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Abstract. Aerosol particle measurements in the atmosphericcontinental regions they may grow up to 100 nm in diame-
boundary layer performed by a helicopter-borne measureter within a few hours and may act as cloud condensation
ment payload and by a lidar system from a case study duringpuclei and scatter light which may influence the regional
the IMPACT field campaign in Cabauw (NL) are presented.and global climatel{aaksonen et §l2005 Spracklen et al.
Layers of increased number concentrations of ultrafine parti2006 2008. Kuang et al.(2009 and Wiedensohler et al.
cles were observed in the residual layer, indicating relatively(2009 showed for different locations that new particle for-
recent new-particle formation. These layers were charactermation may enhance the number of available CCN by an or-
ized by a sub-critical Richardson number and concomitantder of magnitude. Thus, being able to understand and predict
increased turbulence. Turbulent mixing is likely to lead to NPF is a key issue in understanding and quantifying both the
local supersaturation of possible precursor gases which ardirect and indirect aerosol effects on climate.

essential for new particle formation. Observed peaks in the However, the actual process of new particle formation, i.e.
number concentrations of ultrafine particles at ground levekne homogeneous nucleation of new particles, around 1-2 nm
are connected to the new particle formation in the residualn giameter, from one or more condensable species as well as
layer by boundary layer development and vertical mixing.  gifferent ways of heterogeneous nucleation and subsequent
particle growth into detectable sizes is still not well under-
stood. Nevertheless, it can be stated that under atmospheric
conditions, sulfuric acid and water vapor are most likely
the species controlling the homogeneous nucleation process
New particle formation (NPF) in the size range of a few (Kul'mala et al, 200(),.and the important contribution of or-
nanometers in diameter, has been observed in the atmosphe@Nic vVapors to particle growth is more or’less undoubted
at various locations: urban, remote, and arctic sites (e.g.(6-9-Marti etal, 1997 Kavouras et 8] 2002 O'Dowd etal,
Stanier et a].2004 Weber et al.1997 Wiedensohler et al. 2002. However, we still lack basic knowledge concerning
1996. Kulmala et al (2004 reviewed more than 100 of such the actual mechanisms involved in NPF and their quantifica-
experimental studies from worldwide locations concluding O

that NPF was found under a wide range of atmospheric con- Itis still a challenging task to mechanistically understand
ditions almost everywhere on the globe where it was lookedthe processes underlying NPF from atmospheric measure-
for. Newly formed particles are too small to scatter light ments. One reason being that, in the atmosphere, we are
or act as cloud condensation nuclei. However, in pollutedlooking at the convolution of different meteorological, gas
phase and particle dynamical processes making it hard to
quantify the influences of a particular process. For exam-

Correspondence td3. Wehner ple, if the growth of the homogeneously nucleated particles
BY (birgit@tropos.de) is not sufficiently fast (e.g., due the lack of precursors), the
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particles coagulate with, and are removed by, the pre-existings well as ground-based equipment were available during
aerosol population and, although homogeneous nucleatiothat period. The presented combination of helicopter flights
took place, no NPF is observe®'DOowd et al, 2002 Kul- and lidar measurements is unique and helps to understand the
mala et al. 200Q 2004. Furthermore, some of the ob- potential connection between particle formation and growth
served events obviously depend on, or are even controllednd boundary layer development.

by, mixing processes linking the development of the plane-

tary boundary layer (PBL) to NPF as discussed in detail in _

Bigg (1997 andNilsson et al(20013. However, although 2 Experimental

trying to understand mechanistically the processes underlay- ) i
ing NPF is somewhat awkward, trying to identify and under- 2.1 Measurement site CESAR in Cabauw

stand the influences of a particular meteorological, gas phasxlahe field campaign IMPACT was part of the EU-project EU-

or particle dynamical process on NPF seems a realistic taskCAARI (Kulmala et al, 2009 and was performed at the

and will help to make NPF more predictable, Cabauw Experimental Site for Atmospheric Research (CE-

Within the framework qf this paper we d?“.”" with the in- SAR, Russchenberg et aR005. The Cabauw site is op-
fluences of a meteorological process, specifically the develérated by seven Dutch research institutes and represents a
opment of the PBL, on NPF. Data concerning this topic are y P

T . major scientific international site for remote sensing, atmo-
sparse as the majority of available NPF measurements were

. . Spheric research and climate monitoring. Its main landmark
performed close to ground, i.e., maybe in the wrong place

and no conclusions about the influences of PBL dynamics or"éS the 213m high meteorological mast. The site is located
NPF can be given. 0 km southwest of Utrecht (858.223N, 4° 55.575%E), a

, . L . ... rural areain the central part of The Netherlands within North-
For a detailed investigation of the vertical variation . . :
western Europe. The flat terrain provides horizontally homo-

of aerosol particles during formation events the intensive eneous conditions. a kev prerequisite for boundary laver in-
field campaign SATURN &rahlung, vertikalerAustausch, geneous ' yp q . y layel
vestigations. At the Cabauw Tower, various meteorological

Turbulenz und PartikeNeubildung”; radiation, vertical ex- . A
. . parameters as well as aerosol number size distributions are
change, turbulence and new particle formation) was per-

formed in 2002 Stratmann et al.2003. Here, increased measured.(.:ontmuously. During th_e mtenswe phasg of IM-
. ) . OFACT additional aerosol characterization has been installed
number concentrations of ultrafine particles were observe

after break-up of the nocturnal inversion within the whole atthe the tower as well as a variety of remote sensing instru-

mixed layer Stratmann et al.2003 and near the inversion mentation.
correlating well with high fluctuations of the temperature , ,
and humidity caused by plumes penetrating the inversion

(Siebert et al.2004). Such penetration caused intensive mix- This study is mainly based on measurements performed
ing, which in turn apparently significantly increased nucle- \ith the helicopter-borne measurement payload known as
ation and growth rates. Another analysis from the same camacTos (Airborne Cloud Turbulence Observation System).
paign showed NPF on the lower edge of a low level jet cor-These observations are supported by continuous remote-
responding to large gradients of temperature, humidity a”dsensing measurements of the lidar CEALI (CESAR Water
SO;-concentration giebert et al.2007). The main conclu-  \apour, Aerosol and Cloud Lidar) and aerosol measurements

sion from this campaign was that NPF occurs frequently ingt 6o m above ground level. All systems are briefly intro-
elevated heights and different mechanisms might be involvegyced in the following subsections.

as partly discussed iNilsson et al.(20013 while the hori-
zontal extent can be up to 400 kiwéhner et a.2007) in 2.2.1 The measurement platform ACTOS
central Europe.

During the SATURN campaign NPF events in elevated The helicopter-borne measurement payload ACTOS was
heights were identified by increased number concentrationsised to perform temporal and spatial highly-resolved mea-
between 5 and 10 nm, while number size distributions weresurements in the PBL up to a height of 2000 m above ground.
not measured there. In addition it was difficult to follow ACTOS is an autonomous system which is carried by means
the development of the planetary boundary layer, because nof a 140 m long rope as external cargo below a helicopter
continuous remote sensing was available, such as a lidar. and flown with a true airspeed of about 20 Thgo ensure

This study presents results from measurements of the ausafe flights out of the helicopter's downwasBigbert et al.
tonomous platform ACTOS (Airborne Cloud Turbulence Ob- 2006. The payload is equipped with fast sensors for mea-
servations System), which was carried by a helicopter tosuring the three-dimensional wind vector, temperature, static
measure meteorological, aerosol, and cloud parameters up faressure, and humidity. A state of the art navigation unit
a height of 2000 m during the “Intensive Observation Periodprovides attitude angles, position, and velocity vector com-
at Cabauw Tower” (IMPACT) in The Netherlands, 2008. In ponents to transfer the wind measurements into an Earth-
addition, data from a number of remote sensing instrumentgixed coordinate system. In addition to the meteorological

Instrumentation

Atmos. Chem. Phys., 10, 4314330 2010 www.atmos-chem-phys.net/10/4319/2010/
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standard parameters, cloud microphysical properties such &2.3 Lidar

cloud droplet sizes and number concentrations are measured

during cloud conditions. The lidar CAELI (CESAR Water Vapour, Aerosol and Cloud
A real-time data acquisition system and independentLidar; Apituley et al, 2009 is a high-performance, multi-

power unit complete ACTOS. A telemetry link to the heli- wavelength Raman lidar, capable of providing round-the—

copter ensures online monitoring of basic parameters duringlock measurements. The instrument provides profiles of

the flight. One scientist is onboard to fine tune the flight pat-volume backscatter and extinction coefficients of aerosol par-

tern accordingly to the observed stratification and local situ-ticles, the depolarisation ratio, and water—vapor—to—dry—air

ation. mixing ratio. A high—power Nd:YAG laser transmits pulses
A new comprehensive set of systems for physical aerosoft 355, 532, and 1064 nm. Because a large telescope is es-

characterization was integrated in ACTOS and is describedgentially blind for lidar signals from close to the instrument,

in more detail in the following subsection. a second, small telescope is needed to cover the near range, in
particular for measurements in the planetary boundary layer.
2.2.2 Aerosol measurements on ACTOS The lidar echoes at the elastic and Raman scattered wave-

lengths are relayed to the photo detectors through optical fi-
Particle number size distributions (6 nm to 2.5um) as wellpres. To cover the lidar signal dynamic range from close to
as the total number concentration were measured on ACTOar ranges, simultaneous 12-bit analog and 250 MHz photon
during IMPACT. A common inlet was used for all aerosol counting data acquisition is used for most channels, except
measurements leading the sample flow through a diffusiorfor the 1064 nm signals. Here, an avalanche photo diode is
dryer to ensure dry measurement conditior®@%). A uysed in analog mode only. The lidar return signals strongly
flow splitter divides the flow line into three lines for a to- depend on height (in the case of a ground—based, vertically
tal CPC (Condensation Particle Counter, model 3762A, TSIpointing lidar) and decrease witf. Multiplication with z2
Inc., St. Paul, MN, USA), a SMPS (Scanning Mobility Par- thus removes the height dependence. In this way, the range—
ticle Sizer) and an OPC (Optical Particle Counter, modelcorrected signals (Fid.) are obtained. Range-corrected sig-
1.129, Grimm Aerosol Technik, Ainring, Germany). The nals at 1064 nm are fully dominated by particle backscatter

custom-built SMPS system consists mainly of a Kr-85 Neu-and are therefore well-suited to display layering structure and
tralizer (model 3077A, TSI Inc.), a Hauke type DMA (short dynamics.

version), and a CPC (model 3762A, TSI Inc.). This system

was optimized in terms of weight and power consumption2.2.4 Aerosol measurements at ground

for operation on ACTOS. It is autonomous with regard to

flow control and measurement. This SMPS measures partil he “Neutral cluster and Air lon Spectrometer” (NAIS) is ca-

cle number size distributions from 6 to 250 nm with a tem- pable of measuring mobility distributions of sub-3 nm neutral

poral resolution of 120s. The OPC determines the numbe@nd charged aerosol particles and clustéwsirfala et al,

size distributions in the range from 250 nm to 2.5 pm with 2007) in the mobility diameter range of 0.8-40nm. Con-

a temporal resolution of 1s. The combination of both in- trolled charging together with the electrostatic filtering en-

struments provides aerosol particle number size distributiongbles it to measure also the neutral aerosol particles. Mo-

(NSD) from 6nm to 2.5 pm. The other CPC measures thebl'lty distribution of corona Charger ions sets the lowest de-

total particle number concentratio) with D,>6nm and tection limit for NAIS in neutral particle mode close to 2 nm.

a temporal resolution of 1s. The NAIS measurement principle is based on unipolar charg-
SMPS measurements were corrected for variations in théng of the sampled particles and their subsequent detection

volume flow due to pressure changes during the flight andvith an electrical mobility analyzer. The NAIS measures ion

also for diffusional losses within the inlet line. Both, SMPS and particle number distribution in 21 size fractions with 5-

and OPC have been compared under different conditiongninute time resolution to optimize sensitivity and signal-to-

with well-characterized reference-instrumentation at IfT, hoise ratio. The NAIS is developed from the Air lon Spec-

such as Twin Differential Mobility Particle Sizer (TDMPS). trometer (AIS,Mirme et al, 2007). The instrument is de-

The measurements showed a good agreement within th&cribed in more detail bilanninen et al(2009. The NAIS
range of measurement uncertainties. used here took part in a calibration and inter-comparison

Assuming Spherica| partic]es, surface and volume size disWOkahOp before and after the field measurements and agreed
tributions were calculated. Integration over selected sizesufficient with other instrument#\émi et al, 2009.
ranges gave number, surface and volume concentrations,
such asV—20nm: particle number concentration from 6 to
20 nm,S(go—500nm andVgo—soonm: particle surface and vol-
ume concentration from 80-500 nm, respectively.

www.atmos-chem-phys.net/10/4319/2010/ Atmos. Chem. Phys., 10, 43392010
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1064 nm Range Corrected Signal on 13 May 2008 7:15-9:45 UTC

20 1 16.00 .
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Time, UTC

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 10s. 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).

Table 1. Main characteristics of vertical profiles and height of the two layers L1 and L2.

section name height[m] time [UTC] LayerlL1 Layer L2

Profile 1 0-1750 07:26-07:36  550-650m  800-930m
Profile 2 500-1750 08:17-08:26 550-800m 850-980m
Profile 3 1750-0 08:29-08:44 550-700m 900-1000m

3 Measurements and results The flight data are supported by the continuously running
lidar CAELI and the NAIS system installed on the Cabauw
3.1 Measurements Tower in about 60 m above ground level.

The IMPACT campaign lasted from 1 to 31 May; ACTOS 32 Meteorological situation
flights were performed in the period from 7 to 24 May. Alto-
gether, 12 helicopter flights were performed within a radiusOn 13 May 2008, the weather situation was dominated by a
of 5 nautical miles around Cabauw tower. high pressure system over central and eastern Europe. This
Here, the observations performed on 13 May are anaied to a period of sunny weather with some cumulus forma-
lyzed. Two measurement flights are available. The morningion around noon. Air temperatures at the ground ranged
flight from 07:26-08:44 UTC consisted of three vertical pro- from 13°C in the early morning to 24C in the afternoon.
files and six horizontal legs at different heights (cf. FiYy.  Polluted air masses were advected from central Europe to
A second flight was performed on this day from 10:40 to the field site, the wind direction was northeast to east. Due to
11:43UTC, but new particle formation was not observed.cloud-free conditions during night an undisturbed boundary
Therefore the second flight is not discussed here. layer development (e.gStull, 1989 was observed through-
The length of horizontal flight legs was at least 5 min (e.9., out the morning.
6km) to ensure at least two Complete scans of the partiCle The evolution of the aerosol |ayers (deve|0ping convec-
number size distribution. Mean characteristics of the indi-tive boundary |ayer at ground and residual |ayer on top) in
vidual profiles and horizontal flight legs are given in Taldles  the morning of 13 May is presented in Fig. This fig-
and2. ure shows the time series of the backscattered lidar signal

Atmos. Chem. Phys., 10, 4314330 2010 www.atmos-chem-phys.net/10/4319/2010/
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Table 2. Mean characteristics of horizontal flight legs 1-6.

Leg height T rH m N N@e—20nm  S80-500nm  V(80—500nm)
No. [m] [°Cl [%] [gkg™Y [ecm™3 [em™3]  [um?cm™3]  [pmdcm™3]
Leg 1l 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 51

port and Dispersion Model” HYSPLITOraxler and Rolph
2003. Figure 2 shows those arriving at Cabauw on 13
May 08:00 UTC in different 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 Germany. They passed polluted areas such as the
“Ruhr’-area in western Germany. The high backscatter sig-
nal above 1000 m was probably caused by aged aerosol parti-
cles from anthropogenic sources. Due to effective convection
) over continental areas they were lifted upwards into these
e e heights and transported horizontally without significant re-
moval processes. Central Europe was influenced by high
pressure during these days and no rain was observed along
the trajectories.

2500 . . g .
,\/ 2000 3.3 \Vertical profiles, stratification, and turbulent layers
1500 #* ——— 1500

Source * at 5197 N 497 E

Meters AGL

1000 */*—ﬁ—ﬂ/ 1000
500 500 One unique aspect of these observations was the high reso-

v X, e 120 R B R0 E e IR0 ST lution of the vertical profiles of thermodynamic, turbulence,
and aerosol properties. The purpose of this section is to pro-
vide a detailed view of that structure and therefore illustrate

Fig. 2. 96h-backtrajectories arriving on 13 May 2008 at 08:00 UTC the kind of vertical heterogeneity that may contribute to new

at heights of 500, 1000, and 1500 m over Cabauw calculated byyarticle formation. Vertical profiles from ground to the max-

HYSPLIT model. imum 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
at 1064 nm below 2000m between 07:15 and 09:45 UTC o define layers of particular interest in which horizontal legs

This period includes the first ACTOS-flight. The flight pat- had to be flown after the first profile.

tern is illustrated in the figure. Sunrise was at 03:50 UTC. Figure3 shows selected state parameters measured by AC-
The top of the convectively active boundary layer was aroundros during the first ascent after take off at 07:22 UTC on 13
220m at 07:15UTC and increased to 500 m two hours laterpay. The stratification of the PBL is described by the vertical
After 09:35UTC, the boundary layer was well-mixed so gradient of the potential temperatuge During night time,
that wave-structured layers as found from 07:40-08:10 UTCy strong temperature inversiod. © > 0) had developed up
(around 700m height) and from 08:40-09:00 UTC (800—tg 3 height of 300m. Due to surface heating, a shatew
900 m height) are no longer detected. Note that the lidarsgm thick unstable surface layed,© < 0) existed above
signal strength increased above 1000 m height (above th@round. This layer was followed by a 150 m thick well-
local residual layer) caused by the advection of aged anmixed layer (neutrally stratified with,® ~ 0). Above the
thropogenic haze from the European continent to the easnyersion, the temperature gradient was gradually decreasing
According to the lidar observations, the continental aerosol(but still positive) up to a height of about 500 m followed by
layer reached to 3 km height on that day. an almost neutrally stratified layer with®=0. A similar

In order to investigate this aerosol layer, backward tra-structure was observed in the profile of the water vapor mix-
jectories were calculated using the NOAA “On-line Trans- ing ratio m with a well-mixed layer up to 200 m followed

www.atmos-chem-phys.net/10/4319/2010/ Atmos. Chem. Phys., 10, 43392010
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Fig. 4. Vertical profiles 2 and 3 (see Fif)) of the same parameters

as shown in Fig3 but measured about one hour after the first profile.

For this profiles, also mean wind spe&dand directiond were

Fig. 3. Vertical profiles of potential temperatué relative humid-  available.

ity rh, water vapor mixing ration, particle number concentration

N, and mixing ratio of CQ@. This profile was measured during

the first ascent after take-off (pI’Ofile l) on 13 May 2008. Shaded In the meantlmE, a well-mixed |ayer from the surface up

regions L1_ and L2 indicate layers with enhanced particle numbery 3n0ut 280 m had developed with nearly constant profiles

concentration. of all measured parameters. The lidar backscatter indicate

plumes from the well-mixed layer up to 300-400 m height

) to this time (see Figl). The top of the first strong inver-

by a gradual decrease afand nearly height-constant values sjon was around 330 m followed by a second slightly stable

above 500m. A slight increase of with a local maximum  stratified layer. This second layer reached to 550 m followed

at around 1100 m is obvious. The profile of the Q@ixing  py a nearly neutrally stratified atmosphere. There were no

ratio (mco,) shows a similar behavior as the one forDue  significant differences between profile 2 and 3@andm.
to technical reasons, no wind data are available for the first Again, the aerosol profiles showed a different structure

ascent.
The profile of the aerosol particle number concentration

N showed a different behavior compared with the mixing ra- rease to values close tolGem=3 around the inversion

tiosm af;%rgcoz- Whert;a; 'rr]' the WeII—mlx_eg layer (the l‘_)W' was observed followed by a strong increase with maximum
ermost 200m)V was height-constant with concentrations 5,65 of ~- 12 x 103cm 2 in distinct layers between 550

~ -3 i i i
of N~ 6x 10°cm, above the inversion the concentration and 1000 m, i.e., within the neutrally stratified region. Within

decreased significantly but indicates much more variabilitythiS altitude rangey varied between the maximum value and

compared to the other parameters. The most obvious feg, ., jower background values which indicates strong mix-

tures are two layers with local maxima where the conc:entra~Ing events. Compared to the first profile, the maximum par-

.tior? increased by a factor of 2 to 3 (Igyers are SUbje,Ctivelyticle number concentrations were nearly doubled. The lower
indicated as shaded areas L1 and L2 in Bjg.-The location 1, | garies of theses layers were nearly height-constant and

of th_ese layers in all profiles is given in TalleA third local the upper boundary is slightly increased from 900 to 1000 m.
maximum ofN at 1300 m was FOPped t.’y a small temperature ignificant changes in the mean vertical gradients of the ther-
inversion at 1350 m, above this inversion there was a gener

; ; X odynamic parameters around 1000 m were not observed
decrease iV to a regional tropospheric backgroupd valug. during this period (08:15-08:45 UTC). Above the layer with
About one hour after take-off and after sampling during high N, a region with nearly linear increasing horizontal

different legs at constgnt heig_hts (which are discussed iQNind speed). U > 0 was observed whereas the wind direc-
Sec.3.4) two further vertical profiles were flown. These mea- tion did not show a noticeable change. Changing advection

surementsfare S%%Wn n F'g' mef':e 2 W?]S semeIed dulrlmg characteristics with height are usually associated with chang-
an ascent from 500 to 1750 m. After a short horizontal leg ating air mass characteristics (gas species, aerosol properties,

maximum height the final de;cent (profiI.e 3)_ was performedetc_)_ The continous lidar observations in Figeveal coher-

from 1750 m to ground (cf. flight pattern in Fi). ent wavelike structures of enhanced backscatter between 700
and 900 m in the time period from 07:30—09:00 UTC. These
features also indicate a complex stratification of different air

compared to the thermodynamic parameéendm. Above
the well-mixed layer withV ~5— 6 x 103cm~3, a slight de-
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masses with different aerosol particle and precursor gas con-

centrations. —Leg1
Aerosol layers detected by ACTOS occurred in a height 10° Leg2

range of inhomogenous backscatter as observed with the Ra;— - tggj

man lidar CAELI (cf. Fig.1). The lower boundary of the 5 ;4] —Legs

more heavily particle-laden layer increases during the day o* E Leg 6

from 800m at 07:15UTC to 1100m at 09:00. This corre- & |

sponds to the upper boundary of the layer with increasedg 103

values of N (L2) which increased from 900 m during pro-

file 1 to 1000 m during profile 3. It should be emphasized 10" 4

that lidar backscatter signals will not be well correlated with ]

the total particle number concentration because the signal 10°

strength is mainly controlled by backscattering of accumu- — A

lation and coarse mode particles. Signal strength also sensi-
tively depends on relative humidity (via particle growth) and
increases with increasing relative humidity, as is obviously
the case here above 1000 m height. Furthermore, the AC-. e . .
TOS observations were not taken side by side with the IidarF-Ig' 5. Mean number size distributions measured during horizontal
L . flightlegs 1 to 6.

beam but within about a 5-km radius.

Summarizing, distinct regions with increasad in the
residual layer were found during all three profiles but the )
highest values during profiles 2 and 3. The largest vertical L€9 1 and 6 were flown at the same height at 1750 m and
extension of the layer with enhanced particle concentratiorShow the lowest particle number concentrations in the Aitken
was measured during profile 2 from 550 to 800 m. In all mode. Their maximum is found in the accumulation que
profiles a second region of increasidvas observed around @round 200 nm diameter. Leg 2 (1440 m) shows very similar
900 m but with lower maximum concentrations. The struc- characteristics as leg 1 and 6 as well as a slight increase in
ture with two local maxima ofV was relatively stable in time the particle number concentration in the diameter range less
and was observed in the first profile as well as in the two prothan 10nm which may indicate the top of the height range
files about one hour later. From the vertical profiles and the®f major NPF. However, the uncertainty in the observations
stratification we hypothesize that the maximavrare caused ~ for diameters below 20 nm is high, mainly due to very low
by locally restricted new particle formation (NPF) events at counting statistics and differencesdv/dlogD,, <100 cm®
those heights including horizontal transport, rather than a re&re not significant for diameters below 20 nm. In legs 3 and 4
sult of vertical transport or advection of particle-laden layers.the concentration in the accumulation mode is similar to the

In order to prove this assumption, particle number size dis-other legs whereas the number concentration in the Aitken

tributions measured during horizontal flight legs will be ana- Mode is increased compared to the higher levels. In addi-

Dp [nm]

lyzed in the following section. tion, leg 4 shows a clearly developed nucleation mode with
a maximum around 10 nm. The corresponding measurement
3.4 Horizontal legs height level (770 m) is in the region of increas¥dn profile

2 (upper part of L1) which was flown less than 10 min after
Horizontal flight legs were flown at 5 different heights be- leg 4. Leg 5 (460 m) was below the layer of increased number
tween 500 and 1800 m (cf. Fig). The measurement height concentrations and shows a much lower concentration in the
during these legs was stable withinl5 m. Mean character- nucleation mode. From the size distribution measurements
istics of these flight legs are given in TalleNote that sur-  during horizontal legs we can conclude that the high particle
face area concentratighshows relatively high values within - number concentrations between 550 and 800 m are caused by
all flight legs andV(s_20nm Varies over three orders of mag- particles in the nucleation mode range, i.e. particles which
nitude. During periods with relatively homogeneous particle have been formed by nucleation recently and grew to around
number concentrations during the horizontal flight legs, ro-10 nm.
bust estimates of particle number size distributions (NSD)  aq g next step, possible correlations betwaeand other

are possible. Typically, 2-3 NSDs have been measured dutermodynamic and dynamic parameters are analyzed. Fig-
ing each leg, averaged NSDs are shown in Bifor each ;16 g shows time series of vertical wind speed humidity
horizontal leg. Significant variations in the nucleation and (mixing ratiom and relative humidity ), absolute C@con-

also in the Aitken mode are found for the different measure-cenration and temperatufeduring leg 4 sampled at 770 m,
ment heights. With increasing diameters differences in theyhich showed high concentrations of particles with diame-

number concentration become less obvious and were not Sige pejow 20 nm. As an indicator for new-particle formation
nificant. N is displayed in all plots for better comparison with other
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0.5 4 115 — to the low response time of the CPC), this correlation is even
_ £ less obvious imh. Thus, the air with newly formed particles
"0 0.04 - 10 «g contains a slightly lower water vapor mixing ratio compared
E o to the air mass with lower particle concentration.
= 5l — ] ° - There is no direct correlation at all between £and V.
: e l\! ' 0 The only interesting feature is a region of high fluctuations in
29100 29200 29300 138915 CO, beforeN increases. In that region, G@oncentrations
— ""E are found to be higher then everywhere else during this leg.
2 434 13710 A similar effect was found in the last profile (cf., Myywhere
2 | —m a6l = an absolute maximum of CQor the profile was found just
E 424 rh IH *; below the temperature inversion and the same at the top of
: . . . . P Jioep 0 the L2 layer of the same profile. The lowest plot shows the
29100 29200 29300 temperaturd” which is higher in the first part of the leg (low
e 580 102 N) and decreases on average with increasingut a corre-
2 575 1 % lation between smaller structures cannot be observed at all.
5570-: 415 :3
© 565~ : ' . C'OZ . _ 1o = 4 Discussion
1634 29100 29200 29300 115
1 & From the previous analysis, the resulting question remains:
0’162 110 § “What are the dynamic and thermodynamic conditions that
o ] 5 "’8 make the two identified layers favorable for NPF?".
16.1 x, From the analysis above we cannot explain the occur-
T 0o Z rence of the two layers with high particle number concentra-

29100 29200 20300 tion. However, it is well known (e.gStull, 1988 Wyngaard
1992 that sheets or layers with increased turbulence are fre-
quently observed in the residual layer. Furthermore, turbu-
lence and non-linear mixing of thermodynamic variables is
F|g 6. Time series of vertical wind Speed’ water vapor mixing discussed as one pOSSib|e proceSS Wh|Ch Could |ead to favor'
ratio m, mixing ratio of CQ, and temperatur® measured during  able conditions (e.g., supersaturation of precursor gases) for
the horizontal leg 4 in a height of 770 m. The particle number con-NPF Bigg, 1997 Nilsson et al.20013. Such turbulent lay-
centrationV is given for reference. ers could develop when the ratio between the damping effect
of the temperature inversiond,(®) and the mean wind shear
(0.U) is below a certain threshold. This is described by the

parameters (see blue curve in F&). The variation of the gradient Richardson number Ri defined as:

vertical wind speed is in the range #0.5m st and shows 9.0

slightly positive correlation withv. Periods with an upward Ri= ﬁ
3, U

flow are typically followed by an increase M with a slight
time shift of 2 to 4s while 2 are caused by the reSponsewhereg is the acceleration due to gravity, and an barred sym-
bols denote averaged values. A critical valug~0.25 di-

time of the CPC together with the residence time within the
vides the Ri number space into two regimes, fozRi. tur-

inlet line. From the vertical profiles (cf. Fig) we know that
leg 4 was at the upper edge of the section with NPF, thu . ) .
. . . . bulence can develop since shear dominates over the damping
higher concentrations of small particles were connected with . : :
influence of the temperature inversion. FoeRi., the tem-
perature inversion is dominant and turbulent fluctuations are

a wind from below. However, the vertical wind fluctuations
are typically weak in the residual layer and significant ver- suppressed. Figuré shows the smoothed profiles for the
last descent ot/ and® (same profiles as shown in Fig.

time [s]

@)

w | @l

tical transport of particles is supposed to play a minor role.

Due to small spatial gradients, the fluctuations of the thermo- : . S
; but smoothed by a running average with a height interval of
dynamic parameterd’( m, andrh) are also small compared

to the one of e.g., the well-mixed boundary layer. For ex- ~5m) and Ri (right panel) as defined by Eg).(The critical

. value Rj. and the two layers with increased particle number
ample, the total ranges of observed temperatures during thlgoncentration (L1 and L2) are plotted as reference. First of
leg are only 0.2 K and 0.2g kg, respectively. With such P X

L . . : Il, both layers (L1 and L2) are nearly adiabatically stratified
small variation possible correlations have to be interpreted, = : — . )
with care. 9,0 ~ 0) and wind sheard{U) is present. The resulting Ri

S ) _ profile suggests that in both layers shear-induced turbulence
The second plot of FigS indicates a slight negative corre- s |ikely to develop.

lation betweenn and N (note again the slight time shift due
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Fig. 7. Vertical profiles of smoothe® and U (left panel) from

which vertical gradients are estimated. The right panel shows the
gradient Richardson number. The vertical line at Ri=0.25 indicates
the critical value, for Rk0.25 turbulence can develop whereas for Fig- 8. Vertical profiles of the local energy dissipation rate

Ri>0.25 the damping effect of the temperature inversion becomedsolid lines) and the particle number concentratioiidotted lines)
dominant. for profile 1 (left) and profile 3 (right). Energy dissipation is esti-

mated from second-order structure functions over non-overlapping
sub-records of =2s.

As a next step, we analyze the turbulence structure by
means of local energy dissipatien. Here, ¢, is derived _ _ _ _ _ _
from so-called second-order structure functiofi$ esti-  new-particle formation gives a slightly different picture. In
mated from short, non-overlapping, subrecords of lengthparticular for the region L1, an increasesfof nearly two
T =2s. Since classical Kolmogorov scaling yiel§& ~ orders of magnitude was measured. But in contrast to the
C21%/3 with €%2=2¢%/3 the dissipation can be determined first profile, the maximum values are shifted more to the up-
from the structure function magnitude (sSéebert et al. ~ per and lower boundaries of L1. For L2, the picture is quite
2006h and references therein for more details on thisSimilar but much less pronounced. The increase; aibove
method). Figure8 shows the profiles of, taken during the and below L1 is obviously due to shear-induced turbulence
first ascent (profile 1, left panel) and the last descent (profile(cf., Fig. 4 and7). The same arguments might be valid for
2, right panel); the particle number concentratiéris plot- the first profile but cannot be proven due to the lack of the
ted and the two layers L1 and L2 are marked for comparisonmean horizontal wind speed data for this profile.

Both ¢, profiles show comparably high values in the There are several arguments that the observed particles
highly turbulent, well-mixed layer where production of tur- have been nucleated and grown into the observed size range
bulent kinetic energy due to convection is already dominantwithin the two distinct layers. From our observations it is not
Note that production of turbulent kinetic energy necessarilypossible to determine the exact age of the small particles but
means also high energy dissipation due to the classical pictypically the growth rate can be estimated to a few nm per
ture of an energy cascade. Above the well-mixed layer, thehour Kulmala et al, 2004 which results in a particle age of
damping influence of the temperature inversion{Ri.) in- one hour or for more polluted conditions as short as a few
creases which results in decreasing turbulence. In the lagninutes. This can also be taken as an indication supporting
profile this decrease is almost three orders of magnitude. lrour hypothesis that these particles were formed inside these
the residual layer — the region with the two layers (L1 and L2) layers. The only parameter which gives us a consistent pic-
with increased particle number concentration — we observe &ure is the local turbulence structure described hyFor the
different behavior ot during the two profiles. During pro- first profile, both particle layers are more turbulent compared
file 1, &, shows a local maximum in both layers L1 and L2 with the surrounding regions and the maximum values,of
with an increase by a factor of NSD2 indicating a more tur- are found in the core of the layers. The last profile shows that
bulent layer compared to the background. Even though thighe mixing in the core of the layers is decreasing but strong
increase of turbulence is not very strong, the qualitative corturbulent mixing occurs at the boundaries of the particle lay-
relation of increased, and increased inL1 and L2 is ob-  ers leading to an increase of the vertical extent of the turbu-
vious. For the last descent, the profilesgfin the region of  lent layers. Due to the lack of effective vertical mixing in
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30 5 Conclusions
] o 1
25 - 4 This study presents a unique combination of in-situ measure-
”E i ments with high temporal and spatial resolution at heights up
S 204 ® - to 1800 m covering meteorological and aerosol parameters,
? 2 and continuous measurements of a lidar. While the in-situ
E 154 1 2 . measurement provides a very detailed snapshot of a certain
c 6 . T measurement point in time and space, the lidar follows the
2 104 0o ® . 7 ®te .\"‘;’Q? & development of the vertical structure of the backscatter sig-
) O\ A e e S e T nal above one location during the measurement period. Thus
1 ® N A I «* %y " rng b ’
Sp *® . L] the combination of both gives a more complete picture of the
0_' i meteorological and aerosol stratification and may help to un-
derstand aerosol transport and formation processes.
4 6 8 10 12 14 16 The observations show the occurrence of ultrafine aerosol

Time [UTC] particles &20 nm) within distinct Iay_ers in_side the residual
layer. These layers showed only slight differences of mean
thermodynamic and dynamic parameters compared to the

Fig. 9. Diurnal variation of number concentration of total particles Surrounding regions but were characterized by increased tur-

in the size range 3—15 nm measured with the NAIS on 13 May 2008bulence.

at Cabauw. The measurements were taken in a height of 60 m above From our in-situ and remote sensing observations we can

ground at the Cabauw tower. conclude that two circumstances might have played a role in
this new-particle formation process in patchy layers: i) tur-

bulent layers were responsible for creating favorable thermo-

that region these layers are quite stable and conserved ovefynamic conditions (e.g., supersaturation of precursor gases
several hours with its individual mean properties. We cange to non-linear mixing), i) layers of increased aerosol con-

only speculate as to whether the turbulent mixing in thesecentration in the accumulation mode as observed by lidar

layers leads to favorable conditions (e.g., supersaturation ofmited NPF due to the larger particle surface area serving

precursor gases) for the nucleation event. as a sink for ultrafine particles.

Another key question in this context is the relation be-  The corresponding air masses were of continentally pol-
tween our observations of new partlclg formation in the resid-j;teg origin which is typically not the ideal environment for
ual layer and ground-based observations. new particle formation due to a high available particle surface

The total number concentration measured at ground leve{oncentration. However, maybe the available concentration
by NAIS (Fig. 9) shows a rapid increase for particles be- of condensable gases is high enough to enable new particle
tween 3 and 15nm starting at 09:45UTC. A few minutes formation under more polluted conditions. But new particle
before (NSD 09:35UTC), the onset of thorough mixing up formation has been observed also in heavily polluted envi-
to a height of about 800 m was observed by the lidar (se§onments, such as Beijing\u et al, 2007) and Mexico City

Fig. 1). Therefore, it is natural to speculate that those parti-(Dunn et al, 2004, therefore it should be realistic also under
cles observed in leg 4 at about 800 m were mixed downwardg,o|lyted conditions in Central Europe.

and caused the strong increase of ultrafine particles observed particle measurements at ground level show a rapid in-

at ground. S crease of ultrafine particles just at the time when the well-
Assuming that the mean energy dissipation @#®ea-  ixed layer ranges from ground up to NSD800 m which cor-
sured in the well-mixed layer by ACTOS during the last pro- responds to the height were the enhanced number concentra-
file (£~ 10~2m?s~%) is approximately the same at around tjon of ultrafine particles was found. Thus, it is very likely
09:35UTC for the height range from ground t800m,  hat these particles observed at the ground were formed at
we can estimate the time scatgix which is needed 0 phigher altitudes and mixed downwards. These observations
mix down tlhg particles fromy =800 m to ground level by  haye consequences for the interpretation of many earlier pub-
Tmix ~ é / ~6 min. Due to this short time scale it is ob- lished ground-based observations of new particle formation
X}hrough specific inclusion of measurements in the vertical di-

NAIS is due to vertical mixing of the particles observed ear- Mension and boundary layer development. Without the air-

lier by ACTOS in the residual layer, rather than new particle POrn€ in-situ measurements and remote sensing, the obser-
formation at ground level. vations at ground level could lead to a misinterpretation of

location and processes causing the increase in ultrafine parti-
cles.

vious that the rapid increase of ultrafine particles observed b

Atmos. Chem. Phys., 10, 4314330 2010 www.atmos-chem-phys.net/10/4319/2010/



Wehner et al.: Turbulence-induced particle formation in the residual layer 4329

The combination of ground-based, remote sensing (lidar) through heteromolecular nucleation, Environ. Sci. Technol., 36,
and airborne in-situ measurements with high spatial reso- 5083-5091, 2002.
lution clearly indicate a step forward to understanding theKomppula, M., Lihavainen, H., Hatakka, J., Paatero, J., Aalto, P.,
complex interaction between boundary layer dynamics, tur- Kulmala, M. and Viisanen, Y.: Observations of new particle for-
bulence, and new particle formation. However, the nucle- mation and size distributions at two different heights and sur-
. ’ . : | o dings in subarctic area in northern Finland, J. Geophys. Res.
ation process itself seems still an unsolved issue since pre- "oUndiNgsin st : phy '
p . L . P 108, 4295, doi:10.1029/2002JD002939, 2003.
cursor gas measurements are still missing in this context. Iri!<

he f . Id be i . h imul uang, C., McMurry, P. H., and McCormick, A. V.. Determi-
the tuture it wou € interesting to have simuftaneous, Ver- a4on of cloud condensation nuclei production from measured

tically resolved aerosol, chemical, and turbulence measure- o, particle formation events. Geophys. Res. Lett. 36, L09822,
ments within the boundary layer. doi:10.1029/2009GL037584, 2009.
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