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Abstract

Aerosol particle measurements in the atmospheric boundary layer performed by a
helicopter-borne measurement payload and by a lidar system from a case study during
the IMPACT field campaign in Cabauw (NL) are presented. Layers of increased num-
ber concentrations of ultrafine particles were observed in the residual layer, indicating5

relatively recent new-particle formation. These layers were characterized by a sub-
critical Richardson number and concomitant increased turbulence. Turbulent mixing is
likely to lead to local supersaturation of possible precursor gases which are essential
for new particle formation. Observed peaks in the number concentrations of ultrafine
particles at ground level are connected to the new particle formation in the residual10

layer by boundary layer development and vertical mixing.

1 Introduction

New particle formation (NPF) in the size range of a few nanometers in diameter, has
been observed in the atmosphere at various locations: urban, remote, and arctic sites
(e.g., Stanier et al., 2004; Weber et al., 1997; Wiedensohler et al., 1996). Kulmala et al.15

(2004) reviewed more than 100 of such experimental studies from worldwide locations
concluding that NPF was found under a wide range of atmospheric conditions almost
everywhere on the globe where it was looked for. Newly formed particles are too small
to scatter light or act as cloud condensation nuclei. However, in polluted continental
regions they may grow up to 100 nm in diameter within a few hours and may act as20

cloud condensation nuclei and scatter light which may influence the regional and global
climate (Laaksonen et al., 2005; Spracklen et al., 2006, 2008). Kuang et al. (2009) and
Wiedensohler et al. (2009) showed for different locations that new particle formation
may enhance the number of available CCN by an order of magnitude. Thus, being able
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to understand and predict NPF is a key issue in understanding and quantifying both
the direct and indirect aerosol effects on climate.

However, the actual process of new particle formation, i.e. the homogeneous nu-
cleation of new particles, around 1–2 nm in diameter, from one or more condensable
species as well as different ways of heterogeneous nucleation and subsequent parti-5

cle growth into detectable sizes is still not well understood. Nevertheless, it can be
stated that under atmospheric conditions, sulfuric acid and water vapor are most likely
the species controlling the homogeneous nucleation process (Kulmala et al., 2000),
and the important contribution of organic vapors to particle growth is more or less un-
doubted (e.g., Marti et al., 1997; Kavouras et al., 2002; O’Dowd et al., 2002). However,10

we still lack basic knowledge concerning the actual mechanisms involved in NPF and
their quantification.

It is still a challenging task to mechanistically understand the processes underlying
NPF from atmospheric measurements. One reason being that, in the atmosphere, we
are looking at the convolution of different meteorological, gas phase and particle dy-15

namical processes making it hard to quantify the influences of a particular process. For
example, if the growth of the homogeneously nucleated particles is not sufficiently fast
(e.g., due the lack of precursors), the particles coagulate with, and are removed by,
the pre-existing aerosol population and, although homogeneous nucleation took place,
no NPF is observed (O’Dowd et al., 2002; Kulmala et al., 2000, 2004). Furthermore,20

some of the observed events obviously depend on, or are even controlled by, mixing
processes linking the development of the planetary boundary layer (PBL) to NPF as
discussed in detail in Bigg (1997) and Nilsson et al. (2001a). However, although try-
ing to understand mechanistically the processes underlaying NPF is somewhat awk-
ward, trying to identify and understand the influences of a particular meteorological,25

gas phase or particle dynamical process on NPF seems a realistic task, and will help
to make NPF more predictable.

Within the framework of this paper we deal with the influences of a meteorological
process, specifically the development of the PBL, on NPF. Data concerning this topic
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are sparse as the majority of available NPF measurements were performed close to
ground, i.e., maybe in the wrong place, and no conclusions about the influences of PBL
dynamics on NPF can be given.

For a detailed investigation of the vertical variation of aerosol particles during for-
mation events the intensive field campaign SATURN (“Strahlung, vertikaler Austausch,5

Turbulenz und Partikel-Neubildung”; radiation, vertical exchange, turbulence and new
particle formation) was performed in 2002 (Stratmann et al., 2003). Here, increased
number concentrations of ultrafine particles were observed after break-up of the noc-
turnal inversion within the whole mixed layer (Stratmann et al., 2003) and near the in-
version correlating well with high fluctuations of the temperature and humidity caused10

by plumes penetrating the inversion (Siebert et al., 2004). Such penetration caused in-
tensive mixing, which in turn apparently significantly increased nucleation and growth
rates. Another analysis from the same campaign showed NPF on the lower edge of
a low level jet corresponding to large gradients of temperature, humidity and SO2-
concentration (Siebert et al., 2007). The main conclusion from this campaign was that15

NPF occurs frequently in elevated heights and different mechanisms might be involved
as partly discussed in Nilsson et al. (2001a) while the horizontal extent can be up to
400 km (Wehner et al., 2007) in central Europe.

During the SATURN campaign NPF events in elevated heights were identified by in-
creased number concentrations between 5 and 10 nm, while number size distributions20

were not measured there. In addition it was difficult to follow the development of the
planetary boundary layer, because no continuous remote sensing was available, such
as a lidar.

This study presents results from measurements of the autonomous platform AC-
TOS (Airborne Cloud Turbulence Observations System), which was carried by a he-25

licopter to measure meteorological, aerosol, and cloud parameters up to a height of
2000 m during the “Intensive Observation Period at Cabauw Tower” (IMPACT) in The
Netherlands, 2008. In addition, data from a number of remote sensing instruments
as well as ground-based equipment were available during that period. The presented
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combination of helicopter flights and lidar measurements is unique and helps to under-
stand the potential connection between particle formation and growth and boundary
layer development.

2 Experimental

2.1 Measurement site CESAR in Cabauw5

The field campaign IMPACT was part of the EU-project EUCAARI (Kulmala et al., 2009)
and was performed at the Cabauw Experimental Site for Atmospheric Research (CE-
SAR, Russchenberg et al., 2005). The Cabauw site is operated by seven Dutch re-
search institutes and represents a major scientific international site for remote sensing,
atmospheric research and climate monitoring. Its main landmark is the 213 m high10

meteorological mast. The site is located 30 km southwest of Utrecht (51◦ 58.223′ N,
4◦ 55.575′ E), a rural area in the central part of The Netherlands within Northwestern
Europe. The flat terrain provides horizontally homogeneous conditions, a key prereq-
uisite for boundary layer investigations. At the Cabauw Tower, various meteorological
parameters as well as aerosol number size distributions are measured continuously.15

During the intensive phase of IMPACT additional aerosol characterization has been
installed at the the tower as well as a variety of remote sensing instrumentation.

2.2 Instrumentation

This study is mainly based on measurements performed with the helicopter-borne mea-
surement payload known as ACTOS (Airborne Cloud Turbulence Observation System).20

These observations are supported by continuous remote-sensing measurements of the
lidar CEALI (CESAR Water Vapour, Aerosol and Cloud Lidar) and aerosol measure-
ments at 60 m above ground level. All systems are briefly introduced in the following
subsections.

331

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/327/2010/acpd-10-327-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/327/2010/acpd-10-327-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 327–360, 2010

Turbulence-induced
particle formation in

the residual layer

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

2.2.1 The measurement platform ACTOS

The helicopter-borne measurement payload ACTOS was used to perform temporal
and spatial highly-resolved measurements in the PBL up to a height of 2000 m above
ground. ACTOS is an autonomous system which is carried by means of a 140 m long
rope as external cargo below a helicopter and flown with a true airspeed of about5

20 m s−1 to ensure safe flights out of the helicopter’s downwash (Siebert et al., 2006).
The payload is equipped with fast sensors for measuring the three-dimensional wind
vector, temperature, static pressure, and humidity. A state of the art navigation unit
provides attitude angles, position, and velocity vector components to transfer the wind
measurements into an Earth-fixed coordinate system. In addition to the meteorological10

standard parameters, cloud microphysical properties such as cloud droplet sizes and
number concentrations are measured during cloud 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 during
the flight. One scientist is onboard to fine tune the flight pattern accordingly to the15

observed stratification and local situation.
A new comprehensive set of systems for physical aerosol characterization was inte-

grated in ACTOS and is described in more detail in the following subsection.

2.2.2 Aerosol measurements on ACTOS

Particle number size distributions (6 nm to 2.5 µ m) as well as the total number con-20

centration were measured on ACTOS during IMPACT. A common inlet was used for all
aerosol measurements leading the sample flow through a diffusion dryer to ensure dry
measurement conditions (<50%). A flow splitter divides the flow line into three lines
for a total CPC (Condensation Particle Counter, model 3762A, TSI Inc., St. Paul, MN,
USA), a SMPS (Scanning Mobility Particle Sizer) and an OPC (Optical Particle Counter,25

model 1.129, Grimm Aerosol Technik, Ainring, Germany). The custom-built SMPS sys-
tem consists mainly of a Kr-85 Neutralizer (model 3077A, TSI Inc.), a Hauke type DMA
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(short version), and a CPC (model 3762A, TSI Inc.). This system was optimized in
terms of weight and power consumption for operation on ACTOS. It is autonomous
with regard to flow control and measurement. This SMPS measures particle number
size distributions from 6 to 250 nm with a temporal resolution of 120 s. The OPC deter-
mines the number size distributions in the range from 250 nm to 2.5 µ m with a temporal5

resolution of 1 s. The combination of both instruments provides aerosol particle num-
ber size distributions (NSD) from 6 nm to 2.5 µ m. The other CPC measures the total
particle number concentration (N) with Dp>6 nm and a temporal resolution of 1 s.

SMPS measurements were corrected for variations in the volume flow due to pres-
sure changes during the flight and also for diffusional losses within the inlet line.10

Assuming spherical particles, surface and volume size distributions were calculated.
Integration over selected size ranges gave number, surface and volume concentrations,
such as N(6−20 nm): particle number concentration from 6 to 20 nm, S(80−500 nm) and
V(80−500 nm): particle surface and volume concentration from 80–500 nm, respectively.

2.2.3 Lidar15

The lidar CAELI (CESAR Water Vapour, Aerosol and Cloud Lidar; Apituley et al., 2009)
is a high-performance, multi-wavelength Raman lidar, capable of providing round-the-
clock measurements. The instrument provides profiles of volume backscatter and ex-
tinction coefficients of aerosol particles, the depolarisation ratio, and water-vapor-to-
dry-air mixing ratio. A high-power Nd:YAG laser transmits pulses at 355, 532, and20

1064 nm. Because a large telescope is essentially blind for lidar signals from close
to the instrument, a second, small telescope is needed to cover the near range, in
particular for measurements in the planetary boundary layer. The lidar echoes at the
elastic and Raman scattered wavelengths are relayed to the photo detectors through
optical fibres. To cover the lidar signal dynamic range from close to far ranges, si-25

multaneous 12-bit analog and 250 MHz photon counting data acquisition is used for
most channels, except for the 1064 nm signals. Here, an avalanche photo diode is
used in analog mode only. The lidar return signals strongly depend on height z (in
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the case of a ground-based, vertically pointing lidar) and decrease with z2. Multipli-
cation with z2 thus removes the height dependence. In this way, the range-corrected
signals (Fig. 1) are obtained. Range-corrected signals at 1064 nm are fully dominated
by particle backscatter and are therefore well-suited to display layering structure and
dynamics.5

2.2.4 Aerosol measurements at ground

The “Neutral cluster and Air Ion Spectrometer” (NAIS) is capable of measuring mobility
distributions of sub-3 nm neutral and charged aerosol particles and clusters (Kulmala
et al., 2007) in the mobility diameter range of 0.8–40 nm. Controlled charging together
with the electrostatic filtering enables it to measure also the neutral aerosol particles.10

Mobility distribution of corona charger ions sets the lowest detection limit for NAIS
in neutral particle mode close to 2 nm. The NAIS measurement principle is based
on unipolar charging of the sampled particles and their subsequent detection with an
electrical mobility analyzer. The NAIS measures ion and particle number distribution in
21 size fractions with 5-min time resolution to optimize sensitivity and signal-to-noise15

ratio. The NAIS is developed from the Air Ion Spectrometer (AIS, Mirme et al., 2007).
The instrument is described in more detail by Manninen et al. (2009).

3 Measurements and results

3.1 Measurements

The IMPACT campaign lasted from 1 to 31 May; ACTOS flights were performed in20

the period from 7 to 24 May. Altogether, 12 helicopter flights were performed within a
radius of 5 nautical miles around Cabauw tower.

Here, the observations performed on 13 May are analyzed. Two measurement flights
are available. The morning flight from 07:26–08:44 UTC consisted of three vertical
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profiles and six horizontal legs at different heights (cf. Fig. 1). A second flight was
performed on this day from 10:40 to 11:43 UTC, but new particle formation was not
observed. Therefore the second flight is not discussed here.

The length of horizontal flight legs was at least 5 min (e.g., 6 km) to ensure at least
two complete scans of the particle number size distribution. Mean characteristics of5

the individual profiles and horizontal flight legs are given in Tables 1 and 2.
The flight data are supported by the continuously running lidar CAELI and the NAIS

system installed on the Cabauw Tower in about 60 m above ground level.

3.2 Meteorological situation

On 13 May 2008, the weather situation was dominated by a high pressure system over10

central and eastern Europe. This led to a period of sunny weather with some cumulus
formation around noon. Air temperatures at the ground ranged from 13 ◦C in the early
morning to 24 ◦C in the afternoon. Polluted air masses were advected from central
Europe to the field site, the wind direction was northeast to east. Due to cloud-free
conditions during night an undisturbed boundary layer development (e.g., Stull, 1988)15

was observed throughout the morning.
The evolution of the aerosol layers (developing convective boundary layer at ground

and residual layer on top) in the morning of 13 May is presented in Fig. 1. This fig-
ure shows the time series of the backscattered lidar signal at 1064 nm below 2000 m
between 07:15 and 09:45 UTC. This period includes the first ACTOS-flight. The flight20

pattern is illustrated in the figure. Sunrise was at 03:50 UTC. The top of the convec-
tively active boundary layer was around 220 m at 07:15 UTC and increased to 500 m
two hours later. After 09:35 UTC, the boundary layer was well-mixed so that wave-
structured layers as found from 07:40–08:10 UTC (around 700 m height) and from
08:40–09:00 UTC (800–900 m height) are no longer detected. Note that the lidar signal25

strength increased above 1000 m height (above the local residual layer) caused by the
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advection of aged anthropogenic haze from the European continent to the east. Ac-
cording to the lidar observations, the continental aerosol layer reached to 3 km height
on that day.

In order to investigate this aerosol layer, backward trajectories were calculated using
the NOAA “On-line Transport and Dispersion Model” HYSPLIT (Draxler and Rolph,5

2003). Figure 2 shows those arriving at Cabauw on 13 May 08:00 UTC in differ-
ent heights: 500, 1000, and 1500 m. The backward trajectories indicate that the air
masses over Cabauw spent the past two days over continental areas of mainly Ger-
many. They passed polluted areas such as the “Ruhr”-area in western Germany. The
high backscatter signal above 1000 m was probably caused by aged aerosol particles10

from anthropogenic sources. Due to effective convection over continental areas they
were lifted upwards into these heights and transported horizontally without significant
removal processes. Central Europe was influenced by high pressure during these days
and no rain was observed along the trajectories.

3.3 Vertical profiles, stratification, and turbulent layers15

Vertical profiles from ground to the maximum height were always flown in the beginning
and at the end of of each measurement flight. This was done in order to determine the
development of the PBL stratification but also to define layers of particular interest in
which horizontal legs had to be flown after the first profile.

Figure 3 shows selected state parameters measured by ACTOS during the first as-20

cent after take off at 07:22 UTC on 13 May. The stratification of the PBL is described by
the vertical gradient of the potential temperature Θ. During night time, a strong temper-
ature inversion (∂zΘ>0) had developed up to a height of 300 m. Due to surface heating,
a shallow ≈50 m thick unstable surface layer (∂zΘ<0) existed above ground. This layer
was followed by a 150 m thick well-mixed layer (neutrally stratified with ∂zΘ≈0). Above25

the inversion, the temperature gradient was gradually decreasing (but still positive) up
to a height of about 500 m followed by an almost neutrally stratified layer with ∂zΘ=0.
A similar structure was observed in the profile of the water vapor mixing ratio m with a
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well-mixed layer up to 200 m followed by a gradual decrease of m and nearly height-
constant values above 500 m. A slight increase of m with a local maximum at around
1100 m is obvious. The profile of the CO2 mixing ratio (mCO2

) shows a similar behavior
as the one for m. Due to technical reasons, no wind data are available for the first
ascent.5

The profile of the aerosol particle number concentration N showed a completely
different behavior compared with the mixing ratios m and mCO2

. Whereas in the
well-mixed layer (the lowermost 200 m) N was height-constant with concentrations of
N≈6×103 cm−3, above the inversion the concentration significantly decreased but in-
dicates much more variability compared to the other parameters. The most obvious10

features are two layers with local maxima where the concentration increased by a fac-
tor of 2–3 (shaded areas L1 and L2 in Fig. 3). The location of these layers in all profiles
is given in Table 1. A third local maximum of N at 1300 m was topped by a small tem-
perature inversion at 1350 m, above this inversion was a general decrease in N to a
regional tropospheric background value.15

About one hour after take-off and after sampling during different legs at constant
heights (which are discussed in Sect. 3.4 two further vertical profiles were flown. These
measurements are shown in Fig. 4. Profile 2 was sampled during an ascent from 500
to 1750 m. After a short horizontal leg at maximum height the final descent (profile 3)
was performed from 1750 m to ground (cf. flight pattern in Fig. 1).20

In the meantime, a well-mixed layer from the surface up to about 280 m had devel-
oped with nearly constant profiles of all measured parameters. The lidar backscatter
indicate plumes from the well-mixed layer up to 300–400 m height to this time (see
Fig. 1).The top of the first strong inversion was around 330 m followed by a second
slightly stable stratified layer. This second layer reached to 550 m followed by a nearly25

neutrally stratified atmosphere. There were no significant differences between profile 2
and 3 for Θ and m.

Again, the aerosol profiles showed a completely different structure compared
to the thermodynamic parameters Θ and m. Above the well-mixed layer with
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N≈5–6×103 cm−3, a slight decrease to values close to 2×103 cm−3 around the
inversion was observed followed by a strong increase with maximum values of
N≈12×103 cm−3 in distinct layers between 550 and 1000 m, i.e., within the neutrally
stratified region. In this altitude, N varied between the maximum value and much lower
background values which indicates strong mixing events. Compared to the first profile,5

the maximum particle number concentrations were nearly doubled. The lower bound-
aries of theses layers were nearly height-constant and the upper boundary is slightly
increased from 900 to 1000 m. Significant changes in the mean vertical gradients of
the thermodynamic parameters around 1000 m were not observed during this period
(08:15–08:45 UTC). Above the layer with high N, a region with nearly linear increasing10

horizontal wind speed ∂zU>0 was observed whereas the wind direction did not show
a noticeable change. Changing advection characteristics with height are usually asso-
ciated with changing air mass characteristics (gas species, aerosol properties, etc.).
The continous lidar observations in Fig. 1 reveal coherent wavelike structures of en-
hanced backscatter between 700 and 900 m in the time period from 07:30–09:00 UTC.15

These features also indicate a complex stratification of different air masses with differ-
ent aerosol particle and precursor gas concentrations.

Aerosol layers detected by ACTOS occurred in a height range of inhomogenous
backscatter as observed with the Raman lidar CAELI (cf. Fig. 1). The lower bound-
ary of the following thick particle-laden layer increases during the day from 800 m at20

07:15 UTC to 1100 m at 09:00. This corresponds to the upper boundary of the layer
with increased values of N (L2) which increased from 900 m during profile 1 to 1000 m
during profile 3. It should be emphasized that lidar backscatter signals may not be well
correlated with the total particle number concentration because the signal strength is
mainly controlled by backscattering of accumulation and coarse mode particles. Sig-25

nal strength also sensitively depends on relative humidity (via particle growth) and in-
creases with increasing relative humidity, as is obviously the case here above 1000 m
height. Furthermore, the ACTOS observations were not taken side by side to the lidar
beam but within about a 5-km radius.
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Summarizing, distinct regions with increased N in the residual layer were found dur-
ing all three profiles but the highest values during profiles 2 and 3. The largest vertical
extension of the layer with enhanced particle concentration was measured during pro-
file 2 from 550 to 800 m. In all profiles a second region of increased N was observed
around 900 m but with lower maximum concentrations. It is remarkable that the struc-5

ture with two local maxima of N was quite stable in time and was observed in the
first profile but also in the two profiles about one hour later. From the vertical profiles
and the stratification we suspect that the maxima in N are caused by locally restricted
new particle formation (NPF) events at those heights, rather than a result of vertical
transport or advection of particle-laden layers.10

In order to prove this assumption, particle number size distributions measured during
horizontal flight legs will be analyzed in the following section.

3.4 Horizontal legs

Horizontal flight legs were flown at 5 different heights between 500 and 1800 m
(cf. Fig. 1). The measurement height during these legs was stable within ±15 m. Mean15

characteristics of these flight legs are given in Table 2. During periods with relatively
homogeneous particle number concentrations during the horizontal flight legs, robust
estimates of particle number size distributions (NSD) are possible. Typically, 2–3 NSDs
have been measured during each leg, averaged NSDs are shown in Fig. 5 for each
horizontal leg. Significant variations in the nucleation but also in the Aitken mode are20

found for the different measurement heights. With increasing diameters differences in
the number concentration become less obvious and were not significant.

Leg 1 and 6 were flown at the same height at 1750 m and show the lowest particle
number concentrations in the Aitken mode. Their maximum is found around 200 nm
diameter. Leg 2 (1440 m) shows very similar characteristics as leg 1 and 6 as well25

as a slight increase in the particle number concentration in the lower diameter range
which may indicate the top of the height range of major NPF. However, the uncertainty
in the observations for diameters below 20 nm is high, mainly due to very low counting
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statistics. Therefore values of dN/d logDp<100 cm−3 are not significant for diameters
below 20 nm. In legs 3 and 4 the concentration in the accumulation mode is similar
to the other legs whereas the number concentration in the Aitken mode is increased
compared to the higher levels. In addition, leg 4 shows a clearly developed nucleation
mode with a maximum around 10 nm. The corresponding measurement height level5

(770 m) is in the region of increased N in profile 2 (upper part of L1) which was flown
less than 10 min after leg 4. Leg 5 (460 m) was below the layer of increased number
concentrations and shows a much lower concentration in the nucleation mode. From
the size distribution measurements during horizontal legs we can conclude that the
high particle number concentrations between 550 and 800 m are caused by particles10

in the nucleation mode range, i.e. particles which have been formed by nucleation
recently and grew up to around 10 nm.

As a next step, possible correlations between N and other thermodynamic and dy-
namic parameters are analyzed. Figure 6 shows time series of vertical wind speed w,
humidity (mixing ratio m and relative humidity RH), absolute CO2 concentration and15

temperature T during leg 4 sampled at 770 m, which showed high concentrations of
particles with diameter below 20 nm. As an indicator for new-particle formation, N is
displayed in all plots for better comparison with other parameters (see blue curve in
Fig. 6). The variation of the vertical wind speed is in the range of ±0.5 m s−1 and
shows slightly positive correlation with N. Periods with an upward flow are typically fol-20

lowed by an increase in N with a slight time shift obviously due to the response time of
the CPC together with the residence time within the inlet line. From the vertical profiles
(cf. Fig. 4) we know that leg 4 was at the upper edge of the section with NPF, thus higher
concentrations of small particles were connected with a wind from below. However, the
vertical wind fluctuations are typically weak in the residual layer and significant vertical25

transport of particles is supposed to play a minor role. Due to small spatial gradients,
the fluctuations of the thermodynamic parameters (T , m, and RH) are also small com-
pared to the one of e.g., the well-mixed boundary layer. For example, the total ranges
of observed temperatures during this leg are only 0.2 K and 0.2 g kg−1, respectively.
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With such small variation possible correlations have to be interpreted with care.
The second plot of Fig. 6 indicates a slight negative correlation between m and N

(note again the slight time shift due to the low response time of the CPC), this corre-
lation is even less obvious in RH. Thus, the air with newly formed particles contains
a slightly lower water vapor mixing ratio compared to the air mass with lower particle5

concentration.
There is no direct correlation at all between CO2 and N. The only interesting feature

is a region of high fluctuations in CO2 before N increases. In that region, CO2 concen-
trations are found to be higher then everywhere else during this leg. A similar effect
was found in the last profile (cf., Fig 4) where an absolute maximum of CO2 for the10

profile was found just below the temperature inversion and the same at the top of the
L2 layer of the same profile. The lowest plot shows the temperature T which is higher
in the first part of the leg (low N) and decreases on average with increasing N, but a
correlation between smaller structures cannot be observed at all.

4 Discussion15

From the previous analysis, the resulting question remains: “What are the dynamic and
thermodynamic conditions that make the two identified layers favorable for NPF?”.

From the analysis above we cannot explain the occurrence of the two layers with
high particle number concentration. However, it is well known (e.g., Stull, 1988; Wyn-
gaard, 1992) that sheets or layers with increased turbulence are frequently observed20

in the residual layer. Furthermore, turbulence and non-linear mixing of thermodynamic
variables is discussed as one possible process which could lead to favorable condi-
tions (e.g., supersaturation of precursor gases) for NPF (Bigg, 1997; Nilsson et al.,
2001a). Such turbulent layers could develop when the ratio between the damping ef-
fect of the temperature inversion (∂zΘ) and the mean wind shear (∂zU) is below a25
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certain threshold. This is described by the gradient Richardson number Ri defined as:

Ri =
Θ
g

∂zΘ(
∂zU

)2
, (1)

where g is the acceleration due to gravity, and an overline denotes averaged values.
A critical value Ric≈0.25 divides the Ri number space into two regimes, for Ri<Ric
turbulence can develop since shear dominates over the damping influence of the tem-5

perature inversion. For Ri>Ric, the temperature inversion is dominant and turbulent
fluctuations are suppressed. Figure 7 shows the smoothed profiles for the last descent
of U and Θ (same profiles as shown in Fig. 4 but smoothed by a running average with
a height interval of ≈5 m) and Ri (right panel) as defined by Eq. (1). The critical value
Ric and the two layers with increased particle number concentration (L1 and L2) are10

plotted as reference. First of all, both layers (L1 and L2) are nearly adiabatically strati-
fied (∂zΘ≈0) and wind shear (∂zU) is present. The resulting Ri profile suggests that in
both layers shear-induced turbulence is likely to develop.

As a next step, we analyze the turbulence structure by means of local energy dissi-
pation ετ. Here, ετ is derived from so-called second-order structure functions S(2)(r)15

estimated from short, non-overlapping, subrecords of length τ = 2 s. Since classical

Kolmogorov scaling yields S(2) ∼C2r2/3 with C2 = 2ε2/3 the dissipation can be deter-
mined from the structure function magnitude (see Siebert et al., 2006b, and references
therein for more details on this method). Figure 8 shows the profiles of ετ taken during
the first ascent (profile 1, left panel) and the last descent (profile 2, right panel); the20

particle number concentration N is plotted and the two layers L1 and L2 are marked
for comparison.

Both ετ profiles show comparably high values in the highly turbulent well-mixed layer
where production of turbulent kinetic energy due to convection is already dominant.
Note that production of turbulent kinetic energy necessarily means also high energy25

dissipation due to the classical picture of an energy cascade. Above the well-mixed
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layer, the damping influence of the temperature inversion (Ri>Ric) increases which
results in decreasing turbulence. In the last profile this decrease is almost three orders
of magnitude. In the residual layer – the region with the two layers (L1 and L2) with
increased particle number concentration – we observe a different behavior of ετ during
the two profiles. During profile 1, ετ shows a local maximum in both layers L1 and L25

with an increase by a factor of ∼2 indicating a more turbulent layer compared to the
background. Even though this increase of turbulence is not very strong, the correlation
of increased ετ and increased N in L1 and L2 is remarkable. For the last descent, the
profile of ετ in the region of new-particle formation gives a slightly different picture. In
particular for the region L1, an increase of ετ of nearly two orders of magnitude was10

measured. But in contrast to the first profile, the maximum values are shifted more to
the upper and lower boundaries of L1. For L2, the picture is quite similar but much less
pronounced. The increase of ετ above and below L1 is obviously due to shear-induced
turbulence (cf., Figs. 4 and 7). The same arguments might be valid for the first profile
but cannot be proven due to the lack of the mean horizontal wind speed data for this15

profile.
There are several arguments that the observed particles have been nucleated and

grown into the observed size range within the two distinct layers. From our observa-
tions it is not possible to determine the exact age of the small particles but typically the
growth rate can be estimated to a few nm per hour (Kulmala et al., 2004) which results20

in a particle age of one or two hours or so which is also an indication for our hypothesis
that these particles were formed inside these layers. The only parameter which gives
us a consistent picture is the local turbulence structure described by ετ. For the first
profile, both particle layers are more turbulent compared with the surrounding regions
and the maximum values of ετ are found in the core of the layers. The last profile25

shows that the mixing in the core of the layers is decreasing but strong turbulent mixing
occurs at the boundaries of the particle layers leading to an increase of the vertical
extent of the turbulent layers. Due to the lack of effective vertical mixing in that re-
gion these layers are quite stable and conserved over several hours with its individual
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mean properties. We can only speculate as to whether the turbulent mixing in these
layers leads to favorable conditions (e.g., supersaturation of precursor gases) for the
nucleation event.

Another key question in this context is the relation between our observations of new
particle formation in the residual layer and ground-based observations.5

The total number concentration measured at ground level by NAIS (Fig. 9) shows a
rapid increase for particles between 3 and 15 nm starting at 09:45 UTC. A few minutes
before (∼09:35 UTC), the onset of thorough mixing up to a height of about 800 m
was observed by the lidar (see Fig. 1). Therefore, it is natural to speculate that those
particles observed in leg 4 at about 800 m were mixed downwards and caused the10

strong increase of ultrafine particles observed at ground.
Assuming that the mean energy dissipation rate ε measured in the well-mixed layer

by ACTOS during the last profile (ε∼10−2 m2 s−3) is approximately the same at around
09:35 UTC for the height range from ground to ∼800 m, we can estimate the time scale
τmix which is needed to mix down the particles from z = 800 m to ground level by15

τmix∼
(
z2

ε

)1/3
≈6 min. This short time scale corroborates our hypothesis that the rapid

increase of ultrafine particles observed by NAIS is due to vertical mixing of the particles
observed earlier by ACTOS in the residual layer, rather than new particle formation at
ground level.

5 Conclusions20

This study presents a unique combination of in-situ measurements with high temporal
and spatial resolution at heights up to 1800 m covering meteorological and aerosol pa-
rameters, and continuous measurements of a lidar. While the in-situ measurement pro-
vides a very detailed snapshot of a certain measurement point in time and space, the
lidar follows the development of the vertical structure of the backscatter signal above25
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one location during the measurement period. Thus, the combination of both gives a
more complete picture of the meteorological and aerosol stratification and may help to
understand aerosol transport and formation processes.

The observations show the occurrence of ultrafine aerosol particles (<20 nm) within
distinct layers inside the residual layer. These layers showed only slight differences of5

mean thermodynamic and dynamic parameters compared to the surrounding regions
but were characterized by increased turbulence.

From our in-situ and remote sensing observations we can conclude that two cir-
cumstances might have played a role in this new-particle formation process in patchy
layers: (i) turbulent layers were responsible for creating favorable thermodynamic con-10

ditions (e.g., supersaturation of precursor gases due to non-linear mixing), (ii) layers
of increased aerosol concentration in the accumulation mode as observed by lidar
prevented NPF due to the larger particle surface area serving as a sink for ultrafine
particles.

The corresponding air masses were of continentally polluted origin which is typically15

not the ideal environment for new particle formation due to a high available particle
surface concentration. However, maybe the available concentration of condensable
gases is high enough to enable new particle formation under more polluted conditions.
But new particle formation has been observed also in heavily polluted environments,
such as Beijing (Wu et al., 2007) and Mexico City (Dunn et al., 2004), therefore it should20

be realistic also under polluted conditions in Central Europe.
Particle measurements at ground level show a rapid increase of ultrafine particles

just at the time when the well-mixed layer ranges from ground up to ∼800 m which
corresponds to the height were the enhanced number concentration of ultrafine par-
ticles was found. Thus, it is very likely that these particles observed at the ground25

were formed at higher altitudes and mixed downwards. These observations have con-
sequences for the re-interpretation of many earlier published ground-based observa-
tions of new particle formation excluding the vertical dimension and boundary layer
development. Without the airborne in-situ measurements and remote sensing, the
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observations at ground level could lead to a complete misinterpretation of location and
processes causing the increase in ultrafine particles.

The combination of ground-based, remote sensing (lidar) and airborne in-situ mea-
surements with high spatial resolution clearly indicate a step forward to understanding
the complex interaction between boundary layer dynamics, turbulence, and new par-5

ticle formation. However, the nucleation process itself seems still an unsolved issue
since precursor gas measurements are still missing in this context.
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Table 1. Main characteristics of vertical profiles and height of the two layers L1 and L2.

section name height [m] time [UTC] Layer L1 Layer L2

Profile 1 0–1750 07:26–07:36 550–650 m 800–930 m
Profile 2 500–1750 08:17–08:26 550–800 m 850–980 m
Profile 3 1750–0 08:29–08:44 550–700 m 900–1000 m
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Table 2. Mean characteristics of horizontal flight legs 1–6.

Leg height T RH m N N(6−20 nm) S(80−500 nm) V(80−500 nm)

No. [m] [◦C] [%] [g kg−1] [cm−3] [cm−3] [µm2 cm−3] [µm3 cm−3]

Leg 1 1750 6.8 54 3.97 1280 9 132 5.2
Leg 2 1440 9.8 48 4.22 1410 14 152 5.8
Leg 3 1070 13.0 43 4.47 1950 114 132 4.8
Leg 4 770 15.9 36 4.25 8120 6270 134 4.8
Leg 5 460 18.5 32 4.26 2406 28 132 4.6
Leg 6 1750 6.8 55 4.13 1250 9 130 5.1
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Fig. 1. Evolution of the boundary layer and lofted aerosol layers on 13 May 2008, from 07:15–
09:45 UTC in terms of the range-corrected 1064 nm lidar signal. The vertical resolution is 7.5 m
and the temporal resolution 10 s. Lidar signals are not trustworthy below 150 m because of
the incomplete transmitter-receiver overlap. The ACTOS-flight pattern is marked by the green
line, the profiles and horizontal legs are labeled accordingly. L1 and L2 indicate layers with
significantly increased particle number concentrations (discussed later in more detail).
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Fig. 2. 96h-backtrajectories arriving on 13 May 2008 at 08:00 UTC at heights of 500, 1000, and
1500 m over Cabauw calculated by HYSPLIT model.
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Fig. 3. Vertical profiles of potential temperature Θ, relative humidity RH, water vapor mixing
ratio m, particle number concentration N, and mixing ratio of CO2. This profile was measured
during the first ascent after take-off (profile 1) on 13 May 2008. L1 and L2 indicate layer with
enhanced particle number concentration.
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Fig. 4. Vertical profiles 2 and 3 (see Fig. 1) of the same parameters as shown in Fig. 3 but
measured about one hour after the first profile. For this profiles, also mean wind speed U and
direction d were available.
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Fig. 6. Time series of vertical wind speed w, water vapor mixing ratio m, mixing ratio of CO2,
and temperature T measured during the horizontal leg 4 in a height of 770 m. The particle
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Fig. 7. Vertical profiles of smoothed Θ and U (left panel) from which vertical gradients are es-
timated. The right panel shows the gradient Richardson number. The vertical line at Ri = 0.25
indicates the critical value, for Ri<0.25 turbulence can develop whereas for Ri>0.25 the damp-
ing effect of the temperature inversion becomes dominant.
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ber concentration N (red lines). Energy dissipation is estimated from second-order structure
functions over non-overlapping sub-records of τ = 2 s.
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Fig. 9. Diurnal variation of number concentration of total particles in the size range 3–15 nm
measured with the NAIS on 13 May 2008 at Cabauw. The measurements were taken in a
height of 60 m above ground at the Cabauw tower.
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