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Abstract. During the ASTAR (Arctic Study of Tropospheric
Aerosol and Radiation) campaign nucleation mode particles
(4 to 13 nm) were quite frequently observed at altitudes below 4000 m. However, in the upper free troposphere, nucleation mode particles were only observed once, namely during
the flight on 24 May 2004 (7000 m). To investigate if vertical
motion were the reason for this difference that on one particular day nucleation mode particles were observed but not on
the other days we employ a microphysical box model. The
box model simulations were performed along air parcel trajectories calculated 6-d backwards based on European Center
for Medium-Range Weather Forecasts (ECMWF) meteorological analyses using state parameters such as pressure and
temperature in combination with additional parameters such
as vertical stability. Box model simulations were performed
for the 24 May where nucleation mode particles were observed (nucleation event) as well as for the days with measurements before and after (22 and 26 May) which are representative for no nucleation (non-nucleation event). A nucleation burst was simulated along all trajectories, however,
in the majority of the simulations the nucleation rate was either too low or too high so that no nucleation mode particles were left at the time when the measurements were performed. Further, the simulation results could be divided into
three cases. Thereby, we found that for case 1 the temperature was the only driving mechanism for the formation of
new particles while for case 2 and 3 vertical motion have
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influenced the formation of new particles. The reason why
nucleation mode particles were observed on 24 May, but not
on the other days, can be explained by the conditions under
which particle formation occurred. On 24 May the particle
formation was caused by a slow updraft, while on the other
two days the particle formation was caused by a fast updraft.

1

Introduction

Atmospheric aerosols affect the Earth’s climate either directly or indirectly. The direct effect is associated with
aerosol particles absorbing and scattering the incoming solar radiation while the indirect effect is due to the potential
of atmospheric aerosols to serve as cloud condensation nuclei. Clouds will reflect the incoming solar radiation while
absorbing and emitting the long-wave radiation. Aerosol formation processes are still not entirely understood. Further,
there are still high uncertainties in the current global climate
model simulations for predicting the future climate due to
our limited understanding of the radiation effect of aerosols
and clouds (IPCC, 2007).
The nucleation (gas-to-particle conversion) is a source
for new particles in the atmosphere. The classical mechanism for the formation of aerosol particles from condensable gases is the binary homogeneous nucleation of sulfuric
acid (H2 SO4 ) and water (H2 O). However, new aerosol particles can also be formed by other nucleation mechanisms like
e.g. the ternary homogeneous nucleation involving ammonia
(e.g., Coffmann and Hegg, 1995; Korhonen et al., 1999; Napari et al., 2002; Yu, F. , 2006; Benson et al., 2009) and the
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ion-mediated or ion-induced nucleation (e.g., Yu and Turco,
2000; Lee et al., 2003; Lovejoy et al., 2004; Curtius et. al.,
2006; Laaksonen et al., 2008). Laboratory experiments have
suggested that in polluted areas nucleation of new particles
may even take place inside clouds through condensation of
organic vapors (Kulmala et al., 2006). A good overview over
all these different nucleation processes and some further references can be found in Hegg and Baker (2009). New particle formation events have been observed at a number of sites
around the world (Kulmala et al., 2004).
The binary homogeneous nucleation of H2 SO4 and H2 O is
mainly dependent on temperature, relative humidity and relative acidity (or partial pressure of H2 SO4 ). Atmospheric
measurements and numerical simulations have shown that
the binary homogeneous nucleation of H2 SO4 and H2 O occurs mainly in the upper tropical troposphere due to the low
temperatures in that region (Brock et al., 1995). At other altitudes and latitudes regions particle formation by binary homogeneous nucleation is relatively small (Raes et al., 1995).
However, new particle formation has been observed by aircraft measurements also in the midlatitude free/upper troposphere and lower stratosphere (de Reus et al., 1998, 1999;
Lee et al., 2003; Minikin et al., 2003; Hermann et al., 2003;
Young et al., 2007) as well as in the Arctic free troposphere
(Brock et al., 1989; Weber et al., 2003). The observations
of particle formation above 4 km can be well explained by
the binary homogeneous nucleation while at altitudes below
4 km other nucleation processes seem to be involved in the
particle formation (Weber et al., 1999).
The observed particle formation events in the free troposphere and lower stratosphere were often dynamically induced. Hermann et al. (2003) measured particle number concentrations over three years on a German commercial aircraft
in the latitude range from 5◦ to 50◦ and found that photochemistry and solar radiation (tropics) as well as atmospheric
dynamics (midaltitudes, tropics) were the driving forces for
aerosol formation in the tropopause region. One of the dynamical processes that can trigger aerosol formation in the
upper troposphere is stratosphere-troposphere exchange (de
Reus et al., 1998; Zahn et al., 2000; Khosrawi and Konopka,
2003; Young et al., 2007). However, several observations in
the free troposphere showed that new particle formation can
also occur in connection with convection and thus vertical
motion (e.g. de Reus et al., 1999; Twohy et al., 2002; Benson et al., 2008). Young et al. (2007) e.g. showed that new
particle formation events were associated with vertical motion that may have brought higher concentrations of water
vapor and aerosol precursors from lower altitudes to higher
altitudes where temperatures and surface areas are lower.
The Arctic Study of Tropospheric Aerosol and Radiation
(ASTAR) 2004 was conducted from 18 May to 10 June
from Longyearbyen, Svalbard, Norway (78◦ N, 15◦ E). This
time had been chosen to span the transition period of the
boundary layer Arctic aerosol between spring (frequent
Arctic haze events) and summer conditions (low influence
Atmos. Chem. Phys., 10, 1105–1120, 2010

from anthropogenic sources at lower altitudes). Long-term
ground-based observations during this transition period have
shown that a systematic change of aerosol properties occurs.
This process regularly takes place in a relatively short period
during late spring (e.g. Bodhaine, 1989; Ström et al., 2003;
Engvall et al., 2008). Details of the campaign as well as some
other results deduced from the measurements can be found in
e.g. Engvall et al. (2008) and Gayet et al. (2007). Here, we
will present microphysical box model simulations of particle formation in the Arctic free troposphere and investigate
if vertical motion were involved in the particle formation.
Previous studies investigating particle formation due to vertical motion were performed for the midlatitude and tropical
regions. Thus, our study is the first one investigating this
relationship in the polar regions. We use a microphysical
box model which has been developed and applied to investigate the formation and growth of H2 SO4 /H2 O aerosols in the
upper troposphere (Khosrawi and Konopka, 2003; Khosrawi
et al., 2006) and lower stratosphere (Blum et al., 2006). Nucleation mode particles were quite frequently observed during ASTAR 2004 at lower altitudes, but only on one occasion
(24 May 2004) at higher altitudes (7000 m). Box model simulations were performed for the 24 May as well as for the
22 and 26 May which were representative for non-nucleation
events.

2

ASTAR 2004 campaign

The aim of the ASTAR 2004 campaign was to investigate
aerosol properties in the transition period from Arctic haze
to background conditions. Thereby, the main objectives of
the campaign were the determination of the vertical structure
of the chemical, physical and optical properties of aerosol
particles (referring to direct climate effect) as well as the investigation of cloud microphysical properties in the Arctic
as a function of different tropospheric aerosol load and the
regional extent of aerosol and cloud structures (referring to
indirect climate effect). The campaign involved two aircraft,
the Polar 2 and the Polar 4. The Polar 2 carried the cloud
physics instrumentation as well as an aerosol lidar while the
Polar 4 payload was focused on aerosol in situ measurements. The Polar 2 and Polar 4 are research aircraft of the
Dornier 228-101 and 228-200 type, respectively, owned by
the Alfred Wegener Institute for Polar and Marine Research
(AWI) in Bremerhaven and operated by the DLR flight facility department. Both are two-engine turboprop aircraft well
capable of operating under the harsh conditions of the polar
environment. The aircraft fly at acruising speed of around
80 m s−1 .
2.1

In-situ observations

During the ASTAR 2004 campaign 19 mission flights were
performed by the Polar 4 in total. An overview over all flights
www.atmos-chem-phys.net/10/1105/2010/
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performed during ASTAR 2004 can be found in Engvall et al.
(2008) or at the TROLL homepage (http://www.pa.op.dlr.de/
aerosol/troll/t-frame.html). In this study, we use observations
performed with the instrumentation from the Atmospheric
Science Unit at the Department of Environmental Science
(ITM), Stockholm University and from the Institute of Atmospheric Physics at the Deutsches Zentrum für Luft- und
Raumfahrt (DLR). From the instruments operated by these
two groups, microphysical properties of aerosol particles in
the size range from 4 to 3500 nm were obtained. On board
the Polar 4 was a Condensation Particle Counter (CPC, TSI
Inc. Model 3010) which was used to obtain the total aerosol
number density for particles larger than 10 nm. The aerosol
size distribution over the range between 20 and 2200 nm was
derived from simultaneous measurements made with a Differential Mobility Particle Sizer (DMPS, custom made) and
an Optical Particle Counter (OPC, GRIMM GmbH 7309).
The uncertainty in the particle number concentration measured by the CPC and OPC instruments depends on the
counting statistics or Poisson statistics. The standard deviation is given by the square root of the number of particles counted during a sampling period. The counting error for the CPC is smaller than 1% for number densities
above 100 cm−3 and less than 3% for concentrations above
10 cm−3 . For the OPC, a grand average distribution was calculated, where the average was less than 6% for sizes smaller
than 1000 nm (Engvall et al., 2008).
Particles with a diameter of 0.31 to 31 µm were measured
using a Forward Scattering Spectrometer Probe (FSSP-300).
Generally, the uncertainty of these measurements is less than
1% for particles smaller than 2800 nm and less than 10% for
particles smaller than 15 µm (Baumgardner et al., 1992). The
FSSP-300 is used in this study only to define the in-cloud sequences during the flights (using a threshold criterion for the
number concentration of particles larger than ≈3 µm). The
number concentration of nucleation mode particles was measured with a Condensation Particle Size Analyzer (CPSA),
which measures the particle number densities with a temporal resolution of 1 s. The CPSA is a custom-made multichannel CPC system derived from the TSI 3010 model. The
accuracy is estimated to be within 5%. The instrument consists of four Butanol-operated condensation particle counter
modules. During ASTAR 2004 two of the four CPSA modules were operated to determine the total number of particles
larger than 4 and larger than 13 nm, thus allowing to infer the
number of particles between 4 nm and 13 nm. The other two
channels were used to determine the integrated relative fractions of volatile and non-volatile particles larger than 13 nm.
CPSA derived number concentrations were corrected for
coincidence effects and efficiencies determined in the laboratory. Corrections for diffusion losses of small particles in
the tubing systems have not been made because this requires
accurate knowledge on the size distribution in the ultrafine
size range. One can estimate however that less than 10% of
particles of 10 nm size and about 35% of particles of 4 nm
www.atmos-chem-phys.net/10/1105/2010/
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size may get lost in the sampling system due to diffusion
losses.
During the ASTAR 2004 campaign nucleation mode particles were quite frequently observed at altitudes below
4000 m. However, in the upper free troposphere nucleation mode particles were only observed once, namely on
24 May. On 24 May nucleation mode particles (4 to 13 nm)
were observed with the CPSA in the free troposphere at
an altitude of ≈7000 m (around 09:00 UTC). The flight on
24 May 2004 was performed in the morning from 06:45 to
09:45 UTC under clear sky conditions. Particle numbers of
nucleation mode particles measured during that flight were
about a few hundred particles per cm3 (Fig. 1). The flight
on 24 May 2004 was performed in the area of Storfjoden.
The flights before and after this flight with the nucleation
event were performed on 22 May and 26 May, respectively.
On 22 May the flight was performed in the vicinity of Ny
Ålesund while the flight on 26 May was performed down
stream of Svalbard (during both flights some low clouds were
present; low scattered clouds on 22 May and astratus layer on
26 May). The flight tracks for these three flights are shown
in Fig. 2.

3

Microphysical box model

A microphysical aerosol box model was used to investigate if
the binary homogeneous nucleation of H2 SO4 /H2 O aerosols
could have produced the nucleation mode particles observed
on 24 May 2004 during the ASTAR 2004 campaign. The
assumption that the particles could have been formed by the
binary homogeneous nucleation of H2 SO4 and H2 O is reasonable since it has been shown previously that observations
of particle formation can be well explained by binary homogeneous nucleation above 4 km (Weber et al., 1999). The
processes implemented in the microphysical box model are
besides the binary homogeneous nucleation of H2 SO4 and
H2 O, the Brownian coagulation and the diffusive uptake of
H2 O and nitric acid (HNO3 ) on the liquid aerosol particle.
The uptake of HNO3 and H2 O by the liquid aerosol particles
is calculated by solving the growth and evaporation equation (Pruppacher and Klett, 1978) and using the parameterisation of Luo et al. (1995) for the partial pressures of H2 O
and HNO3 . The binary homogeneous nucleation rate is calculated as described by Kärcher (1998) by using a revised
form (Jaecker-Voirol et al., 1987) with corrections due to
the formation of gaseous sulfuric acid hydrates (Laaksonen
and Kulmala, 1991). The coagulation of aerosol particles is
calculated by using the coagulation kernel of Fuchs (1977).
Owing to the coupled uptake of H2 O and HNO3 , the H2 SO4
in the particles is considered as passive while the H2 O and
HNO3 are considered as active components. The condensation of H2 SO4 on the preexisting H2 SO4 /H2 O aerosol is not
considered in the box model. However, this should not affect
our results since condensation is a very slow process. The
Atmos. Chem. Phys., 10, 1105–1120, 2010
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Fig. 1. Nucleation mode particles (4 to 13 nm) measured on 24 May 2004 during the ASTAR 2004 campaign. Nucleation mode particles were
measured at 7000 m between 08:45 and 09:00 UTC. The measured nucleation mode particles at the beginning and end of the measurement
(07:05 and 09:30 UTC, respectively) occurred in the boundary layer. Note: The gaps in the figure are due to elimination of data when the
aircraft
turning (high
bank angle).
Fig.
1.was
Nucleation
mode
particles (4 to 13 nm) measured on 24 May 2004 during the ASTAR 2004 campaign.

Nucleation mode particles were measured at 7000 m between 08:45 and 09:00 UTC. The measured nucleation
mode particles at the beginning and end of the measurement (07:05 and 09:30 UTC, respectively) occurred in
the boundary layer. Note: The gaps in the figure are due to elimination of data when the aircraft was turning
(high bank angle).

Fig. 2. Flight tracks of the flights performed on 22 May (left), 24 May (middle) and 26 May (right).
Fig. 2. Flight tracks of the flights performed on 22 May (left), 24 May (middle) and 26 May (right).

atmospheric concentrations of H2 SO4 are much lower than
the concentrations of H2 O, so that rather H2 O will condense
onto the particles than H2 SO4 (Hamill et al., 1997). Further,
since the concentration of H2 SO4 is decreasing with altitude
we can assume that H2 SO4 condensation is more important
for aerosol growth in the lower troposphere than in the upper
troposphere. Furthermore, Kerminen and Kulmala (2002)
have shown that after a nucleation burst coagulation is the
more dominant process affecting the aerosol size distribution
than condensation.
The box model is initialized with a particle ensemble that
contains pure H2 SO4 /H2 O aerosols. The H2 O in the aerosol
particle is assumed to be always in equilibrium with the
Atmos. Chem. Phys., 10, 1105–1120, 2010

surrounding air. The considered particle ensemble is divided
geometrically into N radial size bins. Therefore, the size
width bin increases exponentially, which has the advantage
that the required wide range of particle dimensions can be
covered with a fair resolution (Kärcher, 1998). The aerosol
number density in the size bins is calculated by using a lognormal distribution. For each size bin, the time evolution
is calculated along air parcel trajectories considering nucleation, coagulation and condensation processes. The model
equations set up a nonlinear, coupled system of ordinary differential equations which are solved using a semi-implicit
Euler method (Deuflhard, 1985).

www.atmos-chem-phys.net/10/1105/2010/
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3.1

Air parcel trajectories
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1996; Stohl et al., 2001) using a time resolution of 1t=1 h.
On 24 May the trajectory was started at 09:00 UTC at
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22.5◦ E/78.2◦ N at two altitudes (6000 and 7000 m). These
two altitudes were selected to cover the altitude range
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over which nucleation took place. Additionally, trajecN
tories were calculated starting on 22 May (09:30 UTC
15 o
oE
11.0◦ E/78.9◦ N) and 26 May (16:00 UTC 10.0◦ E/78.5◦ N).
W
60
These days are representative for days without observaoE
0o
tion of nucleation mode particles. The path of these
45
o
o
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E
5
E
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three trajectories (22, 24 and 26 May, 7000 m) are shown
in Fig. 3. Further, trajectories were calculated starting
Fig. 3.
Back trajectories calculated with TRAJKS based on
at the following coordinates which represent a grid over
ECWMF analyses. The trajectories that were started at 7000 m
the measurement area: 10.0◦ E/77.0◦ N, 10.0◦ E/80.5◦ N,
◦ E/78.9
◦ N The
calculated
with TRAJKS
on ECWMF
analyses.
trajectories
were at
started
on trajectories
22 May
at 09:30
UTC based
at 11.0
(red),
24 that
May
28.0◦ E/80.5◦ N, 28.0◦ E/77.0◦ N and 19.0◦ E/78.7◦ N. TheFig. 3. Back
◦
◦
◦
◦
◦
◦
at 7000 m09:00
on 22 May
at
09:30
UTC
at
11.0
E/78.9
N
(red),
24
May
at
09:00
UTC atat
22.5
E/78.2
N (blue)
UTC
at
22.5
E/78.2
N
(blue)
and
26
May
16:00
UTC
purpose of this grid was to investigate nucleation proper-and 26 May at 16:00
◦
◦ N◦ E/78.5
are shown.
UTC 10.0
10.0◦ E/78.5
(green)N (green)
are shown.
ties also in the surroundings of the measurement area. In
total 36 back trajectories (3 measurement days ×2 altitudes
×6 coordinates) were calculated with TRAJKS. Additionally
resolution as for the air parcel trajectories (1t=1 h). The proto temperature and pressure the following parameters were
cesses that are considered in the box model simulations peravailable along the trajectories provided by KNMI: moisformed here are nucleation and coagulation. Note, the trature mixing ratio, liquid water content and ice water content,
jectories were calculated backwards in time, but the model
cloud fraction, dry stability and wet stability. Additionally
simulations are performed forward in time, thus, the ending
to these parameters the updraft velocity and the cooling rate
point of the trajectory is the start point of the simulation and
were calculated along the back trajectories. The dry stability
the simulation ends at the time and the location where the
is defined as the change of potential temperature 2 with altiback trajectories were started. The box model was initialtude while the wet stability is defined as change of the equivized with aerosol distributions taken from the in-situ meaalent potential temperature 2e with altitude (using pressure
surements made with the DMPS during the flights on 22, 24
p as vertical coordinate). Dry and wet stability (γd = d2
dp and
and 26 May 2004 at 6000 and 7000 m (which represents the
e
γw = d2
dp ) are used here as a proxy to investigate if vertical
background aerosol distribution). Thereby, log-normal size
motion have occurred along the back trajectories and if verdistributions were fitted to these data. The aerosol size dis24
tical motion were involved in the formation of new particles.
tributions used for initialization of the box model were diA neutral or unstable atmosphere will cause an updraft and
vided into 46 size bins with total particle number densities
thus acooling of the air parcel while a stable atmosphere will
of n=50−350 cm−3 , distribution widths of σ =1.8−1.9 and
tend to inhibit vertical motion and thus keep the air parcel
mean diameters of dm =60−140 nm.1 The H2 O mixing ratios
at its original position. A stable atmosphere is defined by
were derived from radiosonde soundings over Ny Ålesund,
d2e
d2
Svalbard (µH2 O =154 ppmv and 150 ppmv at 6000 m on 22
dp >0 and dp >0, respectively, while for a neutral atmod2e
and
26 May, respectively, µH2 O =78 ppmv and 98 ppm at
sphere d2
=0
and
=0,
respectively,
and
for
an
unstable
dp
dp
d2e
7000
m on 22 and 26 May, respectively, and µH2 O =117 ppmv
d2
atmosphere dp <0 and dp <0, respectively.
at 6000 m on 24 May and µH2 O =219 ppmv at 7000 m on
24 May). Measurements of H2 SO4 mixing ratios were not
performed and is thus a unknown variable in this study.
4 Results
4.1

Box model simulations

The box model simulations were performed along the trajectories started on 24 May 2004, the day with the nucleation event as well as for the days before and after (22 and
26 May 2004) which were representative for non-nucleation
events. The simulations were performed with the same time
www.atmos-chem-phys.net/10/1105/2010/

1 Note, the initialization with the measured aerosol size distri-

butions is done six days before the measurements actually were
performed. However, for obtaining an agreement between model
simulations and measurements an additional requirement besides
the agreement of the modeled and measured nucleation mode particles is that at the end of the simulation also the background aerosol
distribution is in agreement with the measured aerosol size distribution.
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120 pptv, but can reach up to 550 pptv (Curtius et al., 2001).
However, during this campaign only the aerosol sulfuric acid
was measured and not the gas phase sulfuric acid. Gas phase
1000.0
10000
sulfuric acid concentrations are typically much lower and
100.0
range between 105 to 107 molecules cm−3 in clean air (e.g.
1000
Eisele and Tanner, 1993) and up to 108 molecules cm−3 for
10.0
polluted air (Berresheim et al., 2002; Bardouki et al., 2003).
100
The simulations were performed along the 36 trajecto1.0
ries for three different gas phase sulfuric acid mixing ratios
0.1
µH2 SO4 =1, 40 and 80 pptv (1 pptv=2.67×107 molecules cm−3
10
0
20
40
60
80
100 120 140
at 0◦ C and 1013 hPa), where a mixing ratio of µH2 SO4 =1 pptv
time [h]
is representative for clean air and mixing ratios of µH2 SO4 =40
# [cm ]
10000.0
100000
and 80 pptv are representative for polluted air.2 Performing all these simulations (36 trajectories ×3 sulfuric acid
1000.0
mixing ratios =108 simulations) we could divide the results
10000
into three cases: (1) Nucleation occurred always at the same
100.0
time step t=2 h (19 occurrences) independent which sulfu1000
ric acid mixing ratio was used. Here, nucleation occurred
10.0
always immediately due to temperatures which were suffi100
1.0
ciently low to initiate nucleation (T <235 K at t=1 h). (2) Nucleation occurred at the same time step (t=2 h) when H2 SO4
0.1
10
0
20
40
60
80
100 120 140
mixing ratios of µH2 SO4 =40 pptv and µH2 SO4 =80 pptv were
time [h]
used (7 occurrences), but nucleation occurred at a differ# [cm ]
ent time step (e.g. t=12 h) when a H2 SO4 mixing ratio of
10000.0
100000
µH2 SO4 =1 pptv was used (T <250 K, thus significantly higher
1000.0
temperatures than for case 1). (3) Nucleation occurred for all
10000
sulfuric acid mixing ratios used at different time steps e.g. for
100.0
µH2 SO4 =1 pptv at t=17 h, for µH2 SO4 =40 pptv at t=16 h and
1000
for µH2 SO4 =80 pptv t=2 h (10 occurrences). Here, temper10.0
atures were between 255 and 270 K at t=1 h but decreased
100
down to temperatures between 240 and 230 K along the tra1.0
jectory. Figure 4 shows the simulation for the trajectory
0.1
10
started on 24 May at 6000 m (19.0◦ E/78.7◦ N) which is rep0
20
40
60
80
100 120 140
resentative for case 2. Along this trajectory the nucleation
time [h]
burst occurred at t=25 h for an initial H2 SO4 mixing ratio
of 1 pptv and at t=2 h for an initial H2 SO4 mixing ratios of
Fig. 4. Number density versus time for the simulation along the
Fig. 4. Number density versus time for the simulation along the back trajectory started on 24 May at 6000 m
◦ E, 78.7◦ N)
40 pptv and 80 pptv. While for case 1 the temperature was
back
trajectory
started
on
24
May
at
6000
m
(19.0
(19.0◦ E 78.7◦ N) initializing the model with a H2 SO4 mixing ratio of 1 pptv (top), 40 pptv (middle) and
the only driving mechanism, for case 2 and 3 vertical motion
initializing the model with a H2 SO4 mixing ratio of 1 pptv (top),
80 pptv (bottom). The nucleation burst occurs at t=28 h (1 pptv), t=2 h (40 pptv) and t=2 h (80 pptv) and
could have influenced the formation of new particles. In fact,
40 pptv (middle) and 80 pptv (bottom). The nucleation burst occurs
thus this model simulation can be classified as case 2. See text for further details. (Note: The simulations
that vertical motion can influence particle formation has been
at t=28 h (1 pptv), t=2 h (40 pptv) and t=2 h (80 pptv) and thus this
are performed
forward
in time, thus,
of the simulations
with for
the starting
back
model
simulation
canthebeendclassified
as casecoincides
2. See text
furtherpoint
de- of the previously
been observed (e.g. de Reus et al., 1999; Twohy
trajectory). tails. (Note: The simulations are25performed forward in time, thus,
et al., 2002; Benson et al., 2008). As can be seen from the
the end of the simulations coincides with the starting point of the
frequency of occurrence given in the brackets, the majority
back trajectory).
of cases could be classified to case 1 (see also Table 2). Thus,
new particle formation was in this case study most frequently
initiated by sufficiently cold temperatures.
Measurements of sulfuric acid are rare and large-scale measurements from satellites or from a ground-based network
are not available. The only existing measurements of sulfuric acid are the ones derived from balloon, aircraft or groundbased measurements during measurement campaigns. Measurements in the free troposphere were performed e.g. in
2 It should be noted here that the mixing ratios we used for being
the vicinity of Tenerife during the Aerosol Characterization
Experiment (ACE 2). These measurements show that the
representative for polluted air are on the higher range of previously
measured concentrations.
aerosol H2 SO4 mixing ratios was typically between 10 and
# [cm−3]
100000

radius [nm]

10000.0

radius [nm]

−3

radius [nm]

−3
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density encountered
during
the simulation
versus
drysimulations
stability γwere
d (left) and
a H2 SO4 mixing ratio of 1 pptv (red), 40 pptv (blue) and 80 pptv (green).

wet stability γw (right) for 6000 m (top) and 7000 m (bottom) for the simulations which have been classified to

1. The boxbetween
model simulations
initialized with a formation.
H2 SO4 mixing
of 1for
pptv
40 pptv
(blue)forma4.1.1 case
Relationship
n and γw , γwere
Here,ratio
except
one (red),
occurrence
particle
d and w
tion
occurred
during
a
stable
stratification
of
the
atmosphere
and 80 pptv (green).
thus
indicating
that
vertical
motion
were
not
involved
in the
Here, we use atmospheric stability and vertical velocity,
particle
formation.
This
uniformity
agrees
with
the
behavior
which were derived additionally to temperature and preswe found for case 1 from the box model simulations showsure along the trajectories, to investigate if vertical motion
ing that nucleation occurred always at the same time step and
were involved in the particle formation. Figures 5 to 7 show
that the temperature only was the driving force.
the number concentration n (here the maximum number concentration of freshly nucleated particles encountered during
For case 2 (Fig. 6) the number densities are generally
the simulation) versus the corresponding dry γd (left) and
lower than for case 1 (ranging between 105 −109 cm−3 compared to 106 −1010 cm−3 for case 1). Case 2 was more frewet stability γw (right) for the trajectories started at 6000 m
(top) and 7000 m (bottom). For case 1 (Fig. 5) the number
quently occurring at 6000 m than at 7000 m. For a H2 SO4
concentration n is uniformly distributed with γd and γw at
mixing ratio of 1 pptv n is uniformly distributed at 6000 m
both altitudes. The number concentration is solely increasing
as for case 1 (Fig. 6 top). However, for a H2 SO4 mixing rafor increasing H2 SO4 mixing ratios. The values for γd and
tio of 1 pptv at 7000 m a slight decrease with increasing γd
γw were with one exception greater than zero (6000 m and
and γw is visible. This decrease is at 7000 m also visible for
H2 SO4 mixing ratios of 40 and 80 pptv. However, since we
7000 m) which can be attributed to a stable stratification in
relation to dry and wet air. The exception is found at 7000 m
only have two data points for each sulfuric acid mixing ratio
(Fig. 5, bottom right) with a γw lower than zero and thus
it is difficult to say if this relation is arbitrarily. At 6000 m an
an unstable stratification. Thus, it seems that for case 1 the
increase with a subsequent decrease is found (thus a slope)
stability of the atmosphere did not contribute to the particle
for H2 SO4 mixing ratios of 40 and 80 pptv. The values for
www.atmos-chem-phys.net/10/1105/2010/
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Fig. 6. The maximum number density encountered during the simulation versus the dry stability γd (left) and wet stability γw (right) for
6000 m (top) and 7000 m (bottom) for the simulations which have been classified to case 2. The box model simulations were initialized with
Fig. 6. The maximum number density encountered during the simulation versus the dry stability γd (left) and
a H2 SO4 mixing ratio of 1 pptv (red), 40 pptv (blue) and 80 pptv (green).

wet stability γw (right) for 6000 m (top) and 7000 m (bottom) for the simulations which have been classified to
case 2. The box model simulations were initialized with a H2 SO4 mixing ratio of 1 pptv (red), 40 pptv (blue)
and 80 pptv (green).
γd and γw are somewhat lower than for case 1 but still positive. This relationship reflects case 2 as defined from the
box model simulations where nucleation occurred at different time steps for 1 pptv H2 O4 but at t=2 for 40 and 80 pptv
H2 SO4 . Thus, for 1 pptv vertical motion could have been
involved in the particle formation while for 40 and 80 pptv
sufficiently high sulfuric acid mixing ratio was provided to
trigger particle formation.
The number densities are even lower for case 3 (Fig. 7)
than for case 2 and case 1 and also the dry and wet stabilities
are lower (centered around zero and also encountering negative values). A uniform distribution is not visible and also no
other structure between γd or γw and n is visible in this figure
(Fig. 7). This relationship reflects the one defined from the
box model simulations as case 3 where nucleation occurred
for each sulfuric acid mixing ratio that has been used for the
simulations at a different time step. Thus, for case 3 it seems
that vertical motion were generally involved in the particle
Atmos. Chem. Phys., 10, 1105–1120, 2010

formation independent of which sulfuric acid mixing ratio
was used.
The simulated number densities n versus vertical velocity
w are shown for case 1 to case 3 in Fig. 8. For the vertical
velocity a similar behavior as for the dry and wet stability is
found. Case 1 is uniformly distributed with regard to the updraft velocity while for case 2 a uniform distribution is only
found at 6000 m for a sulfuric acid mixing ratio of 1 pptv.
For sulfuric acid mixing ratios of 40 and 80 pptv an increase
with a subsequent decrease is found for n. At 7000 m case 2
shows a decrease for 1 pptv and increase of n with w for 40
and 80 pptv. However, since we only have two data points
for each sulfuric acid mixing ratio it is difficult to say if this
relation is only arbitrarily. Case 3 is extending over a larger
range of vertical velocities (from −2 to +6 m/s) as the other
two cases at both altitudes showing that for this case the influence of vertical motion was strongest. In Table 1 the results are summarized by giving the range of values of γd ,
www.atmos-chem-phys.net/10/1105/2010/
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Fig. 7. The maximum number density encountered during the simulation versus the dry stability γd (left) and wet stability γw (right) for
6000 m (top) and 7000 m (bottom) for the simulations which have been classified to case 3. The box model simulations were initialized with
Fig. 7. The maximum number density encountered during the simulation versus the dry stability γd (left) and
a H2 SO4 mixing ratio of 1 pptv (red), 40 pptv (blue) and 80 pptv (green).

wet stability γw (right) for 6000 m (top) and 7000 m (bottom) for the simulations which have been classified to
case 3. The box model simulations were initialized with a H2 SO4 mixing ratio of 1 pptv (red), 40 pptv (blue)
γw , wand
and80
n pptv
for the(green).
three cases at both altitudes considered.
Thereby, an decrease from case 1 to case 3 is found for γd
and γw while for w an increase in the values as well as a
broader value range is found. The particle number densities
are decreasing and asmaller range of values is found from
case 1 to case 3. Thus, with decreasing strength of stability
(from stable to neutral-unstable) stronger vertical motion are
encountered.
Considering the above described relationships between the
number concentration n and the dry and wet stability γw
and γd , vertical velocity w and the temperatures encountered during the simulation (see previous section), it appears
that for case 1 the temperature alone is the driving force for
new particle formation, while for case 2 and case 3 vertical motion could have been involved in the formation of the
new particles. Table 2 shows the occurrence of the three
cases separated into the three days of the ASTAR 2004 campaign and the two levels considered here (6000 and 7000 m).
Case 1 is the case that in total most frequently occurred
www.atmos-chem-phys.net/10/1105/2010/

Table 1. Range of values of γd , γw , w and n for case 1 to case 3 for
the two altitudes (6000 and 7000 m) considered.

Altitude

γd (µK/Pa)

γw (µK/Pa)

w (cm/s)

n (cm−3 )

Case 1
Case 2
Case 3

6000
6000
6000

400–1400
200–800
20–400

300–1400
−500–700
−100–200

−2–2
−3–4
−2–6

106 –1010
105 –109
104 –107

Case 1
Case 2
Case 3

7000
7000
7000

500–2300
700–1700
20–1500

400–2000
700–1600
−300–1400

−2–4
−4–2
−3–5.5

105 –1010
105 –109
104 –107

Case

(19 occurrences), followed by case 3 (10 occurrences) and
case 2 (7 occurences). Considering each day, the 26 May
was dominated by case 1 in both altitudes while the 22 May
was dominated by case 3 at 6000 m and to the same amount
by case 1 and case 3 at 7000 m. The 24 May was dominated
Atmos. Chem. Phys., 10, 1105–1120, 2010
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Fig. 8. The maximum number density encountered during the simulation versus updraft velocity w for 6000 m (left) and 7000 m (right) for
the simulations which have been classified to case 1 (top), case 2 (middle), and case 3 (bottom). The box model simulations were initialized
Fig. 8. The maximum number density encountered during the simulation versus updraft velocity w for 6000 m
with a H2 SO4 mixing ratio of 1 pptv (red), 40 pptv (blue) and 80 pptv (green).

(left) and 7000 m (right) for the simulations which have been classified to case 1 (top), case 2 (middle), and
case 3 (bottom). The box model simulations were initialized with a H2 SO4 mixing
ratio of 1 pptv (red),
by case 2 at 6000 m and by case 1 at 7000 m with somewhile the 26 May (10.0◦ E/78.5◦ N) could be accounted to
40 pptv
(blue) andfor
80the
pptv
(green).
what lower
frequencies
other
cases. The 24 May
case 2.
was the day where the nucleation mode particles were observed at 7000 m during the ASTAR 2004 campaign and as
4.1.2 Comparison with measurements
described all cases were present on that day but with the
highest occurrence of case 1. Considering the trajectories
The results of the model simulation are compared with
that were started near the location where the flights were perthe measurements to suggest which H2 SO4 mixing ratio
formed we found that the 22 May (11.0◦ E/78.9◦ N) as well
might have prevailed in the atmosphere. For comparing the
as the 24 May (22.5◦ E/78.2◦ N) could be accounted to case 3
simulation results with the measurements the sulfuric acid
Atmos. Chem. Phys., 10, 1105–1120, 2010

www.atmos-chem-phys.net/10/1105/2010/

F. Khosrawi et al.: Particle nucleation in the Arctic free troposphere

1115

105

22 MAY − 6000
24 MAY − 6000
26 MAY − 6000
22 MAY − 7000
24 MAY − 7000
26 MAY − 7000

104

n (#/cm3)

103

102

101

100
0

20

40

60

80

100

H2SO4 (pptv)

Fig. 9. Sulfuric acid mixing ratio versus the number density of nucleation mode particles encountered at the end of the simulation, thus at
the time when
performed.
The gray
areadensity
marks the
number density
the nucleation
mode particles
Fig.the
9. measurement
Sulfuric acidwas
mixing
ratio versus
theshaded
number
of nucleation
modeofparticles
encountered
at the (4–13 nm)
measured on 24 May during ASTAR 2004. Shown are the number densities for all trajectories started on 22, 24 and 26 May at 6000 and
7000 m. end of the simulation, thus at the time when the measurement was performed. The gray shaded area marks the

number density of the nucleation mode particles (4–13 nm) measured on 24 May during ASTAR 2004. Shown
are the number densities for all trajectories started on 22, 24 and 26 May at 6000 and 7000 m.
high for all trajectories since no data points are found in the
gray shaded area. This is in agreement with measurements of
gaseous H2 SO4 which even in polluted areas showed mixing
ratios lower than 80 pptv (Bardouki et al., 2003; Berresheim
Total 22 May 22 May 24 May 24 May 26 May 26 May
et al., 2002).
6000 m 7000 m 6000 m 7000 m 6000 m 7000 m
A better comparison with the measurements can be deCase 1
19
1
3
2
3
6
4
rived when only the trajectories that were started near the
Case 2
7
2
–
3
1
–
1
location where the flights were performed are considered
Case 3
10
3
3
1
2
–
1
(Fig. 10). The number density found at the end of the simulation for the trajectory started on 24 May (the day where
nucleation mode particles were observed) at 7000 m lies
within the range of the measured number densities if the
mixing ratio is plotted versus the number density . Here, the
trajectory is initialized with a sulfuric acid mixing ratio of
number density at the end of the simulation (which agrees
µH2 SO4 =40 pptv (blue diamonds). However, a few hundred
particles per cm3 instead of a few tenths were measured durwith the time when the flight was performed) for particles
with diameters in the nucleation mode particle size range is
ing the flight and thus most likely the mixing ratio on that day
considered. The gray shaded area in the figure marks the
was somewhat higher than 40 pptv. The trajectory started on
number density of the nucleation mode particles measured
22 May at 7000 m at the location where the flight was perduring the ASTAR campaign on 24 May 2004. It should be
formed (initialized with 1 and 40 pptv) lies also still within
noted here, that there is possible underestimation of 10–35%
the area of number densities measured (red diamonds). Howdue to wall losses in the measured number densities of nucleever, on this day no nucleation mode particles were measured
(thus no data points should be found in the gray shaded area).
ation mode particles (see Sect. 2.1). In Fig. 9 the results of
all trajectories are shown. The 24 May trajectory (7000 m)
This indicates that the sulfuric acid mixing ratio must also
as well as some trajectories of the other days (22 May and
have been somewhat higher than 40 pptv. None of the simu26 May) and other starting points in the grid around the mealations for the 26 May are present in Fig. 10 since at the end
surements lie also within the gray shaded area and thus in
of all simulations number densities for nucleation mode parthe range of nucleation mode particles measured on 24 May.
ticles were quite low. For 1 pptv the nucleation burst along
Thereby, H2 SO4 mixing ratios of 1 to 40 pptv seem to be
the trajectory was not strong enough to result in particles in
sufficient. A H2 SO4 mixing ratio of 80 pptv seems to be too
the measured range of nucleation mode particles and for 40
Table 2. Occurrence of case 1 to case 3 on the 22, 24 and
26 May 2004 for the two altitudes (6000 and 7000 m) considered.
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Fig. 10. Sulfuric acid mixing ratio versus the number density encountered at the end of simulation, thus at the time when the measurement
was performed.
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theversus
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of density
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Fig. 10.
acidarea
mixing
ratio
thedensity
number
encountered
at the end
of simulation,
thusonat24
theMay during
ASTAR 2004. Shown are only the number densitities for the trajectories which were started on 22, 24 and 26 May at 6000 and 7000 m near
the measurement
the locationtime
werewhen
the flight
was performed.was performed. The gray shaded area marks the number density of the nucleation

mode particles (4–13 nm) measured on 24 May during ASTAR 2004. Shown are only the number densitities
for the trajectories which were started on 22, 24 and 26 May at 6000 and 7000 m near the location were the
flight
performed.
and 80 pptv
the was
nucleation
burst was too strong so that the
particles had already coagulated to larger sizes (not shown).
Since on that day no nucleation mode particles were measured we can conclude that the H2 SO4 mixing ratio on that
day must have been definitely lower than 40 pptv. A sulfuric
acid mixing ratio as low as 1 pptv would be possible since
this simulation was in agreement with the measurements.

4.1.3

in air mass origin since the trajectories on 24 May (nucleation) and 26 May (non-nucleation) have the same origin.
Further, simulations (20-d backwards) that were performed
with the FLEXPART model (Stohl et al., 2005) for this campaign show that the SO2 source contribution on all three days
was low though the highest contribution of SO2 was found
on 24 May. The parameters listed in Table 3 show that the
22 May was a day with a less stable atmosphere (lowest values of γd and highest vertical velocities) and the lowest number densities of new particles were formed on that day. The
24 May was also a less stable day but somewhat more stable
than the 22 May. The vertical velocities and the number of
particles formed are somewhat lower than on 22 May. The
26 May in contrast was a day with a quite stable stratification. The vertical velocities on that day were quite low but
for H2 SO4 mixing ratio of 40 and 80 pptv a higher amount of
particles were formed than on the other days.
Considering the temperature (not shown) and pressure
(Fig. 11) history along the back trajectories we find that all
trajectories show an uplifting of the air mass and according
to that a decrease in temperature. However, the strength of
this uplifting/cooling events are different on each day (which
is in agreement with the parameters listed in Table 3 and discussed in the previous paragraph). The uplifting and cooling
was strongest on 22 May. The air mass was lifted from 600
to 350 hPa within 20 h resulting in a temperature decrease
of 30 K from 255 K to 225 K and thus can be considered as a
fast updraft. Besides the fact that FLEXPART shows a higher

What caused the nucleation event on 24 May?

To investigate why nucleation mode particles were measured
on 24 May, but not on 22 May or 26 May, we took a closer
look to the parameters we used for the initialization of the
box model (see Sect. 4.1) and the parameters we derived
from the trajectories and the box model simulations (Table 3). The box model simulations themself show that a nucleation burst was simulated along all trajectories, however,
in the majority of the simulations the nucleation rate was either too low or too high so that no nucleation mode particles
were left at the end of the simulation. Thus, the question
we try to answer here is why were particles in the nucleation
mode size range left on 24 May but not on the other days.
The particle size distributions derived from the DMPS
were quite similar for all days, thus the particle formation was not initiated by a low number density of preexisting aerosols. Further, the paths of the air mass trajectories (Fig. 3) show that the formation of new particles on
24 May can also not be simply explained by a difference
Atmos. Chem. Phys., 10, 1105–1120, 2010
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Fig. 11. Pressure along the back trajectories calculated with TRAJKS based on ECWMF analyses (the same trajectories as in Fig. 3). Top:
22 May, middle: 24 May and bottom: 26 May. The time t=0 coincides with the measurements and is the starting point of the backward
calculation.
Fig. trajectory
11. Pressure
along the back trajectories calculated with TRAJKS based on ECWMF analyses (the same

trajectories as in Figure 3). Top: 22 May, middle: 24 May and bottom: 26 May. The time t=0 coincides with
SO2 contribution on 24 May the nucleation was caused by a
than on the other days (thus closer to time of the measurethe measurements
and is the starting point of the backward
trajectory calculation.
slow updraft. The air mass was lifted from 550 to 400 hPa
in 30 h which results in a temperature decrease of 25 K from
255 to 230 K during that time period. On 26 May which was
most stable stratified the air mass was only lifted from 380 to
340 hPa in 10 h with a temperature decrease of 12 K from 234
to 226 K. Thus, while on 22 May and 24 May the simulated
nucleation event was caused by vertical motion (case 3) the
nucleation event on 26 May was induced by a combination
between vertical motion and other factors like an already sufficient low temperature and a sufficient high H2 SO4 mixing
ratio (case 2). Another difference between the trajectories is
that the updraft occurred earliest on 26 May (at the begin of
the simulation), but somewhat later on 22 May (at t≈−140 h)
and latest on 24 May (at t≈−120 h).
Thus, we can conclude that the reason why nucleation
mode particles were observed on 24 May, but not on 22 May
and 26 May was the conditions under which this nucleation
event occurred. The nucleation event on 24 May was caused
by a slow updraft that lifted and cooled the air mass and resulted in moderate number of newly formed particles. Due
to the fact that the nucleation event occurred later on that day
www.atmos-chem-phys.net/10/1105/2010/

ments) not all newly formed particles were removed due to
coagulation until the measurements were performed. Our results are in agreement with Benson et al. (2008) who also
found differences in the strength of new particles formed due
to slow and fast updrafts. However, Benson et al. (2008) performed case studies based on aerosol size distributions measured at latitudes between 18◦ N–52◦ while we use measurements made at 78◦ N. Thus, our results indicate this that the
influence of slow and fast updrafts is also evident in the polar
regions.

5

Conclusions

The ASTAR 2004 campaign was performed to investigate
aerosol properties in the transition period from Arctic haze to
background conditions. Measurements were performed during 19 flights in the time period from 10 May to 7 June 2004.
Nucleation mode particles were observed quite frequently in
the lower troposphere. However, nucleation mode particles
were only observed once in the upper free troposphere (on
Atmos. Chem. Phys., 10, 1105–1120, 2010

1118

F. Khosrawi et al.: Particle nucleation in the Arctic free troposphere

Table 3. Parameters encountered along the trajectories started at the altitude and location where the flights were performed (22 May, 24
May and 26 May, respectively). Altitude, time when nucleation occurred, sulfuric acid and water mixing ratio used for initialization of the
box model, dry and wet stability, vertical velocity, cooling rate, temperature and number density at the time when nucleation occurred and
number density of nucleation mode particles at the end of the simulation are given.
Date

Altitude
(m)

t
(h)

H2 O
(ppmv)

H2 SO4
(pptv)

γd
(µK/Pa)

γw
(µK/Pa)

w
(cm/s)

dT/dt
(K/h)

T
(K)

n
(cm−3 )

nnucl
(cm−3 )

22 May
22 May
22 May

7000
7000
7000

22
17
16

178
178
178

11
40
80

1493
1286
1235

1444
1198
1104

5
9
8

−1.8
−3.5
−3.5

228
241
244

2×107
6×106
7×106

488
112
20

24 May
24 May
24 May

7000
7000
7000

47
37
12

116
116
116

11
40
80

1698
1674
1642

1633
1602
1569

1
4
−3

−0.4
−1.5
01.0

235
245
250

2×105
2×106
1×107

20
138
20

26 May
26 May
26 May

7000
7000
7000

14
12
12

198
198
198

11
40
80

1696
1779
1779

1611
1660
1660

1
1
1

−0.5
−0.5
−0.5

232
233
233

4×105
4×108
4×108

20
20
20

24 May at 7000 m). The aim of this study was to investigate the influence of vertical motion on the particle formation. Therefore, microphysical box model simulations
were performed for the ASTAR 2004 campaign on three days
(nucleation/non-nucleation) along trajectories that were calculated based on ECMWF meteorological analyses. Due to
the lack of measurements of H2 SO4 the simulations were
performed using three different mixing ratios (1, 40 and
80 pptv). The simulation results could be divided into three
cases. (1) Nucleation occurs immediately at the begin of the
simulation as temperatures were low enough to initiate particle nucleation, (2) as case 1, but for µH2 SO4 =1 pptv nucleation occurred at a later point in the simulation when more
favorable conditions for particle nucleation were encountered, (3) nucleation occurred at three different time steps
during the simulation independent from which H2 SO4 mixing ratio was used. Several observations in the free troposphere (midlatitude) showed that new particle formation can
occur in connection with convection and thus vertical motion (e.g. de Reus et al., 1999; Twohy et al., 2002; Benson et al., 2008). Parameters like dry and wet stability as
well as vertical velocity along the trajectories were used as
a proxy if vertical motion were involved in the particle formation process. Thereby, we found that for case 1 the driving force was the temperature while for case 2 and 3 vertical motions were involved in the particle formation. Considering the trajectories that were started near the location
where the flights were performed we found that the 22 May
as well as the 24 May could be accounted to case 3 while
the 26 May could be accounted to case 2. We compared the
results of the model simulations with the measurements to
get an idea which H2 SO4 mixing ratio might has prevailed in
the atmosphere. Thereby, we found that the H2 SO4 mixing

Atmos. Chem. Phys., 10, 1105–1120, 2010

ratio prevailing in the atmosphere was most likely somewhat
higher than 40 pptv on 22 and 24 May, but probably much
lower than 40 pptv on 26 May. A nucleation burst was simulated along all trajectories, however, in the majority of the
simulations the nucleation rate was either too low or too high
so that no nucleation mode particles were left at the end of the
simulation. The reason why nucleation mode particles were
observed on 24 May but not on 22 or 26 May is due to the
conditions under which nucleation occurred on 24 May. The
nucleation event on 24 May was caused by a slow updraft
that lifted and cooled the air mass and resulted in a moderate number of newly formed particles. Due to the fact that
the nucleation event occurred later on that day than on the
other days (thus closer to the time of the measurements) not
all newly formed particles were removed due to coagulation
until the measurements were performed. Our results are in
agreement with the findings of Benson et al. (2008) who also
found different nucleation behaviors due to slow and fast updrafts. Further, our results emphasize in consistence with
previous case studies (de Reus et al., 1999; Twohy et al.,
2002; Benson et al., 2008) the importance of vertical motion
on new particle formation. Especially, here for the first time
it has been shown that vertical motion also are important in
the polar regions.
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