
pro gradu
Master’s Programme in Atmospheric Science

A Comparison study on air ions in boreal
forest of Finland and megacity of China

Tinghan Zhang

June 1, 2022

Supervisor(s): Markku Kulmala; Federico Bianchi

Examiner(s): Markku kulmala; Veli-Matti Kerminen

University of Helsinki
Faculty of Science

P.O. Box 64 (Gustaf Hällströmin katu 2)
00014 University of Helsinki



Faculty of Science Master’s Programme in Atmospheric Science

Tinghan Zhang

A Comparison study on air ions in boreal forest of Finland and megacity of China

pro gradu June 1, 2022 40

Air ions, NPF, SMEAR II, SORPES

Air ions can play an important role in new particle formation (NPF) process and consequently influ-
ence the atmospheric aerosols, which affect climate and air quality as potential cloud condensation
nuclei. However, the air ions and their role in NPF have not been comprehensively investigated
yet, especially in polluted area. To explore the air ions in polluted environment, we compared the
air ions at SORPES site, a suburban site in polluted eastern China, with those at SMEAR II, a
well-studied boreal forest site in Finland, based on the air ion number size distribution (0.8-42 nm)
measured with Neutral Cluster and Air Ion Spectrometer (NAIS) during 7 June 2019 to 31 August
2020. Air ions were size classified into three size ranges: cluster (0.8-2 nm), intermediate (2-7 nm),
and large (7-20 nm).

Median concentration of cluster ions at SORPES (217 cm−3) was about 6 times lower than that
at SMEAR II (1268 cm−3) due to the high CS and pre-existing particle loading in polluted area,
whereas the median large ion concentration at SORPES (197 cm−3) was about 3 times higher than
that of SMEAR II (67 cm−3). Seasonal variations of ion concentration differed with ion sizes and
ion polarity at two sites. High concentration of cluster ions was observed in the evening in the spring
and autumn at SMEAR II, while the cluster ion concentration remained at a high level all day in
the same seasons. The NPF events occurred more frequently at SORPES site (SMEAR II 16% ;
SORPES: 39%), and the highest values of NPF frequency at both sites were in spring ((SMEAR II:
spring: 43%; SORPES: spring: 56%). During the noon time on NPF event day, the concentration
of intermediate ions were 8-14 times higher than same ours on non-event days, indicating that can
be use as an indicator for NPF in SMEAR II and SORPES. The median formation rate of 1.5 nm
at SMEAR II were higher then that at SORPES, while higher formation rate of 3 nm ions were
observed at SORPES. At 3 nm, the formation rate of charged particles was only 11% and 1.6% of
the total rate at SMEAR II and SORPES respectively, which supports the current view that neutral
ways dominate the new particle process in continental boundary. However, higher ratio between
charged and total formation rate of 3 nm particle at SMEAR II indicates ion-induced nucleation
can have a bigger contribution to NPF in clear area in comparison to polluted area. Higher median
GR of 3-7 nm (SMEAR II: 3.1 nm h−1; SORPES: 3.7 nm h−1) and 7-20 nm (SMEAR II: 5.5 nm

h−1; SORPES: 6.9 nm h−1) ions at SORPES were found in comparison to SMEAR II, suggesting
the higher availability of condensing vapors at SORPES. This study presented a comprehensive
comparison of air ions in completely different environments, and highlighted the need for long-term
ion measurements to improve the understanding of air ions and their role in NPF in polluted area
like eastern China.
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1. Introduction

Grouping as a significant and ubiquitous component of the atmosphere, atmosphere
aerosol particles are responsible for climate change by either directly influencing Earth′s
radiation balance or indirectly affecting the cloud properties. Moreover, they are able
to jeopardize human health by inducing respiratory and lung diseases (Myhre, 2009;
Change et al., 2013). Aerosols are not only found in the atmosphere by directly emitted
from combustion processes, volcanic ashes, or sea spray but also are produced from
condensable vapors via new particle formation (NPF), where molecular clusters are
formed from the atmospheric vapors and subsequently grow to larger sizes (Kulmala
et al., 2004c). The NPF has been found taking places almost everywhere in the world
under various environmental conditions (Kulmala and Kerminen, 2008; Kerminen et al.,
2018; Nieminen et al., 2018; Chu et al., 2019). Modelling works suggest that in addition
to be the major source of the total particle number concentration, NPF is also able
to significantly contribute to the cloud condensation nuclei (CCN) production and
therefore affect the cloud formation (Spracklen et al., 2006; Merikanto et al., 2009; Yu
and Luo, 2009; Lee et al., 2019).

Air ions can play an importance role in the initial step of atmospheric NPF, known
as atmospheric particle nucleation as well. This is because in addition to neutral nucle-
ation, particle nucleation pathways also include ion-induced or ion-mediated nucleation
.(Kulmala et al., 2007; Yu and Turco, 2008), where ions are capable of enhancing the
stability of newly formed molecular clusters and decreasing their evaporation rate (Yu
and Turco, 2001). In other words, particle nucleation can be enhanced by ions under
the circumstances where neutral molecules are pretty ineffective. Ions are therefore
important for aerosol production.

The term " air ions " refers to all electrically charged substances in the atmosphere.
Air ions consist of charged particles with a wide variety of chemical compositions, rang-
ing from molecular clusters to large aerosol particles (Tammet, 1998). The persistent
formation of these charged particles in the atmosphere has been observed for long. In
the lower atmosphere, air ions are produced by ionising radiation, which comprises
mainly of galactic cosmic rays, gamma radiation of the terrestrial origin and the decay
emissions of radon (Chen et al., 2016). Historically, air ions were popularly studied in
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2 Chapter 1. Introduction

the field of atmospheric electricity, as their flow in the electric field of Earth-atmosphere
system provides the observable conduction current in the atmosphere (Wilson, 1924).
The interest of atmosphere aerosol community in air ions was provoked when Wilson′s
cloud chamber experiments (Wilson, 1897, 1899) in the late 19th century suggested
the influence of ions on formation of atmospheric particles and cloud droplets in the
atmosphere. This interest has been significantly intensified in recent years by both
instrumental and theoretical progress in research on atmospheric particle formation
from ions.

In the recent decades, the comprehensive research of ions and their role in NPF
have been conducted in peculiar environment conditions with state-of-art instruments
and available long-term observation, such as one of a "flag-ship" Station for Measuring
Ecosystem-Atmosphere Relations (SMEAR) II, a boreal forest site in Hyytiälä, south-
ern Finland (Kulmala et al., 2004c, 2007; Hirsikko et al., 2011b). Based on the results
obtained from SMEAR II station, the characteristics of air ions in the atmosphere and
the mechanisms of involvement of ions in NPF in boreal forest were well studied.

Cluster ions, or small ions, in the size range below than 2 nm were found that
exist nearly all the time and could be easily detected in the atmosphere (Horrak et al.,
1998). In parallel, the concentrations of positive and negative cluster ions was identified
ranging from 200 to 2500 cm−3 with short atmospheric lifetimes (Vana et al., 2007;
Komppula et al., 2007). Vana et al. (2006) showed that negative molecular clusters were
favoured condensation centers in NPF observed over the boreal forest. Intermediate
ions have larger diameters than small ions in the range of 2.0-7.8 nm (Horrak et al.,
2000). Their concentrations were identified as a suitable indicator of NPF based on the
10-years measurements at SMEAR II station (Leino et al., 2016). By measuring the air
ions, nighttime NPF in boreal forest was observed and their connection with ions were
reported in Hyytiälä (Junninen et al., 2008). Laakso et al. (2004) and Laakso et al.
(2007) identified the nucleation events in the boundary layer over the boreal forest when
charged nucleation contributed to NPF by preferential growth of negative ion clusters.
The contribution of ion-induced nucleation in Hyytiälä has been estimated to be less
than 10% (Gagné et al., 2008), which indicates that neutral nucleation dominates
particle formation in the boreal forest environment. Furthermore, the condensation
sink (CS) of preexisting particles (Kulmala et al., 2014), concentration of gas precursors
(Kulmala et al., 2014) and temperature (Kürten et al., 2016) have been identified to
be main factors determining the impact of ions on NPF. Even though the contribution
of ion-induced nulceation to the total NPF was rather low at boreal forest in Hyytiälä,
chamber studies showed ion-induced nucleation can play a crucial role in NPF under
other environmental condition, such as at low precursor species concentration and low
temperature. (Yu and Turco, 2001, 2008)
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China, as one of the most economically invigorating countries with the biggest
population in the world, has also conducted studies on the aerosol and their formation
in the last decade (Shen et al., 2011; Wu et al., 2007). Interestingly, although the NPF
events theoretically prefer to occur in pristine environment like Hyytiälä, the frequent
occurrences of NPF events in heavily polluted environments in China were observed
(Kulmala et al., 2017, 2021). However, so far most of studies in China mainly focus on
the neutral aerosol particles and does not concentrate on the aerosol particles below 10
nm in diameter (Du et al., 2012). Only a few studies have comprehensively investigated
the air ions and their roles in NPF mechanisms (Kulmala et al., 2017; Yao et al., 2018)
In this case, the understanding of the roles of air ions in NPF is very limited in china.

The Station for Observing Regional Processes of the Earth System (SORPES) is
a suburban site located in Nanjing, eastern China. This heavily instrumented station is
also one of the "flag-ship" station based on the concept of Hari et al. (2009), providing
long-term observation of aerosol particles at the western end of the Yangtze River
Delta (YRD) region(Ding et al., 2016). The YRD in the east part of china is a heavily
polluted area and practically a gigacity which is a conglomeration of megacities with
more than 100 million inhabitants (Kulmala et al., 2021). Currently, the ongoing,
continuous ions measurements in SORPES station ranges from June 2019 to August
2020, forming the longest and most comprehensive data set on air ions in that region.
This ions measurement provides an opportunity to deeply investigate air ions and their
roles in NPF of gigacity in China.

The aim of this study is to shed new light on air ions and their roles in NPF
in different environments. To achieve this aim, the ions data spanning from 7 June
2019 to 31 August 2020 at SMEAR II in the remote boreal forest and SORPES sites
in the heavily polluted area were compared. In this thesis, according to the protocol of
the atmospheric electricity measurement community, air ions were mobility-classified
as cluster or small ions(3.2-0.5 cm2 V −1s−1), intermediate(0.5-0.034 cm2 V −1s−1), and
large ions (0.034-0.0042 cm2 V −1s−1), which correspond to mobility diameters of 0.8-2,
2-7, 7-20 nm, respectively. We first compared the ion concentration and their diurnality
and seasonality between SMEAR II and SORPES sites. Subsequently, we analyzed the
correlation between ion concentration and related factors. we next compared the NPF
characteristic at two sites, including the frequency of NPF, formation rate and growth
rate of ions. In parallel, the role of ions in the new particle formation were analyzed at
two sites. Overall, by comparing the air ion in eastern China and relative well-studied
environment, we expect to improve the understanding of air ions and their role in NPF
in polluted areas like eastern China



2. Materials and methods

2.1 Site and observation descriptions

In this study, all the measurements used for the comparison in SMEAR II and SORPES
sites were conducted during a year period between 7 June 2019 to 31 August 2020.

Figure 2.1: Location of two sites (SMEAR II and SORPES) on the map of the emission inventory of
(a) SO2 and (b) monoterpenes (Emission inventory data are available at http://eccad.aeris-data.fr.)
Figure cited from Qi et al. (2018)
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2.1. Site and observation descriptions 5

2.1.1 SMEAR II station

The SMEAR II station (61◦51′ N, 24◦17′E, 181 m ASL) is located in Hyytiälä, southern
Finland (Fig. 2.1). This station is a boreal forest site in a pristine rural environment,
which is surrounded by coniferous Scots pine-dominated forest with high monoterpene
emission. SMEAR II site has carried out the world′s longest, continuous measurements
of aerosol particle-number concentration and size distribution since 1996. More detailes
about the site are described by Hari et al. (2013).

2.1.2 SORPES station

The SORPES station (32◦07′ N, 118◦57′E, 40 m ASL) is located about 20 km east of
downtown Nanjing in eastern China (Fig. 2.1). With few local emission sources within
2−3 km surrounding, the station is located in a relatively rural environment. Under the
prevailing eastly wind throughout the year, the site primarily measures background air
in well-developed YRD, which is practically a gigacity that many megacities clustered
along the Nanjing to Shanghai axis. Similar to the SMEAR II, SORPES is equipped
with comprehensive aerosol and meteorological instrumentation as well. More detailed
site description is presented by Ding et al. (2016).

2.1.3 Meteorological conditions in two sites.

Figure 2.2 shows the seasonal variations of three meteorological variables (Rainfall,
relative humidity and temperature) in SMEAR II and SORPES during the entire mea-
surement period. The rainfall histogram (Figure 2.2a) indicates that SORPES has
more precipitation in summer than SMEAR II, especially in June. This is because
the east Asian rainy season, also called plum rain, typically results in the persistent
precipitation for nearly two months during the late spring and early summer in Nan-
jing. However, the precipitation in SMEAR IIin autumn is much more than that in
SORPES. The impact of precipitation on ions characteristics will be discussed in sec-
tion related to seasonal variation of ions concentration. Seasonal variations of relative
humidity (Figure 2.2b) in two sites are similar to seasonal changes of rainfall. Nanjing
has higher relative humidity in summer months than Hyytiälä. The Figure 2.2c ex-
hibits a similar seasonal trend in temperature in two sites, which is temperature peaks
in summer in both sites. However, the temperature in Nanjing is significantly higher
than that in Hyytiälä throughout the whole measurement period. The averaged mean
temperature during this period was 17.7 ◦C in Nanjing and was 5.5 ◦C in Hyytiälä.
The differences in meteorological variables are mainly due to the different climatic con-
ditions between the two sites. Nanjing has a humid subtropical climate with general
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high relative humidity during summer, while Hyytiälä has a subarctic has climate with
normally cool summer.

Figure 2.2: Meteorological conditions in two sites from June 2019 to August 2020. Averaged seasonal
variations of (a) rainfall and (b) relative humidity and (c) temperature.

2.2 Instrumentation

2.2.1 Neutral Cluster and air ion spectrometer

Ambient air ion size distribution data employed in this study were all measured by Neu-
tral Cluster and Air Ion Spectrometer (NAIS, Mirme and Mirme (2013)) in SMEAR II
and SORPES at the ground level. The NAIS consists of two parallel DMAs (differential
mobility analyzer), one for positive ions and the other for negative ions. Each DMA
contains an electrical filter and corona-needle charger. Along the body of the DMA,
21 insulated collector electrodes measure the current and simultaneously classify ions
according to their electrical mobility. The mobility range of NAIS is 2.4−0.001 cm2

V −1s−1, equivalent to 0.8-47 nm of mobility diameter range (Millikan-Fuchs equivalent
diameter; Mäkelä et al. (1996)). Data for this instrument in SMEAR II were avail-
able for entire measurement period. The NAIS data at SORPES from 11th September
2019 to 16th October 2019 was missing because the instrument was taken away for
one-month intensive campaign.

2.2.2 Other instrumentation

The particle size distribution were measured with the twin differential mobility particle
sizer (DMPS) system (Aalto et al., 2001) at both sites, covering a diameter range of
3−1000 nm. DMPSs consist of two parallel DMAs and determine the particle number
concentration with two condensation particle counters (CPC). The DMPS data were
utilized to classify days into new particle formation (NPF) events or nonevents based
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on the procedure presented by Dal Maso et al. (2005). The meteorological parameters,
including air temperature, relative humidity, and precipitation, were measured with
standard meteorological sensors in two sites. More detailed description of instrumen-
tation in SMEAR II and SORPES were presented by Hari et al. (2013) and Ding et al.
(2016).

2.3 Calculation of variables characterizing new par-
ticle formation

The calculation of particles growth rates and formation rates follows the procedure
described in Kulmala et al. (2012). The growth rate (GR) of a particle population
during the NPF events can be expressed as

GR = ddp

dt = 4dp

4t
= dp2 − dp1

t2 − t1
(2.1)

where the diameters dp1 and dp2 represent the nucleated particles at the time t1 and t2,
respectively. For calculation, dp1 and dp2 refer to the center of the size bin and t1 and t2
are the times the concentration of this size bin reaches the maximum. The formation
rate Jdp of particles of diameter dp is calculated as (Kulmala et al., 2012)

Jdp = dNdp

dt + CoagSdp ×Ndp + GR

4dp

×Ndp + Slosses (2.2)

where the first term on the right−hand side is the time evolution of the particle number
concentration in the size ranging from dp to dp +4dp. The second term is the coag-
ulation sink (CoagSdp) for particles between dp and dp +4dp. The coagulation sink
is the loss rate of ions due to their coagulation with larger particles. The third term
represents the growth out of the corresponding size range where GR is the respective
growth rate. The fourth term represents the additional loss processes.

In the case of the ions formation rate, the additional terms including the losses
due to the ion-ion recombination and sources due to the attachment of charged particles
with neutral particles need to be taken into account. The rate coefficients for these
process were take as α = 1.6× 10−6cm−3s−1 and β = 0.01× 10−6cm−3s−1.

The condensation sink (CS) accounts for the loss rate of vapor molecules due to
the condensing onto existing aerosol particles in the atmosphere (Kulmala et al., 2012).
The CS can be expressed as

CS = 2π
∫ dpmax

0
βm

(
d

′

p

)
d

′

pdd′

p
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= 2πD
∑
d

′
p

βm,d′
p
d

′

pNd′
p

(2.3)

Where D is the diffusion coefficient of the condensing vapor, βm is transition−regime
correction, d′

p is discrete diameter, and Nd′
p
is the particle number concentration in

respective size bin.



3. Results and discussion

3.1 Comparisons of ion concentration at SMEAR
II and SORPES

3.1.1 Ion concentration and CS

Figure 3.1 shows the total ion concentration of three size classes (cluster ions: 0.8-2
nm, intermediate ions: 2-7 nm , large ions: 7-20 nm) and the CS at SMEAR II and
SORPES sites. (note: generally, in this paper, total ion will always refer to the sum of
positive and negative ions).

In Figure 3.1, the lowest of these size bins (0.8-2 nm) had the highest ion concen-
trations in three size classes at both SMEAR II and SORPES sites. These observation
agrees with the previous study that the cluster ion pool at this size range is ubiq-
uitous in the atmosphere (Kulmala et al., 2004c, 2007). As shown in Fig 3.1a, the
median cluster ion concentration at SORPES was 217 cm−3 while it was 1268 cm−3

at SMEAR II station, which was almost 6 times higher than at SORPES. The ion
concentration of 2-7 size class (Fig 3.1b) at both sites were much lower than that of
0.8-2 nm size class, while two sites shared the same median value of ion concentra-
tion (27 cm−3) in 2-7 nm size class. The low intermediate ion concentration is due
to these ions are mainly present during new particle formation bursts, at which fresh
aerosol particles are formed from gas phase precursors via gas-to-particle conversion.
Contrary to concentration of cluster ions (Fig 3.1a), SORPES has significantly higher
ion concentration of 7-20 nm size class than that at SMEAR II (Fig 3.1c), and the
median value of large ion concentration at SOPRES (197 cm−3) was almost 3 times
higher than that at SMEAR II (67 cm−3). Some studies found that large ion concen-
tration are affected by traffic-related aerosols (Hirsikko et al., 2007; Tiitta et al., 2007).
Therefore, the high concentration of large ions in SORPES is probably due to more
aerosol particles from vehicle emissions in urban area in comparison to Hyytiälä. As
illustrated in Fig 3.1d, the median value of CS at SORPES (1.97 10−2S−1) was about
8 times higher than SMEAR II (0.25 10−2S−1). Table 3.1 lists all the number of total

9



10 Chapter 3. Results and discussion

ion concentration and CS together with median, and 25th, 75th percentiles at two sites
completely. The substantial difference between the environment condition of two sites
may be the main reason for the dissimilarity of the CS. In polluted area like SORPES
site, the pre-existing particle loading is much higher than that in remote pristine area
like SMEAR II site, which leads to the typical high CS in polluted environment.

The variation of concentration of air ions with time is due to the formation and
loss processes, which can be expressed as an simplified balance equation presented by
Kulmala et al. (2004c):

dn
dt = q − CoagS × n− α× n2 (3.1)

where the first term on the right hand side is the formation of the new air ions via
molecule ionisation. The second term is the loss of air ions by coagulation with pre-
existing aerosol. The coagulation sink efficient (CoagS) in this term is proportional
to the CS according to the calculation procedure presented by Lehtinen et al. (2007).
The third term represents the loss of ions via ion-ion recombination.

According to the Equation 3.1 and the observation of CS, some preliminary ex-
planations can be obtained for the difference in ion concentration between SMEAR
II and SORPES. The high CS and large amount of pre-existing aerosol at SORPES
lead to the considerable loss of cluster ions by coagulation with large particles. Hence,
the concentration of cluster ions at SORPES was much lower than at SMEAR II (Fig
3.1a). The comparable intermediate ion concentration at two sites suggest that more
intermediate ions are formed at SORPES than at SMEAR II due to the higher loss rate
of ions at SORPES (Fig 3.1b). At SORPES site, the high pre-existing particle loading
in polluted environment also tends to promote the recombination and attachment of
small ions with background particles, which can explain the occurrence of pronounced
higher large ion concentration in Figure 3.1c. Some studies also found that large ion
concentration are affected by traffic-related aerosols(Hirsikko et al., 2007; Tiitta et al.,
2007). Therefore, the high concentration of large ions at SORPES is probably due to
larger number of aerosol particles from substantial vehicle emissions in urban area in
comparison to SMEAR II.
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Figure 3.1: Median total ion concentration of (a) cluster ions (0.8-2 nm) and (b) Intermediate ions
(2-7 nm) and (c) large ions (7-20 nm), and (d) median condensation sink at SMEAR II and SORPES
from June 2019 to August 2020. The line inside each box is the median; the top and bottom of each
box are the 25th and 75th percentiles, respectively; the whiskers are equal to 1.5 interquartile range.

Table 3.1: Statistics of total ion concentration in three size classes (0.8-2 nm, 2-7 nm, 7-20 nm), and
condensation sink (CS) at SMEAR II and SORPES from June 2019 to August 2020.

SMEAR II SORPES
Median 25th 75th Median 25th 75th

0.8-2 nm ion concentration (cm−3) 1268 1099 1490 217 169 282
2-7 nm ion concentration (cm−3) 27 21 44 27 18 43
7-20 nm ion concentration (cm−3) 67 46 107 197 123 339

CS (10−2S−1) 0.25 0.14 0.44 1.97 1.39 2.63

3.1.2 Seasonal variation of ion concentration

The significant differences in seasonal variations of ion concentration in three size classes
(cluster: 0.8-2 nm, Intermediate: 2-7 nm, Large: 7-20 nm) between the two sites
were observed and the seasonal variations are size dependent(Fig. 3.2). In Figure 3.2,
negative and positive ion concentrations in three size classes share basically the same
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seasonal trend at both sites, while the notable differences in the value of positive
and negative ion concentrations are manifested. This is because the positive polarity
dominates the overall cluster ion concentration (0.8-2 nm) near the ground due to the
electrode effect of negatively charged Earth surface (Wilson, 1924). Nonetheless, more
negative cluster ions were observed in SMEAR II (Fig. 3.2a), resulting from the fact
that on average negative ions in cluster mode are of smaller sizes than positive ions
(Dhanorkar and Kamra, 1992). The positive ion concentration in SORPES, however,
was still higher than negative ion concentrations (Fig. 3.2b).

For cluster ion concentration (Fig. 3.2a-b), the highest monthly-median of posi-
tive and negative cluster ion concentration were in August at SMEAR II and in October
at SORPES. Since the cluster ions are originated from ionization radiation, including
radon and gamma radiation in continental areas (Hirsikko et al., 2011a), the season-
ality of cluster ions is likely linked to the seasonality of radon exhalation, which is
determined by snow depth, soil humidity, and boundary layer mixing height (Lopez
et al., 2012). Furthermore, the expansion and shrinkage of boundary layer can in-
fluence the photochemical processes and availability of nucleating vapour, which may
have impact on the variation of cluster ion concentration. For intermediate ions in
2-7 nm size ranges (Fig. 3.2c-d), the ion concentrations increased during spring and
reached the maximum monthly median in the early summer (June) for both polarities
at SMEAR II, while the highest monthly median of intermediate ion concentration was
in October at SOPRES. Since the intermediate ions are mainly observed during NPF
events (Tammet et al., 2014) and these event occurs most frequently in the spring and
summer around Europe (Manninen et al., 2010), high intermediate ion concentration
at SMEAR II between spring and summer were expected. The large ion concentration
at SMEAR II also increased during spring, with the highest monthly median concen-
tration in April (Fig. 3.2e). At SOREPS site, a clear difference between negative and
positive ion on January, with positive ion concentration being much higher than neg-
ative ion concentration (Fig. 3.2f). Because several months of ions data were missing
due to the instrument contamination, the seasonality of large ions could not be iden-
tified at SORPES site. Based on the long-term observation at SMEAR II, most of
the NPF events take place in spring in Hyytiälä (Nieminen et al., 2014). Therefore,
the peak of large ion concentration at SMEAR II n the spring might be associated
with NPF events as well. However, according to the seasonal variation of cluster ion
concentration, we cannot draw any conclusions whether particle formation is related
to cluster ion concentration.

An intriguing behavior in seasonal variation of intermediate ion at SORPES is
shown in Fig 3.2d: The negative ion concentrations were significantly higher than
positive ion concentrations in June and July, while the negative concentrations is lower
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than positive ion concentrations at SMEAR II in the same period (Fig 3.2c). The
reason behind this phenomena could be the heavy precipitation caused by the rainy
season in Nanjing during summer (see Fig 2.2). Since rain and waterfall are capable
of producing large number of ions, especially negatively charged ions smaller than 10
nm (Laakso et al., 2007; Tammet et al., 2009).

Figure 3.2: Median seasonal variations of negative and positive ion concentration in three size classes
(cluster: 0.8-2 nm; intermediate: 2-7 nm; large: 7-20 nm) at SMEAR II (a,c,e) and SORPES sites
(b,d,f) from June 2019 to August 2020. The line inside each box is the median; the top and bottom
of each box are the 25th and 75th percentiles, respectively; the whiskers are equal to 1.5 interquartile
range. Negative ion concentrations are depicted by the blue box and positive ion concentration are
depicted by the red box. Positive large ion concentration in Jun, July and September, and negative
large ion concentration in September at SOPRES were removed due to the Instrument contamination
(Fig. 3.2f).

3.1.3 Diurnal patterns in different seasons

Figure 3.3 illustrates the diurnal variations of total ion concentration in different
seasons at SMEAR II and SORPES. The cluster ion concentration increased in the
nighttime and decreased in the daytime at SMEAR II site during spring and summer
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(Fig 3.3a). This observation is in line with previous findings reviewed by Hirsikko
et al. (2011a). The high concentration of cluster ions during evening to early morning
(20:00 LT to 8:00 LT) at SMEAR II may result from the relative low CS in this pe-
riod decreasing the loss rate of cluster ions, and the accumulation of ionizing radiation
from radon decay due to the low boundary layer mixing height before sunrise (Hir-
sikko et al., 2011a). There was no clear diurnal variation of cluster ion concentration
throughout the four seasons at SORPES site (Fig 3.3b), which could be attributed to
the high CS in the urban environment, greatly boosting the remove of small ions. The
concentration of cluster ions in summer and autumn at SORPES site, however, were
clearly higher than those in spring and winter.

At SMEAR II site, intermediate ion concentration showed two peaks around
11:00-13:00 LT and 22:00-24:00 LT in spring and summer (Fig 3.3c), while only one
peaks around 12:00 LT were observed at SORPES in spring, summer, and autumn
(Fig 3.3d). As intermediate ions are directly associated with NPF, which usually oc-
curs around noon when photochemical oxidation takes place, the bumps are shown at
both two sites around noon time. The burst of intermediate ion concentration during
the night at SMEAR II may be connected with high monoterpene emission in the boreal
forest. As some studies showed that nocturnal burst of particles in Hyytiälä correlated
well with the concentration and oxidation products of monoterpenes (Eerdekens et al.,
2009; Lehtipalo et al., 2011), and the highest monoterpenes concentration were ob-
served during nighttime in Hyytiälä. Hence, as an urban area without large amount
of monoterpene emitted by the vegetation, the nocturnal bursts of intermediate ion
concentration was not seen in diurnal cycle in SOPRES site.

The diurnal variation of large ion concentration was somewhat stable during
autumn and winter at SMEAR II, while the increase in concentration of large ions
during the daytime in spring and summer were observed (Fig 3.3e). The slight bump of
large ion concentration around midnight in the spring at SMEAR II could be related to
the enhanced concentration of intermediate ions during the evening in the same season.
At SORPES site, the diurnal cycle of large ions in spring and autumn coincided with
that of intermediate ion concentration in the same seasons, undergoing a pronounced
increase around the noon time. Consequently, the enhanced concentrations of large
ions at SORPES site probably result from the coagulation between intermediate ions
and a large number of pre-existing neutral aerosol particles in urban environment.
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Figure 3.3: Median diurnal cycles of total ion concentration (sum of polarities) of three size classes
(cluster: 0.8-2 nm; intermediate: 2-7 nm; large: 7-20 nm) in four seasons at SMEAR II (a,c,e) and
SORPES station (b,d,f) from June 2019 to August 2020. Diurnal cycle of large ion concentration in
summer at SORPES were removed due to the instrument contamination. (Fig 3.3f).
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Figure 3.4: Monthly median diurnal variations of total ion concentration (sum of polarities) of
three size classes (cluster: 0.8-2 nm; intermediate: 2-7 nm; large: 7-20 nm) at SMEAR II (a,c,e) and
SORPES station (b,d,f) from June 2019 to August 2020. Note the difference in color scale.
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3.1.4 Monthly diurnal patterns in ion concentration

In general, significant differences of seasonality of diurnal patterns in ion concentration
were observed between SMEAR II and SORPES over the year 2019 to 2020 (Fig. 3.4).
At both two sites, the cluster ion concentration barely showed clear diurnal varia-
tions during the winter: from December to February, and it maintained at a low level
(Fig. 3.4a-b). However, discernible diurnal cycles of cluster ion concentration were seen
from spring to autumn at SMEAR II. On average, at SMEAR II site, cluster ion con-
centration were low in the brighter hours and high in the darker hours between April
and September. At SORPES site, the cluster ion concentration remained at a high level
throughout the day between late summer and autumn: from August to November.

Similarly with the observation of cluster ion concentration, the intermediate ion
concentration at both SMEAR II and SORPES site showed little diurnal variation
and remained at the low level in the winter: from December to February (Fig. 3.4c-
d). Intermediate ion concentrations had two peaks at noon (11:00-13:00 LT) and late
night (22:00-24:00 LT) between April and June at SMEAR II, while it only showed one
peak around noon time (11:00-13:00 LT) at SORPES, especially notable in April and
September.

At SMEAR II site, the enrichment in concentration of large ions occurred around
noon and reached a high level in the evening during spring, and large ion concentration
were high during the daytime in July (Fig. 3.4e). At SOPRES site, the large ion
concentration was consistently at a high level all day in January, and it clearly peaked
around noon time in July and September (Fig. 3.4f).

3.2 The correlation between ion concentration and
other factors

3.2.1 Positive ion concentration vs. negative ion concentra-
tion

Figure 3.5 shows correlations between positive and negative ion concentration at
SMEAR II and SORPES site, with the temperature indicated on the color scale. At
SMEAR II site, positive cluster ion concentration were slightly higher than negative
cluster ion concentration (Fig. 3.5a). However, distinct higher positive ion concen-
tration were observed at SORPES site (Fig. 3.5b). For intermediate ions, significant
higher ion concentration was found for ions of positive polarity at both sites (Fig. 3.5c-
d). Those results agree with the previous findings in chapter 3.1.2, which can be ex-
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plained by the electrode effect of negatively charged Earth surface resulting in slightly
more positive ion concentration at ground level. At SMEAR II site, the high ion
concentration of cluster and intermediate ions were observed with relatively high tem-
perature (Fig. 3.5a,c). At SORPES site, however, high temperature were seen when
the intermediate ion concentrations were low (Fig. 3.5d).

Figure 3.5: The positive ion concentration as a function of negative ion concentration in cluster
(0.8-2 nm) and intermediate (2-7 nm) size classes at SMEAR II (a,c) and SORPES site (b,d), color
coded with temperature. Concentrations and temperature are hourly median and hourly averaged
respectively from June 2019 to August 2020.

3.2.2 Cluster ion concentration vs. intermediate ion concen-
tration

Figure 3.6 displays correlations between total cluster and intermediate ion concentra-
tion (sum of polarities) at SMEAR II and SORPES site, color coded with temperature.
No discernible relation between cluster and intermediate ion concentration existed at
both sites (Fig. 3.6a-b). At SMEAR II site, high intermediate ion concentration were
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observed with high temperature (Fig. 3.6a). However, high cluster ion concentration
were found with high temperature at SORPES site (Fig. 3.6b).

Figure 3.6: The total (sum of polarities) intermediate ion concentration (2-7 nm) as a function of
total cluster ion concentration (0.8-2 nm) at SMEAR II (a) and SORPES site (b), color coded with
temperature. Concentrations and temperature are hourly median and hourly averaged respectively
from June 2019 to August 2020.

3.2.3 Ion concentration vs. condensation sink

The correlations between ion concentration and CS at SMEAR II and SORPES were
illustrated in Figure 3.7. At SMEAR II site, no correlation was found between con-
centration of two ranges of ions (cluster: 0.8-2 nm; intermediate: 2-7 nm) and CS
(Fig. 3.7a,c). Similarly, no correlation was seen between intermediate ion concentra-
tion and CS at SORPES (Fig. 3.7d). At SORPES site, however, there was a small
degree of negative correlation between cluster ion concentration and CS (Fig. 3.7b),
which further indicates that high CS may be the reason for the low cluster ion con-
centration at SORPES. The high value of CS was observed with high temperature
at SMEAR II (Fig. 3.7a), while there was no identifiable relation between CS and
temperature at SORPES.

3.2.4 Ion concentration vs. temperature and relative humid-
ity

Figure 3.8 demonstrates the correlation between ion concentration of two size ranges
(cluster:0.8-2 nm; intermediate: 2-7 nm) and temperature and relative humidity at
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Figure 3.7: The total (sum of polarities) cluster and intermediate ion concentration (2-7 nm) as a
function of condensation sink at SMEAR II (a,c) and SORPES site (b,d), color coded with tempera-
ture. Concentrations, condensation sink are hourly median and temperature are hourly averaged from
June 2019 to August 2020.

SMEAR II and SORPES. There was no clear correlation between cluster and inter-
mediate ion concentration and temperature at SORPES (Fig. 3.8b,d), whereas there
existed a week relation between intermediate ion concentration and temperature at
SMEAR II (Fig. 3.8c) . High concentration of intermediate ions were observed with
high temperature at SMEAR II. No identifiable relation between cluster and inter-
mediate ion concentration and relative humidity were found at both SMEAR II and
SORPES (Fig. 3.8e-h). Nonetheless, majority of the date points of cluster and inter-
mediate ion concentration were found when the relative humidity was high at both site
.
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Figure 3.8: The total (sum of polarities) cluster and intermediate ion concentration (2-7 nm) as
a function of temperate and relative humidity at SMEAR II (a,c,e,g) and SORPES site (b,d,f,h),
.Concentrations are hourly median, temperature and relative humidity are hourly averaged from June
2019 to August 2020.
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3.3 Comparisons of NPF characteristics at SMEAR
II and SORPES

3.3.1 The frequency of NPF

According to the classification procedure presented by Dal Maso et al. (2005), the
studied measurement period were divided into four classes: Event I days; Event II
days; Undefined days; Non-event days. Both event I and event II days contain new
particle formation, but the new particle formation is more clear and strong in the
former days. Additionally, the classification of ions data was only carried out utilizing
negative polarity . On account of this last information, all the ions data in the following
section will always refer to negative polarity only.

Four days at each sites were selected as examples to illustrate the how different
type of event days were seen in particle number size distribution measurements with
NAIS (Figure 3.9). Typically, a NPF event in Hyytiälä starts a few hours around
noon time and the the growth of particles continues for several hours (Nieminen et al.,
2014). During the strong new particle formation event days, a conspicuous gap were
seen between the cluster band below 2nm and what is informally know as the nucle-
ation "banana", which indicates the neutral nucleation pathway dominates the particle
formation (Figure 3.9e).

As shown in Figure 3.10 and Table 3.2, the frequency of NPF (Sum of event
I and event II days) during the entire measurement period at SMEAR II was 16%,
with the highest value in spring months (43%). This feature agrees with the long-term
observation conducted by Nieminen et al. (2014), which found that NPF occurs most
during spring in Hyytiälä. Even though the high concentration of pre-exiting particles
in urban environment was expected to inhibit NPF, NPF occurred even more frequently
at SORPES site. The frequency of NPF at SORPES was 39% in the studied period,
more than twice that of SMEAR II. As demonstrated in Table 3.2, The highest value of
NPF frequency at SORPES was also in spring months (56%), which was in accordance
with the 2-year analysis of NPF events at SORPES by Qi et al. (2015). The lowest
value of NPF frequency at SMEAR II was found in summer (8%). However, the lowest
value of NPF frequency at SORPES was in winter (16%). Undefined and non-event
days occurred throughout the year at both sites. More undefined days were observed
at SMEAR II site due to the somewhat subjective NPF classification method.
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Figure 3.9: Examples of event I days, event II days, undefined days, and non-event days seen with
NAIS for negative polarity at SMEAR II (a,b,c,d) and SORPES station (e,f,g,h) from June 2019 to
August 2020.

Figure 3.10: Seasonal frequency of new particle formation in four classes (Event I, Event I, Undefined,
Non-event days) at SMEAR II (a) and SORPES station (b) from June 2019 to August 2020.

Table 3.2: Statistics of event frequency at SMEAR II and SORPES from June 2019 to August 2020.

SMEAR II SORPES
Spring Summer Autumn Winter Spring Summer Autumn Winter

Event I 22% 4% 4% 4% 33% 14% 27% 12%
Event II 21% 4% 4% 5% 23% 24% 21% 4%
Undefined 20% 13% 9% 14% 4% 4% 8% 0%
Non-event 37% 79% 83% 77% 40% 58% 44% 84%
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3.3.2 Formation rate and the role of the ions

To investigate the ions character at two sites in-depth, we determined the formation
rate of 1.5 and 3 nm negative ions, J−1.5 and J−3 , for two sites separately. As shown in
Table 3.4, the formation rate of ions decreased with the increasing ion sizes. At both
sites, the formation rate of 1.5 nm ions (Median: SMEAR II: 0.05 cm−3s−1; Median:
SORPES: 0.03 cm−3s−1) were much higher than formation rate of 3 nm ions (Median:
SMEAR II: 0.006 cm−3s−1; Median: SORPES: 0.012 cm−3s−1). Furthermore, the
median value of J−1.5 at SMEAR II (0.05 cm−3s−1) was higher than that at SORPES
(0.03 cm−3s−1), while the median value of J−3 at SMEAR II (0.006 cm−3s−1) was two
times lower than that at SORPES (0.012 cm−3s−1).

Figure 3.11 illustrates the seasonal variation of J−1.5 and J−3 at SMEAR II and
SORPES sites. At SMEAR II site, the J−1.5 varied with season showing the relative
high median value of J−1.5 in spring and summer, with the highest median J−1.5 (0.08
cm−3s−1) in the summer. The lowest median value of J−1.5 at SMEAR II was 0.02
cm−3s−1 in the winter. At SORPES site, the J−1.5 were more stable throughout the
years, with the highest median J−1.5 in the summer (0.03 cm−3s−1) and lowest median
J−1.5 in the winter(0.02 cm−3s−1) as well. For formation rate of 3nm ions, the seasonal
variations were fairly stable at SMEAR II sites, whereas were less stable at SORPES
sites, showing the highest median J−3 in the summer (0.016 cm−3s−1) and the lowest
median J−3 (0.011 cm−3s−1) in the autumn. At SMEAR II site, the highest median
J−3 were seen in the spring (0.007 cm−3s−1) and the lowest median J−3 were observed
in the autumn (0.005 cm−3s−1) as well.

To provide insights into the role of ions in new particle formation process, the
formation rate of ions and total particles (ions + neutral particles) were compared.
As shown in Table 3.3, the ratio between charged and total 3 nm particle formation
rates had a mean value of 11% at SMEAR II site, which was well in the range of
typical values between 1 and 30% observed in European sites (Manninen et al., 2010).
However, the ratio between charged and total formation rates of 3 nm particles at
SORPES site only had a mean value of 1.6%, much lower than the values at SMEAR
II site. These results align with the previous observations conducted in continental
boundary layers (Hirsikko et al., 2011a; Kulmala et al., 2013), indicating that ions only
play a minor role in the new particle formation process. Nevertheless, the higher ratio
between charged and total particle formation rate at SMEAR II probably suggests
that ion-induced nucleation can have a bigger contribution to NPF in clear area in
comparison to polluted area.
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Figure 3.11: Seasonal variation of formation rate of 1.5 nm (J−
1.5, a) and 3 nm negative ions (J−

3 ,
b) at SMEAR II and SORPES sites from June 2019 to August 2020. The line inside each box is the
median; the top and bottom of each box are the 25th and 75th percentiles, respectively; the whiskers
are equal to 1.5 interquartile range. ion growth rate at SMEAR II are depicted by the blue box and
ion growth rate at SORPES are depicted by the red box.

Table 3.3: The ratio of ions and total (charged particles + neutral particles) formation rate of 3 nm
particles at SMEAR II and SORPES from June 2019 to August 2020.

SMEAR II SORPES
Mean Median 25th 75th Mean Median 25th 75th

J3[ions]/J3[tot] 0.11 0.13 0.15 0.10 0.016 0.013 0.012 0.014
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Figure 3.12: Median diurnal cycles for total ion concentrations at SMEAR II and SORPES in three
size ranges from June 2019 to August 2020, separated by days with and without new particle formation
(event/non-event dyas). (a-b) Cluster ions: 0.8-2 nm. (c-d) Intermediate ions: 2-7 nm (e-f) Large
ions: 7-20 nm.

To investigate the behaviors of ions in NPF events in-depth, the diurnal cycles of
ion concentrations in three size ranges (Cluster ions: 0.8-2 nm. Intermediate ions: 2-7
nm Large ions: 7-20 nm.) between NPF event days and no-event days were compared at
SMEAR II and SORPES site (Fig 3.12). As shown in Figure 3.12, the ion concentration
in all three size ranges differed clearly with the NPF event and no-event days at both
sites. In general, notable increases were seen during the event days, while no clear
diurnal patterns were shown during non-event days. The increasing ions concentration
suggest that NPF was an significant contributor for ions at both sites.

The cluster ions concentration increased during the event days before the new
particle formation at both sites (Fig 3.12a-b). The peak concentration of cluster ion
concentration at SMEAR II were observed around 22:00 LT in the evening, whereas
the cluster ion concentration peaked around 6:00 LT in the early morning at SORPES.
The subsequent decrease in the cluster ion concentration then followed a clear increase
in the intermediate ion concentration, which occurred when the NPF typically started
at noon (Fig 3.12c-d). At SMEAR II, the intermediate ion concentration slightly
increased again around 22:00 LT during the event days. This feature could be related
to the nocturnal ion cluster events, which have higher likelihood to occur after a NPF
event day than after a non-event day (Junninen et al., 2008). At both sites, the
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highest increase in concentration during event days were observed for intermediate
ions, with a maximum of 120-170 cm−3 around noon (11:00-13:00 LT), about 8-14
times higher than on the same hours of non-event days. Due to the low concentrations
of intermediate ions during NPF non-event days at two site, the intermediate ions may
be used as indicator for atmospheric NPF in Hyytiälä and Nanjing. Figure 3.12e-f,
The large ion concentrations also clearly increased on NPF event days at both sites.
The peak in concentration of large ions at SORPES (13:00 LT) appeared earlier than
that at SMEAR II (18:00 LT), which may result from the higher GR of 7-20nm ions
facilitating the growth of large ions at SORPES site (see Table 3.4). In general, the
explicit increase in the concentration of intermediate and large ions may suggest that
NPF was a crucial source for intermediate and large ions in Hyytiälä and Nanjing
around noon.

A noteworthy detail in Figure 3.12 is that the peak in the cluster ion concentration
occurred 6-10h before the new particle formation process at both sites. In this case, the
increased cluster ion concentration during the night or early morning is highly unlikely
to have a direct impact on new particle formation, particularly due to the minor role
of ion-induced nucleation in particle formation process. This result agrees with our
previous conclusion that the role of ions in NPF seemed to be rather small at both
SMEAR II and SORPES site.

3.3.3 Growth rate of ions

To provide a closer look into the differences in ions characteristic between SMEAR II
and SORPES, particles growth rate (GR), which is proportional to the concentrations
of atmospheric condensing vapors, were compared. The extremely low concentration
of cluster ions (< 2 nm) at SORPES made it impossible to calculate the growth rate
of sub-2 nm ions (see Table 3.1a) in Nanjing. Therefore, we only compared GR for
negative ions in diameters of 3-7, and 7-20 nm between two sites. In calculation, only
strong NPF events (Event I) were used at SMEAR II and SORPES, respectively.

The growth rate at both sites appears to be size-dependent, showing an increasing
trend as a function of ions size. As shown in Table 3.4, at both sites, the GR of ions
from 7 nm to 20 nm (Median: SMEAR II: 5.5 nm h−1; Median: SORPES: 6.7 nm
h−1 ) were higher than GR of ions from 3 nm to 7 nm (Median: SMEAR II: 3.1 nm
h−1; Median: SORPES: 3.2 nm h−1 ). These results coincides with the early studies,
including both rural and urban areas (Kulmala et al., 2012; Eerdekens et al., 2009).
The increase in GR with particle size could link to the Nano-Köhler effect and the
diurnal variation of condensing vapors (Kulmala et al., 2004b,a). The former is able to
affect GR due to the preference for evaporation of small particles and growth of large
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particles. The latter may also influence GR as there would be fewer available vapors
for the growth of small particles compared to large ions that generally grow later if the
vapor concentration peaks after NPF. Furthermore, Manninen et al. (2010) suggested
that size-dependence of ions may result from the different chemical composition of
condensing vapors. Condensing vapor facilitating the growth of small ions differ in
composition from vapors facilitating large ions.

In general, the GR of 3-7 nm and 7-20 nm ions at SORPES were higher than
that at SMEAR II, with 3.8 nm h−1 and 5.9 at SMEAR II compared to 4.1 and 7.9 at
SORPES on average. These results were well within the range of GR values observed
at rural and urban sites (e.g., Manninen et al. (2010); Herrmann et al. (2014)). At
most European sites in rural and coastal area, the reported median GR of ions was
4.3 nm h−1 for particles of 3-7 nm ; 5.4 nm h−1 for particles of 7-20 nm. In urban
sites such as Nanjing, Paris, and Helsinki, the observed median GR of ions for size
ranges of 3-7, and 7-20 nm (7-30 nm in Nanjing) were 6.3-7.6 nm h−1, and 8.0-11.4
nm h−1. Similarly with this work, a comparison of NPF characteristics between urban
(Helsinki) and rural sites (Hyytiälä) in Finland were conducted by Hussein et al. (2008),
which found higher GR in urban site as well. The authors suggested that the enhanced
GR was likely attributed to large number of aerosol particles and higher availability
of condensing vapor in Helsinki boosting growth by coagulation and condensation in
comparison to Hyytiälä.

Figure 3.13 shows the seasonal variations of growth rate of 3-7 nm, and 7-20 nm
ions for negative polarity at SMEAR II and SORPES sites. For the ions from 3 nm to
7 nm (Figure 3.13a), the highest median GR were observed in the summer at both sites
(SMEAR II: 3.9 nm h−1; SORPES: 3.9 nm h−1 ). The lowest median GR of 3-7 nm
ions at SMEAR II was seen in autumn (2.0 nm h−1), while it was observed at SORPES
in winter (2.9 nm h−1). For ions from 7 nm to 20 nm (Figure 3.13b), the median GR
were highest in autumn at SMEAR II (6.1 nm h−1) and summer at SORPES (10.9 nm
h−1). The GR of 7-20 nm ions were lowest in spring at II (5.2 nm h−1) and in winter
at SORPES (4.4 nm h−1). Compared to the seasonal variation of 3-7 nm GR, the GR
of 7-20 nm at SMEAR II varied more stably throughout the year.



3.3. Comparisons of NPF characteristics at SMEAR ii and SORPES 29

Figure 3.13: Seasonal variation of growth rate (GR) of 3-7 nm (a) and 7-20 nm negative ions (b)
at SMEAR II and SORPES sites from June 2019 to August 2020. The line inside each box is the
median; the top and bottom of each box are the 25th and 75th percentiles, respectively; the whiskers
are equal to 1.5 interquartile range. Ion growth rate at SMEAR II are depicted by the blue box and
ion growth rate at SORPES are depicted by the red box.

Table 3.4: Statistics of growth rate of 3-7 nm and 7-20 nm negative ions, formation rates of 1.5 nm
and 3 nm negative ions at SMEAR II and SORPES from June 2019 to August 2020.

SMEAR II SORPES
Mean Median 25th 75th Mean Median 25th 75th

GR 3-7nm (nm h−1) 3.8 3.1 1.9 5.2 4.5 3.7 2.2 5.8
GR 7-20nm (nm h−1) 5.9 5.5 3.8 7.8 8.1 6.9 5.1 9.4

J−1.5 (cm−3s−1) 0.20 0.05 0.02 0.1 0.05 0.03 0.014 0.049
J−3 (cm−3s−1) 0.07 0.006 0.0028 0.012 0.04 0.012 0.006 0.025



4. Summary and conclusions

In this thesis, we compared the diurnal and seasonal variations of ion concentration and
the correlation between ion concentration and related factors observed at SMEAR II, a
remote boreal forest site in Finland, and SORPES, a suburban site in polluted eastern
China. Additionally, to investigate the role of ions in new particle formation at two
sites, the frequency of NPF events, seasonal cycles of ions growth rate and formation
rate, as well as the ratio between charged particles and total particles were analyzed.
The ions data used in this work were collected from ambient measurements with NAIS
at two sites during June 2019-August 2020. We especially focused on the atmospheric
ions in three size ranges: cluster (0.8-2 nm), intermediate(2-7 nm), and large ions(7-20
nm). All the results we found can be summarized as:

(1) The cluster ion concentrations were highest of the three size ranges at both
sites, while the median cluster ion concentration at SMEAR II (1268 cm−3) was about
6 times higher than at SORPES (217 cm−3). The concentration of intermediate ion at
two sites were comparable. In contrary to cluster ion concentration, the median value
of large ion concentration at SORPES (197 cm−3) was almost 3 times higher than
that at SMEAR II(67 cm−3). The median CS at SORPES was 8 times higher than at
SMEAR II. The high CS and pre-existing particle loading at polluted area could be
the main reason behind the discrepancy of ion concentration between SMEAR II and
SORPES.

(2) Ion concentration at both SMEAR II and SORPES sites varied with season,
and the variation differed with ion sizes and ion polarity. Higher concentrations of neg-
ative cluster ions were seen in SMEAR II throughout the year, while higher positive
cluster ion concentrations were observed at SORPES. The highest median concentra-
tion of intermediate and large ion at SMEAR II were observed in the spring, which
could be associated with the high occurrence of NPF in this season. A clear increase
in concentration of negative intermediate ion were found in the summer at SORPES
sites, which can be explained by the rainy season in Nanjing during summer.

(3) The diurnal cycles of ion concentration at SMEAR II and SORPES differed
with seasons. At both sites, the concentration of cluster and intermediate ions only
showed little diurnal cycle and remained at low level in the winter at both sites, while
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discernible diurnal pattern in concentration of these ions were observed in other sea-
sons. The cluster ion concentration were high in the evening during spring and summer
at SMEAR II, while it stayed at a high level throughout the day during same seasons
at SORPES. The low monoterpene emission at SORPES may inhibit the increase in
intermediate concentration at SORPES. At both sites, the enhancement in concentra-
tion of large ions were found around noon time in the spring, and the diurnal cycle of
large ions coincided with that of intermediate ions in the sames seasons.

(4) Small degree of negative correlation between cluster ion concentration and CS
were observed at SORPES site, while no clear correlation were seen between two ranges
of ion concentration (cluster: 0.8-2 nm; intermediate: 2-7 nm) and CS at SMEAR
II site. No or only week correlation were found between ion concentration in two
size classes (cluster : 0.8-2 nm; intermediate: 2-7 nm) and temperature and relative
humidity at both sites.

(5) NPF events at SORPES occurred more frequently than SMEAR II during the
studied period (SMEAR II: 16% ; SORPES: 39%). Moreover, NPF occurred mainly in
spring at both sites (SMEAR II: spring: 43%; SORPES: spring: 56%). More undefined
days were observed in SMEAR II. The diurnal variation of ions during NPF events and
non-event days suggest that NPF was an important contributors to the intermediate
ions concentration at both sites. With the 8-14 times increase in the concentration
around noon in comparison to the same ours on non-event days, the intermediate ions
can be use as an indicator for NPF in SMEAR II and SORPES.

(6) The formation rate of ions decreased with decreasing ion sizes at both sites.
Higher median formation rate of 1.5 nm ions were observed at SMEAR II, whereas
higher median formation rate of 3 nm ions were seen at SORPES. At both sites, the
seasonal variation of median J−1.5 and J−1.5 showed the highest value in spring, while the
lowest median J−1.5 and J−1.5 were in winter and autumn, respectively. The formation
rate of 3 nm ions contributed only 11% and 1.6% to the total formation rate of 3nm
particlues at SMEAR II and SORPES, supporting the recent view that neutral ways
dominate the new particle process in continental boundary layers. Nonetheless, higher
ratio between charged and total formation rate of 3 nm particle at SMEAR II indicates
ion-induced can a more important contributor to NPF in clear area in comparison to
polluted area.

(7) At both sites, the growth rate of ions during the event days increased with
increasing ion sizes.The GR of 3-7 nm and 7-20 nm ions at SORPES were higher
than that at SMEAR II. The higher GR at SORPES suggests higher availability of
condensing vapors in comparison to SMEAR II. The median GR of 3-7 nm ions were
highest in the summer at both sites, while the highest median GR of 7-20 nm ions were
observed in autumn and summer at SMEAR II and SORPES, respectively.
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In summary, this study presented a comprehensive comparison of air ions in dif-
ferent environmental conditions and especially improve the understanding of air ions
in polluted area in China to a certain extent. This work also stress the need for deeper
investigations on the reason behind the differences of air ions between the boreal forest
and megacity. One focus of future investigation could be on the comparison of chemical
composition of air ions in different environments. Moreover, by highlighting the im-
portance of air ions, this work also suggests the need for more long-term observations
for air ions in polluted area like eastern china.
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