

The colour code shows the composition of the compounds: nitric acid (blue), iodic acid and iodine-chlorine (yellow), sulfuric acid (SA),

SO−5 and MSA (red), carboxylic acids (cyan), and HOM dominated ions (green).
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In addition to HOM, the spectrum shows nitric acid (NO−3 and HNO3NO−3 ), followed by some signals of deprotonated325

sulfuric acid (HSO−4 , bisulfate ion), iodic acid (IO−3 ) and malonic acid (C3H3O−4 ). The exact ion composition and their mass

are presented in Table A1, altogether we are able to identify 96 ion compositions. The observed ions in the SBL agree with

observations of previous studies performed at the SMEAR II station (Bianchi et al., 2017; Zha et al., 2018; Yan et al., 2018;

Ehn et al., 2010).

330

The flight measurements show that the spectral pattern at 100 m differed from that in the lowest level of 35 m (SBL); while

HOM monomers were detected at both levels, only low concentrations of HOM dimers were observed at 100 m. Furthermore,

compared to the SBL, this layer showed higher abundancies of nitric acid, carboxylic acids (malonic and maleic acid, see Table

A1) and iodic acid. What distinctly differentiated the layer at 100 m from the SBL is the ICl−4 ion. This same ion was visible in

the next layer at 700 m, dominating the spectrum together with iodic acid. At 700 m, no HOM dimers were visible, but instead335

there were HOM monomers. As discussed previously, the 700 m height level can be attributed to the RL, whereas the layer at

100 m was located likely between the SBL and RL. This could also explain the presence of both organics from the SBL below

and the iodine/chlorine compounds from the RL above. The 72 h back trajectories calculated from HYSPLIT (Fig. S14a, (Stein

et al., 2015; Rolph et al., 2017)) show that the air mass of the RL originates from the open ocean beyond Norway and had been

in contact with the marine boundary layer at the Norwegian Sea, possibly explaining the origin of halogen compounds within340

the RL.

Most of the detected ions in the FT during early morning (Fig. 6b, 3200 m) were nitric acid, malonic acid, sulfuric acid,

iodic acid and some unidentified compounds. No significant signal >300 Th was visible in the FT.

345

During the descent, with an increasing radiation intensity (0.25 Wm−2 < UV-B < 0.5 Wm−2), the ion pattern differed from

that in the ascent measurements (UV-B < 0.25 Wm−2). The sulfuric acid and SO−5 signal increased, and the HOM pattern

changed, showing less dimers at both 100 m and 35 m.

3.2.2 Vertical profile during afternoon: Ion composition of the mixing layer and free troposphere

The measurement flights during afternoon on 2 May 2017 captured the ion composition of the ML and the FT between 13:35–350

15:30 EET. The profiling was performed at five altitude levels, four within the ML (100 m, 400 m, 700 m, and 1500 m) and one

in the FT (2700 m) (Fig. 7a.1). During this measurement flight, we additionally observed NPF in the upper ML, as reported by

Lampilahti et al. (2021) and discussed in more detail in section 3.2.3.

Within the ML, we captured the vertical profile of HOM. From the lowest level above the canopy (35 m) up to the highest355

measured level of the ML (1500 m), the spectra of the APi-TOF showed the same HOM pattern, consisting mainly of HOM

monomers throughout the whole ML. High-resolution analysis of the different peaks shows that the same compounds detected

close to the ground were also observed in the other measured heights (Table A1). This leads us to conclude that the VOC from
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Figure 7. Vertical profile of ions above Hyytiälä on 2 May 2017 13:30–15:30 EET. (a.1) Height profile of the flight measurements and

indication of the different layers (mixing layer (ML) and free troposphere (FT)). (a.2) UV-B radiation measured on the ground at SMEAR II

station during the flight. (b) Estimated sulfuric acid concentration in molecules cm−3 during ascent (13:15–14:40 EET) and descent (14:40–

15:30 EET), calculated based on (Beck et al., 2021b). (c) Mass spectra measured with APi-TOF at different heights. The altitudes, at which

the mass spectra were measured, are indicated in the figures and can be compared with the height profile of panel (a). The lowest mass

spectrum shows the measurements from the tower at SMEAR II station at 35 m height. The presented data is an average from 14:00–16:00

EET. The signal of the HOM dominated ions (green) between 300–600 Th is multiplied by factor 4 to make the pattern more visible. A peak

list of the ML and the FT can be found in Table A1. The legend shows the colouring for compounds containing nitric acid (blue), iodic acid

and iodine-chlorine (yellow), sulfuric acid (SA), SO−5 and methanesulfonic acid (MSA) (red), carboxylic acids (cyan) and HOM dominated

ions (green).
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the lowest levels (such as monoterpenes) were vertically transported throughout the whole BL, where they oxidised to form

HOM. Due to the continuous mixing of air between the different altitudes, the HOM compounds detected on the ground could360

therefore also be produced at higher altitudes (see Fig. 5b).

In the study of Kulmala et al. (2013) a representative HOM compound at the SMEAR II station measured with CI-APi-TOF

was at unit mass 339, identified to be C10H15O8N ·NO−3 . This ion was visible in the all layers within the boundary layer (SBL,

RL and ML) (Table A1), keeping in mind that in our observations the HOM C10H15O8N is naturally charged by clustering365

with the NO−3 ion, as we did not use a chemical ionisation.

Unlike during the early morning hours, the spectrum in the afternoon is dominated by the sulfuric acid monomer, dimer

and trimer. Furthermore, we measured nitric acid, SO−5 and some iodic acid (Table A1). The observed ions of the ML agree

with previous observations of naturally charged ions at the SMEAR II station, e.g. by Ehn et al. (2010) and Bianchi et al. (2017).370

In the FT, most of the detected ions were sulfuric acid monomers, dimers and trimers as well as SO−5 and nitric acid. Unlike

the ML, the FT also contained MSA monomer and dimer, whereas HOM were not abundant at all. According to the HYSPLIT

back trajectories (Fig. S15), the air mass measured in the afternoon in the FT had a marine origin, explaining the presence of

MSA.375

3.2.3 New particle formation in the upper mixing layer

A study by Lampilahti et al. (2021) suggests that on 2 May 2017 NPF took place in a layer between the RL and the FT at

around 2000 m altitude. During the afternoon flight the ML reached this altitude and the layer of newly formed particles was

mixed down (see also Fig. 3a, b).380

Our ion measurements of this NPF event provide additional insight into the ion composition in the ML. Using the method

introduced previously (Beck et al., 2021b), we estimated sulfuric acid concentration in the ML and FT (Fig. 7b and 8) based

on sulfuric acid monomer, dimer, and trimer concentrations and condensation sink. The estimated sulfuric acid concentration

during ascent between 500 m and 1700 m (ML) varied from 3 to 1·106 cm−3 and dropped down to a minimum of ~6·104385

cm−3 at 2100 m in the FT (Fig. 7b and 8c). During the descent, the estimated sulfuric acid concentration in the FT tendentially

increased, and the concentration change between the FT and ML was not as drastic as during the ascent. During the descent

in the ML, the sulfuric acid concentration varied between 5·105 and 1·106 cm−3. In general, the sulfuric acid concentration in

the FT was lower by about an order of magnitude compared with the ML (Fig. 8).

390

At the observed temperatures (-8 to 0◦C) and relative humidities (15–50%) in the upper ML, a sulfuric acid concentration of

at least 6·106 cm−3 would be needed to achieve a nucleation rate of 1 cm−3s−1 when considering binary sulfuric acid – water
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Figure 8. : Vertical profile of the afternoon flight from 2 May 2017 14:00–15:20 EET, showing particles >1.5 nm (a), particles >3 nm (b),

estimated sulfuric acid (H2SO4) concentration (c) (Beck et al., 2021b), temperature (d) and relative humidity (e). The colour indicates the

hour of the day such that ascent and descent are distinguishable

nucleation (Duplissy et al., 2016). In our observations, the estimated sulfuric acid concentration was ≤ 106 cm−3 throughout

the ML (Fig. 8c). When the nucleation event was detected at the ground at the SMEAR II station around noon, the nucleation

rate of particles with a diameter of 3 nm was 0.19 cm−3s−1 at 10◦C and at the sulfuric acid concentration of 6·105 cm−3 (Fig.395

3), which is insufficient for pure sulfuric acid nucleation (Duplissy et al., 2016).

However, as the spectrum of the APi-TOF shows, there was a high abundancy of other compounds that can initiate and

contribute to both clustering and growth, such as HOM and iodine compounds (Fig. 7). While HOM have been recognised to

participate in the NPF processes in Hyytiälä (Lehtipalo et al., 2018), recent findings reported extremely rapid iodine oxoacid400

particle formation, and iodic acid was observe in both Hyytiälä (Sipilä et al., 2016; He et al., 2021) and Arctic (Beck et al.,

2021a; Baccarini et al., 2020) from where the air masses measured here originated from (Fig. S6). Therefore, iodic acid could
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have a minor contribution to either NPF or the growth processes, or both of them. Unfortunately, the averaging time of 10 min

for each layer was not sufficient to detect clusters having a low concentration. We therefore could not identify a clear nucle-

ation path of the very first clusters, such as for example of pure H2SO4, H2SO4−NH3, H2SO4−DMA, H2SO4−HOM−NH3,405

H2SO4−HOM−DMA, or other mechanisms including those involving iodic acid. However, in this case study, the iodate ion

(IO−3 ) remained low, which indicates a minor contribution from iodic acid at least in the ion-induced nucleation channel. We

measured similar levels of sulfuric acid ions and HOM ions throughout the ML (Fig. 7) which suggests that their concentra-

tions were similar within the ML. Additionally, ammonia has a typical lifetime of a few hours to a day and should be present at

different levels of ML if present at the ground level, as suggested by earlier studies (Schobesberger et al., 2015; Lehtipalo et al.,410

2018). In conclusion, we hypothesise that the H2SO4−HOM−NH3 multicomponent nucleation mechanism, as postulated for

a boreal forest environment based on laboratory experiments (Lehtipalo et al., 2018), may still be the controlling mechanism

aloft of Hyytiälä.

3.3 Case study 2: Changing ions in the stable boundary layer during sunrise415

For the second case study, we chose 16 May 2017 with a focus on the early morning flight. On this day, the change of ions in

the SBL during early morning was very pronounced. Additionally, the RL was distinctly different from case study 1, reaching

only up to 1000 m (Fig. 9) (in comparison, on 2 May 2017 it reached ~1700 m).

The early morning measurements on 16 May 2017 started at around 03:30 EET and ended at 05:30 EET (Fig. 10). Compared420

to the first case study (2 May 2017), the sun rose almost 40 min earlier at 03:38 EET (Table S2). Therefore, the starting time

of the early morning measurement was accordingly adapted and performed 40 min earlier than during previous measurements,

so that the radiation levels (UV-B <0.5 W m−2, Fig. 10a.2) were comparable with the other observations. The profiling of the

flight was conducted at the following four different altitudes: 100 m (SBL), 700 m (RL), 1500 m, and 2600 m (FT). The SBL

was captured twice, during ascent and descent, with a time difference of 1.5 hours (Fig. 10 a.1).425

During morning hours, the sulfuric acid concentration typically increases with time (Fig. 3e), which in turn harvests most of

the negative charges (the proton affinity of sulfuric acid is low compared to other acids, such as HNO3, HIO3, MSA), reducing

the chance to detect other species because they would need to be charged naturally to be detected by APi-TOF. This feature

was visible within the 1.5-hour period of the early morning measurements. When starting at the 100 m level within the SBL430

at 03:35 EET (UV-B <0.1 W m−2), the spectrum of ions shows a typical pattern of night-time HOM clustered with NO−3 ,

including C20H31O13N ·NO−3 , C10H15O12N ·NO−3 , and C20H32O12N2 ·NO−3 (Yan et al., 2016). Additionally, nitric acid,

iodine compounds, a small amount of sulfuric acid clusters and ICl−4 - are visible. The spectrum at the 100 m level is similar to

the one measured in the tower, except that iodic acid and ICl−4 were not visible near the ground.

435

20

https://doi.org/10.5194/acp-2021-994
Preprint. Discussion started: 7 December 2021
c© Author(s) 2021. CC BY 4.0 License.



Free Troposphere

Residual Layer

Stable Layer

Mixed Layer

Flight  
Measurement

Flight  
Measurement

Time (EET)

H
ei

gh
t (

m
 A

G
L)

H
ei

gh
t (

m
 A

G
L)

(a)

(b)

Flight  
Measurement

Figure 9. Doppler lidar measurement at Hyytiälä, SMEAR II station from 16 May 2017. (a) Attenuated backscatter coefficient and (b)

vertical radial velocity measured on 16 May 2017 at SMEAR II station. The measurements were used to estimate the height and vertical

extent of the different layers of the boundary layer, such as stable (boundary) layer, residual layer, mixed layer and free troposphere. The red

line on the time axis indicates the airborne measurement periods. The vertical radial velocity (b) shows the vertical mixing and the resulting

increase of the boundary layer height.

About 1.5 hours later, during the descent (05:10 EET), the UV-B radiation had increased to 0.25 W m−2 (Fig. 10a.2). As

a result, photochemistry started and sulfuric acid peaks became the most abundant ones in the spectrum, whereas the HOM

dimers and iodine compounds disappeared (their charges being transferred to sulfuric acid) and daytime HOM ions became

visible, as reported by Yan et al. (2016). Although the time of measurements and radiation intensity on the 16 May 2017 case

is comparable with the 2 May 2017 case (regarding sunrise and time of measurement), the 16 May 2017 case showed a much440

stronger sulfuric acid signal in the SBL during early morning than what was observed on 2 May 2017. This might simply be

because the sulfuric acid concentration on the ground around the time of the descent in the SBL was higher by a factor of five

(~3·106 cm−3) on 16 May 2017 compared to that (~6·105 cm−3) on 2 May 2017 (Fig. 3e).

Unlike on 2 May 2017, we did not detect any HOM (Fig. 10) in the RL (700 m) during the early morning flight on 16 May445

2017. Instead, the highest signals were malonic acid, maleic acid, and nitric acid, and some MSA and sulfuric acid. The RL
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Figure 10. Measurements from the night flight on 16 May 2017. Height profile between 03:30–05:30 EET in the morning (a.1) as well as

UV-B radiation measured on the ground (a.2). (b) Mass spectra during ascent as well as measurements from the tower, the height levels are

indicated in each panel. The layers of the BL with estimation of SBL and RL are indicated in the height profile of panel (a.1). The time

difference between the measured mass spectra inside the stable layer at 100 m is 1.5 hours. With upcoming sunlight, the sulfuric acid clusters

become the most abundant peaks in the spectrum.

and FT will be discussed in more detail in section 3.4.

3.4 Variability of ions in the stable boundary layer and residual layer

When comparing the six measurement days, the highest variation of ions is observed within the RL, while the other layers450

show considerable similarities between each day. On all the flights, the first profiling was performed at roughly 100 m above

SMEAR II. Here, depending on the weather conditions, we captured the SBL with either a strong or less pronounced inversion.

The next higher measurement level during the early morning flights was at 700 m (within the RL) before moving on to the

highest measurement level (≤ 2500 m) in the FT. In this section, we will discuss the ion composition of those three layers in

more detail.455
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Figure 11. Measurements from 100 m above the ground during early morning between 03:45 and 04:15 EET. Ion spectra measured with

APi-TOF (a.1–f.1). The mass axis is split at 300 Th such that the limits of the vertical axis could be decreased to make the ions >300 Th more

visible. The composition of identified ions with a high signal are noted in the figure. Panels (a.2–f.2) show the temperature profile measured

at SMEAR II station at the following four levels: 33.6 m, 50.4 m, 67.2 m and 125 m. The grey box indicates the measurement time of the

ions in panel a.1–f.1.

3.4.1 The stable boundary layer

The thickness of the SBL varied from day to day, depending on meteorological conditions. In order to determine whether the

airborne measurements at ~100 m height were within the SBL, we used the temperature profile of the tower, located at the

SMEAR II station. The tower conducts measurements at different height levels from near the ground up to 125 m. For this

purpose, we considered the four uppermost measurements at 33.6 m, 50.4 m, 67.2 m, and 125 m, as these capture the measure-460

ments in the tower (35 m) from above the canopy up to the airborne measurements at ~100 m. The temperature development

during the flight measurements at the different levels are shown in Fig. 11a.2–f.2. During the flights on 2, 3, and 4 May, the

temperature at 125 m was higher than at 67.2 m (Fig. 11 a.2–c.2) by 0.7–1.2◦C, showing a rather strong inversion. On 5, 12,

and 16 May, the temperature difference between 67.2 and 125 m was only 0.2–0.3◦C, so on these days the inversion was not

as clearly pronounced (Fig. 11d.2–f.2).465

23

https://doi.org/10.5194/acp-2021-994
Preprint. Discussion started: 7 December 2021
c© Author(s) 2021. CC BY 4.0 License.



Figure 12. Mass defect of the detected ions in the SBL at 100 m height. Each measurement day is shown separately. Nitric acid containing

ions are coloured dark blue, and ions and clusters with sulfuric acid, MSA, or both and the the SO−5 ion are indicated in red. The compounds

containing carboxyl functional groups are shown in cyan, and iodic acid and iodine-containing compounds are shown in yellow. The size of

the dots corresponds to the measured signal (ions s−1).

The ions with the highest signal in the BL were nitric acid (monomer and dimer), carboxylic acids, sulfuric acid, and iodic

acid. The ICl−4 ion, mentioned in case study 1, was also observed on other days (2, 4, 5, 12, and 16 May 2017) (Fig. 11). Some

carboxylic acids were visible on every day, mainly malonic acid clustered with nitric acid, but on 4 May 2017 we additionally

observed maleic acid in the SBL (Fig. 11c.1).470

In the mass range of >300 Th, the ion pattern of the SBL varied from day to day. On days with a strong inversion (2, 3,

and 4 May), the signal of the HOM monomers between 300–450 Th was mainly <0.05 ions s−1 and was even lower for HOM

dimers (450–600 Th). However, on the other days when the inversion was not as strong (5, 12, and 16 May 2017), the HOM

signal reached up to 0.1 ions s−1 or higher, and more HOM dimers were visible. The variation in HOM compounds on each475

day can also be determined from the mass defect plot in Fig. 12. The ions with a positive mass defect and a mass between

300–450 Th can be attributed to HOM monomers (naturally clustered with NO−3 or HSO−4 ), and the compounds with a mass

>450 Th to HOM dimers (naturally clustered with NO−3 or HSO−4 ). Generally, it can be said that we detected HOM on every

measurement flight in the SBL at 100 m, but the fraction of HOM monomers and dimers was varying between the days.

480
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Figure 13. Ion spectra inside the RL at 700 m during early morning between 04:00–04:30 EET. Each row is showing one measurement

flight; (a) 2 May, (b) 3 May, (c) 4 May, (d) 5 May, (e) 12 May and (f) 16 May 2017. The mass axis is split at 300 Th such that the limits of

the vertical axis could be adapted to make the ions >300 Th more visible. The elemental composition of ions with a high signal that could

be identified are noted in the figure. The 700 m height level was within the RL on each measurement day. The boundary layer height and

development can be determined from Fig. S16 in supplementary material. The nitric acid signal exceeds the limits of the vertical axis on 12

May 2017 in panel (e): [NO−3 ] = 1.93 ions s−1, [HNO3 · NO−3 ] = 1.18 ions s−1.
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3.4.2 The residual layer

The RL represents a very interesting air mass as this layer is decoupled from the FT and SBL. When mixed with the other

layers during daytime, the RL can act as a relevant source of NPF precursors (Lampilahti et al., 2021; Wehner et al., 2010).

Here, we show that the RL is either more similar to the SBL (e.g. by containing HOM) or rather shows similarities with the

ion composition of the FT.485

From the ion spectra of the RL in Fig. 13, it is apparent that the ion composition of the RL varied between each measurement,

except for NO−3 which was abundant every day.

On 2 May 2017, most of the signal was composed of iodic acid, and the ICl−2 and ICl−4 ions already mentioned in case490

study 1 (Figs. 6, 13a, 14a). Some peaks were visible above 300 Th; however most compounds had a negative mass defect (Fig.

14a) and did not seem to be related to any HOM that were detected in the SBL at 100 m (Fig 12a). On the following day,

3 May 2017, the signal in the RL consisted mostly of sulfuric acid and MSA (Fig. 13b and 14b) and HOM monomers were

abundant. On 4 May 2017, a mixture of peaks, including nitric acid, carboxylic acids, iodic acid, ICl−4 , sulfuric acid, and HOM

monomers were observed (Fig. 13c and 14c).495

Comparing all the six measurement days in the RL, the 5 May 2017 measurement showed the highest amount of HOM

monomers, while in contrast the two measurement flights one week later, 12 and 16 May, did not show any HOM signal.

Instead, >300 Th barely any ions were visible at all and instead the majority of the signal consisted of high amounts of nitric

acid (12 May, Fig. 13e, Fig. 14e) and carboxylic acid (16 May, 13f, Fig. 14f).500

On days when the air mass of the RL was passing over the Norwegian Sea or the Barents Sea, the spectra contained iodine

and chlorine compounds (2, 3, 4, 5, and 12 May 2017). That was not the case on 16 May 2017 when the air mass of the RL

originated from the Barents Sea but travelled over land south of the Russian coast for the past 44 hours before arriving at the

SMEAR II station (Fig. S14).505

3.4.3 The free troposphere during early morning

As the FT is decoupled from the BL, its ion composition is determined more by long-range transport rather than local sources.

However, it is also subject to daily variability due to photochemistry. In the following section, we discuss the observations of

the FT during early morning, morning and afternoon.510

During early morning, we observed a large variety of ions in the FT. Figure 15 shows the median of the six measurements

of the FT during the campaign, measured between 04:30–05:00 EET. The depicted spectrum is shown in mass unit resolution.

26

https://doi.org/10.5194/acp-2021-994
Preprint. Discussion started: 7 December 2021
c© Author(s) 2021. CC BY 4.0 License.



Figure 14. Mass defect of the detected ions in the residual layer at 700 m height. Each day of measurement is shown separately. Nitric acid

containing ions are coloured dark blue, ions and clusters with sulfuric acid, MSA, or both, and the SO−5 ion are coloured red. The compounds

containing carboxyl functional groups are shown in cyan, and iodic acid and iodine containing compounds in yellow. The size of the dots

corresponds to the measured signal (ions s−1).

Most of the observed compounds had a mass <250 Th and the highest signal consisted of nitric acid, MSA (CH3SO−3 ), sul-

furic acid, SO−5 , iodic acid, and compounds containing carboxylic functional groups (Fig. 15, Fig. 16 and peak list in Table A2).515

The identified compounds containing carboxyl groups (COOH) were malonic acid, maleic acid, carbonic acid, oxaloacetic

acid, tartonic acid and citric acid (see peak list in Table A2). However, the nomenclature of these acids is only a suggestion, as

we cannot identify the structure of the ions but only their elemental composition. Some of the compounds are clustered with

HSO−4 , NO−3 and MSA, but they were also observed as oligomers and clustered with another carboxylic acid. On 16 May520

2017, the FT showed a large amount of the above-mentioned carboxylic acids. Many of the compounds on that day remained

unidentified, although the majority had a positive mass defect (Fig. 16f) or were spread between -0.05 and +0.05 Th. Since

many of the carboxylic acids were observed at the same time and they tended to have a positive mass defect (e.g., malonic acid

C3H3O−4 with a mass of 103.0037 Th and a mass defect of 0.0037 Th), it is possible that the unidentified compounds were a

variety of molecules clustered with one or several carboxylic acids.525

On 3 and 12 May 2017, we also detected an ion pattern between 350–400 Th shown in Fig. 15c (see also Figs. 16b and 16e).

The peak-pattern consists of a group of ions between 349–355 Th and another group between 393–401 Th. Both ion groups are

apart by 44 Th, which could represent an addition of CO2 (43.99 Th). The low mass defects of those peaks (from -0.1 down to
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Figure 15. Mass spectra of the free troposphere during early morning. The depicted spectra show a median from six measurements conducted

during early morning hours between 04:30–05:00 EET in the FT: 2 May (at 3200 m), 3 May (2700 m), 4 May (2700 m), 5 May (2800 m), 12

May (2500 m) and 16 May 2017 (2600 m). The chemical composition of the ions with the highest signal are shown in the spectra. Panel (a)

shows the masses from 50–250 Th, panel (b) from 250–450 Th. Please note that the limits of the vertical axis in panel (b) are lower than in

panel (a), in order to visualise the compounds with a lower concentration. Panel (c) is a zoom into the mass range from 345 to 405 Th. The

averaged signal shown in panel (c) is mainly coming from two measurement days, 3 May and 12 May 2017. The temperature in the FT at

measurement height during all six measurement days was between -15 and -2°C.

-0.24 Th; Fig. 16 b and e) and their isotopic pattern (Fig. 15c) let us to hypothesize that they contain halogen compounds, such530

as chlorine. The air mass on the 3 May 2017 in the FT originated from Svalbard in the Arctic (Fig. S14b), which supports the

hypothesis that the ions contain e.g. chlorine. On 12 May 2017, the air masses in the FT travelled over the Russian coast at the

Barents Sea and the Kola peninsula (Fig. S14e).

3.4.4 Free troposphere during daytime535

Similar to the ML, the sulfuric acid concentration in the FT increased during daytime, causing sulfuric acid to take up most of

the charges. Therefore, the main compounds we observed during the daytime in the FT were sulfuric acid monomers, dimers

and trimers, but also MSA, SO−5 , malonic acid and nitric acid (Fig. 17). The depicted spectra in Fig. 17 are a median of three

measurements during midmorning (09:30–10:00 EET) and three measurements during the afternoon (14:30–15:00 EET). The

mass defect of each measurement (Fig. 18) provides further details about the ion composition during morning and afternoon.540

On 3 and 12 May 2017 there was still an abundance of the unknown compounds between 393–401 Th (discussed in section

3.4.3) during the morning hours (Fig. 18a and d). Unfortunately, no measurements were taken in the FT on these two days
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Figure 16. Mass defect of the free troposphere during early morning. Each panel from (a) to (f) shows the detected ions in the FT during the

six different measurement days. The shown observations were performed during early morning hours between 04:30–05:00 EET. Nitric acid

containing ions are coloured dark blue, ions and clusters with sulfuric acid, MSA, or both, and the SO−5 ion are coloured red. The compounds

containing carboxyl functional groups are depicted in cyan, and iodic acid and iodine containing compounds in yellow. The size of the dots

corresponds to the measured signal (ions s−1).

Figure 17. Mass spectra of the free troposphere during daytime. The spectra are a median of six measurements in the FT during daytime

between 09:30–15:00 EET. The chemical composition of the ions with the highest signal are shown in the spectra. Panel (a) shows the masses

from 50–250 Th, panel (b) from 250–450 Th. The temperature in the FT at measurement height during afternoon on all measurement days

was between -8 and 3◦C.
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Figure 18. Mass defect of the free troposphere during morning and afternoon. Each panel from (a) to (d) shows the detected ions in the FT

during morning measurements (between 09:00–10:15 EET), the panels (e) to (g) show the measurements during the afternoons (between

14:45–15:30 EET). Nitric acid containing ions are coloured dark blue, ions and clusters with sulfuric acid, MSA, or both, and the SO−5 ion are

coloured red. The compounds containing carboxyl functional groups are depicted in cyan, and iodic acid and iodine-containing compounds

in yellow. The size of the dots corresponds to the measured signal (ions s−1).

during afternoon hours.

The carboxylic acids that were detected during the early morning hours were still visible in the morning but showed less545

signal intensity during afternoon (Fig. 18 e–g). This might be due to the fact that the compounds are not charged as efficiently

as in the morning hours, when the sulfuric acid concentration was lower. Although naturally charged carboxylic acid ions were

not present and therefore not visible with our APi-TOF mass spectrometer, carboxylic acids might still have been abundant

during daytime. Therefore, following the ion composition from early morning to the afternoon, we observed that the carboxylic

acids were less visible during afternoon, and nitric acid decreased in its signal intensity from early morning to the afternoon,550

and the majority of the ions during daytime is comprised of sulfuric acid.
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Figure 19. Schematic of ions observed within the boundary layer and free troposphere. The waffle plots show the fraction of different

compounds, such as nitric acid (dark blue), sulfuric acid, MSA, and SO−5 (red), iodic acid (yellow), carboxylic acid (cyan), and HOM

monomer (light green) and dimer (dark green). All unidentified ions are shown in grey. In total, each ‘waffle’ contains 100 squares, therefore

each square represents 1% of the total signal. The fractions of the compounds are the median of all measurements in the corresponding

layers. The mixing layer was measured twice, before noon and in the afternoon. The two levels shown in the schematic are at 100 m and 700

m.

3.5 Summary of observations

Figure 19 shows a summary of all six measurement days at different times, and separated into the different layers and ion

compositions. The figure depicts the fraction of ions containing nitric acid, sulfuric acid, MSA and SO−5 , iodic acid, carboxylic

acids, and HOM monomers and dimers in relation to the total measured ion signal. It is apparent that the FT did not show555

any ions containing HOM, but instead a large amount of nitric acid and carboxylic acids during morning hours, while during

daytime, most ions contained sulfate, mostly sulfuric acid but also MSA. Iodic acid was apparent at all times of measurements

in the FT. The RL showed its own ion chemistry with a variety of compounds (discussed in section 3.4.2) and it changed with

each day. Therefore, in this summary figure, which is an average of all the measurements at a specific time of the day, we

see HOM as well as higher amounts of iodic acid and carboxylic acids even though they might not have been present at the560
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same time. The SBL shows less iodic acid and more HOMs compared with the RL. Additionally, the SBL contains a large

proportion of HOM dimers. Although the ions in the ML were mainly sulfuric acid and SO−5 , the fraction of HOM increased

in the afternoon. Overall, due to the high concentration of sulfuric acid during daytime and photo-oxidation, most of the ions

measured by the APi-TOF were sulfuric acid in every layer. Nitric acid was abundant in every layer and at every time of the

day.565

4 Conclusions

A new tailored flying APi-TOF mass spectrometer was deployed in a Cessna 172 aircraft to measure the vertical profiles of at-

mospheric ions above the boreal forest at the SMEAR II station, covering the stable boundary layer (SBL), residual layer (RL),

mixed layer (ML) and free troposphere (FT). The measurements showed that the ion composition within the BL and FT is dis-

tinctly different, and that the ion chemistry of ML, SBL, RL, and FT is highly dependent on the time of day and air mass origin.570

We detected HOM, originating from the forest VOC emissions, within the whole BL during daytime. The measured spectra

in the ML were identical to a co-located reference measurement, which was performed on top of a 35-meter tower. Due to

ongoing photo-oxidation during the daytime, most of the detected negative ions were the bisulfate ion and its clusters with

sulfuric acid, forming sulfuric acid dimer and trimer, and bisulfate-HOM and nitric acid-HOM clusters within the whole ML.575

The nocturnal RL was clearly distinguishable from the other layers by its differing ion composition and revealed its own ion

chemistry with the highest day-to-day variability compared to the other layers. Depending on the air mass origin and possible

decoupling of the SBL, the measured air in the RL could contain halogen compounds, MSA and carboxylic acids, and HOM.

The FT showed a distinctly different ion composition than the ML, SBL, or RL. In the FT, a high abundancy of carboxylic acids

and some unknown compounds with masses between 200–400 Th were observed, probably clustered with carboxylic acids.580

Furthermore, we detected some very specific ion patterns on two days of measurements within the FT, which likely contained

halogens (most likely chlorine), due to their apparent isotopic pattern. The daytime measurements in the FT mainly showed

sulfuric acid, MSA, nitric acid and malonic acid, however we did not detect HOM.

Our observations represent only a snapshot of the ion composition in the BL and FT during springtime above the boreal

forest. More observations, especially in the RL and FT, during other times of the year would be necessary for getting a better585

understanding of the chemistry and behaviour of ions in those layers and, ultimately to quantify the role of ions in NPF in

different parts of the global troposhere.

Data availability. The APi-TOF and airborne data is available on Zenodo at with the doi: 10.5281/zenodo.5741438. The SMEAR II data

can be accessed from https://avaa.tdata.fi/web/smart/smear.
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Table A1. Identified compounds of the stable boundary layer (SBL), residual layer (RL), free troposphere (FT) and mixed layer (ML) on

2 May 2017 on different heights during early morning and afternoon flight. The mass is given as the measured mass of the most abundant

isotope.

Early morning Afternoon

SBL SBL RL FT ML ML FT

Elemental composition (name) mass (Th) 35 m 100 m 700 m 3200 m 35 m 1500 m 2700 m

CO−3 59.9853 X X X X

NO−3 (nitric acid) 61.9884 X X X X X X X

Br− 78.9189 X X X

SO−3 79.9574 X

H2O · NO−3 (water · nitric acid) 79.9989 X X X

CH3SO−3 (methanesulfonic acid, MSA) 94.9808 X X X X

HSO−4 (bisulfate ion) 96.9601 X X X X X X X

C3H3O
−
4 (malonic acid) 103.0037 X X X X X X X

SO−5 111.9472 X X X X X X

C4H3O
−
4 (maleic acid) 115.0037 X X

H2CO3 · NO−3 (carbonic acid · nitric acid) 123.9888 X X X X X X X

HNO3 · NO−3 (nitric acid dimer) 124.984 X X X X X X X

I− 126.905 X X X X

HO2N2S · NO−3 154.9642 X X X X

CH4SO3 · NO−3 (MSA · nitric acid) 157.9765 X X

H2SO4 · NO−3 (sulfuric acid · nitric acid) 159.9557 X X X X

C3H4O4 · NO−3 (malonic acid · nitric acid) 165.9993 X X X X X X X

IO−3 (iodic acid) 174.8898 X X X X X X X

C4H2O4 · NO−3 175.9837 X X X X X

C4H4O4 · NO−3 (maleic acid · nitric acid) 177.9993 X X X X

(HNO3)2 · NO−3 (nitric acid trimer) 187.9797 X

CH4SO3 · CH3SO−3 (MSA dimer) 190.9690 X

H2O · IO−3 (water · iodic acid) 192.9003 X X X X X X

CH4SO3 · HSO−4 (MSA · sulfuric acid) 192.9482 X X X

H2SO4 · HSO−4 (sulfuric acid dimer) 194.9275 X X X X

ICl−2 196.8427 X X

C3H7O6 · NO−3 201.0126 X X X X

N2O5 · C3H3O
−
4 210.9844 X X

CH4SO3 · C3H3O
−
5 214.9867 X

C6H7O3 · HSO−4 223.9996 X

— continued on next page
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Early morning Afternoon

SBL SBL RL FT ML ML FT

Elemental composition (name) mass (Th) 35 m 100 m 700 m 3200 m 35 m 1500 m 2700 m

C5H6O6 · NO−3 224.0048 X

C5H6O
−
10 225.9966 X X X

HIO3 · NO−3 (iodic acid · nitric acid) 237.8854 X X X X X X X

C5H6O7 · NO−3 239.9997 X X X X

C5H9O7 · NO−3 243.0232 X X

C5H9O8 · NO−3 259.0181 X X

ICl−4 266.7804 X X

C7H11O7 · NO−3 269.0388 X X X

HIO3 · HSO−4 (iodic acid · sulfuric acid) 272.8571 X X X X

C7H8O8 · NO−3 282.0103 X

C5H7O9N · NO−3 287.0004 X X

(H2SO4)2 · HSO−4 (sulfuric acid trimer) 292.8949 X X X

C13H12O4 · NO−3 294.0619 X

C10H15O
−
10 295.0671 X X

C9H14O7 · NO−3 296.0623 X X

C7H9O8N · NO−3 297.0212 X X X X

C8H12O8 · NO−3 298.0416 X X

C11H9O6 · NO−3 299.0283 X X

C7H11O9 · NO−3 301.0287 X

C10H15O6N · NO−3 307.0783 X X

C10H14O7 · NO−3 308.0623 X X X

C10H16O7 · NO−3 310.0780 X X X

C8H11O8N · NO−3 311.0368 X X

C9H15O7N · NO−3 311.0732 X X X

C9H14O8 · NO−3 312.0572 X X

C7H11O9N · NO−3 315.0317 X X

C7H10O10 · NO−3 316.0158 X X

C10H15O7N · NO−3 323.0732 X X

C10H14O8 · NO−3 324.0572 X X

C10H15O8 · NO−3 325.0651 X X X X X

C10H16O8 · NO−3 326.0729 X X

C9H15O8N · NO−3 327.0681 X X

C9H14O9 · NO−3 328.0521 X

C9H15O9 · NO−3 329.0600 X

C7H11O10N · NO−3 331.0267 X X X

— continued on next page
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Early morning Afternoon

SBL SBL RL FT ML ML FT

Elemental composition (name) mass (Th) 35 m 100 m 700 m 3200 m 35 m 1500 m 2700 m

C10H15O8N · NO−3 339.0681 X X X X X

C10H14O9 · NO−3 340.0521 X X X X X

C10H15O9 · NO−3 341.0600 X X X

C10H16O9 · NO−3 342.0678 X X X X

C10H14O7 · HSO−4 343.0341 X X X

C9H15O9N · NO−3 343.0630 X X

C9H14O10 · NO−3 344.0471 X

C10H16O7 · HSO−4 345.0497 X X

HIO3 · IO−3 (iodic acid dimer) 350.7868 X X

C10H15O9N · NO−3 355.0630 X X X

C10H16O10 · NO−3 358.0627 X X X X

C10H14O8 · HSO−4 359.0290 X X

C9H15O10N · NO−3 359.0580 X X X

C10H16O9N2 · NO−3 370.0739 X

C10H15O10N · NO−3 371.0580 X X X X

C10H14O11 · NO−3 372.0420 X X X

C9H13O11N · NO−3 373.0372 X X X

C10H15O11 · NO−3 373.0498 X X X

C10H15O8N · HSO−4 374.0399 X X X X

C10H16O11 · NO−3 374.0576 X X

C10H14O9 · HSO−4 375.0239 X X X

C12H11O9N · NO−3 375.0317 X X

C10H15O9 · HSO−4 376.0317 X X

C10H15O11N · NO−3 387.0529 X X X

C10H16O11N2 · NO−3 402.0638 X

C10H14O11 · HSO−4 407.0137 X

C15H22O11 · NO−3 440.1046 X

C20H32O12N2 · NO−3 554.1839 X

C20H31O13N · NO−3 555.1679 X

C20H31O15N · NO−3 587.1577 X
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Table A2. Identified compounds of free troposphere (FT) on 16 May 2017 during early morning between 04:00–05:00 EET. The FT was

measured on two different height levels (1500 m and 2600 m). Compounds, which contain at least one carboxyl functional group are

highlighted bold.

Elemental composition (name) mass (Th)

CO−3 59.9853

NO−3 (nitric acid, NA) 61.9884

Br− 78.9189

H2O · NO−3 (water · NA) 79.9989

CH3SO−3 (methanesulfonic acid, MSA) 94.9808

HSO−4 (bisulfate ion) 96.9601

C3H3O
−
4 (malonic acid) 103.0037

SO−5 111.9472

C4H3O
−
4 (maleic acid) 115.0037

CH2O3 · NO−3 (carbonic acid · NA) 123.9888

HNO3 · NO−3 (NA dimer) 124.9840

C4H3O
−
5 (oxaloacetic acid) 130.9986

CH4SO3 · NO−3 (MSA · NA) 157.9765

H3H4O4 · NO−3 (malonic acid · NA) 165.9993

IO−3 (iodic acid, IA) 174.8898

C4H2O4 · NO−3 (squaric acid · NA) 175.9837

CH2O3 · C4H3O
−
4 (carbonic acid · maleic acid) 177.0041

C4H4O4 · NO−3 (maleic acid · NA) 177.9993

C3H4O5 · NO−3 (tartonic acid · NA) 181.9942

CH4SO3 · HSO−4 (MSA · SA) 192.9482

H2SO4 · HSO−4 (SA dimer) 194.9275

C3H4O4 · CH3SO−3 (malonic acid · MSA) 198.9918

C3H4O4 · HSO−4 (malonic acid · SA) 200.9711

C3H4O4 · H3H3O
−
4 (malonic acid dimer) 207.0146

C3H4O4 · C4H3O
−
4 (malonic acid · maleic acid) 219.0146

C4H4O4 · C4H3O
−
4 (maleic acid dimer) 231.0146

HIO3 · NO−3 (IA · NA) 237.8854

N2O3 · IO−3 250.8807

C6H8O7 · NO−3 (citric acid · NA) 254.0154

HIO3 · HSO−4 (IA · SA) 272.8571

(H2SO4)2 · HSO−4 (SA trimer) 292.8949

36

https://doi.org/10.5194/acp-2021-994
Preprint. Discussion started: 7 December 2021
c© Author(s) 2021. CC BY 4.0 License.



Author contributions. LJB, JD, HJ, FK, DRW developed the tailored APi-TOF mass spectrometer setup. LJB, JD, HJ, JL, MK, and TP590

designed the field campaign. LJB, HJ, SS, IP, LLJQ, JL, KL, AM, AF, PP, DW, LD performed the field studies. LJB, SS, HJ and XCH

performed the APi-TOF data analysis. AM analysed the Lidar data. LD calculated the sulfuric acid proxy and formation rates. LJB, JD,

VMK, XCH, SS and TP wrote the manuscript. All authors contributed to discussions and manuscript commenting.

Competing interests. The authors declare no conflict of interest.

Acknowledgements. We acknowledge the following projects: ACCC Flagship funded by the Academy of Finland grant number 337549,595

Academy professorship funded by the Academy of Finland (grant no. 302958), Academy of Finland projects no. 1325656, 316114, 325647,

296628, 317380, and 320094. Russian Mega Grant project “Megapolis - heat and pollution island: interdisciplinary hydroclimatic, geochem-

ical and ecological analysis” application reference 2020-220-08-5835, “Quantifying carbon sink, CarbonSink+ and their interaction with air

quality” INAR project funded by Jane and Aatos Erkko Foundation, European Research Council (ERC) project ATM-GTP Contract No.

742206 and programme GASPARCON, grant agreement No. 714621, European Regional Development Fund (project MOBTT42), Esto-600

nian Research Council (project PRG714). Technical and scientific staff in Hyytiälä SMEAR II stations is acknowledged. The Doppler lidar

data used in this study was provided from the Finnish Meteorological Institute Doppler lidar network managed by Ewan O’Connor. The

authors gratefully acknowledge the NOAA Air Resources Laboratory (ARL) for the provision of the HYSPLIT transport and dispersion

model and/or READY website (https://www.ready.noaa.gov) used in this publication. We thank the tofTools team for providing the tools for

the mass spectrometry analysis. We thank Alexey Voronov for providing the code for open streetmap (https://www.github.com/alexvoronov/605

plot_openstreetmap). We thank Federico Bianchi, Olga Garmash, Matthias Maasch, Dominik Stolzenburg and Matthew Boyer for helpful

discussions. We thank Derek Ho for the language editing of the manuscript. We thank Erkki Järvinen and the pilots at Airspark Oy for

operating the aircrafts for our measurements and the hospitality and support throughout the campaign.

37

https://doi.org/10.5194/acp-2021-994
Preprint. Discussion started: 7 December 2021
c© Author(s) 2021. CC BY 4.0 License.



References

Aalto, P., Hämeri, K., Becker, E., Weber, R., Salm, J., Mäkelä, J. M., Hoell, C., O’dowd, C. D., Hansson, H.-C., Väkevä, M., Koponen, I. K.,610

Buzorius, G., and Kulmala, M.: Physical characterization of aerosol particles during nucleation events, Tellus B: Chemical and Physical

Meteorology, 53, 344–358, https://doi.org/10.3402/tellusb.v53i4.17127, 2001.

Almeida, J., Schobesberger, S., Kürten, A., Ortega, I. K., Kupiainen-Määttä, O., Praplan, A. P., Adamov, A., Amorim, A., Bianchi, F., Breiten-

lechner, M., David, A., Dommen, J., Donahue, N. M., Downard, A., Dunne, E., Duplissy, J., Ehrhart, S., Flagan, R. C., Franchin, A., Guida,

R., Hakala, J., Hansel, A., Heinritzi, M., Henschel, H., Jokinen, T., Junninen, H., Kajos, M., Kangasluoma, J., Keskinen, H., Kupc, A.,615

Kurtén, T., Kvashin, A. N., Laaksonen, A., Lehtipalo, K., Leiminger, M., Leppä, J., Loukonen, V., Makhmutov, V., Mathot, S., McGrath,

M. J., Nieminen, T., Olenius, T., Onnela, A., Petäjä, T., Riccobono, F., Riipinen, I., Rissanen, M., Rondo, L., Ruuskanen, T., Santos, F. D.,

Sarnela, N., Schallhart, S., Schnitzhofer, R., Seinfeld, J. H., Simon, M., Sipilä, M., Stozhkov, Y., Stratmann, F., Tomé, A., Tröstl, J., Tsagko-

georgas, G., Vaattovaara, P., Viisanen, Y., Virtanen, A., Vrtala, A., Wagner, P. E., Weingartner, E., Wex, H., Williamson, C., Wimmer, D.,

Ye, P., Yli-Juuti, T., Carslaw, K. S., Kulmala, M., Curtius, J., Baltensperger, U., Worsnop, D. R., Vehkamäki, H., and Kirkby, J.: Molecular620

understanding of sulphuric acid–amine particle nucleation in the atmosphere, Nature, 502, 359–363, https://doi.org/10.1038/nature12663,

2013.

Arnold, F.: Atmospheric Aerosol and Cloud Condensation Nuclei Formation: A Possible Influence of Cosmic Rays?, Space Science Reviews,

125, 169–186, https://doi.org/10.1007/s11214-006-9055-4, 2006.

Baccarini, A., Karlsson, L., Dommen, J., Duplessis, P., Vüllers, J., Brooks, I. M., Saiz-Lopez, A., Salter, M., Tjernström, M., Baltensperger,625

U., Zieger, P., and Schmale, J.: Frequent new particle formation over the high Arctic pack ice by enhanced iodine emissions, Nature

Communications, 11, 4924, https://doi.org/10.1038/s41467-020-18551-0, 2020.

Baltensperger, U., Dommen, J., Alfarra, M. R., Duplissy, J., Gaeggeler, K., Metzger, A., Facchini, M. C., Decesari, S., Finessi, E., Reinnig,

C., Schott, M., Warnke, J., Hoffmann, T., Klatzer, B., Puxbaum, H., Geiser, M., Savi, M., Lang, D., Kalberer, M., and Geiser, T.: Combined

Determination of the Chemical Composition and of Health Effects of Secondary Organic Aerosols: The POLYSOA Project, Journal of630

Aerosol Medicine and Pulmonary Drug Delivery, 21, 145–154, https://doi.org/10.1089/jamp.2007.0655, 2008.

Beck, L. J., Sarnela, N., Junninen, H., Hoppe, C. J. M., Garmash, O., Bianchi, F., Riva, M., Rose, C., Peräkylä, O., Wimmer, D., Kausiala,

O., Jokinen, T., Ahonen, L., Mikkilä, J., Hakala, J., He, X.-C., Kontkanen, J., Wolf, K. K. E., Cappelletti, D., Mazzola, M., Traversi,

R., Petroselli, C., Viola, A. P., Vitale, V., Lange, R., Massling, A., Nøjgaard, J. K., Krejci, R., Karlsson, L., Zieger, P., Jang, S., Lee, K.,

Vakkari, V., Lampilahti, J., Thakur, R. C., Leino, K., Kangasluoma, J., Duplissy, E.-M., Siivola, E., Marbouti, M., Tham, Y. J., Saiz-Lopez,635

A., Petäjä, T., Ehn, M., Worsnop, D. R., Skov, H., Kulmala, M., Kerminen, V.-M., and Sipilä, M.: Differing Mechanisms of New Particle

Formation at Two Arctic Sites, Geophysical Research Letters, 48, https://doi.org/10.1029/2020GL091334, 2021a.

Beck, L. J., Schobesberger, S., Kerminen, V.-M., and Kulmala, M.: Estimation of sulfuric acid concentrations using ambient ion composition

and concentration data obtained by ion mass spectrometry measurements (APi-TOF), Atmospheric Measurement Techniques Discussions,

pp. 1–10, https://doi.org/10.5194/amt-2021-259, 2021b.640

Bianchi, F., Tröstl, J., Junninen, H., Frege, C., Henne, S., Hoyle, C. R., Molteni, U., Herrmann, E., Adamov, A., Bukowiecki, N., Chen, X.,

Duplissy, J., Gysel, M., Hutterli, M., Kangasluoma, J., Kontkanen, J., Kürten, A., Manninen, H. E., Münch, S., Peräkylä, O., Petäjä, T.,

Rondo, L., Williamson, C., Weingartner, E., Curtius, J., Worsnop, D. R., Kulmala, M., Dommen, J., and Baltensperger, U.: New particle

formation in the free troposphere: A question of chemistry and timing, Science, 352, 1109, https://doi.org/10.1126/science.aad5456, 2016.

38

https://doi.org/10.5194/acp-2021-994
Preprint. Discussion started: 7 December 2021
c© Author(s) 2021. CC BY 4.0 License.



Bianchi, F., Garmash, O., He, X., Yan, C., Iyer, S., Rosendahl, I., Xu, Z., Rissanen, M. P., Riva, M., Taipale, R., Sarnela, N., Petäjä, T.,645

Worsnop, D. R., Kulmala, M., Ehn, M., and Junninen, H.: The role of highly oxygenated molecules (HOMs) in determining the composi-

tion of ambient ions in the boreal forest, Atmospheric Chemistry and Physics, 17, 13 819–13 831, https://doi.org/10.5194/acp-17-13819-

2017, 2017.

Bianchi, F., Kurtén, T., Riva, M., Mohr, C., Rissanen, M. P., Roldin, P., Berndt, T., Crounse, J. D., Wennberg, P. O., Mentel, T. F., Wildt,

J., Junninen, H., Jokinen, T., Kulmala, M., Worsnop, D. R., Thornton, J. A., Donahue, N., Kjaergaard, H. G., and Ehn, M.: Highly650

Oxygenated Organic Molecules (HOM) from Gas-Phase Autoxidation Involving Peroxy Radicals: A Key Contributor to Atmospheric

Aerosol, Chemical Reviews, 119, 3472–3509, https://doi.org/10.1021/acs.chemrev.8b00395, 2019.

Bianchi, F., Junninen, H., Bigi, A., Sinclair, V. A., Dada, L., Hoyle, C. R., Zha, Q., Yao, L., Ahonen, L. R., Bonasoni, P., Buenrostro Mazon,

S., Hutterli, M., Laj, P., Lehtipalo, K., Kangasluoma, J., Kerminen, V.-M., Kontkanen, J., Marinoni, A., Mirme, S., Molteni, U., Petäjä,

T., Riva, M., Rose, C., Sellegri, K., Yan, C., Worsnop, D. R., Kulmala, M., Baltensperger, U., and Dommen, J.: Biogenic particles formed655

in the Himalaya as an important source of free tropospheric aerosols, Nature Geoscience, 14, 4–9, https://doi.org/10.1038/s41561-020-

00661-5, 2021.

Brasseur, Z., Castarède, D., Thomson, E. S., Adams, M. P., Drossaart van Dusseldorp, S., Heikkilä, P., Korhonen, K., Lampilahti, J., Para-

monov, M., Schneider, J., Vogel, F., Wu, Y., Abbat, J. P. D., Atanasova, N. S., Bamford, D. H., Bertozzi, B., Boyer, M., Brus, D., Daily,

M. I., Fösig, R., Gute, E., Harrison, A. D., Hietala, P., Höhler, K., Kanji, Z. A., Keskinen, J., Lacher, L., Lampimäki, M., Levula, J.,660

Manninen, A., Nadolny, J., Peltola, M., Porter, G. C. E., Poutanen, P., Proske, U., Schorr, T., Silas Umo, N., Stenszky, J., Virtanen, A.,

Moisseev, D., Kulmala, M., Murray, B. J., Petäjä, T., Möhler, O., and Duplissy, J.: Measurement report: Introduction to the HyICE-2018

campaign for measurements of ice nucleating particles in the Hyytiälä boreal forest, Atmospheric Chemistry and Physics Discussions, pp.

1–46, https://doi.org/10.5194/acp-2021-744, 2021.

Bäck, J., Aalto, J., Henriksson, M., Hakola, H., He, Q., and Boy, M.: Chemodiversity of a Scots pine stand and implications for terpene air665

concentrations, Biogeosciences, 9, 689–702, https://doi.org/10.5194/bg-9-689-2012, publisher: Copernicus GmbH, 2012.

Dada, L., Ylivinkka, I., Baalbaki, R., Li, C., Guo, Y., Yan, C., Yao, L., Sarnela, N., Jokinen, T., Daellenbach, K. R., Yin, R., Deng, C.,

Chu, B., Nieminen, T., Wang, Y., Lin, Z., Thakur, R. C., Kontkanen, J., Stolzenburg, D., Sipilä, M., Hussein, T., Paasonen, P., Bianchi,

F., Salma, I., Weidinger, T., Pikridas, M., Sciare, J., Jiang, J., Liu, Y., Petäjä, T., Kerminen, V.-M., and Kulmala, M.: Sources and sinks

driving sulfuric acid concentrations in contrasting environments: implications on proxy calculations, Atmospheric Chemistry and Physics,670

20, 11 747–11 766, https://doi.org/10.5194/acp-20-11747-2020, 2020.

Darbieu, C., Lohou, F., Lothon, M., Vilà-Guerau de Arellano, J., Couvreux, F., Durand, P., Pino, D., Patton, E. G., Nilsson, E., Blay-Carreras,

E., and Gioli, B.: Turbulence vertical structure of the boundary layer during the afternoon transition, Atmospheric Chemistry and Physics,

15, 10 071–10 086, https://doi.org/10.5194/acp-15-10071-2015, 2015.

Donahue, N. M., Kroll, J. H., Pandis, S. N., and Robinson, A. L.: A two-dimensional volatility basis set – Part 2: Diagnostics of organic-675

aerosol evolution, Atmospheric Chemistry and Physics, 12, 615–634, https://doi.org/10.5194/acp-12-615-2012, 2012.

Duplissy, J., Merikanto, J., Franchin, A., Tsagkogeorgas, G., Kangasluoma, J., Wimmer, D., Vuollekoski, H., Schobesberger, S., Lehtipalo,

K., Flagan, R. C., Brus, D., Donahue, N. M., Vehkamäki, H., Almeida, J., Amorim, A., Barmet, P., Bianchi, F., Breitenlechner, M., Dunne,

E. M., Guida, R., Henschel, H., Junninen, H., Kirkby, J., Kürten, A., Kupc, A., Määttänen, A., Makhmutov, V., Mathot, S., Nieminen, T.,

Onnela, A., Praplan, A. P., Riccobono, F., Rondo, L., Steiner, G., Tome, A., Walther, H., Baltensperger, U., Carslaw, K. S., Dommen, J.,680

Hansel, A., Petäjä, T., Sipilä, M., Stratmann, F., Vrtala, A., Wagner, P. E., Worsnop, D. R., Curtius, J., and Kulmala, M.: Effect of ions

39

https://doi.org/10.5194/acp-2021-994
Preprint. Discussion started: 7 December 2021
c© Author(s) 2021. CC BY 4.0 License.



on sulfuric acid-water binary particle formation: 2. Experimental data and comparison with QC-normalized classical nucleation theory,

Journal of Geophysical Research: Atmospheres, 121, 1752–1775, https://doi.org/https://doi.org/10.1002/2015JD023539, 2016.

Ehn, M., Junninen, H., Petäjä, T., Kurtén, T., Kerminen, V.-M., Schobesberger, S., Manninen, H. E., Ortega, I. K., Vehkamäki, H., Kulmala,

M., and Worsnop, D. R.: Composition and temporal behavior of ambient ions in the boreal forest, Atmospheric Chemistry and Physics,685

10, 8513–8530, https://doi.org/10.5194/acp-10-8513-2010, 2010.

Ehn, M., Thornton, J. A., Kleist, E., Sipilä, M., Junninen, H., Pullinen, I., Springer, M., Rubach, F., Tillmann, R., Lee, B., Lopez-Hilfiker, F.,

Andres, S., Acir, I.-H., Rissanen, M., Jokinen, T., Schobesberger, S., Kangasluoma, J., Kontkanen, J., Nieminen, T., Kurtén, T., Nielsen,

L. B., Jørgensen, S., Kjaergaard, H. G., Canagaratna, M., Maso, M. D., Berndt, T., Petäjä, T., Wahner, A., Kerminen, V.-M., Kulmala,

M., Worsnop, D. R., Wildt, J., and Mentel, T. F.: A large source of low-volatility secondary organic aerosol, Nature, 506, 476–479,690

https://doi.org/10.1038/nature13032, 2014.

Etling, D. and Brown, R. A.: Roll vortices in the planetary boundary layer: A review, Boundary-Layer Meteorology, 65, 215–248,

https://doi.org/10.1007/BF00705527, 1993.

Gordon, H., Kirkby, J., Baltensperger, U., Bianchi, F., Breitenlechner, M., Curtius, J., Dias, A., Dommen, J., Donahue, N. M., Dunne, E. M.,

Duplissy, J., Ehrhart, S., Flagan, R. C., Frege, C., Fuchs, C., Hansel, A., Hoyle, C. R., Kulmala, M., Kürten, A., Lehtipalo, K., Makhmutov,695

V., Molteni, U., Rissanen, M. P., Stozkhov, Y., Tröstl, J., Tsagkogeorgas, G., Wagner, R., Williamson, C., Wimmer, D., Winkler, P. M.,

Yan, C., and Carslaw, K. S.: Causes and importance of new particle formation in the present-day and preindustrial atmospheres, Journal

of Geophysical Research: Atmospheres, 122, 8739–8760, https://doi.org/10.1002/2017JD026844, 2017.

Hari, P. and Kulmala, M.: Station for Measuring Ecosystem–Atmosphere Relations (SMEAR II), 10, 315–322, 2005.

Harrison, R. G. and Ambaum, M. H. P.: Observed atmospheric electricity effect on clouds, Environmental Research Letters, 4, 014 003,700

https://doi.org/10.1088/1748-9326/4/1/014003, 2009.

He, X.-C., Tham, Y. J., Dada, L., Wang, M., Finkenzeller, H., Stolzenburg, D., Iyer, S., Simon, M., Kürten, A., Shen, J., Rörup, B., Rissanen,

M., Schobesberger, S., Baalbaki, R., Wang, D. S., Koenig, T. K., Jokinen, T., Sarnela, N., Beck, L. J., Almeida, J., Amanatidis, S., Amorim,

A., Ataei, F., Baccarini, A., Bertozzi, B., Bianchi, F., Brilke, S., Caudillo, L., Chen, D., Chiu, R., Chu, B., Dias, A., Ding, A., Dommen,

J., Duplissy, J., El Haddad, I., Gonzalez Carracedo, L., Granzin, M., Hansel, A., Heinritzi, M., Hofbauer, V., Junninen, H., Kangasluoma,705

J., Kemppainen, D., Kim, C., Kong, W., Krechmer, J. E., Kvashin, A., Laitinen, T., Lamkaddam, H., Lee, C. P., Lehtipalo, K., Leiminger,

M., Li, Z., Makhmutov, V., Manninen, H. E., Marie, G., Marten, R., Mathot, S., Mauldin, R. L., Mentler, B., Möhler, O., Müller, T., Nie,

W., Onnela, A., Petäjä, T., Pfeifer, J., Philippov, M., Ranjithkumar, A., Saiz-Lopez, A., Salma, I., Scholz, W., Schuchmann, S., Schulze,

B., Steiner, G., Stozhkov, Y., Tauber, C., Tomé, A., Thakur, R. C., Väisänen, O., Vazquez-Pufleau, M., Wagner, A. C., Wang, Y., Weber,

S. K., Winkler, P. M., Wu, Y., Xiao, M., Yan, C., Ye, Q., Ylisirniö, A., Zauner-Wieczorek, M., Zha, Q., Zhou, P., Flagan, R. C., Curtius,710

J., Baltensperger, U., Kulmala, M., Kerminen, V.-M., Kurtén, T., Donahue, N. M., Volkamer, R., Kirkby, J., Worsnop, D. R., and Sipilä,

M.: Role of iodine oxoacids in atmospheric aerosol nucleation, Science, 371, 589–595, https://doi.org/10.1126/science.abe0298, 2021.

Hirsikko, A., Nieminen, T., Gagné, S., Lehtipalo, K., Manninen, H. E., Ehn, M., Hõrrak, U., Kerminen, V.-M., Laakso, L., McMurry, P. H.,

Mirme, A., Mirme, S., Petäjä, T., Tammet, H., Vakkari, V., Vana, M., and Kulmala, M.: Atmospheric ions and nucleation: a review of

observations, Atmospheric Chemistry and Physics, 11, 767–798, https://doi.org/10.5194/acp-11-767-2011, 2011.715

Holton, J. R. and Hakim, G. J.: Chapter 5 - Atmospheric Oscillations: Linear Perturbation Theory, in: An Introduction to Dynamic Meteo-

rology (Fifth Edition), edited by Holton, J. R. and Hakim, G. J., pp. 127–170, Academic Press, Boston, https://www.sciencedirect.com/

science/article/pii/B9780123848666000052, 2013.

40

https://doi.org/10.5194/acp-2021-994
Preprint. Discussion started: 7 December 2021
c© Author(s) 2021. CC BY 4.0 License.



Hõrrak, U., Iher, H., Luts, A., Salm, J., and Tammet, H.: Mobility spectrum of air ions at Tahkuse Observatory, Journal of Geophysical

Research: Atmospheres, 99, 10 697–10 700, https://doi.org/10.1029/93JD02291, 1994.720

IPCC: Climate Change 2021: The Physical Science Basis. Contribution of Working Group I to the Sixth Assessment Report of the Intergov-

ernmental Panel on Climate Change, Cambridge University Press. In Press, 2021.

Israël, H.: Atmospheric Electricity, Israel Program for Scientific Translations, Jerusalem, 1, 317, 1970.

Jokinen, T., Sipilä, M., Junninen, H., Ehn, M., Lönn, G., Hakala, J., Petäjä, T., Mauldin III, R. L., Kulmala, M., and Worsnop, D. R.:

Atmospheric sulphuric acid and neutral cluster measurements using CI-APi-TOF, Atmospheric Chemistry and Physics, 12, 4117–4125,725

https://doi.org/https://doi.org/10.5194/acp-12-4117-2012, 2012.

Jokinen, T., Sipilä, M., Kontkanen, J., Vakkari, V., Tisler, P., Duplissy, E.-M., Junninen, H., Kangasluoma, J., Manninen, H. E., Petäjä,

T., Kulmala, M., Worsnop, D. R., Kirkby, J., Virkkula, A., and Kerminen, V.-M.: Ion-induced sulfuric acid–ammonia nucleation drives

particle formation in coastal Antarctica, Science Advances, 4, https://doi.org/10.1126/sciadv.aat9744, 2018.

Junninen, H., Ehn, M., Petäjä, T., Luosujärvi, L., Kotiaho, T., Kostiainen, R., Rohner, U., Gonin, M., Fuhrer, K., Kulmala, M., and Worsnop,730

D. R.: A high-resolution mass spectrometer to measure atmospheric ion composition, Atmospheric Measurement Techniques, 3, 1039–

1053, https://doi.org/https://doi.org/10.5194/amt-3-1039-2010, 2010.

Junninen, H., Duplissy, J., Ehn, M., Sipilä, M., Kangasluoma, J., Franchin, A., Petäjä, T., Manninen, H. E., Kerminen, V.-M., Worsnop,

D., and Kulmala, M.: Measuring atmospheric ion bursts and their dynamics using mass spectrometry, Boreal Environment Research, 21,

207–221, 2016.735

Kirkby, J., Curtius, J., Almeida, J., Dunne, E., Duplissy, J., Ehrhart, S., Franchin, A., Gagné, S., Ickes, L., Kürten, A., Kupc, A., Metzger,

A., Riccobono, F., Rondo, L., Schobesberger, S., Tsagkogeorgas, G., Wimmer, D., Amorim, A., Bianchi, F., Breitenlechner, M., David,

A., Dommen, J., Downard, A., Ehn, M., Flagan, R. C., Haider, S., Hansel, A., Hauser, D., Jud, W., Junninen, H., Kreissl, F., Kvashin, A.,

Laaksonen, A., Lehtipalo, K., Lima, J., Lovejoy, E. R., Makhmutov, V., Mathot, S., Mikkilä, J., Minginette, P., Mogo, S., Nieminen, T.,

Onnela, A., Pereira, P., Petäjä, T., Schnitzhofer, R., Seinfeld, J. H., Sipilä, M., Stozhkov, Y., Stratmann, F., Tomé, A., Vanhanen, J., Viisa-740

nen, Y., Vrtala, A., Wagner, P. E., Walther, H., Weingartner, E., Wex, H., Winkler, P. M., Carslaw, K. S., Worsnop, D. R., Baltensperger,

U., and Kulmala, M.: Role of sulphuric acid, ammonia and galactic cosmic rays in atmospheric aerosol nucleation, Nature, 476, 429–433,

https://doi.org/10.1038/nature10343, 2011.

Kirkby, J., Duplissy, J., Sengupta, K., Frege, C., Gordon, H., Williamson, C., Heinritzi, M., Simon, M., Yan, C., Almeida, J., Tröstl, J.,

Nieminen, T., Ortega, I. K., Wagner, R., Adamov, A., Amorim, A., Bernhammer, A.-K., Bianchi, F., Breitenlechner, M., Brilke, S., Chen,745

X., Craven, J., Dias, A., Ehrhart, S., Flagan, R. C., Franchin, A., Fuchs, C., Guida, R., Hakala, J., Hoyle, C. R., Jokinen, T., Junninen,

H., Kangasluoma, J., Kim, J., Krapf, M., Kürten, A., Laaksonen, A., Lehtipalo, K., Makhmutov, V., Mathot, S., Molteni, U., Onnela, A.,

Peräkylä, O., Piel, F., Petäjä, T., Praplan, A. P., Pringle, K., Rap, A., Richards, N. A. D., Riipinen, I., Rissanen, M. P., Rondo, L., Sarnela,

N., Schobesberger, S., Scott, C. E., Seinfeld, J. H., Sipilä, M., Steiner, G., Stozhkov, Y., Stratmann, F., Tomé, A., Virtanen, A., Vogel,

A. L., Wagner, A. C., Wagner, P. E., Weingartner, E., Wimmer, D., Winkler, P. M., Ye, P., Zhang, X., Hansel, A., Dommen, J., Donahue,750

N. M., Worsnop, D. R., Baltensperger, U., Kulmala, M., Carslaw, K. S., and Curtius, J.: Ion-induced nucleation of pure biogenic particles,

Nature, 533, 521–526, https://doi.org/10.1038/nature17953, 2016.

Kulmala, M., Toivonen, A., Mäkelä, J. M., and Laaksonen, A.: Analysis of the growth of nucleation mode particles observed in Boreal forest,

Tellus B, 50, 449–462, https://doi.org/10.1034/j.1600-0889.1998.t01-4-00004.x, 1998.

41

https://doi.org/10.5194/acp-2021-994
Preprint. Discussion started: 7 December 2021
c© Author(s) 2021. CC BY 4.0 License.



Kulmala, M., Vehkamäki, H., Petäjä, T., Dal Maso, M., Lauri, A., Kerminen, V. M., Birmili, W., and McMurry, P. H.: Forma-755

tion and growth rates of ultrafine atmospheric particles: a review of observations, Journal of Aerosol Science, 35, 143–176,

https://doi.org/10.1016/j.jaerosci.2003.10.003, 2004.

Kulmala, M., Kontkanen, J., Junninen, H., Lehtipalo, K., Manninen, H. E., Nieminen, T., Petäjä, T., Sipilä, M., Schobesberger, S., Rantala,

P., Franchin, A., Jokinen, T., Järvinen, E., Äijälä, M., Kangasluoma, J., Hakala, J., Aalto, P. P., Paasonen, P., Mikkilä, J., Vanhanen, J.,

Aalto, J., Hakola, H., Makkonen, U., Ruuskanen, T., Mauldin, R. L., Duplissy, J., Vehkamäki, H., Bäck, J., Kortelainen, A., Riipinen, I.,760

Kurtén, T., Johnston, M. V., Smith, J. N., Ehn, M., Mentel, T. F., Lehtinen, K. E. J., Laaksonen, A., Kerminen, V.-M., and Worsnop, D. R.:

Direct Observations of Atmospheric Aerosol Nucleation, Science, 339, 943–946, https://doi.org/10.1126/science.1227385, 2013.

Kürten, A.: New particle formation from sulfuric acid and ammonia: nucleation and growth model based on thermodynamics derived from

CLOUD measurements for a wide range of conditions, Atmospheric Chemistry and Physics, 19, 5033–5050, https://doi.org/10.5194/acp-

19-5033-2019, 2019.765

Laakso, L., Mäkelä, J. M., Pirjola, L., and Kulmala, M.: Model studies on ion-induced nucleation in the atmosphere, Journal of Geophysical

Research: Atmospheres, 107, AAC 5–1–AAC 5–19, https://doi.org/10.1029/2002JD002140, 2002.

Lampilahti, J., Manninen, H. E., Leino, K., Väänänen, R., Manninen, A., Buenrostro Mazon, S., Nieminen, T., Leskinen, M., Enroth, J.,

Bister, M., Zilitinkevich, S., Kangasluoma, J., Järvinen, H., Kerminen, V.-M., Petäjä, T., and Kulmala, M.: Roll vortices induce new particle

formation bursts in the planetary boundary layer, Atmospheric Chemistry and Physics, 20, 11 841–11 854, https://doi.org/10.5194/acp-20-770

11841-2020, 2020.

Lampilahti, J., Leino, K., Manninen, A., Poutanen, P., Franck, A., Peltola, M., Hietala, P., Beck, L., Dada, L., Quéléver, L., Öhrnberg, R.,

Zhou, Y., Ekblom, M., Vakkari, V., Zilitinkevich, S., Kerminen, V.-M., Petäjä, T., and Kulmala, M.: Aerosol particle formation in the upper

residual layer, Atmospheric Chemistry and Physics, 21, 7901–7915, https://doi.org/10.5194/acp-21-7901-2021, 2021.

Lee, S.-H., Gordon, H., Yu, H., Lehtipalo, K., Haley, R., Li, Y., and Zhang, R.: New Particle Formation in the Atmosphere: From Molecular775

Clusters to Global Climate, Journal of Geophysical Research: Atmospheres, 124, 7098–7146, https://doi.org/10.1029/2018JD029356,

2019.

Lehtipalo, K., Yan, C., Dada, L., Bianchi, F., Xiao, M., Wagner, R., Stolzenburg, D., Ahonen, L. R., Amorim, A., Baccarini, A., Bauer, P. S.,

Baumgartner, B., Bergen, A., Bernhammer, A.-K., Breitenlechner, M., Brilke, S., Buchholz, A., Mazon, S. B., Chen, D., Chen, X., Dias,

A., Dommen, J., Draper, D. C., Duplissy, J., Ehn, M., Finkenzeller, H., Fischer, L., Frege, C., Fuchs, C., Garmash, O., Gordon, H., Hakala,780

J., He, X., Heikkinen, L., Heinritzi, M., Helm, J. C., Hofbauer, V., Hoyle, C. R., Jokinen, T., Kangasluoma, J., Kerminen, V.-M., Kim, C.,

Kirkby, J., Kontkanen, J., Kürten, A., Lawler, M. J., Mai, H., Mathot, S., Mauldin, R. L., Molteni, U., Nichman, L., Nie, W., Nieminen, T.,

Ojdanic, A., Onnela, A., Passananti, M., Petäjä, T., Piel, F., Pospisilova, V., Quéléver, L. L. J., Rissanen, M. P., Rose, C., Sarnela, N., Schall-

hart, S., Schuchmann, S., Sengupta, K., Simon, M., Sipilä, M., Tauber, C., Tomé, A., Tröstl, J., Väisänen, O., Vogel, A. L., Volkamer, R.,

Wagner, A. C., Wang, M., Weitz, L., Wimmer, D., Ye, P., Ylisirniö, A., Zha, Q., Carslaw, K. S., Curtius, J., Donahue, N. M., Flagan, R. C.,785

Hansel, A., Riipinen, I., Virtanen, A., Winkler, P. M., Baltensperger, U., Kulmala, M., and Worsnop, D. R.: Multicomponent new particle

formation from sulfuric acid, ammonia, and biogenic vapors, Science Advances, 4, eaau5363, https://doi.org/10.1126/sciadv.aau5363,

2018.

Leino, K., Lampilahti, J., Poutanen, P., Väänänen, R., Manninen, A., Buenrostro Mazon, S., Dada, L., Franck, A., Wimmer, D., Aalto, P. P.,

Ahonen, L. R., Enroth, J., Kangasluoma, J., Keronen, P., Korhonen, F., Laakso, H., Matilainen, T., Siivola, E., Manninen, H. E., Lehtipalo,790

K., Kerminen, V.-M., Petäjä, T., and Kulmala, M.: Vertical profiles of sub-3nm particles over the boreal forest, Atmospheric Chemistry

and Physics, 19, 4127–4138, https://doi.org/10.5194/acp-19-4127-2019, 2019.

42

https://doi.org/10.5194/acp-2021-994
Preprint. Discussion started: 7 December 2021
c© Author(s) 2021. CC BY 4.0 License.



Lelieveld, J., Evans, J. S., Fnais, M., Giannadaki, D., and Pozzer, A.: The contribution of outdoor air pollution sources to premature mortality

on a global scale, Nature, 525, 367–371, https://doi.org/10.1038/nature15371, 2015.

Lothon, M., Lohou, F., Pino, D., Couvreux, F., Pardyjak, E. R., Reuder, J., Vilà-Guerau de Arellano, J., Durand, P., Hartogensis, O., Legain,795

D., Augustin, P., Gioli, B., Lenschow, D. H., Faloona, I., Yagüe, C., Alexander, D. C., Angevine, W. M., Bargain, E., Barrié, J., Bazile, E.,

Bezombes, Y., Blay-Carreras, E., van de Boer, A., Boichard, J. L., Bourdon, A., Butet, A., Campistron, B., de Coster, O., Cuxart, J., Dabas,

A., Darbieu, C., Deboudt, K., Delbarre, H., Derrien, S., Flament, P., Fourmentin, M., Garai, A., Gibert, F., Graf, A., Groebner, J., Guichard,

F., Jiménez, M. A., Jonassen, M., van den Kroonenberg, A., Magliulo, V., Martin, S., Martinez, D., Mastrorillo, L., Moene, A. F., Molinos,

F., Moulin, E., Pietersen, H. P., Piguet, B., Pique, E., Román-Cascón, C., Rufin-Soler, C., Saïd, F., Sastre-Marugán, M., Seity, Y., Steen-800

eveld, G. J., Toscano, P., Traullé, O., Tzanos, D., Wacker, S., Wildmann, N., and Zaldei, A.: The BLLAST field experiment: Boundary-

Layer Late Afternoon and Sunset Turbulence, Atmospheric Chemistry and Physics, 14, 10 931–10 960, https://doi.org/10.5194/acp-14-

10931-2014, 2014.

Manninen, A. J., Marke, T., Tuononen, M., and O’Connor, E. J.: Atmospheric Boundary Layer Classification With Doppler Lidar, Journal of

Geophysical Research: Atmospheres, 123, 8172–8189, https://doi.org/10.1029/2017JD028169, 2018.805

Manninen, H. E., Nieminen, T., Asmi, E., Gagné, S., Häkkinen, S., Lehtipalo, K., Aalto, P., Vana, M., Mirme, A., Mirme, S., Hõrrak,
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