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Abstract

This study examines the hygroscopicity of newly formed particles (smaller than 50 nm
in particle mobility diameter) during two atmospheric new particle formation events
with and without clear growth process at mid-level mountain range in Central Ger-
many based on HCCT field campaign. Particle hygroscopicity measurements show5

that the particle soluble fractions at the end of event for two events are, respectively
60 % (45 nm particles for the event with clear growth) and 20 % (30 nm particles for the
event without clear growth), stressing that non-soluble organic compounds may play
a key role in particle growth during new particle formation event. Such significant dif-
ference in particle hygroscopicity also suggests that the chemical species responsible10

for nucleation particle growth are considerably different between the two selected NPF
events. During both events, the hygroscopicity of newly formed particles decreased
with particle growth, indicating that more less-hygroscopic compounds contribute to the
subsequent condensation in contrast to the earlier stage. Sulfuric acid was considered
to be responsible of the NPF event and represent the highly hygroscopic compounds.15

However, calculation demonstrated that sulfuric acid condensation failed to fully explain
the observed soluble fraction in the nucleation mode particles. Therefore, we hypothe-
size that some water-soluble matters may explain the missing soluble fraction.

1 Introduction

New particle formation (NPF) from gaseous precursors has been observed in almost20

any part of the earth’s atmosphere (Kulmala et al., 2004b). NPF is an important source
of atmospheric particles and likely contributes to the balance of optically active particles
(Kulmala et al., 2011), and cloud condensation nuclei (Spracklen et al., 2008; Wieden-
sohler et al., 2009; Wang and Penner, 2009; Laaksonen et al., 2005; Yue et al., 2011).
NPF has thus the potential to influence climatologically important processes such as25

precipitation patterns and Earth’s energy balance (IPCC, 2007). However, the mecha-

11416

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/11415/2012/acpd-12-11415-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/11415/2012/acpd-12-11415-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 11415–11443, 2012

Particle
hygroscopicity

during NPF event

Z. Wu et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

nisms of atmospheric nucleation and particle subsequent growth still remain unclear.
Sulfuric acid is the main species thought to be responsible for atmospheric NPF (Brus
et al., 2011; Kulmala et al., 2006; Sipilä et al., 2010). Recently, sufficient evidences
showed that organics also play important roles in atmospheric NPF processes (e.g.,
Zhang et al., 2004b; Kiendler-Scharr et al., 2009; Wang et al., 2010; Ristovski et al.,5

2010).
To quantitatively understand the NPF and subsequent growth process, it is critical

to obtain information on the chemical species involved. Recently, a novelty instrument,
thermal desorption chemical ionization mass spectrometry, was developed and used
to measure the particle chemical composition of sub-20 nm during NPF events (Smith10

et al., 2004, 2005, 2010; Barsanti et al., 2009). Due to the tiny particle masses involved,
the direct determination of chemical composition of newly formed particles is still a te-
dious task. Alternatively, measurements of particle volatility and/or hygroscopicity have
been referred to provide indirect information on the chemical species contributing to
particle growth (Väkevä et al., 2002; Sakurai et al., 2005; Wehner et al., 2005; Ehn15

et al., 2007; Petäjä et al., 2007; Asmi et al., 2010; Ristovski et al., 2010; Modini et al.,
2009).

Both sulfuric acid and organic compounds were found to contribute to the subse-
quent particle growth after nucleation (e.g., Smith et al., 2004; Yue et al., 2010; Pierce
et al., 2011; Ehn et al., 2007; Kulmala et al., 2004a). Their relative fraction in the par-20

ticle phase seems to depend on the type of atmospheric environment (e.g., Boy et al.,
2005; Yue et al., 2010; Stolzenburg et al., 2005). In the polluted atmosphere of Atlanta,
USA, the available amount of sulfuric acid was sufficient to explain all of the observed
particle growth (Stolzenburg et al., 2005), however, sulfuric acid represents only 30 %
of the newly formed particles in the rural atmosphere of Hohenpeissenberg, Southern25

Germany (Birmili et al., 2003), and only around 10 % in the boreal forest area of Finland
(Boy et al., 2005).

Due to the differences in hygroscopicity of sulfuric acid and/or its ammonium salts
and secondary organics (Virkkula et al., 1999; Varutbangkul et al., 2006; Tang and

11417

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/11415/2012/acpd-12-11415-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/11415/2012/acpd-12-11415-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 11415–11443, 2012

Particle
hygroscopicity

during NPF event

Z. Wu et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Munkelwitz, 1994), the hygroscopic measurements during NPF events can give insight
into the changes in condensing vapor properties during NPF events and chemical com-
position of newly formed particles (Hämeri et al., 2001; Ehn et al., 2007; Ristovski et al.,
2010). In Hyytiälä, Finland, the solubility of the mode of new particles decreased as the
modal diameter increased from 10 to 50 nm during NPF events, indicating that the va-5

pors responsible for particle growth changed (Ehn et al., 2007). They also observed
that the hygroscopicity of 10 nm particles significantly varied with different events and
stressed that the mechanism producing these particles is different.

In this study, we investigated the particle number size distributions and particle hy-
groscopic growth at a mid-level mountain site in Germany during the field experiment10

Hill Cap Cloud Thuringia 2010 (HCCT-2010). Two NPF events with different features
could be characterized in much detail. Based on the hygroscopicity measurements of
the nucleation mode and additional numerical calculations, the possibilities of various
chemical species contributing to the detected growth of the nucleation mode are eval-
uated.15

2 Experiments

2.1 Measurement site

The measurements of the entire campaign HCCT-2010 were performed in September
and October 2010 in the Thüringer Wald mid-level mountain range in Central Germany.
The main objective of HCCT-2010 was to perform a ground-based Langrangian-type20

experiment for investigating the influences of clouds on aerosol chemistry. During the
campaign, three research stations were employed: Schmücke (the summit of the moun-
tain, 937 m a.s.l.), Goldlauter (upwind site, 605 m a.s.l.), and Gehlberg (downwind site,
732 m a.s.l.). The air distance between Goldlauter and Schmücke stations is about
3 km. A more detailed description about the sampling sites can be found in Herrmann25

et al. (2005). In this paper, we will refer to measurements at Goldlauter only, i.e. where
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particle hygroscopicity and aerosol mass spectroscopic measurements were concur-
rently made.

2.2 Particle hygroscopicity measurements

The hygroscopicity measurements were conducted at Goldlauter research station. The
particle hygroscopicity is investigated using a hygroscopicity tandem differential mobil-5

ity particle analyzer (H-TDMA). The H-TDMA used in this study has been illustrated
in previous publications in detailed (Massling et al., 2003, 2007; Wu et al., 2011), and
complies to the instrumental standards prescribed in Massling et al. (2011). The ex-
periments were conducted in a temperature-controlled container (20 ◦C). The relative
humidity (RH) of the sampling air was kept to below 30 % using an automatic silica gel10

dryer system.
The hygroscopic growth factor (HGF) is defined as the ratio of the particle mobility

diameter, D(RH), at a given RH to the dry diameter, Dd:

HGF(RH) =
D (RH)

Dd
(1)

15

The data inversion is based on the TDMAinv method developed by Gysel et al. (2009).
Dry scans (under RH < 10 %) are used to calibrate any offset between DMA1 and
DMA2 and define the width of the HTDMA’s transfer function (Gysel et al., 2009). In
this study, the HGFs at RH=90 % were measured.

2.3 Other useful parameters20

Other measured parameters used in the data analysis and corresponding instruments
are given in Table 1. To estimate the concentration of sulfuric acid, we referred to the
global radiation data measured at Schmücke rather than Goldlauter because the moun-
tain shadow blocked the sunlight in the morning at Goldlauter.
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Back trajectories arriving at the sampling site were calculated using the NOAA
“HYSPLIT-4” trajectory model (Draxier and Hess, 1998). The 72-h trajectories termi-
nated on a height of 800 m above ground at 08:00, 10:00, 12:00, 14:00, 16:00 and
18:00 local time (UTC+01) will be used in further analysis.

2.4 Derivation of the soluble particle fraction5

Based on the Zdanovskii–Stokes–Robinson (ZSR) method (Zdanovskii, 1948; Stokes
and Robinson, 1966), the hygroscopic growth factor of a mixture can be estimated from
the HGFi of the pure components and their respective volume fractions, εi (Malm and
Kreidenweis, 1997):

HGFmixed =

(∑
i

εiHGF3
i

)1/3

(2)10

Here, we assume that two components including soluble and insoluble fractions con-
tribute to the particle growth (also refer to Ehn et al., 2007; Swietlicki et al., 1999).
Then, ε of soluble fraction can be calculated by:

εsoluble =
HGF3

measured −1

HGF3
(NH4)2SO4

−1
(3)15

The soluble fraction is assumed as ammonium sulfate, and the insoluble fraction is
secondary organics, which are typically hydrophobic. The growth factors of (NH4)2SO4
in different diameters were calculated according to the water activity reported by Tang
and Munkelwitz (1994).20

The assumption of insoluble organic fraction may lead to overestimate the soluble
fraction because atmospherically relevant secondary organics typically have a growth
factor larger than 1 (e.g., Varutbangkul et al., 2006). This implies that in the presence
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of several classes of hygroscopic substances, ε derived from Eq. (3) is only an “equiva-
lent” soluble fraction (i.e. assuming ammonium sulfate as the only soluble substance). ε
derived from Eq. (3) is therefore an upper estimate for the true soluble volume fraction.

2.5 Estimation of H2SO4 concentration

The concentration of sulfuric acid is estimated according to the proximity measure5

reported by Mikkonen et al. (2011):

[H2SO4]=8.21×10−3 ·k ·Radiation · [SO2]0.62 (CS ·RH)−0.13 (4)

where k = 0.85 at 12 ◦C is the reaction rate constant, which is calculated according
to the Eq. (3) in Mikkonen et al. (2011) and is scaled by multiplying it with 1012. CS10

is the condensation sink, which determines how rapidly molecules will condense onto
pre-existing aerosols (Kulmala et al., 2005). CS in s−1 is calculated according to Dal
Maso et al. (2005) under dry condition. Radiation is global radiation in W m−2, RH is
relative humidity in %. SO2 is the concentration of sulfur dioxide in molecules cm−3.
This method is constructed for data where the radiation is greater than 10 Wm−2 but15

the predictive ability is significantly better when the radiation is greater than 50 Wm−2

(Mikkonen et al., 2011). As shown in Fig. 1, during new particle formation events, the
radiation is strong enough to ensure that the proxy is accurate.

2.6 Estimation of particle growth

The evolution of the number size distribution of nucleation mode over time in the ambi-20

ent can be well characterized by an evolving lognormal distribution (Stolzenburg et al.,
2005; Lee et al., 1984, 1990):

dN
dlnDp

=
N

√
2πZ

exp

(
−

ln2 (Dp/Dg
)

2Z

)
(5)
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where Dp is particle diameter, N and Dg, are, respectively total particle number con-

centration and geometric number mean particle diameter (GMD). Here Z = ln2σg, and
σg is geometric number standard deviation of the mode.

The observed growth rate (GRobs) can be calculated using the following equation
over a certain time period:5

GRobs =
dDg

dt
(6)

Theoretically, the growth process can be broken down into three mechanisms including
intramodal coagulation (Coag I), extramodal coagulation (Coag E) with larger particles
and vapor condensation (Cond.). The modal growth rates contributed by these three10

mechanisms can be obtained by solving the time derivative of the first moment (Mk ,
k = 1) in particle volume of nucleation mode where

Mk (t) =
∫

mode

vkn (v ,t)d lnv = N (t) ·D3k
g (t) ·exp

[
9
2
k2Z (t)

]
(7)

n (v ,t) =
dN

dlnv
=

1
3

dN
dlnDp

(8)

v =
πD3

p

6
(9)15

Details of these calculations can be found in Stolzenburg et al. (2005). H2SO4 is as-
sumed to be the condensing vapor responsible for the particle growth. Later, the sulfu-
ric acid present on the particles is neutralized by up-take of gas phase ammonia. The
condensation rate is limited by the mass transfer rate of H2SO4 molecules onto the20

nucleation mode particles.
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The growth rate of particle volume contributing by H2SO4 condensation and subse-
quent NH3 neutralization can be estimated with the assumption of spherical particle:

dv
dt

=
d
(
π
6D

3
g

)
dt

=
π
2
D2

gGR (10)

vt = v0 +
dv
dt

×∆t (11)
5

where GR = dDg/dt is condensational growth rate, vt is the particle volume at time t
assuming that only H2SO4 condensation contribute to particle growth. v0 is the origi-
nal particle volume at time 0. The dv/dt is the average of volume growth rate during
a given time period. At this point, we assumed that the original particle only consists
of ammonium sulfate. Then, the volume fraction of (NH4)2SO4 in total particle volume10

(Vt), ε(NH4)2SO4
, can be estimated as:

ε(NH4)2SO4
=

vt
Vt

=
vt

π ·D3
g,t/6

(12)

Dg,t is the Dg derived from Eq. (5) at time t. Here, assuming original particle as ammo-
nium sulfate may not cause larger error due to the tiny mass compared to the particles15

after growing. In addition, we assume that the particle intramodal coagulation can also
contribute to sulfate fraction in particles. Therefore, the GR used in Eq. (10) includes
both H2SO4 condensation and intramodal coagulation growth.

3 Results

3.1 New particle formation events20

Two NPF events were observed on 12 and 14 October 2010. The temporal evolution
of the particle number size distribution and the meteorological parameters is shown in
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Fig. 1. On 12 October, the event started at noon, i.e. at a time when temperature was
rapidly increasing, and RH decreasing. During this event, northerly winds prevailed at
wind speeds below 2 m s−1. The wind direction measured in the summit station also
showed that north wind is the prevailing wind during this time period. As shown in
Fig. 2a, no changes in the pathway of air mass arriving at the sampling site were5

observed on 12 October. The NPF event lasted several hours and ended around 20:00
when the wind speed increased significantly. Meanwhile, the event showed a classical
clear growth process.

The second event occurred on 14 October started at 11:00 also in associating with
a decreasing RH and an increasing temperature. At 14:00, the event was interrupted10

when the wind direction switched from south to north. Afterwards, a burst in nucleation
mode with relatively larger particles was observed. They showed no significant growth
until the event ended at around 18:00. On 14 October, the backward trajectories show
that the air mass significantly changed at noon, as shown in Fig. 2b. After 14:00, the air
parcels spent less time over continental areas in contrast to those before 14:00. This15

may bring clean air, which contains less condensable vapors.
As shown in Fig. 3 the burst in 10–25 nm particle number concentration was not

accompanied by a SO2 spike, thus confirming that the newly formed particles were
not produced inside a plume of any nearby source. In addition, the events with sim-
ilar features were observed at all research stations (summit, downwind, and upwind20

sites, plots are given in Supplement, Fig. S1), indicating that the event has a spatial
extension. Both NPF events occurred when the calculated H2SO4 concentration was
relatively high. This is consistent with the previous studies showing that sulfuric acid
plays an important role in atmospheric nucleation and early growth (e.g., Birmili et al.,
2003; Zhang et al., 2004a; Kulmala et al., 2004b). During NPF event on 12 October,25

mean NH3 and O3 concentrations are 0.7 µg m−3 and 16.5 ppb, respectively. Differently,
a much lower NH3 concentration (0.09 µg m−3) and higher O3 concentration (28.0 ppb)
were observed, as shown in Fig. 3.
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3.2 Particle hygroscopicity during NPF events

As shown in Fig. 4, the GMD of nucleation mode grew from 10 nm up to 40 nm on 12
October. HGFs of 30, 35, 40, and 45 nm particles during the NPF event were measured
by HTDMA. A significant change in GMD was not observed on 14 October because the
event was prematurely cut off due to an air mass change (see Fig. 2b). On 14 October,5

HGFs of 25 and 30 nm particles were measured. The results are shown in the upper
panel of Fig. 4. On 12 October, the HGFs ranged between 1.4 and 1.55, which is much
higher than those on 14 October (HGFs = 1.2−1.35). The HGFs showed a deceasing
trend during the course of the event. This phenomenon was observed for both events
and is independent of particle size.10

As shown in Fig. 4 (a2), the soluble equivalent fraction of nucleation mode particles
was between 0.6 and 0.7 on 12 October, implying that the co-condensation of H2SO4
and NH3 can plausibly account for a substantial volume fraction of the particles. Or-
ganic vapors are likely to account for the rest of the particle growth. The inverted HT-
DMA data showed a perfect single hygroscopicity mode (see Fig. S2 in supplementary15

material). This means that the nucleation mode particles were internally well-mixed.
During the subsequent particle growth, the soluble fraction decreased. Such a de-
crease in particle solubility along with modal diameter growth was also observed in
previous experiments in Finland (e.g., Ehn et al., 2007; Kulmala et al., 2001). Based on
our observation, we hypothesize that less hygroscopic condensable vapors may play20

a key role during the advanced stage of nucleation mode growth.
On 14 October, the soluble fraction accounts for 30 % of 25 nm particles at 15:30. In

comparison with 12 October, this can be interpreted that organic condensable vapors
contributed more to the particle growth at smaller nucleation mode particle sizes or
that organic species took even part in nucleation (Zhang et al., 2004b). On 14 Octo-25

ber, no obvious particle growth could be observed as a result of the air mass change,
whereas the soluble fraction of 30 nm particle decreased to 20 % at the end of event.
One possible reason is chemical reactions occurred in the particle phase and pro-

11425

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/11415/2012/acpd-12-11415-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/11415/2012/acpd-12-11415-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 11415–11443, 2012

Particle
hygroscopicity

during NPF event

Z. Wu et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

duced less hydrophilic compounds. Recently, laboratory experiments gave evidences
that organic vapors (2,4-hexadienal, glyoxal and trimethylamine) enhance the growth
of H2SO4 nanoparticles by producing oligomers, polymers and alkylaminium sulfates in
the particle phase (Wang et al., 2010). In comparison with ammonium sulfate and sulfu-
ric acid, these compounds have lower hygroscopicity. Another possible reason is more5

hydrophobic compounds condensed on particles and make particle grow, whereas,
the transport and dilution of spatially inhomogeneous aerosols may cause no obvious
growth in nucleation mode.

3.3 Discussion of the chemical species contributing to particle growth

In order to quantify condensational growth of sulfuric acid, the growth rate is calcu-10

lated using the method shown in Sect. 2.6. The calculated growth rate reported in
Table 2 is the average of the growth rate during the given time period. On 12 Octo-
ber between 12:00 and 17:00, the mean growth rate due to sulfuric acid condensation
is 0.28 nm h−1, which only accounts for around 6 % of the observed growth rate. By
considering the intra-modal and extra-modal coagulation growth, the total calculated15

growth rate is 1.09 nm h−1, which is much lower than the observed growth rate. After
ruling out H2SO4 condensation and NH3 neutralization and coagulation as sources of
particle growth, low volatile organics may be potential contributors to the remaining
growth rate.

The fraction of (NH4)2SO4 in particle total volume at 17:00 on 12 October was esti-20

mated according to the Eq. (12) by considering H2SO4 condensation and subsequent
NH3 neutralization and intramodal coagulation. The result shows that (NH4)2SO4 can
only explain 18 % of particle volume when the particles grew from 10 nm to 40 nm.
However, the soluble fraction estimated in the Sect. 3.2 is around 66 % of particle vol-
ume at 17:00 (see Fig. 4a2). As mentioned above, the atmospheric secondary organics25

may contribute to the particle growth. These secondary organics, however, which are
typically considered as less hygroscopic compounds, cannot explain the rest of soluble
fraction. This may indicate that some other soluble chemical compounds contributing

11426

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/11415/2012/acpd-12-11415-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/11415/2012/acpd-12-11415-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 11415–11443, 2012

Particle
hygroscopicity

during NPF event

Z. Wu et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

to the particle growth. There are two possibilities. First, ammonium nitrate, which is
very soluble compound, may contribute to the particle growth under low temperature
(refer to Fig. 1). Second, amines in forming organic salts were proposed to be a path-
way for contributing to atmospheric nanoparticle growth (Smith et al., 2010; Barsanti
et al., 2009). Laboratory measurements of alkylammonium–carboxylate salt nanopar-5

ticles showed only slightly lower hygroscopicity than ammonium sulfate nanoparticles
(Smith et al., 2010). Recently, Smith and coworkers (2010) have shown that alkylammo-
niumcarboxylate salts account for 20–50 % of the mass of freshly nucleated particles
in locations that include Atlanta, Mexico City, Boulder, and Hyytiälä, while sulfates ac-
count for only about 10 %. That new finding may partly explain the missing source of10

soluble fraction.
During the event on 14 October, no gradual growing process was observed. There-

fore, the observed growth rate cannot be calculated using Eq. (6). The mean H2SO4

concentration is 6.9×106 molecule cm−3. Correspondingly, the estimated growth rate
is 0.36 nm h−1. By taking coagulation growth into account, the total growth rate is15

1.17 nm h−1. This means that H2SO4 condensation and coagulation growth can fully ex-
plain the slight change in particle size of nucleation mode. This may cause an increase
in particle hygroscopicity. However, the HTDMA measurements show an inverse pat-
tern with decreasing soluble fraction. This observation reinforced that the condensation
of organic vapor or chemical reactions in the particulate phase may play a key role in20

the evolvement of newly formed particles during this event.
The nucleation mode particles cannot be detected by AMS. Nevertheless, the AMS

data can provide supportive information to analyze the chemical composition of newly
formed particles (e.g., Zhang et al., 2004a, 2011). The time series of particle chemi-
cal composition and their share in PM1 (particulate matter with diameter below 1 µm)25

during events are presented in Fig. 5. On 12 October, both sulfate and organics con-
centrations during the first three-hours of the event increased obvious. Later, the sulfate
concentration continued to enhance until event is ended. The distinctive growth of sul-
fate fraction during NPF event was also observed by Zhang et al. (2004a) in the urban
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atmosphere. The chemical composition share in the lower panel of Fig. 5 shows that
sulfate fraction increased step-wisely, while the organic fraction declined. Differently,
on 14 October, both sulfate and organic concentrations decreased during the first hour
of event. Afterwards, they increased until the end of event. And, no significant change
in the share of sulfate was observed during the whole event period. The difference in5

temporal variation of sulfate fraction in PM1 may give a clue that H2SO4 play a more
important role in the particle formation and post growth on 12 October in contrast to 14
October 2010.

The ion molar ratio (Ratio = [NH+
4/18]/([NO−

3/62] + 2 · [SO2−
4 /96] + [Cl−/35.5]) of

measured ammonium concentrations to the measured sulfate and nitrate is calculated10

to examine the particle acidity (Zhang et al., 2007). The results are presented in Fig. 5.
The ion molar ratios on 12 and 14 October are, respectively 0.93 and 0.90, which
are close to 1, indicating that sulfate and nitrate are almost neutralized in the form
of ammonium nitrate and ammonium sulfate. However, looking into detail on the time
dependency of the ion molar ratio, an increasing in the ratio can be systematically15

observed during each NPF period. In the beginning of NPF event, the increase in PM1
acidity was observed for both cases and may be interpreted as addition of sulfuric acid
and/or ammonium bisulfate on pre-existing particles, indicating that there is in rich of
acidic substance in the atmosphere during this time period. This may imply that non-
neutralized compounds contribute to the NPF process in earlier stage of the event.20

Then, the ratio shows an increasing trend with particle growing. Zhang et al. (2004a)
also observed that ammonium was present at very low concentrations during the initial
stages of the new particle formation event. This observation suggests that condensed
H2SO4 may be neutralized by NH3 gradually with particle growing.

4 Conclusions25

The particle hygroscopic growth of nucleation mode was investigated to analyze the
chemical species contributing to particle growth during NPF events at a mid-level
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mountain range, Thüringer Wald, in Central Germany. Two cases with and without
clear growth process are analyzed in this study. A significant difference in particle hy-
groscopicity was observed between the two NPF events, indicating that the chemical
species driving particle growing were not exactly the same. During both events, the
hygroscopic growth of newly formed particles decreased with particle growing. Appar-5

ently, the chemical nature of the condensing vapors changed during the particle growth
process from more to less hygroscopic species.

An analysis of AMS data confirmed that sulfate may have played a more pronounced
role in the first NPF case featuring a clear growth process. The contribution of sulfuric
acid condensation to the soluble fraction was estimated. Result shows that a larger10

soluble fraction fails to be explained by H2SO4 condensation, indicating that some other
water-soluble compounds contribute to the particle growth. In earlier stage of NPF
event, higher PM1 acidity provides a clue that non-neutralized compound, most likely
H2SO4 contribute to the particle growth in the beginning of event. Then, these non-
neutralized compounds are neutralized by NH3 gradually with particle growing.15

Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/12/11415/2012/
acpd-12-11415-2012-supplement.pdf.
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Kulmala, M., Vehkamäki, H., Petäjä, T., Dal Maso, M., Lauri, A., Kerminen, V. M., Birmili, W.,
and McMurry, P. H.: Formation and growth rates of ultrafine atmospheric particles: a review
of observations, J. Aerosol Sci., 35, 143–176, doi:10.1016/j.jaerosci.2003.10, 2004b.
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Table 1. Atmospheric parameters and instrumentation from the field experiment HCCT-2010
that are used in this study. All measurements were taken from the Goldlauter station except
global radiation, which was taken from the Schmücke (summit) station.

Parameters Instruments

Dry particle number size distribution Scanning Mobility Particle Sizer (SMPS)
(9–900 nm) (RH below 30 %) (Wiedensohler et al., 2010)
Particle chemical composition High-Resolution Time-of-Flight Aerosol

Mass Spectrometer (AMS) (DeCarlo et al.,
2006)

NH3 MARGA semi-continuous ambient air
monitoring system (ten Brink et al.,
2007)

SO2 and O3 TE 49C-TL O3 monitor, TE43C-TL SO2
monitor

Wind speed, wind direction, air Davis Vantage Pro2 weather station
temperature, and global radiation
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Table 2. The observed and calculated growth rate.

Day Time Period [H2SO4] GRobs Cond. Coag I Coag E Sum
Unit (cm−3) nmh−1 nmh−1 nmh−1 nmh−1 nmh−1

10/12 12:00–17:00 5.0×10+6 5.0 0.28 0.41 0.40 1.09
10/14 14:00–17:00 6.9×10+6 – 0.36 0.05 0.76 1.17
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Fig. 1. The evolution of particle number size distribution and weather conditions on 12 and 14
October 2010.
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24 
 

Figures: 649 

 650 
Fig. 1: The evolution of particle number size distribution and weather conditions on 651 

October 12 and 14, 2010.  652 

 653 

 654 

Fig. 2: 72-hour backward trajectory of the air mass (800 m above ground level) arriving 655 

at the sampling site during NPF events.  656 
Fig. 2. 72-h backward trajectory of the air mass (800 m a.g.l.) arriving at the sampling site
during NPF events.
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Fig. 3: Time series of trace gases concentration and particle number concentration of 658 

nuclei mode on NPF days 659 

Fig. 3. Time series of trace gases concentration and particle number concentration of nuclei
mode on NPF days.
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Fig. 4: The temporal evolution of GMD, HGF, and the soluble equivalent fraction during 662 

the two NPF events. Time is indicated in local time.  663 

Fig. 4. The temporal evolution of GMD, HGF, and the soluble equivalent fraction during the two
NPF events. Time is indicated in local time.
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Fig. 5: Chemical composition and their share in PM1 derived from AMS measurement on 666 

NPF days. The ion molar ratio is also shown in the figure.  667 

 668 

Fig. 5. Chemical composition and their share in PM1 derived from AMS measurement on NPF
days. The ion molar ratio is also shown in the figure.
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