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Abstract. During the ASTAR (Arctic Study of Tropospheric influenced the formation of new particles. The reason why
Aerosol and Radiation) campaign nucleation mode particlesiucleation mode particles were observed on 24 May, but not
(4 to 13nm) were quite frequently observed at altitudes be-on the other days, can be explained by the conditions under
low 4000 m. However, in the upper free troposphere, nucle-which particle formation occurred. On 24 May the particle
ation mode particles were only observed once, namely durindormation was caused by a slow updraft, while on the other
the flight on 24 May 2004 (7000 m). To investigate if vertical two days the particle formation was caused by a fast updraft.
motion were the reason for this difference that on one partic-
ular day nucleation mode particles were observed but not on
the other days we employ a microphysical box model. The1
box model simulations were performed along air parcel tra-
jectories calculated 6-d backwards based on European Cent@fimospheric aerosols affect the Earth's climate either di-
for Medium-Range Weather Forecasts (ECMWF) meteoro-rectly or indirectly. The direct effect is associated with
logical analyses using state parameters such as pressure aggrosol particles absorbing and scattering the incoming so-
temperature in combination with additional parameters suchjar radiation while the indirect effect is due to the potential
as vertical stability. Box model simulations were performed of atmospheric aerosols to serve as cloud condensation nu-
for the 24 May where nucleation mode particles were 0b-gjej. Clouds will reflect the incoming solar radiation while
served (nucleation event) as well as for the days with meagpsorbing and emitting the long-wave radiation. Aerosol for-
surements before and after (22 and 26 May) which areé répmation processes are still not entirely understood. Further,
resentative for no nucleation (non-nucleation event). A NU-there are still high uncertainties in the current global climate
cleation burst was simulated along all trajectories, howeveryadel simulations for predicting the future climate due to

in the majority of the simulations the nucleation rate was ei-qyr limited understanding of the radiation effect of aerosols
ther too low or too high so that no nucleation mode parti- gnq cloudsIPCC, 2007).

cles were left at the time when the measurements were per- The pucleation (gas-to-particle conversion) is a source
formed. Further, the simulation results could be divided intoso, new particles in the atmosphere. The classical mech-
three cases. Thereby, we found that for case 1 the tempekpism for the formation of aerosol particles from condens-
ature was the only driving mechanism for the formation of 4je gases is the binary homogeneous nucleation of sulfuric
new particles while for case 2 and 3 vertical motion have 4.q (HSOy) and water (HO). However, new aerosol parti-
cles can also be formed by other nucleation mechanisms like
e.g. the ternary homogeneous nucleation involving ammonia
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ion-mediated or ion-induced nucleation (e,and Turco from anthropogenic sources at lower altitudes). Long-term
200Q Lee et al, 2003 Lovejoy et al, 2004 Curtius et. al. ground-based observations during this transition period have
2006 Laaksonen et g312008. Laboratory experiments have shown that a systematic change of aerosol properties occurs.
suggested that in polluted areas nucleation of new particleJ his process regularly takes place in a relatively short period
may even take place inside clouds through condensation ofluring late spring (e.gBodhaine 1989 Strom et al, 2003
organic vaporsiulmala et al, 2006. A good overview over  Engvall et al, 2008. Details of the campaign as well as some
all these different nucleation processes and some further refether results deduced from the measurements can be found in
erences can be found kegg and Bake(2009. New parti-  e.g.Engvall et al.(2008 andGayet et al(2007). Here, we

cle formation events have been observed at a number of sitesill present microphysical box model simulations of parti-
around the worldiulmala et al, 2004). cle formation in the Arctic free troposphere and investigate

The binary homogeneous nucleation ¢f30, and HO is if vertical motion were involved in the particle formation.
mainly dependent on temperature, relative humidity and rel-Previous studies investigating particle formation due to ver-
ative acidity (or partial pressure of,80). Atmospheric  tical motion were performed for the midlatitude and tropical
measurements and numerical simulations have shown thatgions. Thus, our study is the first one investigating this
the binary homogeneous nucleation of30, and HO oc- relationship in the polar regions. We use a microphysical
curs mainly in the upper tropical troposphere due to the lowbox model which has been developed and applied to investi-
temperatures in that regioBiock et al, 1995. At other al-  gate the formation and growth obB0Oy/H>0 aerosols in the
titudes and latitudes regions particle formation by binary ho-upper tropospher&kfhosrawi and Konopka&2003 Khosrawi
mogeneous nucleation is relatively small (Raes et al., 1995)et al, 2006 and lower stratospher®8lum et al, 2006. Nu-
However, new particle formation has been observed by aircleation mode particles were quite frequently observed dur-
craft measurements also in the midlatitude free/upper tropoing ASTAR 2004 at lower altitudes, but only on one occasion
sphere and lower stratosphee (Reus et al.1998 1999 (24 May 2004) at higher altitudes (7000 m). Box model sim-
Lee et al, 2003 Minikin et al., 2003 Hermann et a).2003 ulations were performed for the 24 May as well as for the
Young et al, 2007) as well as in the Arctic free troposphere 22 and 26 May which were representative for non-nucleation
(Brock et al, 1989 Weber et al.2003. The observations events.
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 ASTAR 2004 campaign
particle formation \{\Veber et al.1999.

The observed particle formation events in the free tropo-The aim of the ASTAR 2004 campaign was to investigate
sphere and lower stratosphere were often dynamically in-aerosol properties in the transition period from Arctic haze
duced.Hermann et al(2003 measured particle number con- to background conditions. Thereby, the main objectives of
centrations over three years on a German commercial aircrathe campaign were the determination of the vertical structure
in the latitude range from°to 50 and found that photo- of the chemical, physical and optical properties of aerosol
chemistry and solar radiation (tropics) as well as atmospherigarticles (referring to direct climate effect) as well as the in-
dynamics (midaltitudes, tropics) were the driving forces for vestigation of cloud microphysical properties in the Arctic
aerosol formation in the tropopause region. One of the dy-as a function of different tropospheric aerosol load and the
namical processes that can trigger aerosol formation in theegional extent of aerosol and cloud structures (referring to
upper troposphere is stratosphere-troposphere exchdege (indirect climate effect). The campaign involved two aircraft,
Reus et al.1998 Zahn et al. 2000 Khosrawi and Konopka  the Polar 2 and the Polar 4. The Polar 2 carried the cloud
2003 Young et al, 2007). However, several observations in physics instrumentation as well as an aerosol lidar while the
the free troposphere showed that new particle formation carPolar 4 payload was focused on aerosol in situ measure-
also occur in connection with convection and thus verticalments. The Polar 2 and Polar 4 are research aircraft of the
motion (e.g.de Reus et al.1999 Twohy et al, 2002 Ben- Dornier 228-101 and 228-200 type, respectively, owned by
son et al. 2008. Young et al.(2007) e.g. showed that new the Alfred Wegener Institute for Polar and Marine Research
particle formation events were associated with vertical mo-(AWI) in Bremerhaven and operated by the DLR flight facil-
tion that may have brought higher concentrations of waterity department. Both are two-engine turboprop aircraft well
vapor and aerosol precursors from lower altitudes to highercapable of operating under the harsh conditions of the polar
altitudes where temperatures and surface areas are lower. environment. The aircraft fly at acruising speed of around

The Arctic Study of Tropospheric Aerosol and Radiation 80 ms ™.

(ASTAR) 2004 was conducted from 18 May to 10 June

from Longyearbyen, Svalbard, Norway (78, 15° E). This 2.1 In-situ observations

time had been chosen to span the transition period of the

boundary layer Arctic aerosol between spring (frequentDuring the ASTAR 2004 campaign 19 mission flights were
Arctic haze events) and summer conditions (low influenceperformed by the Polar 4 in total. An overview over all flights
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performed during ASTAR 2004 can be foundingvall etal.  size may get lost in the sampling system due to diffusion
(2008 or at the TROLL homepagéf(tp://www.pa.op.dir.de/ losses.
aerosol/troll/t-frame.html In this study, we use observations  During the ASTAR 2004 campaign nucleation mode par-
performed with the instrumentation from the Atmospheric ticles were quite frequently observed at altitudes below
Science Unit at the Department of Environmental Science4000m. However, in the upper free troposphere nucle-
(ITM), Stockholm University and from the Institute of At- ation mode particles were only observed once, namely on
mospheric Physics at the Deutsches ZentriimLuft- und 24 May. On 24 May nucleation mode particles (4 to 13 nm)
Raumfahrt (DLR). From the instruments operated by thesevere observed with the CPSA in the free troposphere at
two groups, microphysical properties of aerosol particles inan altitude of~7000 m (around 09:00 UTC). The flight on
the size range from 4 to 3500 nm were obtained. On boar®4 May 2004 was performed in the morning from 06:45 to
the Polar 4 was a Condensation Particle Counter (CPC, TS09:45 UTC under clear sky conditions. Particle numbers of
Inc. Model 3010) which was used to obtain the total aerosolnucleation mode particles measured during that flight were
number density for particles larger than 10 nm. The aerosohlbout a few hundred particles per eifFig. 1). The flight
size distribution over the range between 20 and 2200 nm wasn 24 May 2004 was performed in the area of Storfjoden.
derived from simultaneous measurements made with a DifThe flights before and after this flight with the nucleation
ferential Mobility Particle Sizer (DMPS, custom made) and event were performed on 22 May and 26 May, respectively.
an Optical Particle Counter (OPC, GRIMM GmbH 7309).  On 22 May the flight was performed in the vicinity of Ny
The uncertainty in the particle number concentration mea-Alesund while the flight on 26 May was performed down
sured by the CPC and OPC instruments depends on thstream of Svalbard (during both flights some low clouds were
counting statistics or Poisson statistics. The standard depresent; low scattered clouds on 22 May and astratus layer on
viation is given by the square root of the number of par- 26 May). The flight tracks for these three flights are shown
ticles counted during a sampling period. The counting er-in Fig. 2.
ror for the CPC is smaller than 1% for number densities
above 100cm?® and less than 3% for concentrations above
10 cnt3. For the OPC, a grand average distribution was cal-3 Microphysical box model
culated, where the average was less than 6% for sizes smaller
than 1000 nmEngvall et al, 2008. A microphysical aerosol box model was used to investigate if
Particles with a diameter of 0.31 to 31 um were measuredhe binary homogeneous nucleation gf3@y/H,0O aerosols
using a Forward Scattering Spectrometer Probe (FSSP-300yould have produced the nucleation mode particles observed
Generally, the uncertainty of these measurements is less thaon 24 May 2004 during the ASTAR 2004 campaign. The
1% for particles smaller than 2800 nm and less than 10% forassumption that the particles could have been formed by the
particles smaller than 15 prBéumgardner et al1992. The binary homogeneous nucleation 0f$0, and HO is rea-
FSSP-300 is used in this study only to define the in-cloud sesonable since it has been shown previously that observations
quences during the flights (using a threshold criterion for theof particle formation can be well explained by binary homo-
number concentration of particles larger tt)aB um). The  geneous nucleation above 4 kWdber et al. 1999. The
number concentration of nucleation mode particles was meaprocesses implemented in the microphysical box model are
sured with a Condensation Particle Size Analyzer (CPSA)besides the binary homogeneous nucleation g®, and
which measures the particle number densities with a temH,0O, the Brownian coagulation and the diffusive uptake of
poral resolution of 1s. The CPSA is a custom-made multi-H>O and nitric acid (HNQ) on the liquid aerosol particle.
channel CPC system derived from the TSI 3010 model. TheThe uptake of HN@and HO by the liquid aerosol particles
accuracy is estimated to be within 5%. The instrument con-is calculated by solving the growth and evaporation equa-
sists of four Butanol-operated condensation particle countetion (Pruppacher and Kleti978 and using the parameter-
modules. During ASTAR 2004 two of the four CPSA mod- isation ofLuo et al.(1995 for the partial pressures of i@
ules were operated to determine the total number of particlesnd HNG;. The binary homogeneous nucleation rate is cal-
larger than 4 and larger than 13 nm, thus allowing to infer theculated as described Wgarcher(1998 by using a revised
number of particles between 4 nm and 13 nm. The other twdorm (Jaecker-Voirol et al.1987 with corrections due to
channels were used to determine the integrated relative fradhe formation of gaseous sulfuric acid hydrateagksonen
tions of volatile and non-volatile particles larger than 13 nm. and Kulmala1991). The coagulation of aerosol particles is
CPSA derived number concentrations were corrected forcalculated by using the coagulation kernelFafchs(1977).
coincidence effects and efficiencies determined in the laboOwing to the coupled uptake of ® and HNQ, the SOy
ratory. Corrections for diffusion losses of small particles in in the particles is considered as passive while th®©nd
the tubing systems have not been made because this requirebNOsz are considered as active components. The condensa-
accurate knowledge on the size distribution in the ultrafinetion of H,SOy on the preexisting bE5Oy/H20 aerosol is not
size range. One can estimate however that less than 10% @bnsidered in the box model. However, this should not affect
particles of 10 nm size and about 35% of particles of 4 nmour results since condensation is a very slow process. The
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ASTAR 2004, Polar 4 flight, 24-May-2004
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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 measureme
(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).

22-May-2004 24-May-2004 26-May-2004 pressure

80 ] %\;ﬁi = ‘\1,2\2"}., K w&, aﬂ(l::)de
> A 5 5 5 .,
E 79 — ad \ Sy = 6000

- : v : 5000
8 78 K K 4000
2 1 , , 3000
© af a7 2000
= 77 4 . 1000

| L DL L | | L DL L L DL L |
10 14 18 22 10 14 18 22 10 14 18 22

longitude (deg)

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

atmospheric concentrations o680, are much lower than  surrounding air. The considered particle ensemble is divided
the concentrations of ¥, so that rather pD will condense  geometrically into N radial size bins. Therefore, the size
onto the particles than4$0, (Hamill et al, 1997). Further,  width bin increases exponentially, which has the advantage
since the concentration ofd30; is decreasing with altitude that the required wide range of particle dimensions can be
we can assume that80, condensation is more important covered with a fair resolutiork@rcher 1998. The aerosol
for aerosol growth in the lower troposphere than in the uppemumber density in the size bins is calculated by using a log-
troposphere. Furthermor&erminen and Kulmalg2002 normal distribution. For each size bin, the time evolution
have shown that after a nucleation burst coagulation is thes calculated along air parcel trajectories considering nucle-
more dominant process affecting the aerosol size distributioration, coagulation and condensation processes. The model
than condensation. equations set up a nonlinear, coupled system of ordinary dif-
The box model is initialized with a particle ensemble that ferential equations which are solved using a semi-implicit
contains pure BSQO4/H,0 aerosols. The O in the aerosol  Euler method Deuflhard 1985.
particle is assumed to be always in equilibrium with the
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3.1 Air parcel trajectories

Air parcel trajectories were calculated by the Royal Nether-
lands Meteorological Institute (KNMI) backwards for 6-d
based on ECMWEF analyses with TRAJKScheele et al.
1996 Stohl et al, 200J) using a time resolution oAr=1h.
On 24 May the trajectory was started at 09:00UTC at
22.3 E/78.2 N at two altitudes (6000 and 7000 m). These
two altitudes were selected to cover the altitude range
over which nucleation took place. Additionally, trajec- %
tories were calculated starting on 22 May (09:30UTC
11.0° E/78.9 N) and 26 May (16:00 UTC 10°(E/78.5 N). 459
These days are representative for days without observa-
tion of nucleation mode particles. The path of these
three trajectories (22, 24 and 26 May, 7000 m) are shown
in Fig. 3. Further, trajectories were calculated starting
at the following coordinates which represent a grid overFig. 3. Back trajectories calculated with TRAJKS based on
the measurement area: 10EB77.0N, 10.0° E/80.5 N, ECWMF analyses. The trajectories that were started at 7000 m
28.0°E/80.5 N, 28.0E/77.0N and 19.0E/78. 7 N. The  ©On 22 May at 09:30UTC at 11:E/78.9 N (red), 24 May at
purpose of this grid was to investigate nucleation proper-09:00UTC at 22.5E/78.Z N (blue) and 26 May at 16:00UTC
ties also in the surroundings of the measurement area. 1f0-0" E/78.5 N (green) are shown.
total 36 back trajectories (3 measurement daysaltitudes
x 6 coordinates) were calculated with TRAJKS. Additionally _ . . .

esolution as for the air parcel trajectoriés €1 h). The pro-

to temperature and pressure the following parameters werE . - ; _
available along the trajectories provided by KNMI: mois- cesses that are considered in the box model simulations per-

ture mixing ratio, liquid water content and ice water content, forme.d here are ?uci‘leagotl;l alr(ld cc()jag_ula_tlon. bNOtf], the Ejral_
cloud fraction, dry stability and wet stability. Additionally J€ctories were calculated backwards In time, but the mode

to these parameters the updraft velocity and the cooling raté'mwai;'or?s are perfor'mer:j forward In t'Teh’ thgs, tlhe, endlndg
were calculated along the back trajectories. The dry stabilitypo'm_0 t e_trajectory IS the s_tart point of the simu ation an

is defined as the change of potential temperatueith alti- the S|mu_lat|on_ ends at the time and the location whe_rt—;- _the
tude while the wet stability is defined as change of the equiv-back trajectories were started. The box model was initial-

alent potential temperatur@, with altitude (using pressure ized with aerosol d.|str|but|ons taken_ from thg in-situ mea-
p as vertical coordinate). Dry and wet stability; =2 and surements made with the DMPS during the flights on 22, 24

16 ] S dp _and 26 May 2004 at 6000 and 7000 m (which represents the
yu="7,") are used here as a proxy to investigate if vertical y5ckground aerosol distribution). Thereby, log-normal size
motion have occurred along the back trajectories and if verjisiributions were fitted to these data. The aerosol size dis-
tical motion were involved in the formation of new particles. tiputions used for initialization of the box model were di-

A neutral or unstable atmosphere will cause an updraft andjiged into 46 size bins with total particle number densities
thus acooling of the air parcel while a stable atmosphere willgf ;,=50_350 cnr3, distribution widths ofo=1.8-1.9 and
tend to inhibit vertical motion and thus keep the air parcel jean diameters af,,=60—140 nm! The H,0O mixing ratios
atits original position. A stable atmosphere is defined bywere derived from radiosonde soundings over Algsund,
W>0 and s >0, respectively, while for a neutral atmo- gyalbard (W,0=154 ppmv and 150 ppmv at 6000 m on 22
sphere%zo and "d(?; =0, respectively, and for an unstable and 26 May, respectively, Jo=78 ppmv and 98 ppm at
atmospheréfd—;’ <0 anddd@;g <0, respectively. 7000 m on 22 and 26 May, respectively, angge117 ppmv

at 6000m on 24 May and{o=219 ppmv at 7000m on
24 May). Measurements of 430, mixing ratios were not
performed and is thus a unknown variable in this study.

4 Results

INote, the initialization with the measured aerosol size distri-
butions is done six days before the measurements actually were

The b del simulati ¢ d al h performed. However, for obtaining an agreement between model
e box model simulations were performed along the tra-gin jations and measurements an additional requirement besides

jectories started on 24 May 2004, the day with the nucle-ihe agreement of the modeled and measured nucleation mode parti-

ation event as We_” as for the days before and after (22 f'm(éles is that at the end of the simulation also the background aerosol
26 May 2004) which were representative for non-nucleationdistribution is in agreement with the measured aerosol size distribu-

events. The simulations were performed with the same timaion.

4.1 Box model simulations
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#[cm™] 120 pptv, but can reach up to 550 pp@aytius et al.20017).
100000 T T T T T T T T 100000 However, during this campaign only the aerosol sulfuric acid
1000.0L- 4 was measured and not the gas phase sulfuric acid. Gas phase
10000 sulfuric acid concentrations are typically much lower and
E 1000 = range between P0to 10’ molecules cm? in clean air (e.g.
g B 7 1000 Eisele and Tannef993 and up to 18 molecules cm? for
g 00— E polluted air Berresheim et 812002 Bardouki et al. 2003.
1.0; ‘ 7 100 The simulations were performed along the 36 trajecto-
- ries for three different gas phase sulfuric acid mixing ratios
(R | R P T N S BT 10 HH,s0,=1, 40 and 80 pptv (1 pptv=2.67.0" molecules crm®
0 20 40 60 80 100 120 140 at® C and 1013 hPa), where a mixing ratio ¢f,go,=1 pptv
time [ i is representative for clean air and mixing ratios @jsb, =40
[cm?] . .
10000.0 ET T T T T T T T T T T T T T T T T T 100000 and 80 pptv are representative for pollutedZaiPerform-
moooi ing all these simulations (36 trajectories3 sulfuric acid
TE 10000 mixing ratios =108 simulations) we could divide the results
E  1000% into three cases: (1) Nucleation occurred always at the same
9 1000 time stepr=2h (19 occurrences) independent which sulfu-
§ 100 ric acid mixing ratio was used. Here, nucleation occurred
100 always immediately due to temperatures which were suffi-
10 ciently low to initiate nucleationT{ <235 K atr=1 h). (2) Nu-
oaf Ll 10 cleation occurred at the same time steg?(h) when HSOy
0 20 40 60 80 100 120 140 mixing ratios of ,so,=40 pptv and H,so,=80 pptv were
time [h] used (7 occurrences), but nucleation occurred at a differ-
10000.0 F [T T [T #[Cm'ﬂwoooo ent time step (e.gt=12h) when a IjSO4 m.i>_<ing ratiq of
E MH,s0,=1 pptv was usedl{<250 K, thus significantly higher
1000.0¢- 10000 tempe_zratu_res t_hgn for case 1). (3) l_\IucIeati(_)n occurred for all
- = sulfuric acid mixing ratios used at different time steps e.g. for
£ 1000 UH,50,=1 pptv atr=17 h, for w,so,=40 pptv atr=16h and
é 10.0 1000 for pn,s0,=80 pptvsr=2h (10 occurrences). Here, temper-
= atures were between 255 and 270 Kral h but decreased
1.0 100 down to temperatures between 240 and 230K along the tra-
b ] | jectory. Figure4 shows the simulation for the trajectory
I3t N AR A

L1 ‘ L1 ‘ L1 ‘ L1 ‘ L1 ‘ 1 1
o 20 20 60 80 100 120 140 10 started on 24 May at 6000 m (19.5/78._7’ N) which is rep- .
time [h] resentative for case 2. Along this trajectory the nucleation

burst occurred at=25h for an initial HSO4 mixing ratio

Fig. 4. Number density versus time for the simulation along the of 1pptv and ar=2h for an initial SOs mixing ratios of

back trajectory started on 24 May at 6000m (2€0 78.7N)  40pptv and 80pptv. While for case 1 the temperature was
initializing the model with a SO, mixing ratio of 1 pptv (top), ~ the only driving mechanism, for case 2 and 3 vertical motion

40 pptv (middle) and 80 pptv (bottom). The nucleation burst occurscould have influenced the formation of new particles. In fact,

atr=28h (1 pptv)=2h (40 pptv) and=2h (80 pptv) and thus this  that vertical motion can influence particle formation has been

model simulation can be classified as case 2. See text for further depreviously been observed (ede Reus et al.1999 Twohy

tails. (Note: The simulations are performed forward in time, thus, et al, 2002 Benson et a).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 Pablhus,
new particle formation was in this case study most frequently
initiated by sufficiently cold temperatures.

Measurements of sulfuric acid are rare and large-scale mea-

surements from satellites or from a ground-based network

are not available. The only existing measurements of sulfu-

ric acid are the ones derived from balloon, aircraft or ground-

based measurements during measurement campaigns. Mea-

surements in the free troposphere were performed e.g. in

the vicinity of Tenerife during the Aerosol Characterization  2jt should be noted here that the mixing ratios we used for being

Experiment (ACE 2). These measurements show that theepresentative for polluted air are on the higher range of previously

aerosol HSO; mixing ratios was typically between 10 and measured concentrations.

Atmos. Chem. Phys., 10, 11056320 2010 www.atmos-chem-phys.net/10/1105/2010/
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Case 1: 6000 m Case 1: 6000 m
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Fig. 5. The maximum number density encountered during the simulation versus the dry stap{lieft) and wet stabilityy,, (right) for
6000 m (top) and 7000 m (bottom) for the simulations which have been classified to case 1. The box model simulations were initialized with
a HySO4 mixing ratio of 1 pptv (red), 40 pptv (blue) and 80 pptv (green).

4.1.1 Relationship betweem and y,,, ¥4 and w formation. Here, except for one occurrence particle forma-
tion occurred during a stable stratification of the atmosphere

Here, we use atmospheric stability and vertical velocity, thus indicating that vertical motion were not involved in the

which were derived additionally to temperature and pres-particle formation. This uniformity agrees with the behavior

sure along the trajectories, to investigate if vertical motionwe found for case 1 from the box model simulations show-

were involved in the particle formation. FigurBso 7 show  ing that nucleation occurred always at the same time step and

the number concentration(here the maximum number con- that the temperature only was the driving force.

centration of freshly nucleated particles encountered during For case 2 (Fig6) the number densities are generally

the simulation) versus the corresponding gty (left) and lower than for case 1 (ranging betweer?2a0° cm~2 com-

wet stability y,, (right) for the trajectories started at 6000 m pared to 16—10°cm=2 for case 1). Case 2 was more fre-

(top) and 7000 m (bottom). For case 1 (F&).the number  quently occurring at 6000 m than at 7000 m. For £58

concentratiom is uniformly distributed withy,; andy,, at mixing ratio of 1 pptvn is uniformly distributed at 6000 m

both altitudes. The number concentration is solely increasings for case 1 (Figs top). However, for a HSOy mixing ra-

for increasing HSOy mixing ratios. The values fop; and tio of 1 pptv at 7000 m a slight decrease with increasing

vw Were with one exception greater than zero (6000 m andandy,, is visible. This decrease is at 7000 m also visible for

7000 m) which can be attributed to a stable stratification inH>,SO4 mixing ratios of 40 and 80 pptv. However, since we

relation to dry and wet air. The exception is found at 7000 monly have two data points for each sulfuric acid mixing ratio

(Fig. 5, bottom right) with ay,, lower than zero and thus itis difficult to say if this relation is arbitrarily. At 6000 m an

an unstable stratification. Thus, it seems that for case 1 théncrease with a subsequent decrease is found (thus a slope)

stability of the atmosphere did not contribute to the particlefor HoSO; mixing ratios of 40 and 80 pptv. The values for
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Fig. 6. The maximum number density encountered during the simulation versus the dry stap{lieft) and wet stabilityy,, (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 HySO4 mixing ratio of 1 pptv (red), 40 pptv (blue) and 80 pptv (green).

y4 andy,, are somewhat lower than for case 1 but still pos- formation independent of which sulfuric acid mixing ratio
itive. This relationship reflects case 2 as defined from thewas used.
box model simulations where nucleation occurred at differ- - The simulated number densities/ersus vertical velocity

ent time steps for 1 pptv 3D, but atz=2 for 40 and 80pptv 4, are shown for case 1 to case 3 in Fy.For the vertical
H2SQy. Thus, for 1pptv vertical motion could have been yelocity a similar behavior as for the dry and wet stability is
involved in the particle formation while for 40 and 80pptv found. Case 1 is uniformly distributed with regard to the up-
sufficiently high sulfuric acid mixing ratio was provided to graft velocity while for case 2 a uniform distribution is only
trigger particle formation. found at 6000 m for a sulfuric acid mixing ratio of 1 pptv.
The number densities are even lower for case 3 (Fig. For sulfuric acid mixing ratios of 40 and 80 pptv an increase
than for case 2 and case 1 and also the dry and wet stabilitiesith a subsequent decrease is foundifoAt 7000 m case 2
are lower (centered around zero and also encountering negahows a decrease for 1 pptv and increase with w for 40
tive values). A uniform distribution is not visible and also no and 80 pptv. However, since we only have two data points
other structure betweexy or v, andn is visible in this figure  for each sulfuric acid mixing ratio it is difficult to say if this
(Fig. 7). This relationship reflects the one defined from the relation is only arbitrarily. Case 3 is extending over a larger
box model simulations as case 3 where nucleation occurredange of vertical velocities (from-2 to +6 m/s) as the other
for each sulfuric acid mixing ratio that has been used for thetwo cases at both altitudes showing that for this case the in-
simulations at a different time step. Thus, for case 3 it seemdluence of vertical motion was strongest. In Takléhe re-
that vertical motion were generally involved in the particle sults are summarized by giving the range of valuey gf
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Fig. 7. The maximum number density encountered during the simulation versus the dry stap{lieft) and wet stabilityy,, (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 HySO4 mixing ratio of 1 pptv (red), 40 pptv (blue) and 80 pptv (green).

vw, w andn for the three cases at both altitudes considered.Table 1. Range of values ofy, y,, w andn for case 1 to case 3 for
Thereby, an decrease from case 1 to case 3 is founglsfor e o altitudes (6000 and 7000 m) considered.

and y,, 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  Altitude y, (UK/Pa) yu (K/PA) w (cmis) n (cm3)
case 1 to case 3. Thus, with decreasing strength of stability c

asel 6000 400-1400  300-1400 —2-2  16-1010

(from stable to neutral-unstable) stronger vertical motion are czse2 6000 200-800 —500-700 —3-4  16-1°
encountered. Case3 6000 20400 —100-200 -2-6 1010/

Considering the a_bove described relationships bgMeen thé Casel 7000 500-2300  400-2000 —2-4  16-100
number concentration and the dry and wet stability,, Case2 7000 700-1700  700-1600 —4—2  16-1°
and y,, vertical velocityw and the temperatures encoun- case3 7000 20-1500 —300-1400 —-3-5.5 1d-10

tered 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 verti-

cal motion could have been involved in the formation of the (19 occurrences), followed by case 3 (10 occurrences) and
new particles. Tabl@ shows the occurrence of the three case 2 (7 occurences). Considering each day, the 26 May
cases separated into the three days of the ASTAR 2004 canwas dominated by case 1 in both altitudes while the 22 May

paign and the two levels considered here (6000 and 7000 mlwvas dominated by case 3 at 6000 m and to the same amount
Case 1 is the case that in total most frequently occurrediy case 1 and case 3 at 7000 m. The 24 May was dominated
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Fig. 8. The maximum number density encountered during the simulation versus updraft valdoity000 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
with a HoSOy mixing ratio of 1 pptv (red), 40 pptv (blue) and 80 pptv (green).

by case 2 at 6000 m and by case 1 at 7000 m with somewhile the 26 May (10.0E/78.5 N) could be accounted to
what lower frequencies for the other cases. The 24 Maycase 2.

was the day where the nucleation mode particles were ob-

served at 7000 m during the ASTAR 2004 campaign and ag1.1.2 Comparison with measurements

described all cases were present on that day but with the

highest occurrence of case 1. Considering the '[rajectoriesrhe results of the model simulation are compared with
that were started near the location where the flights were pefg,o measurements to suggest whichSB, mixing ratio

formed we found that the 22 May (12.B/78.9N) as well  iant have prevailed in the atmosphere. For comparing the
as the 24 May (22:5/78.2 N) could be accounted to case 3 g 1ation results with the measurements the sulfuric acid
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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 the measurement was performed. The gray shaded area marks the number density of the nucleation mode particles (4-13 nn
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.

Table 2. Occurrence of case 1 to case 3 on the 22 24 anghigh for all trajectorie§ s_in_ce no data poir!ts are found in the
26 May 2004 for the two altitudes (6000 and 7000 m) considered. 9ray shaded area. This is in agreement with measurements of
gaseous bSO, which even in polluted areas showed mixing
ratios lower than 80 pptvBardouki et al. 2003 Berresheim
Total 22May 22May 24May 24May 26May 26May et al, 2002.
6000m 7000m 6000m 7000m 6000m 7000m A hetter comparison with the measurements can be de-
ggz:; 1573 ; 3 § f 6 i‘ rived when only the trajectories that were started near the
Case3 10 3 3 1 5 _ 1 location where the flights were performed are considered
(Fig. 10). The number density found at the end of the simu-
lation 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, thetrajectory is initialized with a sulfuric acid mixing ratio of
number density at the end of the simulation (which agreesun,so,=40 pptv (blue diamonds). However, a few hundred
with the time when the flight was performed) for particles particles per crhinstead of a few tenths were measured dur-
with diameters in the nucleation mode particle size range idng the flight and thus most likely the mixing ratio on that day
considered. The gray shaded area in the figure marks thevas somewhat higher than 40 pptv. The trajectory started on
number density of the nucleation mode particles measure@2 May at 7000 m at the location where the flight was per-
during 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%he area of number densities measured (red diamonds). How-
due to wall losses in the measured number densities of nuclesver, on this day no nucleation mode particles were measured
ation mode particles (see Se2tl). In Fig. 9 the results of  (thus no data points should be found in the gray shaded area).
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 andave been somewhat higher than 40 pptv. None of the simu-
26 May) and other starting points in the grid around the mea-ations for the 26 May are present in Fip since at the end
surements lie also within the gray shaded area and thus iof all simulations number densities for nucleation mode par-
the range of nucleation mode particles measured on 24 Mayticles were quite low. For 1 pptv the nucleation burst along
Thereby, HSOy mixing ratios of 1 to 40 pptv seem to be the trajectory was not strong enough to result in particles in
sufficient. A SO4 mixing ratio of 80 pptv seems to be too the measured range of nucleation mode particles and for 40
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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. 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 was performed.

and 80 pptv the nucleation burst was too strong so that thén air mass origin since the trajectories on 24 May (nucle-
particles had already coagulated to larger sizes (not shownjation) and 26 May (non-nucleation) have the same origin.
Since on that day no nucleation mode particles were meaFurther, simulations (20-d backwards) that were performed
sured we can conclude that the$0, mixing ratio on that  with the FLEXPART model $tohl et al, 2005 for this cam-
day must have been definitely lower than 40 pptv. A sulfuric paign show that the Source contribution on all three days
acid mixing ratio as low as 1 pptv would be possible sincewas low though the highest contribution of $@as found
this simulation was in agreement with the measurements. on 24 May. The parameters listed in TalBlshow that the

22 May was a day with a less stable atmosphere (lowest val-
4.1.3 What caused the nucleation event on 24 May? ues ofy,; and highest vertical velocities) and the lowest num-

ber densities of new particles were formed on that day. The
To investigate why nucleation mode particles were measure@4 May was also a less stable day but somewhat more stable
on 24 May, but not on 22 May or 26 May, we took a closer than the 22 May. The vertical velocities and the number of
look to the parameters we used for the initialization of the particles formed are somewhat lower than on 22 May. The
box model (see Sec#.l) and the parameters we derived 26 May in contrast was a day with a quite stable stratifica-
from the trajectories and the box model simulations (Ta-tion. The vertical velocities on that day were quite low but
ble 3). The box model simulations themself show that a nu-for HoSO4 mixing ratio of 40 and 80 pptv a higher amount of
cleation burst was simulated along all trajectories, howeverparticles were formed than on the other days.
in the majority of the simulations the nucleation rate was ei- Considering the temperature (not shown) and pressure
ther too low or too high so that no nucleation mode particles(Fig. 11) history along the back trajectories we find that all
were left at the end of the simulation. Thus, the questiontrajectories show an uplifting of the air mass and according
we try to answer here is why were particles in the nucleationto that a decrease in temperature. However, the strength of
mode size range left on 24 May but not on the other days. this uplifting/cooling events are different on each day (which

The particle size distributions derived from the DMPS is in agreement with the parameters listed in Tadad dis-

were quite similar for all days, thus the particle forma- cussed in the previous paragraph). The uplifting and cooling
tion was not initiated by a low number density of preex- was strongest on 22 May. The air mass was lifted from 600
isting aerosols. Further, the paths of the air mass trajecto 350 hPa within 20 h resulting in a temperature decrease
tories (Fig.3) show that the formation of new particles on of 30K from 255K to 225 K and thus can be considered as a
24 May can also not be simply explained by a differencefast updraft. Besides the fact that FLEXPART shows a higher
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Fig. 11. Pressure along the back trajectories calculated with TRAJKS based on ECWMF analyses (the same trajectorieSasTiopFig.
22 May, middle: 24 May and bottom: 26 May. The time0 coincides with the measurements and is the starting point of the backward
trajectory calculation.

SO, contribution on 24 May the nucleation was caused by athan on the other days (thus closer to time of the measure-
slow updraft. The air mass was lifted from 550 to 400 hPaments) not all newly formed particles were removed due to
in 30 h which results in a temperature decrease of 25 K fromcoagulation until the measurements were performed. Our re-
255 to 230K during that time period. On 26 May which was sults are in agreement witBenson et al(2008 who also
most stable stratified the air mass was only lifted from 380 tofound differences in the strength of new particles formed due
340 hPain 10 h with a temperature decrease of 12 K from 2340 slow and fast updrafts. Howev&enson et al(2008 per-

to 226 K. Thus, while on 22 May and 24 May the simulated formed case studies based on aerosol size distributions mea-
nucleation event was caused by vertical motion (case 3) theured at latitudes between°ll8-52° while we use measure-
nucleation event on 26 May was induced by a combinationments made at P8\. Thus, our results indicate this that the
between vertical motion and other factors like an already sufinfluence of slow and fast updrafts is also evident in the polar
ficient low temperature and a sufficient high$0, mixing regions.

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 Mayrgat-140 h) 5 Conclusions

and latest on 24 May (atc—120 h).

Thus, we can conclude that the reason why nucleationThe ASTAR 2004 campaign was performed to investigate
mode particles were observed on 24 May, but not on 22 Mayaerosol properties in the transition period from Arctic haze to
and 26 May was the conditions under which this nucleationbackground conditions. Measurements were performed dur-
event occurred. The nucleation event on 24 May was causeihg 19 flights in the time period from 10 May to 7 June 2004.
by a slow updraft that lifted and cooled the air mass and re-Nucleation mode particles were observed quite frequently in
sulted in moderate number of newly formed particles. Duethe lower troposphere. However, nucleation mode particles
to the fact that the nucleation event occurred later on that dayvere only observed once in the upper free troposphere (on
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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 ¢ H>0 HoSOy Yd Yw w dT/dt T n Nnucl
(m  (h) (ppmv)  (pptv)  (WK/Pa) (uKIPa) (cmis) (Kh) (K) () (cm3)
22 May 7000 22 178 11 1493 1444 5 —-18 228 10 488
22 May 7000 17 178 40 1286 1198 9 -35 241 6P 112
22 May 7000 16 178 80 1235 1104 8 —35 244 KIP 20
24 May 7000 47 116 11 1698 1633 1 -04 235 XICP 20
24 May 7000 37 116 40 1674 1602 4 -15 245 x10° 138
24 May 7000 12 116 80 1642 1569 -3 01.0 250 x10’ 20
26 May 7000 14 198 11 1696 1611 1 -05 232 &10° 20
26 May 7000 12 198 40 1779 1660 1 -05 233 4108 20
26 May 7000 12 198 80 1779 1660 1 -05 233 418 20

24 May at 7000m). The aim of this study was to inves- ratio prevailing in the atmosphere was most likely somewhat
tigate the influence of vertical motion on the particle for- higher than 40 pptv on 22 and 24 May, but probably much
mation. Therefore, microphysical box model simulations lower than 40 pptv on 26 May. A nucleation burst was sim-
were performed for the ASTAR 2004 campaign on three dayaulated along all trajectories, however, in the majority of the
(nucleation/non-nucleation) along trajectories that were calsimulations the nucleation rate was either too low or too high
culated based on ECMWF meteorological analyses. Due t®o that no nucleation mode particles were left at the end of the
the lack of measurements of,HO, the simulations were simulation. The reason why nucleation mode particles were
performed using three different mixing ratios (1, 40 and observed on 24 May but not on 22 or 26 May is due to the
80 pptv). The simulation results could be divided into three conditions under which nucleation occurred on 24 May. The
cases. (1) Nucleation occurs immediately at the begin of thenucleation event on 24 May was caused by a slow updraft
simulation as temperatures were low enough to initiate parthat lifted and cooled the air mass and resulted in a moder-
ticle nucleation, (2) as case 1, but fas,80,=1 pptv nucle-  ate number of newly formed particles. Due to the fact that
ation occurred at a later point in the simulation when morethe nucleation event occurred later on that day than on the
favorable conditions for particle nucleation were encoun-other days (thus closer to the time of the measurements) not
tered, (3) nucleation occurred at three different time stepsall newly formed particles were removed due to coagulation
during the simulation independent from which &0, mix- until the measurements were performed. Our results are in
ing ratio was used. Several observations in the free tropoagreement with the findings 8enson et al(2008 who also
sphere (midlatitude) showed that new particle formation canfound different nucleation behaviors due to slow and fast up-
occur in connection with convection and thus vertical mo- drafts. Further, our results emphasize in consistence with
tion (e.g.de Reus et gl.1999 Twohy et al, 2002 Ben- previous case studiesld Reus et al.1999 Twohy et al,

son et al. 2008. Parameters like dry and wet stability as 2002 Benson et a).2008 the importance of vertical motion
well as vertical velocity along the trajectories were used ason new particle formation. Especially, here for the first time
a proxy if vertical motion were involved in the particle for- it has been shown that vertical motion also are important in
mation process. Thereby, we found that for case 1 the drivthe polar regions.

ing force was the temperature while for case 2 and 3 verti-
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