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New particle formation in the free troposphere: A question
of chemistry and timing
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New particle formation (NPF) is the source of over half of the atmosphere’s cloud condensation nuclei,
thus influencing cloud properties and Earth’s energy balance. Unlike in the planetary boundary layer, few
observations of NPF in the free troposphere exist. We provide observational evidence that at high
altitudes, NPF occurs mainly through condensation of highly oxygenated molecules (HOMSs), in addition to
taking place through sulfuric acid—ammonia nucleation. Neutral nucleation is more than 10 times faster
than ion-induced nucleation, and growth rates are size-dependent. NPF is restricted to a time window of 1
to 2 days after contact of the air masses with the planetary boundary layer; this is related to the time
needed for oxidation of organic compounds to form HOMs. These findings require improved NPF

parameterization in atmospheric models.

Atmospheric aerosols influence climate through direct in-
teraction with radiation and by acting as cloud condensa-
tion nuclei (I, 2). There is considerable uncertainty about
what fraction of cloud condensation nuclei is attributable to
new particle formation (NPF) (3-5). Studies of NPF in the
free troposphere have used ground-based (6-9) and air-
borne (10) platforms but with limited instrumentation
and/or over short time scales. Because of the lack of data at
high altitudes, the vast majority of models use free-
troposphere NPF schemes in which particle formation rates
depend only on the concentration of sulfuric acid, relative
humidity, and temperature (II). Recently, comprehensive
NPF measurements performed as part of the CLOUD (Cos-
mics Leaving Outdoor Droplets) project detected ternary
nucleation of sulfuric acid with water and oxidized organics
(12). Implementation of this NPF scheme in GLOMAP
(Global Model of Aerosol Processes) (13) yielded a photo-
chemically and biologically driven seasonal cycle of particle
concentrations in the continental boundary layer, compara-
ble to observations (72). Further CLOUD experiments ob-
served NPF without involvement of sulfuric acid, which is
expected to be important especially in pristine regions and
the preindustrial atmosphere (14). These laboratory and
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modeling studies call for field verification.

To chemically and physically characterize the early stage
of NPF in the free troposphere, we used a suite of state-of-
the-art mass spectrometers and particle counters at the
high-altitude research station Jungfraujoch (JFJ), Switzer-
land [3580 m above sea level (15)]. At this site, NPF occurs
on 15 to 20% of days, without apparent seasonal dependence
(fig. S9), as shown by long-term observations (16) and dedi-
cated campaigns (I7). We report measurements collected
over the period of a year, including two intensive 1-month
campaigns (table S1).

We identified three typical situations, represented by
consecutive example days (days 1 to 3) (Fig. 1); in addition,
we show a special case (day 4) where the sulfuric acid con-
centration was unusually high (~6 x 10° ecm™). Day 1 (25
February 2014) is an example of one of the many non-event
days during sunny conditions. During the afternoon, there
is a slight enhancement in the concentration of 5- to 10-nm
particles, but the simultaneous increase in larger particles
(up to 90 nm) suggests that this enhancement is related to
vertical transport of particles formed elsewhere (15). Day 2
(26 February 2014) is typical of days when the JFJ is within
clouds, when NPF is suppressed by reduced global radiation
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and the high condensation sink of the cloud droplets. Days
3 and 4 (27 February and 2 March 2014) are two examples of
NPF days, classified as 1A events (15), where the number
concentration of particles larger than 3.2 nm increases
strongly from a few hundred to 40,000 cm™.

On most sunny days, the sulfuric acid concentration fol-
lowed a consistent diurnal cycle, with concentrations <10*
cm™ during the night and <5 x 10° cm™ during the day (ex-
cept day 4, which had much higher concentrations). Howev-
er, no link was found between sulfuric acid and NPF,
suggesting that sulfuric acid at these concentrations does
not explain NPF at the JFJ (Fig. 1D). Highly oxygenated
molecules (HOMs), which we detected with a chemical ioni-
zation-atmospheric pressure interface-time of flight mass
spectrometer (CI-APi-TOF), were formed on some sunny
days (e.g., day 3) but not on others (e.g., day 1) (Fig. 1D).
This variability is probably dependent on the presence of
organic precursors in the free troposphere. Figure 1E shows
the time evolution of several negative ions measured with
an APi-TOF: HSO,, NO;", the family of clusters containing
NH; and H,SO,, and ions with mass/charge ratios m/z > 400
thomsons (Th; 1 Th = 1 Da ¢!, where e is the elementary
charge), which are likely to be mainly organic compounds
(I5). Nucleation nearly exclusively occurred on days when
the concentration of organic compounds was high. The nu-
cleation event on day 4 had a somewhat different ion cluster
composition; the organic ions were present, but HSO,  and
the H,SO,-NH; cluster family were of equal magnitude,
probably because the H,SO, concentration was very high
(Fig. 1). However, throughout the year of APi-TOF meas-
urements, we never observed pure H,SO, clusters with more
than four molecules (table S3), confirming the findings of
previous studies, which showed that binary H,SO4-H,O nu-
cleation does not explain atmospheric NPF (18, 19).

The role of HOMs is further illustrated in Fig. 2, which
shows mass defect plots (20, 2I) for negative ions for three
of the days depicted in Fig. 1 (fig. S4 shows plots for corre-
sponding neutral clusters). During the sunny day without
NPF (day 1), most of the ions observed had m/z values <300
Th and were small acid clusters. These ions appear to be
spectators (ions that are always present but unlikely to par-
ticipate in cluster growth, such as nitrate, oxalate, and other
organic acids that are too volatile to condense on such small
particles). The smaller ions observed on day 3 (Fig. 2B) did
not greatly differ from those observed on day 1; however,
many ions with m/z values >300 Th were also present. The
organic contribution is confirmed by the chemical composi-
tion of neutral clusters, shown in figs. S4 and S5 and table
S2. The most intense organic peaks measured by the APi-
TOF overlap with those measured by the CI-APi-TOF. In
both cases, we attribute these peaks to HOMs clustered with
nitrate (table S2). The difference is that in one case (in

First release: 25 May 2016

WWW.sciencemag.org

which ions were detected by the APi-TOF), the HOMs were
clustered with NO;  in the ambient atmosphere, whereas
neutral HOMs were clustered with NO;™ inside the CI-APi-
TOF ion source. Even though the chemical formulae of these
HOMs differ from those of HOMs generated by monoter-
pene oxidation (22-25), they are similar in mass range and
O:C ratio. They are therefore expected to have similarly low
volatility and nucleating properties. Chemical identification
of the negative ions detected on day 3 (Fig. 2 and fig. S5)
indicates that the HOMs cluster exclusively with NO;~, ex-
cept the three most abundant peaks, which also cluster to a
minor extent with HSO, (peaks 2a, 3a, and 4a in fig. S5).
This confirms recent CLOUD findings that sulfuric acid is
not important for NPF (14) at this concentration.

On day 4, we detected a distinctive sequence of ions,
(HsSO4)»(NH3),HSO,~ (where m and n are integers varying
from 3 to 9 and from 1 to 9, respectively), which closely re-
sembles the sequence identified in CLOUD experiments in-
volving purely H,SO,-NH; nucleation (I8, 20, 2I). In
addition to this sequence, we observed other similar clusters
in which the charging ion was I0;™ instead of HSO, (pink
dots, Fig. 2). However, because these ions were only a minor
fraction of all the clusters, and only a single iodate was
found, we do not consider iodate to be important for this
nucleation event.

On day 3, the total particle formation rate J decreased as
a result of the coagulation processes that occur with increas-
ing size, with Jis = 51 ecm™ s and J, = 46 cm™ s (where
subscripts denote mobility diameter in nanometers) (Fig.
3A). The formation rates of positive and negative ions with a
diameter of 1.6 nm, determined from neutral cluster air ion
spectrometer (NAIS) ion-mode measurements, were much
lower (<1 ecm™ s7) than those of the neutral particles of the
same size, suggesting that the neutral process dominated
(26) in this nucleation event. CLOUD results for pure sulfu-
ric acid nucleation indicate a Ji; below 10° cm™ s7' (27) at a
similar concentration and temperature. There is strong in-
dication of the presence of HOMs in the nucleating clusters
but not of ammonia or amines. Because the saturation con-
centration is expected to decrease substantially with de-
creasing temperature, we consider this to be in good
agreement with the findings of Kirkby et al. (14), who re-
ported Ji7 = 40 em™ s7! at [HOM] = 4 x 10® em™ and tem-
perature T = 5°C.

On day 4, the observed J;, of ~4.5 cm™ s at tempera-
tures between -12°C and -15°C was similar to that meas-
ured by CLOUD: J;; ~ 4 cm™ s7! for [H,SO4] = 6 x 10° cm™
and [NH;] = 1 part per billion by volume (ppbv) at 7' = -15°C
(18). Because the ammonia concentration during this event
at the JFJ is expected to have been lower than 1 ppbv, we
hypothesize a synergistic effect of H,SO,, NHj; and
nonnegligible concentrations of HOMs. This event was a
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special case where the sulfuric acid concentration was ex-
tremely high. However, APi-TOF measurements show that
HOMSs were present in the initial clusters in 13 out of 19
nucleation events (type 1A or 1B; table S3). Nucleation thus
appears to be influenced by the presence of organic com-
pounds in the majority of cases. The importance of HOMs is
further illustrated by the size-dependent growth rates ob-
served during particle formation (Fig. 3), confirming that
nano-Kohler growth (3) also applies in free troposphere
conditions. On day 3, the growth rate was initially driven by
HOMs and continued to increase after the HOM concentra-
tion began to decline, probably due to a reduced Kelvin ef-
fect at larger particle sizes, enabling the condensation of
more volatile (unmeasured) molecules (fig. S8) (28) [as re-
cently found in laboratory experiments (29)]. On day 4, a
greater part of the initial growth rate can be explained by
sulfuric acid and water under the assumption of condensa-
tion at the Kinetic limit (fig. S7) (30). After that, the higher
growth rate cannot be explained by sulfuric acid alone,
which is again probably indicative of condensation of more
volatile (unmeasured) molecules (29) on the newly formed
particles, showing that this process is also not entirely inor-
ganic.

An important question is where the condensable vapors
or their precursors originate. We used the Lagrangian parti-
cle dispersion model FLEXPART in time-inverse mode and
compared air mass origins of all the major events (type 1A
and 1B) with those of typical non-event days during the
same period (15). Increases in simulated carbon monoxide
concentration and the strength of the source-receptor rela-
tionship, indicative of influence by the planetary boundary
layer, were evident in individual backward simulations (Fig.
4 and fig. S10). This suggests an anthropogenic source of the
HOM precursors but does not preclude a biogenic source.
For all simulated cases, the small increase in CO within 6
hours before air mass arrival suggests no substantive influ-
ence from local emissions during this period. Air masses
experienced enhanced uptake of CO and also an increase in
the strength of the source-receptor relationship (fig. S11) 12
to 40 hours before type 1A events were detected at the JFJ,
caused by contact with polluted boundary layer air. Similar-
ly, air masses connected to type 1B events experienced in-
creased CO uptake, though somewhat farther upwind,
between 12 and 72 hours before arrival at the JFJ, with a
maximum uptake at 48 hours. In contrast, for non-event
days, CO uptake was considerably below that during nuclea-
tion events. This indicates that one requirement for observ-
ing NPF at the JFJ is nonlocal contact (fig. S12) with the
planetary boundary layer and, hence, the uptake of emis-
sions hours before arrival at the JFJ, allowing a sufficiently
long processing time in the free troposphere. An optimal
transport time from the planetary boundary layer to foster
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nucleation appears to be around 1 day, whereas longer
transport times result in less clear nucleation events, due to
ongoing oxidation and dilution of the precursor gases.

Combining in situ observations and modeling results, we
thus find that NPF in the free troposphere depends on the
availability of highly oxidized organic species, providing
confirmation for NPF pathways observed in recent laborato-
ry experiments. The availability of these highly oxidized or-
ganic species in turn depends on previous surface contact of
the air mass and appropriate time to process the precursors
from the boundary layer on their way up. In short, chemis-
try and timing play the main roles. To properly represent
nucleation in the free troposphere, future atmospheric
models should take these factors into account.
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Fig. 1. Four representative situations observed at the JFJ. Shown are data from a sunny day
with no nucleation (25 February, day 1), a cloudy day (26 February, day 2), a nucleation day
with HOMs (27 February, day 3); and a nucleation day with H,SO4, NH3, and HOMSs (2 March,
day 4) (h, hours). (A) Particle size distribution (dN/dlogD,), measured with a nano-SMPS
(scanning mobility particle sizer), and particle number concentration above 1 and 3.2 nm,
measured with a particle size magnifier (PSM) and a condensation particle counter (CPC),
respectively. (B) Size distributions of the positive and negative ions measured by the NAIS. (C)
Global radiation, temperature, coagulation sink, and cloud coverage. (D) Concentrations of
sulfuric acid (red) and HOMs (green) measured with the CI-APi-TOF. A different axis is used for
sulfuric acid in the right panel. (E) Measurements of specific ions with the APi-TOF (HSO4™ in
red, NOs™ in blue, and the sum of ions with m/z > 400 Th in green). The clusters containing
sulfuric acid and ammonia are shown by the light blue line.
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Fig. 2. Mass defect plots (negative ions). (A) Measurements from day 1, (B) day 3, and (C) day 4.
The abscissa shows the mass/charge ratio and the ordinate shows the mass defect, which is the
difference between the nominal (integer) mass and the exact mass. Colors relate to pure sulfuric acid
clusters (red), nitrate (blue), small organic compounds alone or clustered with NOs~ or HSO,~ (dark
green), HOMs clustered with NOs™ (light green), HOMs clustered with HSO,4~ (orange), H.SO4-NHs-
HIOs (violet), and H>SO4-NH; clusters (light blue). Open circles represent unidentified peaks. The
marker size is proportional to the logarithm of the count rate. The mass spectra for the same events
are shown in fig. S3.
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Fig. 3. Particle evolution during the nucleation events observed on days 3 and 4. Throughout, data
for day 3 are shown on the left, and data from day 4 are shown on the right. (A) Formation rates (J) of
the particles and ions at different sizes. (B) Evolution of particle diameter during the nucleation events.
The two solid lines (red and green) show the concentrations of sulfuric acid (SA) and HOMs. (C)
Comparison of the measured growth rates (black; error bars indicate systematic scale uncertainty)
with growth rates calculated by assuming that solely sulfuric acid contributes to the growth (red) (30)
or by also assuming a contribution from HOMs (green) (29). In addition to a much higher sulfuric acid
concentration, the data for day 4 show a Js» and growth rate that are slightly lower than those of day 3.
On day 4, not all of the instruments required to measure particles across the full range from 1to 15 nm
were functioning. Therefore, the growth rate was interpolated between about 08:40 and 10:00.
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Fig. 4. Uptake of anthropogenic carbon monoxide
versus time before arrival at the JFJ, for air
masses sampled under different nucleation
conditions. Shown are simulated means (symbols)
and standard uncertainties of the means (error
bars). Type 1A events (red) include pronounced and
clearly identifiable events, type 1B events (blue)
include less well-defined nucleation events, and NON
(green) indicates no nucleation events.
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