
ACPD
15, 12423–12452, 2015

Particle formation
around clouds

B. Wehner et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Atmos. Chem. Phys. Discuss., 15, 12423–12452, 2015
www.atmos-chem-phys-discuss.net/15/12423/2015/
doi:10.5194/acpd-15-12423-2015
© Author(s) 2015. CC Attribution 3.0 License.

This discussion paper is/has been under review for the journal Atmospheric Chemistry
and Physics (ACP). Please refer to the corresponding final paper in ACP if available.

Observations of new particle formation in
enhanced UV irradiance zones near
cumulus clouds
B. Wehner1, F. Werner2, F. Ditas1,*, R. A. Shaw3, M. Kulmala4, and H. Siebert1

1Leibniz Institute for Tropospheric Research (TROPOS), 04318 Leipzig, Germany
2Leipzig Institute for Meteorology, 04103 Leipzig, Germany
3Department of Physics, Michigan Technological University, Houghton, Michigan, USA
4Department of Physics, University of Helsinki, P.O. Box 64, 00014 Helsinki, Finland
*now at: Max Planck Institute for Chemistry, 55128 Mainz, Germany

Received: 10 April 2015 – Accepted: 10 April 2015 – Published: 29 April 2015

Correspondence to: B. Wehner (birgit@tropos.de)

Published by Copernicus Publications on behalf of the European Geosciences Union.

12423

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/12423/2015/acpd-15-12423-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/12423/2015/acpd-15-12423-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
15, 12423–12452, 2015

Particle formation
around clouds

B. Wehner et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Abstract

During the CARRIBA-campaign (Cloud, Aerosol, Radiation and tuRbulence in the trade
wInd regime over BArbados) the interaction between aerosol particles and cloud mi-
crophysical properties has been investigated in detail which includes also the influence
of clouds on the aerosol formation. During two intensive campaigns in 2010 and 20115

helicopter-borne measurement flights have been performed to investigate the thermo-
dynamic, turbulent, microphysical, and radiative properties of trade wind cumuli over
Barbados. During these flights 91 cases with increased aerosol particle number con-
centrations near clouds were detected. The majority of these cases are also correlated
with enhanced irradiance in the ultraviolet spectral wavelength range (UV). This en-10

hancement reaches values up to a factor of 3.3 compared to background values. Thus,
cloud boundaries provide a perfect environment for the production of precursor gases
for new particle formation. Another feature of cloud edges is an increased turbulence
which may also enhance nucleation and particle growth. The observed events have
a mean length of 100 m corresponding to a lifetime of less than 300 s. This implies15

that particles with diameters of at least 7 nm grew several nm per minute which cor-
responds to the upper end of values in the literature (Kulmala et al., 2004). Such high
values cannot be explained by sulfuric acid alone, thus probably extremely low volatile
organic compounds (ELVOCs) are involved here.

1 Introduction20

The influence of the number concentration of available cloud condensation nuclei
(CCN) on the number concentration of cloud droplets was shown in Warner and
Twomey (1967) for the first time. They demonstrated that smoke from sugar cane fires
leads to a significant increase in the number of cloud droplets. Furthermore, a change
in CCN followed by a change in the cloud droplet number size distribution leads to25

a change in the shortwave albedo of clouds (Twomey, 1977). Since these first studies
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the influence of the availability of aerosol particles on the microphysical properties of
clouds has been investigated many times. On the other hand, clouds strongly influence
the incoming solar radiation, thus they may also influence the formation and distribu-
tion of aerosol particles, e.g. new particle formation (NPF) (Birmili and Wiedensohler,
2000).5

The origin of ultrafine aerosol particles (smaller than 20 nm) in the remote marine
atmosphere has been an objective already in the 1990s. NPF requires not only low
particle surface area concentration but also a sufficient concentration of potential pre-
cursor gases. Covert et al. (1992) observed an increase in the number concentration
of small particles accompanied by a decrease in the surface area concentration in the10

marine boundary layer. Shaw (1989) concludes that for clean environments the role of
clouds has to be taken into account due to the photochemical production of SO2−

4 as
well as cleansing effect that lowers the aerosol particle surface concentration.

Several studies from the 1990s show increased particle concentrations near the top
and outflow of individual marine cumulus clouds (e.g., Clarke et al., 1997, 1998; Perry15

and Hobbs, 1994). Radke and Hobbs (1991) found regions with high relative humid-
ity around cumulus clouds and increased particle concentrations therein. These re-
gions coincide with regions of increased turbulence. Results from Keil and Wendisch
(2001) suggest that this phenomenon happens not only in the marine environment
but also at tops of continental clouds, where they found peaks of ultrafine particles at20

stratocumulus cloud tops over Germany. Garrett et al. (2002) observed high number
concentration of aerosol particles< 100 nm at tops of stratiform clouds in the Arctic.
Saxena and Grovenstein (1994) observed an increase in CCN concentration within
such clouds, which demonstrates the influence of clouds on the aerosol distribution.
A model study done by Hegg (1991) demonstrated that bimolecular nucleation within25

clouds is a viable mechanism for the particle production. Weber et al. (2001) observed
regions of increased ultrafine particle number concentrations near a marine frontal
cloud in a height of approximately 6 km. Here, the nucleation was observed in 60 km
wide bands with enhanced intensity of up-welling short-wave radiation.
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The results of these former studies were obtained by aircraft measurements
equipped with commercial condensation particle counters (CPC). The observed events
had a horizontal extent of approximately 1 km or more and shorter events were not
discussed due to limitations in the experimental setup. One commonly used aircraft,
the C-130, was operated at an average speed of about 100 m s−1. Typical CPCs with5

a temporal resolution of approximately 1 s therefore allow for detection of events with
a length of ∼ 200 m.

This study presents results from the Cloud, Aerosol, Radiation and tuRbulence in
the trade wInd regime over BArbados (CARRIBA) campaign using two helicopter-borne
measurement platforms that simultaneously sampled basic meteorological parameters,10

in situ cloud microphysical and aerosol variables, and cloud reflected spectral radiation.
The advantage of these helicopter-borne measurements is the low true air speed of
20 m s−1 combined with a high temporal resolution. The observed data from 28 mea-
surement flights were obtained in the marine boundary layer and the cloud layer where
91 individual cases of NPF were found. Besides providing an investigation in a new15

geographic environment, these measurements were made with very high spatial res-
olution (approximately 20 m) and with a lower size limit of 6 nm for aerosol detection.
This allows for investigation of statistical properties of the NPF events and their cor-
relation with meteorological, microphysical, and radiation variables. An introduction to
the CARRIBA-project and the scientific goal is given in Siebert et al. (2013).20

2 The measurement campaign CARRIBA

The CARRIBA campaign was performed in November 2010 and April 2011 near the
island of Barbados in the Caribbean Sea. One major objective of CARRIBA was to in-
vestigate the influence of aerosol particles on the formation and life cycle of trade wind
cumuli. Basic meteorological variables, as well as turbulence, aerosol, and in situ cloud25

microphysical parameters were measured by the Airborne Cloud Turbulence Observa-
tion System (ACTOS) payload. Collocated observations of upward spectral radiances
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and irradiances have been collected by the Spectral Modular Airborne Radiation mea-
surements sysTem (SMART-HELIOS). Both payloads were attached to the helicopter
by means of a 160 m long rope. These measurements were supplemented by ground-
based measurements at the eastern most tip of Barbados at the “Ragged Point” sta-
tion. There, dust measurements have been performed continuously since 1964 by the5

University of Miami (e.g., Li-Jones and Prospero, 1998) and several systems for thor-
ough ground-based aerosol characterization were deployed additionally for CARRIBA.
The second ground-based site contains various remote sensing instruments measur-
ing basical aerosol and cloud parameters over several years and is operated by the
Max-Planck-Institute for Meteorology (MPI-M) in Hamburg/Germany (Nuijens et al.,10

2014).
Measurement flights of ACTOS started with a vertical profile up to 2 to 3 kma.s.l. be-

tween two pre-defined navigation points over the ocean off the east coast of Barbados.
After this profile, flights usually continued with the cloud sampling strategy depend-
ing on local cloud conditions. More details about CARRIBA as well as meteorological15

conditions and examples of flight tracks are given in Siebert et al. (2013).

3 Instrumentation

3.1 The measurement platform ACTOS

The helicopter-borne measurement payload ACTOS was used to perform measure-
ments with high temporal and spatial resolution within the marine boundary layer up20

to a height of ≈ 3000 ma.s.l. ACTOS is an autonomous system that is attached to
a helicopter and flown with a true airspeed of about 20 ms−1 to ensure measurements
are safely outside of the helicopter’s downwash (Siebert et al., 2006). The payload is
equipped with fast sensors for measuring the three-dimensional wind vector, tempera-
ture, static pressure, and humidity. A navigation unit provides attitude angles, position,25

and velocity vector components to transfer the wind measurements into an Earth-fixed
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coordinate system. In addition to the meteorological standard parameters, cloud micro-
physical properties such as liquid water content (LWC), and cloud droplet size distribu-
tion are measured during cloudy conditions.

A real-time data acquisition system and independent power unit complete ACTOS.
A telemetry link to the helicopter ensures online monitoring of basic parameters during5

the flight. One scientist is onboard to fine tune the flight pattern with regard to the
observed cloud situation. In this study all time series are given in seconds of day (sod)
in UTC.

3.2 Aerosol measurements on ACTOS

Additional instrumentation to measure aerosol particle number size distributions (NSD)10

between 6 nm and 2.5 µm, as well as the total particle number concentration (N) were
installed on ACTOS during CARRIBA. A common inlet was used for all aerosol mea-
surements, leading the sample flow through a diffusion dryer to ensure dry measure-
ment conditions (< 50% RH). Afterwards, a flow splitter divides the flow line into four
lines for the individual instruments. These instruments include a total Condensation15

Particle Counter (CPC, model 3762A, TSI Inc., St. Paul, MN, USA), a Scanning Mobil-
ity Particle Sizer (SMPS) and an Optical Particle Counter (OPC, model 1.129, Grimm
Aerosol Technik, Ainring, Germany). The SMPS system was built at TROPOS and
mainly consists of a Kr-85 Neutralizer (model 3077A, TSI Inc.), a Hauke type DMA
(short version), and a CPC (model 3762A, TSI Inc.). This system was optimized in20

terms of weight and power consumption for operation on ACTOS. The SMPS mea-
sures aerosol particle number size distributions from 6 to 250 nm with a temporal res-
olution of 120 s. The OPC measures particle number size distributions from 250 nm
to 2.5 µm with a temporal resolution of 1 s. Therefore the combination of both instru-
ments provides aerosol number size distributions from 6 nm to 2.5 µm using the in-25

version described by Pfeifer et al. (2014). SMPS measurements have been corrected
for variations in the volume flow due to pressure changes during the flight and also
for diffusion losses within the inlet line. The CPC measures the total particle number
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concentration (NCPC) with particle diameter Dp > 6 nm and a temporal resolution of 1 s.
This instrumentation was already introduced in Wehner et al. (2010). The measured
aerosol parameters were all corrected for standard temperature (T0 = 288 K) and pres-
sure (p0 = 1013.15 hPa).

In addition the recently developed Fast CPC (FCPC) (Wehner et al., 2011) has been5

implemented on ACTOS and was used to measure the total particle number concen-
tration (NFCPC) of aerosol particles> 7 nm with a temporal resolution of ≈ 10 Hz. The
FCPC has its own inlet on ACTOS which is operated with a higher flow to minimize the
residence time between inlet and FCPC.

While the FCPC has been tested intensively on the ground (Wehner et al., 2011),10

the CARRIBA campaigns were the first application for airborne measurements. The
TSI CPC was used as a reference during periods with relatively constant N to compare
the FCPC in terms of long-term stability. During the 2 campaigns no systematic devi-
ation between the two instruments has been observed. During two flights of the first
campaign in November 2010 technical problems occurred and those data were ex-15

cluded from this study. In preparation for the second campaign in 2011 the FCPC was
improved and a second one was additionally installed on ACTOS. Thus, for the flights
in April 2011 data from two FCPCs are available. Here, both instruments worked well
and observed particle number concentrations from the two instruments agree within an
uncertainty of ±10%.20

Figure 1 shows a time series of NFCPC and NCPC on 22 April 2011 at cloud level.
The background concentration during this flight varied between 150 and 250 cm−3 but
individual events show particle number concentrations of more than 8000 cm−3. These
events are detected by all three instruments, but the TSI CPC with its lower time res-
olution is not able to capture the maximum concentration measured by the FCPC.25

moreover, the small scale structure is resolved by the two FCPCs only. The time series
demonstrates nicely how well both FCPCs agree and in the following figures only data
from FCPC1 will be shown.
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3.3 Radiation measurements using SMART-HELIOS

Instrumentation to sample upward spectral irradiances F ↑λ and cloud–reflected spec-

tral radiances I↑λ was installed on SMART–HELIOS. measurements performed with
SMART–HELIOS have been reported in Werner et al. (2013) and Werner et al.
(2014). Optical fibers connect each optical inlet to two grating spectrometers, respec-5

tively. These cover the wavelength λ range between 180–1000 nm in the visible to
near–infrared spectral wavelength range (VNIR) and between 900–2200 nm in the
shortwave–infrared spectral wavelength range (SWIR). In the VNIR the spectrome-
ters have a spectral resolution, defined by full width at half maximum, of 2–3 nm, and
in the SWIR 8–9 nm. The temporal resolution of sampled F ↑λ and I↑λ is 0.1–0.3 s. The10

field of view of the radiance inlet is 2◦ resulting in a footprint 2.5m in cross–track and
4.2–8.5 m in along–track direction (depending on the flight level above cloud top and
the integration time of the sample). The optical inlets and spectrometers are calibrated
with certified calibration standards traceable to the National Institute of Standards and
Technology (NIST). The uncertainties of the F ↑λ and I↑λ signals arise from uncertainties15

introduced during the radiometric calibration, as well as uncertainties in the calibration
standards and the spectrometer signal, and are estimated to be ±6 % in the VNIR and
±10 % in the SWIR (Werner et al., 2013).

4 Results

For the CARRIBA campaigns the measured particle number concentration in the ma-20

rine boundary and cloud layer, excluding NPF events, was usually ≈ 100–300 cm−3 for
the analyzed flights. During several flights, short events of increased particle number
concentrations with maximum values of up to 17 000 cm−3 were observed. In this study,
events with a maximum number concentration of more than 1000 cm−3 were consid-
ered to be NPF events. Furthermore, subsequent maxima were considered to be the25

same event if the concentration decreased to the background value for less than 2 s
12430
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(or 40 m), otherwise they were counted as individual events. Using these criteria 91
events were detected in the cloud layer during measurements flights with valid FCPC
data. The hypothesis is that these particles were formed by nucleation and grew to
detectable sizes within the lifetime of the individual cloud sampled. Thus, these events
will be called NPF events. Interestingly, almost all of the NPF events were observed in5

the vicinity of clouds.

4.1 New particle formation events: examples

NPF events occurred at different locations relative to surrounding clouds. Figure 2
shows examples of observed NPF to illustrate the variety of cases. Some instances
were found near cloud edge (at both upwind and downwind sides) of clouds or be-10

tween clouds where the decrease of LWC was closely connected with an increase in N
(see Fig. 2a and b). Increased particle concentrations were observed during entering
and leaving clouds which rules out the possibility of artificial particle production. Fur-
thermore, increased values in N were found in the entrainment zone, i. e. in regions
at the cloud edge where the LWC was nonzero but fluctuating (see Fig. 2c). Other15

cases like the one shown in Fig. 2d seem to occur without the presence of a nearby
cloud, although from the in situ measurements alone the possibility that these obser-
vations were performed above cloud top cannot be excluded. These four cases will be
discussed later in more detail.

The examples shown in Fig. 2a–d also demonstrate the different resolution of the20

two CPCs: the laminar flow type CPC with its time resolution of 1 s cannot resolve
the smallest structures that can be measured by the FCPC. Thus, also the maximum
concentration cannot be resolved by the CPC because the variations appear smoother
in this instrument. Some of the events last only a few seconds which is close to the
detection limit of the CPC.25

The events have been identified by a significant increase in the total particle number
concentration, however, the events are too short to obtain a complete particle number
size distribution for the respective period. Thus, we have to speculate about size and
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origin of these particles. There are no anthropogenic sources because the measured
concentration of CO2 does not follow N in any case. Since there are no other sources
the observed particles are very likely produced by new particle formation, i.e. they were
formed by homogeneous nucleation from one or more condensable species, and grew
subsequently into detectable sizes.5

Because the SMPS measure individual particle diameter ranges sequentially within
a scan, even with limited time resolution these measurements can give insight into
whether these particles occur mainly in the ultrafine particle size range. During some
events the observed diameter from the SMPS was in the ultrafine particle range
(< 20 nm) and the number size distribution showed a maximum around this value. This10

was the case for the NPF event in Fig. 2c. The SMPS started a scan from 6 nm at
52 924 s of day, which is shown in Fig. 3 together with the following number size dis-
tribution without NPF. Around 20 s later between 52 940 and 52 950 sod the event was
observed in NFCPC corresponding to a diameter between 10 and 20 nm. Similar cases
have been observed a few more times, but never at larger diameters in the NSD. This15

finding confirms our hypothesis that the event of increased particle number concentra-
tions are caused by the formation of ultrafine particles and that these cases are indeed
NPF events.

4.2 Statistics

FCPC data from 28 flights are available. During 4 of them no NPF events were detected20

and during 24 flights between 1 and 13 individual events were counted. This means that
during 83 % of the investigated flights NPF events were observed. Figure 4 shows the
distribution of the horizontal extent of each individual event, assuming a constant flight
speed of 20 ms−1. More than 50 % of all events were observed to have a horizontal
extent of less than 100 m. This explains why they have rarely been observed during25

former aircraft experiments. Such aircraft have a flight speed of at least 50–70 ms−1

(www.eufar.net) and most commercial CPCs in the past had a time resolution of ≥ 1 s.
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Thus, events of increased number concentrations that cover a distance of 100 m or less
could not be resolved with these systems.

Figure 5 shows the distribution of maximum particle concentration for each individual
event. To exclude the influence of individual outliers the 95th percentile was used as
a proxy for the maximum concentration. The maximum observed concentration dur-5

ing CARRIBA was 17 000 cm−3, the most frequent maximum concentration occurred
between 1000 and 2000 cm−3 and the frequency decreased with increasing number
concentration.

4.3 Correlation of new particle formation with other variables

The 91 NPF events occurred at various locations within the cloud layer, varying in10

length, maximum concentration, shape, and the correlation with other parameters. An
interpretation of the nucleation and growth processes inherent in the observed NPF
events is complicated because of two reasons: (i) the FCPC measures particles> 7 nm,
i.e. the nucleation process has occurred some time before the measurement and con-
ditions may have changed, and (ii) there are no measurements of potential precursor15

gases. However, ACTOS and SMART-HELIOS provide meteorological, microphysical,
and upward radiation measurements that can be compared to NPF events for sugges-
tions of correlation.

First, we consider correlations of NPF and existence of nearby cloud. During the sec-
ond CARRIBA campaign in 2011 measurements of the upward spectral irradiance F ↑λ20

and cloud–reflected spectral radiance I↑λ by SMART–HELIOS are available for all flights.

The I↑λ data yield the benefit of giving information about the cloud field directly around
and below ACTOS. As shown by Werner et al. (2014), comparing spectra sampled over
cumuli with those sampled over the ocean surface or the island allows for a clear differ-

entiation between these surfaces via radiance–ratios R =
I↑λ1
I↑λ2

. In this work λ1 = 720nm25

and λ2 = 644nm, resulting in a range indicating cloudy data betweenR = 0.6–0.75, de-
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pending on the cloud optical thickness and solar zenith angle. Samples over the ocean
showR < 0.6, whileR > 1 for measurements over the island due to the sharp increase
in reflectivity of vegetation in the near infrared. The cloud ratio R yields a reliable es-
timate of the position of each NPF event relative to the respective cloud field. This is
in contrast to in situ measured LWC data, because due to the inhomogeneous cloud5

structure ACTOS sometimes dipped in and out of cloud tops or entered (left) the cloud
later (earlier) than the cloud edge at lower levels. In 2011, 38 of the 44 NPF events
were connected to clouds: at the cloud edge, only a few seconds away from a cumulus
or above a cloud. These findings emphasize the strong connection between NPF and
cloud boundaries.10

Correlations with other measured variables can also be explored. In the following,
three representative examples of time series including NPF events are given to illus-
trate the differences between individual events and potential correlations with other
parameters. Presented variables are: w: vertical wind speed, r : water vapor mixing ra-
tio, N: total particle number concentration> 7 nm measured by CPC and FCPC, LWC:15

liquid water content to show areas where clouds were present, F ↑λ : spectral upward
irradiance and R: cloud ratio.

Figure 6 shows a NPF case at the edge of a cumulus cloud indicated by LWC > 0
adjacent to increased values in N. Furthermore, R shows values between 0.6 and 0.7
around this cloud indicating that ACTOS was measuring above a cloudy area when at20

the location of the NPF event. Before and after the cloud area, R increased to values
above 1 indicating measurements over the island without cloud coverage. The total
particle number concentration increases from ≈ 300 to 3500 cm−3 at the cloud edge.
The irradiance increases above the cloud by a factor of two compared to the region
further away from the cloud. From the cloud ratio it can be concluded that the NPF25

event occurs above a part of the cloud, i. e. still in the region with enhanced irradiance.
Interestingly the NPF event also corresponds to a downdraft region relative to the cloud.
In contrast, no apparent correlation with r is observed.
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Figure 7 shows another case of NPF where the enhanced number concentration
occurred between two cloud traverses by ACTOS. 22 April 2014 was characterized
by the lowest particle number concentrations in the cloud-free background during the
whole campaign. In the selected section shown in Fig. 7 N varied between 100 and
150 cm−3 and increased to more than 12 500 cm−3 during the NPF event. The cloud5

ratio R indicates that there was continuous cloud coverage below the measurement
height, indicating that the three individual regions of enhanced LWC (sampled in situ
by ACTOS) belong to the same cloud. This can occur when ACTOS briefly leaves the
cloud top and reenters the cloud a little later. The irradiance is enhanced over the whole
region by a factor of 2 compared to the cloud-free background.10

Figure 8 shows a third NPF case observed at the cloud edge but also within the cloud
(entrainment region), where increased particle number concentrations are correlated
with a decrease in LWC. The background concentration in the cloud-free regions was
around 200 cm−3 and the maximum during the event around 14 000 cm−3. The cloud
ratioR indicates that ACTOS was still above a cloud at ≈ 52 950 sod, i.e. the NPF event15

occurred above the cloud. Around the observed cloud R is fluctuating, i.e. there were
some shreds of clouds below ACTOS. F ↑λ has its maximum at the same side of the

cloud as N which is also the side reflecting the sun during that flight. F ↑λ is enhanced
by a factor of 1.8 above the background value in the cloud-free environment.

The short NPF event within the cloud is related to a minimum in LWC and occurs20

in the so-called entrainment region at the cloud edge. This region is characterized
by strong small-scale mixing processes leading to an evaporation of cloud droplets
and therefore a release of potential precursor gases. In combination with turbulent
mixing and an increased irradiance this region provides preferable conditions for NPF.
The eddy-like structures in LWC and N illustrate the mixing at the cloud edge nicely25

and has also been observed in a few more cases. This is in good agreement with
results from Clarke et al. (1998) who identified new particle formation in the outflow
regions of cumulus clouds driven by enhanced gas concentrations in connection with
photochemical activity.
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From these examples a connection between NPF events and clouds as regions with
increased UV radiation is obvious. Together with the fact that 38 out of 44 cases of
NPF are directly related to clouds the increase of F ↑λ seems to be an important factor
for particle production in cloudy regions.

Figure 9 shows the increase of measured irradiance compared to a background5

value without cloud for the observed cases from April 2011. The increase varies be-
tween 1.2 and 3.3 with a median of 1.78. This is in good agreement with the study from
Weber et al. (2001) who published model simulations to demonstrate that an UV en-
hancement of a factor of 2 produces reasonable values in H2SO4 compared with their
observations. From ACTOS-measurements no measurements of chemical precursors10

are available but H2SO4 is very likely involved in the nucleation process.

4.4 Estimated age of particle bursts and implications for particle growth rate

The observations of new particle formation events are often characterized by short,
burst-like spikes with remarkably sharp edges, implying that they have not become well
mixed and diluted by turbulence. At the same time, NPF events are only observable15

when they have diameters above 7 nm. In this section we use these two observations
to estimate a lower bound on the particle growth rate. In order to make a quantita-
tive estimate we select one burst, shown in Fig. 10, which was chosen because it is
representative of a typical NPF event.

The total horizontal extent of the burst is approximately 50 m, and we take this as the20

characteristic dimension of the puff of newly formed particles. We can ask, what is the
time required for a spatially localized population of particles to reach this size through
turbulent diffusion? The concept of Richardson pair dispersion describes the relative
separation of two fluid elements in a turbulent flow for length scales within the inertial
subrange, or approximately 1 mm to ∼ 100 m. The mean-square separation distance25

scales as 〈|δx|2〉 = gεt3, where ε is the turbulent kinetic energy dissipation rate and g
is the Richardson constant (typically thought to have a value of 0.1 to ∼ 5) (Davidson,
2004). Recent laboratory (Ott and Mann, 2000) and direct numerical simulation (Bof-
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fetta and Sokolov, 2002) results suggest g ≈ 0.5, so while we will consider the full range
of possible values, we take this as the most likely value. We do not have any informa-
tion about the size of the initial burst, but to be conservative in estimates of growth rate
we assume that it is at the bottom of the turbulence inertial subrange, e.g., ∼ 1 mm. In

that case, we can obtain an approximate age of the burst as T = (L2/gε)1/3, where5

L = 〈|δx|2〉1/2 is the characteristic size of the burst.
The time series of ε is also shown in Fig. 10, and we use the mean value over

the length of the burst, ε ≈ 2×10−3 m2 s−3. Using L ≈ 50 m, we estimate T ≈ 136 s.
Assuming the particles must reach d = 7 nm within this time we can estimate a growth
rate of 3 nmmin−1. Accounting for the range of possible g results in growth rates of 210

to 7 nmmin−1. For this growth rate ≈ 1–4×109 cm−3 vapor molecules are needed (see
Nieminen et al., 2010). In practise it is very probable that besides sulphuric acid also
extremely low volatile organic compounds (ELVOCs) are involved in the process (see
Ehn et al., 2014; Kulmala et al., 1998). Actually this kind of growth rates have previously
been observed at coastal sites like Mace Head (Kulmala et al., 2004).15

5 Conclusions

This study presents meteorological, aerosol, cloud and radiation measurements from
the CARRIBA campaign that was performed close to the Caribbean island Barbados,
in the trade wind cumulus environment. 91 cases of strongly increased particle num-
ber concentration caused by new particle formation were detected in the cloud layer20

and analyzed to consider event properties and correlations. The available database
does not allow for process studies but we have sought to identify conditions favoring
new particle formation. Most of the NPF cases were connected to clouds representing
an environment with increased irradiance in the ultra-violet spectral wavelength range
(UV). NPF requires photochemical activity for the production of precursor gases. In our25

case no measurements of gases are available but the increased UV irradiance at cloud
boundaries provides a perfect region for the production of precursors. This could be
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intensified by turbulent mixing which is typical for the entrainment regions and there-
fore for cloud edges. Such small-scale mixing processes may enhance the formation
rate of new particles because of strong nonlinearities in the system (Easter and Peters,
1994). Radke and Hobbs (1991) observed increased particle number concentrations
in the surrounding region of cumulus clouds which were also characterized by high5

relative humidities. During CARRIBA, also regions with high relative humidities around
clouds were detected by Katzwinkel et al. (2014), however we did not see any evidence
for a correlation between increased humidity and NPF.

The presented results agree with earlier publications suggesting that marine clouds
do not only play an important role as particle sinks due to activation and the following10

effects on the radiation budget but also as a source for aerosol particles. Cloud edges
or cloud tops have been identified as preferred regions for NPF in earlier studies but
these were limited to a few individual cases only. Here, we detected 91 cases demon-
strating the relevance for the marine environment. In combination with results from
earlier publications (e.g., Clarke et al., 1997, 1998; Perry and Hobbs, 1994; Keil and15

Wendisch, 2001; Weber et al., 2001) this leads to the conclusion that this phenomenon
is not only of regional interest since it was found in completely different regions of the
world.

Another interesting result from this study is the estimate of the lifetime of particle
bursts. The mean length of the observed NPF events was 100 m resulting in a lifetime20

of less than 300 s. Aerosol instrumentation on ACTOS is restricted to measure parti-
cles larger than 7 nm only, thus these particles grew within this lifetime to detectable
sizes, i.e. 7 nm. This implies growth rates of several nm per minute which is in con-
trast to typical growth rates mainly from ground-based measurements reported in the
literature (1–7 nmh−1, Kulmala et al., 2004) and is possibly caused by the additional25

effect of turbulent mixing. However, Dal Maso et al. (2002) reported growth rates up to
200 nmh−1 (3.3 nmmin−1) from a coastal site in Ireland, thus the values deduced here
are realistic. However, these growth rates are not possible due to sulfuric acid alone
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in particular under clean marine conditions and it is very probable that extremely low
volatile organic compounds (ELVOCs) are involved here (Ehn et al., 2014).
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Figure 1. Time series of the two FCPC (FCPC1 and FCPC2) and the TSI CPC measured
during a flight section on 22 April 2011.
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Figure 2. Time series of NCPC, NFCPC, and LWC over 40 s each during an event of increased
particle number concentration (a) at a cloud edge, (b) between clouds, (c) in the entrainment
region, and (d) without clouds nearby.
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Figure 3. Number size distributions (NSD) measured on 23 April 2011, starting at 52 924 sod
(cf. Fig. 2c).
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Figure 4. Frequency distribution of the horizontal extent of the observed 91 new particle for-
mation events.
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Figure 5. Maximum concentration (95th percentile) of the observed 91 new particle formation
events.
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Figure 6. Section of the measurement flight on 14 April 2011 through a cumulus cloud. Pre-
sented variables are: w: vertical wind speed, F ↑λ : spectral upward irradiance, r : water vapor mix-
ing ratio, NCPC and NFCPC: total particle number concentration measured by CPC and FCPC,
LWC: liquid water content, and R: cloud ratio.
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Figure 7. Section of the measurement flight on 22 April 2011, same variables as in Fig. 6.
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Figure 8. Section of the measurement flight on 23 April 2011, same variables as in Fig. 6.
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Figure 9. Relative increase of measured irradiance above the individual cloud compared to
a background value without cloud for all NPF events during April 2011.
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Figure 10. Penetration of a cloud field with a burst of increased number concentrations N of
ultrafine particles between two cloud penetrations. The clouds are marked by the blue areas
which represent LWC in arbitrary units. Additional the dots show the local energy dissipation
rate ε averaged over a relative flight path of roughly 20 m.
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