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[1] The free troposphere and lower stratosphere is a source region for new particle
formation. In particular, nucleation can be active near the tropopause because of low
temperatures. Here we show enhanced new particle formation observed during midlatitude
tropopause folds. Number concentrations and size distributions of particles with diameters
from 4 to 2000 nm were measured in the midlatitude tropopause region on 1 and 7
December 2005 during the NSF/NCAR GV Progressive Science Missions. High number
concentrations of ultrafine particles with diameters from 4 to 9 nm, ranging from �700 to
3960 cm�3, were measured during tropopause folds. Our observations show that
stratospheric and tropospheric air exchange during tropopause folding events, with a large
gradient of temperature and relative humidity, may have enhanced new particle formation.
Our results are consistent with other modeling predictions showing that nucleation rates
are increased with mixing of two air masses with different temperatures and relative
humidities. In addition, new particle formation events were also associated with vertical
motion that may also have brought higher concentrations of water vapor and aerosol
precursors (that originate at the ground level) from lower altitudes to higher altitudes
where temperatures and surface areas are lower. The average ultrafine particle
concentrations for the regions that were not affected by tropopause folds were also high
(>100 cm�3), indicating that nucleation is active in the tropopause region, in general. Our
results suggest that atmospheric dynamics, such as stratosphere and troposphere
exchange and vertical motion, affect new particle formation in this region.
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1. Introduction

[2] Nucleation (gas-to-particle conversion) is a source of
new particles. Nucleation usually starts from the formation
of sulfuric acid because sulfuric acid has a relatively low
vapor pressure (for example, <0.001 torr at 300 K) com-
pared to other atmospheric gas phase species. Temperature
and relative humidity are important thermodynamic param-
eters as they affect vapor pressures of condensable species,
and nucleation rates are highly dependent on these two
factors [Seinfeld and Pandis, 1998]. Surface area of preex-
isting aerosols is a sink of nucleation. In the presence of

high surface areas, condensable species condense on, and
small particles coagulate with the preexisting aerosol par-
ticles. Nucleation initially produces thermodynamically
stable clusters (TSCs) (<3 nm, hence not measurable with
currently available detection techniques) and these TSCs
grow to larger sizes by condensation and coagulation
[Kulmala, 2003].
[3] New particle formation events, identified by high

number concentrations of nuclei mode particles, have been
observed widely [Kulmala et al., 2004; and references
therein], but these measurements are mostly limited to
boundary layer conditions. In situ, size-resolved measure-
ments in the free troposphere and lower stratosphere are
scarce, despite the potential importance of these particles
that grow to cloud condensation nuclei (CCN). The upper
troposphere and lower stratosphere have several factors
favorable for particle formation, such as low temperature
and low surface area density of preexisting aerosols. Large-
scale particle formation has been observed [Hermann et al.,
2003] in the typical upper troposphere and lower strato-
sphere conditions with sufficient sun exposure and low
aerosol surface area [Lee et al., 2003]. Binary homogeneous
nucleation (BHN) [Brock et al., 1995] or ion induced
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nucleation (IIN) can be important in this region [Lee et al.,
2003; Lovejoy et al., 2004]. Recent global aerosol modeling
simulations by Lucas and Akimoto [2006] also suggested
that ternary homogeneous nucleation (THN) involving
ammonia may play a dominant role in the troposphere
and lower stratosphere. THN predictions often show that
an enhancement of nucleation requires sufficient NH3 con-
centrations, at least several parts per trillion by volume even
at low temperatures (for example, 240 K) [Napari et al.,
2002]. However, measurements of ammonia (and condens-
able organic species) at high altitudes are currently not
available. It is also possible that at lower temperatures (for
example, <240 K), nucleation barriers of homogeneous
nucleation can disappear [Yu, 2002] and in these conditions,
there may be a mix of different nucleation mechanisms.
[4] New particle formation can be enhanced by the

mixing of two air masses with different temperatures and
relative humidities over ice (RHI), such as in large eddies
and waves, small-scale turbulence, and convection, as
shown by numerical calculations of BHN [Easter and
Peters, 1994; Kerminen and Wexler, 1996; Lesniewski and
Friedlander, 1995; Nilsson and Kulmala, 1998; Nilsson et
al., 2000; Khosrawi and Konopka, 2003]. This is because
nucleation rates exhibit nonlinear dependence on tempe-
rature and RHI. For example, an increase of 2 to 3 K in
temperature can reduce particle nucleation rates by an order
of magnitude [Easter and Peters, 1994]. Previous particle
formation observations in the free troposphere and lower
stratosphere were in fact often explained by atmospheric
dynamics-induced mixing. Three-year aerosol size distribu-
tions measured on a German commercial aircraft at the
latitude range from �5� to �50�N showed that new particle

formation in the tropopause region may be affected by
photochemistry and atmospheric dynamics [Hermann et
al., 2003]. A number of aircraft measurements of conden-
sation nuclei (CN) showed that atmospheric mixing is a
source of new particles in the midlatitude free troposphere
up to the lower stratosphere [Schröder and Ström, 1997;
Nyeki et al., 1999; de Reus et al., 1998, 1999; Wang et al.,
2000]. BHN calculations indicated that new particle forma-
tion can be enhanced in the tropopause region because of
the troposphere and stratosphere exchange, and these cal-
culations are consistent with the Stratosphere-Troposphere
Experiment by Aircraft Measurements (STREAM) obser-
vations in Ireland in 1996 and 1998 [de Reus et al., 1998;
Khosrawi and Konopka, 2003]. For example, high particle
concentrations from 6–18 nm (up to 400 cm�3) measured
near the tropopause during STREAM-98 were attributed to
the large fluctuation in temperature (�12 K) during the
mixing processes [Khosrawi and Konopka, 2003]. Note that
BHN has been used for these calculations, but the nucle-
ation theories of BHN (and THN) have not been vigorously
tested by experiments. Also, air mixing may also affect
nucleation rates even in multicomponent systems (THN or
IIN), but these effects have not been investigated.
[5] Several observations in the free troposphere also

showed that new particle formation can be active when
convection occurs [de Reus et al., 1999, 2000, 2001;Clement
et al., 2002; Twohy et al., 2002; Lee et al., 2003; Minikin et
al., 2003], because vertical motion can bring higher concen-
trations of SO2 and SO2 precursors (for example, DMS)
that originate from the ground level to higher altitudes
where temperatures are much lower. Aircraft observations
of upper tropospheric fine particles in the Northern and

Table 1. Measured Number Concentrations With Diameters From 4–9 nm (N4–9) and 4–2000 nm (N4–2000), Surface Area Density,

RHI, and Temperature of the Air Masses Corresponding to Regions of Enhanced New Particle Formation During Tropopause Folding

on 1 December 2005 (as Also Shown in Figures 1, 2, 3, and 4 and Table 2) and 7 December 2005 (as Also Shown in Figures 5, 6, 7,

and 8 and Table 2)a

Date and Region No.
Leg Altitude,

km
Horizontal Distance,

km
N4 – 9, cm

�3 N4 – 2000, cm
�3

Surface Area,
mm2 cm�3

RHI,
%

Temperature,
K

Mean Mean Mean Mean Range Mean Range

1 December 2005
1 9 161 1030 ± 470 1150 ± 510 1.1 ± 0.9 16 15 226 3
2 7 26 1450 ± 440 1530 ± 450 0.2 ± 0.1 1 0 247 0
3 7 52 3960 ± 1840 3990 ± 1830 0.2 ± 0.1 37 7 243 2
4 7 39 2430 ± 1960 2440 ± 1960 0.1 ± 0.1 46 14 241 1
5 5 82 2030 ± 780 2360 ± 780 1.7 ± 0.9 21 45 248 1
6 4 213 1710 ± 610 2370 ± 640 12.4 ± 11.0 36 70 250 5

New Particle Formationb N/A N/A 460 ± 820 620 ± 900 4.0 ± 6.7 16 91 231 65
Non-new Particle Formationc N/A N/A 10 ± 20 160 ± 130 4.2 ± 4.1 22 89 234 39
7 December 2005

10 10 65 790 ± 190 1160 ± 260 0.9 ± 0.3 10 2 221 1
20 10 94 740 ± 460 1000 ± 450 2.2 ± 0.3 1 4 220 2
30 8 62 700 ± 210 1030 ± 220 1.3 ± 0.5 7 6 229 1
40 7 267 1520 ± 810 1840 ± 840 1.6 ± 0.4 6 7 233 3
50 5 23 830 ± 130 1250 ± 230 4.3 ± 0.3 1 0 260 1
60 6 146 2060 ± 550 2450 ± 620 1.1 ± 0.6 4 3 246 6

New Particle Formationd N/A N/A 490 ± 770 730 ± 1000 5.2 ± 32.8 7 64 231 54
aThe numbers in the first column also correspond to those indicated in these figures and Table 2. Leg altitudes and horizontal distances for the chosen air

parcels are also shown here. For aerosol concentrations, one standard deviation (1s) values are shown. For RHI and temperature, the differences (range)
between the maximum and minimum values are shown to for indication of atmospheric mixing.

bAbout 86% of the total particles satisfied the three criteria of new particle formation.
cAbout 14% of the total particles did not satisfy the criteria of new particle formation.
dOne hundred percent of the total particles satisfied the three criteria of new particle formation.
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