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Abstract

This study explores the vertical and horizontal variability of the particle number size distribution from two flight measurements
campaigns over a boreal forest in Hyytidld, Finland during May—June 2013 and March—April 2014, respectively. Our other
aims were to study the spatial extent of new particle formation events and to compare the airborne observation with the ground
measurements from the SMEAR 11 (Station for Measuring Ecosystem-Atmosphere Relations) field station located in Hyytiala.
The airborne measurements extended vertically 3.8 km and horizontally 30 km from the station. A Cessna 172 aircraft was
used as a measurement platform. The measured parameters included the particle number concentration (>3 nm) and particle
number size distribution (10-400 nm). The airborne data used in this study were equal to 111 flight hours. The measurements
showed that despite local fluctuations there was a good agreement between the on-ground and airborne measurements inside
the planetary boundary layer. On median, the airborne total number concentration was found to be 10 % larger than at the
ground level. The seasonal and meteorological differences between the campaigns were reflected in aerosol properties. NPF
days showed areas of intensified NPF on a scale from kilometres up to couple of tens of kilometres in the planetary boundary

layer. NPF was also observed frequently in the free troposphere.
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1 Introduction

Atmospheric measurements performed at ground-based stations are often generalized to represent the conditions on the larger
scale. However, the spatial and temporal scales of the complex atmospheric phenomena, like new particle formation (NPF),
and information on spatial variability of aerosol properties is needed for correct extrapolation and parametrization of ground-

based observations to larger scale and for use in modelling studies.

Numerous measurement have shown that the NPF from precursor gases (Kulmala et al. 2013, Kulmala et al. 2014) occurs
frequently around the world (Kulmala and Kerminen 2008, Kulmala et al. 2004, Zhang et al. 2012), and that the subsequent
growth of these fresh-born particles is a climatically important source of cloud condensation nuclei (CCN) (Kerminen et al.
2012). Model studies by Spracklen et al (2008) and Merikanto et al (2009) show that NPF in the planetary boundary layer
(PBL) can increase the global PBL CCN production up to 50 %. The Hyytiala SMEAR Il (Station for Measuring Ecosystem-
Atmosphere Relations) measurement site located in Southern Finland has provided an extensive two-decade long measurement
time series of aerosol properties in a rural boreal forest environment (Hari and Kulmala 2005, Nieminen et al. 2014). In
Hyytidld, NPF days are occurring regularly on around 25% of the days with a peak observed during the spring when NPF

occurs almost every other day on average (Dal Maso et al. 2005, Nieminen et al. 2014).

Although temporary limited to field campaigns of various lengths typically on scale of weeks, airborne measurements add
important information about the spatial variability of the parameters of interest. Only few long-term data sets exist. The
European Research Infrastructure IAGOS has used commercial passenger aircrafts to obtain a 20-year data set of atmospheric
components in the troposphere and stratosphere with global spatial coverage (Petzold et al. 2015). Two extensive studies to
characterize the vertical profiles of aerosol optical parameters were performed over Oklahoma (Andrews et al. 2011) and over
Illinois (Sheridan et al. 2012).

As part of the EUCAARI campaign (Kerminen et al. 2010, Kulmala et al. 2011) airborne aerosol observations were performed
over Europe. Hamburger et al (2011) compared the data from several European measurement stations to airborne accumulation
mode particles inside the PBL with a maximum distance of 150 km from the selected station. They found a good agreement
between the airborne and ground measurements. During the same campaign, the horizontal scale of the NPF was determined

on a scale up to 100 km, and the NPF was observed only inside the PBL (Crumeyrolle et al. 2010).

Within EUCAARI, the vertical extent of NPF was studied with a helicopter-borne platform in Cabauw, Netherlands (Wehner
et al. 2010), and it was found that NPF started in a turbulent layer above the convective boundary layer before NPF was
observed at ground. This was observed also in later campaigns with unmanned aircraft systems (UASSs) in Melpliz, Germany.
It was explained that whereas the mean values of the meteorological parameters and the saturation vapour pressures of the
needed condensable vapours were not favourable enough for nucleation, the turbulence in these layers could create pockets

where nucleation was able to start. This process was proposed already earlier by Nilsson et al (2001). Also, at the top of the
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boundary layer with lower ambient temperature conditions for NPF are thermodynamically more favourable than the ones at
the ground level (Easter and Peters 1994).

In Hyytiéla, there have been several studies on the vertical extent of the NPF process. O’Dowd et al (2009) conducted
measurements with small and microlight aircrafts. Nucleation mode particles peaked first at the lowest altitudes, just above
the canopy top. Laakso et al (2007) examined the vertical profiles of NPF with an instrumented hot-air balloon and found that
the NPF started simultaneously at all altitudes in the PBL. However, the results of Schobesberger et al (2013) indicate that
NPF was enhanced in the upper part of the PBL.

The airborne measurements inside the PBL with longer horizontal constant-altitude legs have revealed horizontal variability
in the ultrafine aerosol concentrations during NPF (Crumeyrolle et al. 2010, O'Dowd et al. 2007, O'Dowd et al. 2009,
Schobesberger et al. 2013). However, to our knowledge, this variation has not been quantified using larger data set. The
horizontal variation has been studied by simultaneous measurements at two or more closely located stations (e.g. Komppula
et al. 2003, Wehner et al. 2007) but this approach lacks the spatially continuous row of measurement points and thus the full

extent of the NPF cannot be revealed.

Several studies have previously reported nucleation also in the free troposphere (FT). Laakso et al. (2007) and Schobesberger
at al. (2013) reported single measurements of nucleation mode particles in the FT above Hyytiala. During a two-month
campaign over the Mediterranean, Rose et al. (2015) observed regularly 5-10 nm particles in the FT, also during nights. Their
study showed that due to the low condensation sink at altitudes between 2000-3000 m there had been favourable conditions
for NPF. Mirme et al (2010) measured in the FT up to the altitudes over 10 km, and reported both neutral and charged sub-3
nm clusters at all altitudes. The results from a five-year measurements in continental FT over Siberia by Paris et al (2009)
showed that the ratio of concentrations of 3—70 nm and 70-200 nm particles (N3-70/N7o0-200 ) Was higher over 5 km than below
it. In recent measurements at Jungfraujoch research station (3580 m a.s.l), Switzerland, NPF was observed on 15-20 % of the
days, and the air mass had lifted the condensable vapours from PBL 1-2 day before the NPF was observed in the FT (Bianchi
et al. 2016).

This paper presents the results from two airborne campaigns in May—June 2013 and in March—April 2014 during clearly
different meteorological conditions. Both campaigns provide rather extensive data sets on the vertical and horizontal variability
of aerosol number size distribution in the boreal environment. The spring seasons were chosen since it is when NPF is most
frequent in Hyytidla. The main goals of this study were 1) to characterize the vertical aerosol distribution and its variation in
the PBL and the lowermost free troposphere, 2) to compare airborne measurements on horizontal scale of tens of kilometres
with the ground based observations, 3) to study the spatial extent of NPF both in the PBL and free troposphere, 4) to investigate
the night-time residual layer after a NPF day.
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2 Methods
2.1  Airborne instrumentation and data preparation

We used a Cessna 172 aircraft as a measurement platform (Schobesberger et al. 2013) (Fig. 1). The Cessna 172 is a four-seat
single engine airplane. Its payload is limited by size and weight. An advantage is its low cruising speed, around 35 m/s, and

relatively low infrastructure and running costs.

The forward facing sample air inlet was mounted under the right wing. It is a modified version of the shrouded inlet used by
Hawaii University on board of NASA DC-8 aircraft (McNaughton et al. 2007). The sample air was taken through a 4.2-meters
and 22-mm diameter stainless steel tube into the cabin. The scientific operator used a manual control of a Venturi tube to keep
the sample flow at 50 | min*. This ensured that the pressure of the instrument inlets was equal to the outside pressure, and the

sampling was conducted close to isokinetic conditions.

The aerosol and gas instruments were in a rack situated in the cabin. The air for individual instruments was sampled using core
inlets, i.e. from the centre of the main flow. An ultrafine Condensation Particle Counter (uCPC, Model 3776, TSI Inc.) was
used to measure the number concentration of particles larger than 3 nm. The aerosol number size distribution in the size range
of 10-400 nm was measured using a custom-made Scanning Mobility Particle Sizer (SMPS) with a short Hauke type
Differential Mobility Analyzer (DMA) operating with closed-loop sheath air and a TSI 3010 CPC as a particle counter. A Li-
Cor Li-840 analyzer was used to measure H,O and CO; mixing ratios (MRs). A Particle Size Magnifier (PSM, Model AQ9,
Airmodus, Vanhanen et al. 2011) connected to a TSI 3772 CPC was tested and optimized for the observations of newly formed
aerosol partiles as small as 1.5 nm. Finally, an Optical Particle Sizer (OPS, Model 3330, TSI Inc.) was used during some flights
in 2014 to measure the particles with sizes larger than 300 nm. The sample flows of the instruments were maintained either by

internal pumps of the instruments or by an external pump. Accumulators provided electricity for the instruments.

Aerosol and gas measurements were complemented by the basic meteorological parameters. A fast PT-100 temperature sensor
was mounted under the wing inside a metallic housing with free flow of passing air. A relative humidity sensor and a second
temperature sensor were located under the inlet inside a metal housing. Static air pressure was measured inside the

unpressurized cabin. A GPS receiver recorded the 3D position of the aircraft.

The particle and gas instruments were tested and calibrated in the laboratory before the airborne measurements. The CPCs
were calibrated against a reference electrometer. A reference DMA was used to determine both the cut-off sizes of the CPCs

and the sizing accuracy of the SMPS. The Li-Cor 840 was calibrated using standard gases for CO, and H,O.

All aerosol data reported in this study were corrected to the standard temperature and pressure (STP, 100 kPa and 273.15 K)
conditions. The SMPS data were inverted using the schema by Collins et al (2002). All the data, except the particle size
distributions measured with the SMPS were recorded at 1 Hz. The SMPS had two-minute resolution. For the analysis involving

aerosol size distribution, 2 min mean values of other quantities were calculated from the 1 Hz data. After the PEGASOS 2013

4
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campaign, we performed a 2-day side-by-side comparison between the aircraft SMPS and CPC, and the ground-based DMPS
at Hyytiala. The total particle concentrations measured at Hyytiala differed from those measured by the Cessha uCPC and
SMPS less than 10 %. The mode peak diameters measured by the Hyytidld DMPS showed typically 1-2 nm larger particles
than those measured by Cessna SMPS.

2.2 Flight campaigns and their meteorological characteristics

The most favourable season for the NPF events at the SMEAR |1 station is spring (Dal Maso et al. 2008, Nieminen et al. 2014).
Meteorological conditions during March—April in 2014 and May-June in 2013 differed clearly from each other, and therefore
we present them separately, and refer to them as ‘late spring 2013’ and ‘early spring 2014°. The origin of the air masses during
the measurement campaigns was determined using the HYSPLIT trajectory analysis (Rolph 2016, Stein et al. 2015). The
satellite images by the NOAA-satellites carrying AVHRR sensors were used to determine the cloud cover along the trajectory

of the air masses (http://www.sat.dundee.ac.uk). The thermal infra-red channel (10.3—11.3pum) was used.

The planetary boundary layer (PBL), which is the lowermost and well-mixed atmospheric layer directly connected to the
surface, develops and rises during the morning (Stull 2012). Within the mixed PBL the potential temperature and H20 MR
are relative constant (Stull 2012), and we used their airborne calculated vertical profiles to determine the height of the PBL.

During the campaigns reported in this paper, the daily maximum height of the PBL varied between 0.6 km and 2.5 km.

During the late spring 2013, there was a warm three-week period between 16 May and 6 June when air masses originated from
east and the daily maximum temperatures often exceed 20 °C. Before and after this period the air masses arrived from westerly

directions and daily temperatures were around 15 °C or lower (Nieminen et al. 2015).

The early spring campaign 2014 started with a 6-day period with the daily maximum temperatures varying between 5 and 9
°C. This was followed by a 6-day period with the daily maximum temperatures between —1 and 3 °C. During the last week of
the campaign, the daily temperatures were around 3—4 °C. The prevailing origin of the air masses were Atlantic Ocean or

Acrctic Ocean: the only flights days in air masses of non-marine origins were carried out on 25 March and 2 April 2014.

Western and northern air masses advected to Hyytidla from Atlantic and Arctic Oceans are typically cleaner than the southern
or eastern air masses, which originate from continental and more populated regions (Nieminen et al. 2014, Sogacheva et al.
2005).

2.3 Flight strategy

The airborne measurements were part of larger field campaigns focused on biosphere-atmosphere interactions in a boreal forest
environment. During the PEGASOS Northern Mission in 2013, Cessna observations were carried out in coordinated manner
with Zeppelin NT airship measurements (Manninen et al, in preparation), and an extensive field campaign was performed at
the SMEAR |1 station. During 2014, the BAECC campaign was a joint project between University of Helsinki and the U.S.
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Department of Energy’s ARM Mobile Facility (Petéj4 et al. 2016). A three-week flight campaign in March—April was part of
one of the BAECC campaign’s three Intensive Operational Period (10P).

During the late spring 2013 flight campaign, a total of 45 measurement flights were flown in 30 days between 24 April and 15
June 2013. During the early spring 2014 campaign, 26 flights in 14 days were performed between 25 March and 10 April
2014. In this work, we used only the data measured within the 30-km distance of the SMEAR Il Hyytiéla station to enable the
comparison with the ground-based data. These include all the flights of the early spring campaign in 2014 and the vast majority
of the flights of late spring campaign in 2013. The remaining flights in 2013 were flown near Jamijérvi airport (80 km west
from Hyytiéld) together with the Zeppelin NT airship flights during the PEGASOS campaign (Manninen et al, in preparation).

Table S1 in the supplementary material presents the descriptive summary of all flights.

During both campaigns, two flights per day were usually performed when weather conditions allowed flying. Due to limitations
of Visual Flight Rules (VFR) conditions, the observations were biased towards clear sky and broken cloudy conditions without
precipitation and high winds. For flight planning, we used a method by Nieminen et al (2015) to forecast the NPF event
probability for Hyytidla site. In this method, the forecasts for weather, air mass origin, and air quality, as well as the statistics
from the long-term data sets were utilized to predict the occurrence of the NPF events during the following days. Although the
method could not predict the exact starting time of the NPF, which varied for example with the season and meteorological
conditions, the morning flight was planned to coincide with the time when the NPF was expected to start based on long-term
observations at the SMEAR 11 site (Nieminen et al. 2014). The second flight of the same day took place usually 2—-3 hours

after the first one.

The Cessna airplane was based at Tampere-Pirkkala airport (EFTP), approximately 60 km SW from Hyytidld. A typical
research flight lasted between two and three hours, and it covered an area of several tens of kilometres around Hyytiala station
up to the altitude of 3800 m. The flights were often flown along a line track that was perpendicular to the wind. Along that
line, the flight track often consisted of several constant altitude flight legs inside and above the PBL, and a climb up and
descent from the top altitude. Most of the research flights were flown in the approximately south-north direction, and the flight
routes were chosen to prefer the forested areas and to avoid local sources of anthropogenic emissions. There was a trade-off
between the spatial and temporal coverage; when the flight track covered a large area both horizontally and vertically, it could

not catch rapid changes at one location.
2.4 Ground-based instrumentation

The ground-based measurements were performed at the SMEAR |1 station in Hyytiéla, Finland (N 67° 45.295', E 29° 36.598',
181 m a.s.l. See Hari and Kulmala, 2005). It is a rural background station in the Finnish countryside, and its surroundings are
a mosaic of boreal forests, lakes, agricultural land, wetlands, small roads, small towns or villages and small industrial sites.
Fig. 2 presents a land use map near the station. (EEA 1997, Williams et al. 2011). Coniferous or mixed forests cover 66 % of

the land area within 50 km from Hyytiéla. The nearest big city, Tampere, is 50 km south-west from Hyytidl4. All altitudes

6
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presented in this paper are meters above the sea level, m a.s.l. The land elevation in the area around Hyytiala is between 95

and 190 m a.s.l. (data from National Land Survey of Finland, http://www.maanmittauslaitos.fi/en)

The description of the continuous ground-based measurements at the SMEAR 11 Hyytiél4 station can be found e.g. from Hari
and Kulmala (2005). The Differential Mobility Particle Sizer (DMPS, Aalto et al. 2001) with particle diameter range of 3-800
nm and temporal resolution of 10 minutes was situated inside a research cottage. Its sampled 8 m above the ground level inside

the canopy of the boreal forest. Particle concentrations were corrected to STP conditions similarly as the airborne data.

The wind speed and direction were measured at the altitude of 16.8 m above the ground. In addition to meteorological data
measured at the Hyytidl4 station, we used the Finnish Meteorology Institution’s (FMI) measurement network to obtain data on
the cloud cover around the area. The cloudiness (with the scale of 1/8-8/8) and the altitudes of the cloud base are measured at

Tampere-Pirkkala and Halli airports, which are situated 60 km southwest and 30 km east from Hyytiéla, respectively.

The High Spectral Resolution Lidar (HSRL) was used detect the vertical structure of the troposphere with focus on the aerosol
layers, and determine the PBL height above Hyytidld. The system provides aerosol optical depth, volume backscatter
coefficient, cross section, and depolarization profiles with high temporal and vertical resolution (Eloranta 2005). These
quantities can be used for example in identifying the dominant aerosol type for different layers using a combination of lidar
ratio and depolarization (Li et al. 2009, Petzold et al. 2009).

2.5  Data analysis

251 Median vertical aerosol profiles

Statistics of the aerosol vertical profiles were calculated separately for the late spring 2013 and the early spring 2014.
Observations of the total number concentrations, and the number concentrations of 10—25 nm and 80-400 nm size bins, which
represented the nucleation mode particles and CCN size particles, respectively, within 30 km from Hyytiéla were included.
The altitude range of 300-3800 m a.s.l. was divided into 100 m bins, and the medians together with 10t and 90™ percentiles
(P10 and P90) are shown in Fig. 3. These vertical profiles were compared to the particle number concentrations and the number
size distributions measured simultaneously with the DMPS at Hyytiéla. Additionally, since the flight tracks varied and not all

altitudes were covered equally, the relative number of data within each altitude was plotted to show the strength of the statistics.

2.5.2  Connecting the airborne and the on-ground measurements: horizontal variation
The ground based aerosol measurements are often generalized on various scales to represent the conditions in a regional scale

in the PBL. Using airborne data, we tested this assumption for the Hyytidla station.

To compare the aerosol size distributions observed on the ground to airborne measurements, log-normal distributions were
fitted to the size distribution data from both data sets (Hussein et al. 2005). After fitting, every size distribution was reduced

to a sum of 1-3 log-normal distributions. Each of them was defined by three parameters, namely the mode peak diameter, the
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mode width, and the concentration of particles in the mode. The error of the fitting was defined to be the difference of the total

concentration between the fitted and measured distributions.

The airborne uCPC and SMPS measurements performed inside the PBL were compared with the simultaneous ground-based
DMPS measurements. The studied quantities were the total number concentration, as well as the concentrations of 10-25 nm
and 80-100 nm particles, as well as particle mode diameters obtained from the mode-fitting algorithm. The uCPC total
concentration was averaged to the same 2-min resolution as the SMPS data. This reduces both the random noise and auto-
correlation of the data. The 2-min time resolution with the 35 m/s airspeed corresponds to the spatial resolution of 4.2 km. In
addition, the Hyytiala DMPS data were interpolated to the same 2-min grid used with the airborne data. The analysis covered

airborne data within 30 km radius from Hyytiél&, and the data were divided into 5-km geographical distance bins.

The differences between airborne and on-ground concentrations are presented in Fig. 4a,c,d as a ratio between the airborne
number concentration minus ground based, divided by the ground based number concentration. We calculated the median, 10"
and 90™ percentiles (P10 and P90, respectively) of these relative difference distributions as a function of the distance where
the airborne measurement was performed. For particle diameters (Fig. 4e,f) we compared the absolute differences. We did that
for the mode peak diameter of the mode with the largest concentration, and for the smallest mode peak diameter when it was
below 25 nm in Hyytiéla.

2.5.3  New particle formation event days

Based on the Hyytidla DMPS data, the days were classified into NPF event days, non-event days, and undefined days
(Buenrostro Mazon et al. 2009, Dal Maso et al. 2005, Kulmala et al. 2012). During the NPF days, a new mode of the freshly
formed particles (<25 nm) were seen to appear and later grow towards larger particle diameters. During the undefined days,
one could see a new mode of small particles but no growth, or a new mode of growing particles was seen but the particles were

larger than 25 nm. During the non-event days neither growth nor a freshly-formed small particle mode was seen.

Additionally, the NPF days were divided into classes | and 11 based on how clear the growth was and if the growth rate and
formation rates could be calculated based on the DMPS data (Dal Maso et al. 2005). If the growth of the particles was smooth
enough so that the growth rate and formation rate could be estimated, the day was classified into the class I. During these days
the NPF was assumed to be homogenous in the regional scale. If there was a clear growing particle mode but the concentration

fluctuated so much that these parameters could not be quantified, the day was classified into the class 11 event.

During the campaign in 2013, in total four class | NPF event, 13 class Il NPF event, 11 undefined, and 2 non-event days were
observed. The corresponding numbers during the early spring 2014 were 11/2/1/0 (Supplementary material Table S1). One
should, however, note that the flights were limited to relatively fair weather days and that biases the data towards the increased
NPF probability.
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To compare the overall picture and the spatial variation during the class | NPF events, we calculated the differences for each
of flights that were flown on the class | NPF days. We show tabulated number concentration ranges for both airborne and on-
ground data, and median relative differences over the flights. Furthermore, we collected the airborne data inside the PBL and
within a 30 km geographical distance from the SMEAR 11 station.

2.5.4  Selecting case studies
Summary statistical values offer general patterns of phenomena, but detailed information is lost. Therefore, four case studies

were selected to show a more precise picture of the vertical and horizontal variation and evolution of selected events.

The case studies illustrate four different NPF situations covering the variability observed during both 2013 and 2014
campaigns. Case I) was 28 March 2014: a class | NPF event day with a rapid nucleation burst and airborne horizontal variation
in concentration. Case I1) was 16 May 2013, a class Il event day which means inhomogeneous growth and spatial variation in
the particle concentration. Case I11) on 4 April 2014 was an early hours flight after a NPF day with observed small particles
in the residual layer, and case 1V) 26 March 2014 was a weak class | NPF day inside the PBL, and with particle growth also
in the free troposphere. In addition, we expanded case 1V) and showed the frequency and features of all the cases when <25

nm particles were observed in the free troposphere.

3 Results and discussion
3.1  Median vertical profiles

We compared the vertical profiles of total particle number concentration, and the number concentration in 10-25 nm and 80—
400 nm size bins (Fig. 3). The median profiles for these size ranges differed largely from each other between the late spring
2013 and early spring 2014 data. The early spring profile had higher and relatively constant total number concentrations (3000—
4000 cm®) up to the top of the PBL at 1100 m a.s.l. altitude, and above that the concentrations were below 1000 cm™ all the
way up to 3800 m a.s.l. The same shape can be seen also for the 90™ percentile (P90) of the concentration profile. During the
late spring, the median concentrations at low altitudes were lower than during the early spring, and no similar sharp decrease
in the concentration profile can be seen. The aerosol number concentrations decreased continuously all the way up to the

altitudes of 3000 m a.s.l. resulting in larger concentrations above 1100 m than during the early spring.

We can identify three processes affecting the shapes of the median profiles. Firstly, the measured height of the PBL varied
more during the flights in the late spring 2013 (range 350—2560 m a.s.l) than in the early spring 2014 (range 550-1770 m a.s.l).
This smoothed the median profile of 2013. Secondly, during the early spring 2014, a higher fraction of the measurement days
was classified as NPF days, and thus the particle concentration inside the boundary layer was higher compared to the late
spring 2013, when the majority of the days were either class Il NPF days or undefined days. Thirdly, the high pressure that

prevailed during many of the days in the 2014 campaign caused a large-scale subsidence preventing the mixing between the
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PBL and the FT (Hamburger et al. 2011). This blocked the particles rising from the PBL upwards and reduced the
concentrations in the FT.

Figure 3c shows the vertical profile of nucleation mode particles in the size bin of 10-25 nm. During the early spring 2014 the
nucleation mode number concentration was similarly enhanced as the total concentration when compared to the late spring
2013 profile, which was due to a higher number of class | NPF days. During 2013 polluted air masses dominated resulting in

larger concentrations of 80-400 nm particles than during 2014 when air masses were cleaner (Fig. 3d).

When comparing the number concentrations at the lowermost airborne measurements altitudes between 300 and 500 m a.s.l.
to those at the ground level, the airborne values were in line with the on-ground values (Fig. 3). For the total number
concentration, the airborne median values were 1-88 % larger than the corresponding on-ground values. For 10-25 nm and
80-400 nm particles, the relative differences between the airborne and on-ground concentrations at 300-500 m a.s.l. were in

the ranges from —7 % to +121 % and from —17 % to +49 %, respectively.

When looking at the P90 profiles of the concentrations, a high vertical variability can be seen. For example, for 10-25 nm
particles during the early spring 2014, the P90 value of the concentration peaked intensively at the altitude of 1100 m (10 500
cm®), whereas the concentration at the altitude of 900 m was much lower (7800 cm®). This was at least partly explained by
the contributions that the different flights had to the each altitude-bin’s data. The altitude-bins of 300 m and 1100 m were
dominated by intense NPF days, whereas the data for altitude-bins of 400 m and 900 m included both intense and weaker NPF

days.
3.2 Representativeness of on-ground data

We compared the flight measurements inside the PBL and ground-based observations in Hyytidla with a focus to find out how
well the measurements in Hyytiala represent the particle concentration and size distribution horizontally. As seen in Fig. 4a,
the differences between airborne and ground-based measurements were relatively small for the total aerosol number
concentration. When comparing the medians, the airborne total number concentrations were 0-17 % larger than the ground-
based concentrations during the 2013 campaign (blue lines), whereas the airborne concentrations were 13-26% larger during
the 2014 campaign (red lines). The variability (P10 and P90) was between —68 % and +114 %. The flat median curves indicate
that, on average, the particle number concentration was relatively constant over the area of 30 km. However, the variability

grew as a function of the distance, as shown by the rising P90 curves.

The median relative differences in the concentration of the nucleation mode particles (10-25 nm) showed that their
concentrations were 6-82 % higher airborne than on the ground Fig. (4c). Smaller particles have shorter lifetimes and have
sources closer to the measurement point than larger particles, which explains the higher variability of the concentration of 10—
25 nm particles than that of larger particles. For the sub-25 nm particles, the relative difference was larger during the early
spring 2014 that had a high fraction of NPF days compared with 2013. The P10 of the difference between the ground level and
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airborne concentrations of 10-25 nm particles was between —80 % and +5%, whereas the P90 curves show that the airborne
observations could be up to 108-350 % larger than on-ground. The range of relative difference (P90) increased as a function

of distance from Hyytiéla, which indicated that the range of variability was still evolving as the distance grows.

The horizontal profiles of the larger accumulation mode particles in the size range of 80400 nm showed very low (from —2
% to +6 %) median differences between the airborne and on ground values for both early and late springs (Fig. 4d). This feature
is connected to the longer lifetime of these particles.

In addition to concentrations, we compared the mode peak diameters of the modes with the largest concentration (Fig. 4e), and
the smallest modes when there was a <25 nm mode in Hyytiala (Fig. 4f). For both cases, the mode peak diameters of both
nucleation mode and the largest mode agreed very well over all distances from Hyytidld. When looking at the most dominant
mode, the airborne particles were slightly, from —2 nm to —10 nm (median values), smaller than the particles measured in
Hyytidld. The median difference for the nucleation mode diameter was from —1.7 nm to +0.3 nm and P10-P90 variation
between —12 nm and 26 nm. For both modes, the late spring 2013 was found to have a larger variability than the early spring

2014, which was consistent with the higher number of class Il and undefined days in the late spring.

In general, the total number concentration and the concentrations of 10-25 nm and 80-400 nm particles were higher airborne
than on-ground. The measurements in Hyytidla were performed within the forest, so these differences were likely partly due
to the dry deposition of particles onto the forest canopy. The mode peak diameter comparison indicated smaller particles
airborne than on ground level. This is hard to explain by aerosol processes and might be due to a slight instrumental discrepancy
between the airborne SMPS and Hyytidld DMPS.

3.2.1  Class I NPF days seen on the ground and from the aircraft

To explain the regular growth the particles during the class | NPF events, a homogenous air mass is often assumed to cover a
large area. We tested this by comparing the median differences between the ground level and airborne measurements calculated
over the campaigns in the previous section, to the median differences during the class | NPF days. The late spring 2013 flights

were performed on three class | event days, and the early spring 2014 flights on eight days.

The median differences of the airborne and ground based concentration values for each flight are presented in Table 3. The
absolute P10 and P90 ranges (rounded to the closest hundred particles) are shown in supplementary material in Table S2. For
class | event days in 2013 the airborne total number concentrations were 17—-34 % larger than the concentrations on the ground
(median values), whereas for all data in 2013 the median difference was smaller (9 %, Fig. 3b). In 2014, the median values of
the total number concentration difference during class | NPF days varied between —1 % and +99 % (average was 40%) in
favour of airborne observations. The median difference over the 2014 campaign was smaller, 11%. The differences of the 10—
25 nm particle concentrations on the class | NPF days were quite similar to that in all days. In the majority of the days, the

median differences between airborne and on-ground measurements of both the total number concentration and 10-25 nm
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particle concentrations were larger during the morning flight when NPF had just started, than during the afternoon when the

PBL mixing had had more time to smooth out the differences.

When comparing the mode peak diameters of the nucleation modes during the class | NPF days, the median diameters of the
airborne particles were typically 2—3 nm smaller than on-ground. This is a quite similar value than the medians over all data
during the campaigns.

3.3  Case studies

New particle formation is a complex phenomenon, and not fully understood. Variability in aerosol number concentration in
time and space is high, especially during the early stage of NPF. Therefore, in this section several case studies are analysed to
show how a NPF event is seen from both airborne and ground based perspectives simultaneously. Key parameters related to

the NPF observed at the ground level for these cases are collected to Table 2.

3.3.1 28 March 2014: Rapid and intense NPF

A strong NPF day with intensive formation and rapid growth of particles was observed on clear-sky day, 28 March 2014.
Although the sky was clear, there was a humid layer with elevated water vapour concentration at the altitude of 2700-3200m
a.s.l. (Fig. 5e, mixing ratio of water vapour, H,O MR, 3.1-4.2 mmol/mol inside the layer vs. <1 mmol/mol below it). The
average wind speed in Hyytiala was 1 m s and the wind direction was changed from easterly wind in the morning to north-
west in the afternoon. The air mass originated from North and from above the Arctic Ocean. The meteorological conditions of
the day made a good prerequisite for NPF event. During the morning flight, the PBL height was observed to rise from 700 m

to 1180 m a.s.l., and during the afternoon flight it was around 1060 m a.s.l.

At the ground level, the beginning of the NPF was observed at 10:50 with a strong burst when particles with a wide range of
diameters (4-25 nm) appeared (Fig. 5a). The formation rate of 3 nm particles, J;, during the event was 3.9 cm3s? and the
growth rate (GRs-25 nm) Was 4.0 nm/h until around 13:00. After that, the mode peak diameter remained rather stationary (30
nm) until 16:30.

The first flight of the day was conducted in the vicinity of Hyytiala between 10:05 and 12:15, and thus the measurements were
performed just before and after the NPF started on the ground. Figs. 5b-f show the quantities measured on-board of the Cessna.
The flight profile consisted of an ascent up to the flight level 120 (~3.8 km) and a descent, together with one constant altitude

flight leg during the rise and four flight legs during the descent, all headed with the NNW-SSE direction (Figs. 5b-c).

Before the ascent, NPF was not observed inside the PBL, the total concentration was 1000-6000 cm- and the main mode peak
diameter was 60-80 nm (Fig.5c). At 10:20, over the area near Ruovesi (see the map on Fig. 5b), just above the top of the rising
convective PBL and below a capping temperature inversion between altitudes of 700 and 1100 m a.s.l., the concentrations
reached 12 000 cm® with the mode peak diameter of 28 nm. This was over half an hour before the NPF was observed at

Hyytidla. Due to the distance of 15-20 km from Hyytial4, the direct connection between this event and NPF that occurred in
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Hyytiéla later is not obvious, and the data are not sufficient to confirm if these particles indicate the vertical starting point of
the NPF. The particles observed just above the PBL were not freshly nucleated, but based on the size of the observed particles,
they had likely been formed already several hours before the observations. The previous day had been a NPF class Il event
day, and then the nucleation mode had grown up to 20 nm before the sunset. The particles above PBL could therefore also
originate from previous day’s nucleation and, due to the lack of available condensable vapours, had stopped growing in the
nocturnal residual layer. Additionally, the first particle size distributions of the nucleation burst observed in Hyytial4 had a
bimodal structure with mode peak diameters of 12—20 nm for the second mode, similar to the Aitken mode observed from the
aircraft. It is likely that the Aitken mode particles were mixed downward in the growing PBL.

Above the inversion at altitudes of 1100-1700 m a.s.l., the atmosphere was stratified. Particle number concentrations in these
layers varied between 3000 and 700 cm3, and sub-15 nm particles were measured with a SMPS (Fig.6). However, the inversion
was observed throughout the day at around 1100 m a.s.l., and the potential temperature profiles showed no mixing inside these

layers, so there was no indication at the downward transport.

The NPF was fully on-going when the aircraft arrived again at the PBL at 11:33 (Fig. 5¢). The airborne total number
concentration measured with the uCPC was very high, between 10 000 and 40 000 cm™, and had a notably large variation over
short timescales. The mode peak diameter of the particles was below 10 nm. The concentration variation was likely dominated
by the smallest particles, although the time resolutions of the SMPS prevented us to study the variation of the size distribution

with the same accuracy as with the uCPC.

To better visualize the horizontal and vertical concentration variation, we projected the flight track along the NNW-SSE
direction line, and plotted the total particle concentration and water vapour mixing ratio along this line and as a function of
altitude (Figs. 5d,f). There were areas of enhanced aerosol number concentrations more than 4 km wide and 12 km from each
other. The total number concentration was over four times higher in these areas than in surroundings. Higher aerosol number
concentration were associated with higher values of the water vapour mixing ratio (Figs. 5d,f). The source of water vapour is
at the surface from evaporation and evapotranspiration. With mixing and convection in PBL the air is lifted to upper parts of
boundary layer together with gaseous precursors needed for new particle formation. Areas with intensified updraft convection
might thus be linked to the areas of intensified NPF. The decreasing temperature and pressure during the uplifting of the air
will contribute to enhanced nucleation. Direct airborne observations of vertical wind and trace gases were not available and

this hypothesis needs further experimental targeted study.

The second flight of the day took place around Hyytiala between 14:35 and 16:20 (Figs. 7). During the flight, the particle
number size distribution in Hyytiala remained relatively stable with a number concentration of 13 000 cm and mode diameter
of 26 nm. According to the airborne measurements, the number concentration inside the PBL varied between 13000 and 23000
cm®, and the mode peak diameters were between 22 and 29 nm. Similar to the morning, the areas with high particle

concentrations throughout the PBL occurred also in the afternoon. The average concentration in these areas was, however,
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only 1.5-fold compared to the areas around them, while it had been 4-fold in the morning. This was likely due to the PBL

mixing, which had diluted the concentration differences of vapours and particles.

3.3.2 16 May 2013: Irregular NPF day

The second case study day represents a class 11 event day. Such days, together with undefined days, were the most common
cases during the spring 2013 campaign. The difference between class | and |1 NPF event days is that on class 11 days the growth
of the nucleation mode particles observed at the ground level is irregular so that neither the formation nor growth rate can be
calculated. Therefore, the air mass is not as homogeneous on class Il event days as on the class | NPF days. We concentrate

on one example case of class Il events, 16 May 2013, to study the spatial inhomogeneity.

On 16 May 2013, prevailed clear-sky conditions. The ground temperature during the morning flight was in the between 17—
18 °C and during the afternoon it was about 20 °C. The wind was from southeast and the average wind speed was 2 m/s. The
studied air mass was advected from southeast. The high air temperature resulted in a high PBL.: the top of the PBL increased
from 540 m a.s.l. at 08:12 up to 1920 m a.s.l. before 14:15.

A 30-minute burst of sub-10 nm particles was detected starting at 9:07 on the ground (Fig. 8a). The morning flight was near
Hyytiala between 08:30-10:40. The first observations of this burst were made at 09:01 inside the PBL at the altitudes of 1145—
670 m a.s.l. Although the first panel of Fig. 8c show that high concentrations were observed just below the top of the PBL, the
remaining flight path (Fig. 9a) reveals that the burst was horizontally, not vertically limited to the upper parts of the PBL. High
concentrations were measured at all altitudes through the PBL, and the burst had a width of 20 km (Fig. 8e). The total particle
number concentration measured at the ground during the burst was 2800 cm, which was around half of the airborne peak
values. The particles inside the PBL were mainly smaller than 10 nm, but due to the limitations of the SMPS size range, it is
not possible to give the variation of the nucleation mode diameter. During the flight, a spiral descent near Hyytiala was
performed (Fig. 8c, starting at 10:05, the spiral starting at 2000 m a.s.l. in Fig. 9a). This descend offers a vertical profile with
a temporal resolution of 15 min. Slightly larger concentrations (4000 cm3) were obtained at altitudes of 1200-1700 m a.s.l.
than below them (3500 cm3).

The afternoon flight (14:15-16:05) was flown simultaneously with the day’s highest particle concentrations measured in
Hyytidld. According to the airborne measurements in the PBL, the surroundings of Hyytidla were clearly divided to two
different areas (Fig. 8f and Figs. 9b,d) and the Hyytidla measurements did not represented the area around it. The particle
number concentration at the ground level in Hyytiala was between 4300 and 5500 cm™ and airborne above it 5000-6000 cm
3, Over the areas south from Hyytiala the concentration was around 2000-4000 cm3, whereas in the northern part of the area
the concentration was peaking with values up to 6000-10000 cm3. The particles in the northern part of the area had slightly
larger mode peak diameter (16—-20 nm) than the particles in the southern part of the area (below 10 nm — 17 nm). The northern

area with the higher concentration was also slightly less moist (H.O MR 4.4—4.6 mmol/mol) compared to the southern area
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(4.8-5.3 mmol/mol) (Fig. 9d). Additionally, inside the northern area the most elevated concentrations were found at altitudes
above 1000 ma.s.l.

This case day shows that the temporal variation observed on the ground was only partly connected to the spatial scales of the
advected air mass. When looking the Hyytidla DMPS data, the first burst and the subsequent lack of the nucleation mode
particles had very different durations: 0.5 and 3.5 hours. With a wind speed of 2 m/s these time scales would correspond to the

spatial scales of around 1 km and 10 km, respectively.

3.3.3 4 April 2014: A nocturnal flight after a NPF event day

During the March—April 2014 campaign, one flight was performed to observe aerosols in the nocturnal boundary layer (Fig.
10). The flight took place on 4 April 2014 between 03:40 and 05:10 in the surroundings of Hyytiéla. The sunrise occurred after
the flight, at 05:39. During the flight, no clouds were observed at the Halli airport, whereas at the Tampere-Pirkkala airport
the cloud cover was reducing from 7/8 to 1/8 and the cloud base was observed to descend from 2600 m to 2000 m. The HSRL
lidar in Hyytidla showed drizzle that evaporated at the altitudes of 700-1900 m a.s.l. (Fig. 10d), and no precipitation was
measured at Hyytiala. The wind speed was below 1 m/s.

In Hyytiala a growing mode of particles, originating from previous day’s nucleation, was clearly observable (Fig. 10a). The
mean peak diameter of this mode was between 25 and 27 nm and the particle number concentration varied between 3100 and
3800 cm3. Because of the structure of a nocturnal PBL, the lowermost surface layer was assumed to be very thin, approx. 100

m (Garratt 1992), and not connected to the above layers.

During the flight, three areas with different aerosol characteristics could be observed (see map Fig. 10b). North from Hyytiala
the particle number concentration exceeded 4000 cm™ and the mode peak diameter of the smallest mode was between below
10 nm and 30 nm. There is a sawmill nearby in the Vilppula village, and the observed enhanced aerosol load was possibly

related to sawmill emissions.

North-east from Hyytiald, there was an area with particle number concentrations between 3000 and 4000 cm3, and with the
smallest mode peak diameters varying from slightly below 10 nm up to 20 nm. These measurements were vertically limited
between the altitudes of 800 and 2000 m a.s.l. and connected to a slightly more humid layer (H.O MR 2.0-2.6 mol/mol) than
the area near Vilppula or south-west from Hyytidld. As seen from the lowest panel of Fig. 10c, the particle number
concentration and H,O MR followed each other. We speculate that these small particles originate from the previous day’s NPF
event. The height of the PBL had been 1800 m a.s.l. during the previous day’s afternoon flight at around 14:00, and thus the
altitudes of 800-2000 m a.s.l. were inside the nocturnal residual layer (Stull 2012). The sunset on 3 April 2014 had been at
19:16, which is marked to the Hyytiala DMPS plot as a dotted line. At that time, the mode peak diameter in DMPS had been
13 nm and the number concentration 3400 cm. After the sunset, the mixing ended, and no more vapours were transported up
from the surface. This had probably stopped the growth of the particles in the nocturnal boundary layer. The sizes and the
concentrations of the observed particles fit this hypothesis.
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South-west from Hyytiala the particle number concentration was between 1000 and 3000 cm and the mode peak diameter
was small, below 10 nm. The H,O MR was rather stable between 1.3 and 1.8 mmol/mol. The measurement are from the 440—
500 m a.s.l. altitudes. The flight path was under a cloud and the larger submicron particles could have been scavenged by the

drizzle from it.

3.34 26 March 2014: Weak NPF in the PBL and FT nucleation

The third case study was a weak class | NPF day, 26 March 2014 (Fig. 11a). Two flights took place, the first one flying in the
vicinity of Hyytiéla between 10:25 and 12:25 and the second one between 15:10 and 17:10. The sky was clear during all the
day. The ground temperature during the morning flight was 6-8 °C, and it decreased during the afternoon flight from 10 to
4°C. The average wind speed during both flights was 2 m/s from NE. The PBL height was around 650 m a.s.l. on the first
ascent, and rose before the second flight to 900 m a.s.l. (Fig. 11b).

During the morning flight (Figs. 12a,c,e) a 25 km-long horizontal flight leg at the altitude of 400 m a.s.l. was first performed.
This was followed by an ascend to 3.7 km and a descent. During the first leg, at 10:39, a small area of particles with diameters
smaller than 10 nm was observed 2 km south from Hyytiala. The total particle number concentration in this area was between
2000 and 6000 cm® and outside of it around 1400 cm3. The airborne concentrations of uCPC and integral SMPS followed
each other, which indicates only a small number of 3—10 nm particles. The first signs of NPF were observed in Hyytiala at
10:40 butthe total particle concentration was only 900-1400 cm3, and the nucleation mode remained very weak until 12:30.
After entering back in the PBL at 12:05, a clear mode of particles with diameter less than 10 nm was seen with the SMPS, and
the difference between uCPC and SMPS was observed as a sign of on-going NPF. The total concentration varied with a factor
of four from 1500 to 6000 cm. In Hyytidld, freshly formed particles with a mode peak diameter of 6-8 nm were detected,

which is in line with the airborne measurements.

Additionally, there was an area of elevated particle concentrations 15 km north from Hyytiala just below the boundary layer
top (Fig. 12e). The same spot was observed twice, both when ascending and descending with the 1.5-hour time difference.
Although the flight track did not allow us to get information on that location at lower altitudes, 1.5 hours is more than the
typical mixing time of the PBL due the convection, and thus the spot was more probably a spatial hot spot than an altitude

with higher concentrations.

During the second flight, the nucleation mode particles inside the PBL were seen to grow from average 11 nm to 14 nm within
an hour, and thus their average growth rate was 3 nm/h (Fig. 12b). The average growth rate observed in Hyytiéla during that
day’s event was 2 nm/h. The airborne concentrations in the PBL during the afternoon flight varied between 4000 and 10000

cm,

In addition to the nucleation in the PBL, a layer of sub-25 nm particles was measured during the morning flight on 26 March
2014 between the altitudes 2000-2800 m a.s.l. (Figs. 12a,e). The calculated potential temperature (Fig. 11b) showed that these

altitudes were above the mixing PBL and the residual layer, and thus inside the free troposphere (FT). The layer was clearly

16



10

15

20

25

30

Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016-556, 2016 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Published: 18 July 2016 and Physics
(© Author(s) 2016. CC-BY 3.0 License.

Discussions

observed by the uCPC (cut-off 3 nm), but hardly at all detectable by the SMPS (size range 10-400 nm), which indicates that
the particles had diameters smaller than 10 nm. The total particle number concentration inside the layer was 2000-6000 cm?,

whereas outside of it the concentration was 200-1000 cm2.

The FT layer was still observable during the afternoon flight, now between the altitudes of 1800-2400 m a.s.l. with the particle
concentration of 3000 cm™ (Figs. 12b,d). The particles in the layer grew, and the mode was clearly visible in the SMPS data,
although the mode peak diameter was still below 10 nm. Assuming that the diameter of the particles was at least 3 nm in the
morning, and no larger than 10 nm in the afternoon, and that the time difference between the observations was around four
hours, we can calculate that the growth rate of the particles was well below 2 nm/h.

The HYSPLIT back trajectory calculations performed for the time of the earliest observation of the small FT particles (11:00
Local time=09 UTC), showed that the air above the PBL originated from north, had descended from higher parts of the free
troposphere during the previous 1.5 days, and had been connected with ground for 2.5 days before arriving to Hyytiala (Fig.
13a). In the previous day (25 March 2014) at 12:00 UTC, the air mass had been approximately over the Norwegian coast and
above 5000 m a.s.l. A simultaneous satellite image on 25 March 2014 at 11:55 UTC (Fig. 13b) shows that a cloud edge was
reaching that area. Thus, the air masses entering at Hyytiala on 26 March 2014 at 11:00 LT and later that day had most likely
passed through cloudy region a day before. Additionally, the sounding profile measured from Hyytiala at 13:24 (Fig. 13c)
shows a local horizontal wind speed maximum between altitudes 2100-2700 m a.s.l, which indicates enhanced turbulence.
SMPS data showed reduced condensation sink values inside the NPF layer (Fig. 13a). We assume that first the air had been
lifted up to the free troposphere together with precursor gases from ground or ocean, so that wet scavenging inside the cloud
had decreased the condensation sink of the air mass, which together with turbulent mixing would have favoured nucleation.
The time the air mass had spent above the PBL, 2.5 days, has been long enough for the vapours to oxidize and comparable
those reported by Bianchi et al (2016).

3.4  Free troposphere NPF

During both of the campaigns we observed layers of newly formed particles in the free troposphere similar to the event
observed on 26 May 2014 (see Table 4). During the late spring 2013 campaign, we observed these layers on nine days of the
total 26 flight days with measurements at the altitudes of 2 km or higher. Six of these cases were morning flights, and we did
not observe the same layers with enhanced aerosol concentrations during the afternoon when there was a second flight. The
mode peak diameter of these particles was typically in the range of 15-20 nm. When comparing the backward air mass
trajectories and satellite images, we observed that for eight daytime cases the air mass had passed a cloudy region associated
with frontal systems between 12 and 20 hours prior to observations. Also, based on the trajectory analysis, the studied air
masses were advected from the PBL into the FT within 16—70 hours before arriving to Hyytiéla. In one third of the cases, the

96-hour backward trajectories did not show lifting from the PBL. In four out of nine cases the condensational sink from SMPS
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data were reduced in the layer with enhanced number density of small ultrafine particles. This is likely an indication of aerosol
scavenging in the clouds.

During the early spring campaign 2014, similar layers with enhanced ultrafine aerosol number density were detected on seven
days out of the total 10 days with sufficient data. Typically, these layers were observed during both the morning flight (five
cases) and again during the afternoon flight (four of these five cases). During the morning flight the ultrafine mode had the
diameters up to 15 nm. Before the afternoon flight the mode diameters had grown 5-15 nm and the mode had reached the sizes
of 10-25 nm. Of these seven days, the air masses had passed cloudy areas in five cases within 12—24 hours, and the air mass
was lifted from the PBL to the FT 18-60 days before arriving at Hyytiéla. In two cases the air mass most likely had not been
in contact with the PBL during the last 96 hours. In 4/7 cases the a removal of accumulation mode particles and decreased

condensational in the layer was observed.

The observations from all NPF cases in the free troposphere strengthen the hypothesis formed from case study. An air mass
had had vapours originating from ground or ocean up into the free troposphere 0.5-3 days before the air mass had been
observed. According to Bianchi et al (2016), in Central Europe 1-2 days is required for the oxygenation processes to produce
enough condensable molecules. Possibly lower vapour concentrations or sun radiation in Northern Europe might lengthen this
time. In the free troposphere, the air mass had passed through a cloudy area, which had decreased its condensational sink and
promoted NPF.

4  Summary and conclusions

The main focus of this work was to investigate 1) the spatial and temporal variability of aerosol number density and size
distribution in the planetary boundary layer and the lowermost free troposphere and 2) the variability and magnitude of new
particle formation in the PBL, and 3) to asses the representativeness of the ground based observations at Hyytiéla for PBL

aerosol distribution of spatial scale of tens of kilometres. This work is based on an extensive data set of 111 flight hours.

The spring 2013 campaign was dominated by polluted air masses with high background aerosol loadings, while the following
spring campaign in 2014 was carried out during clean conditions of marine and Arctic air masses. Although the total aerosol
number concentration in both campaigns were around 2000-3000 cm- in the PBL, during the 2013 campaign the concentration
of particles with diameters in the range of 10-25 nm was only 20-50 % of those in the range of 80-400 nm. In the 2014
campaign, in contrast, the concentration of the 10-25 nm particles was four to seven times higher than the concentration of the

accumulation mode particles.

On a statistical basis, the aerosol number density in the air masses within 30 km from Hyytiala differed only slightly from the
ground-based observations in Hyytidla. The PBL average total concentrations were about 10 % higher than the concentrations

at the ground level. The canopy losses can explain this partly, since the measurements at ground were performed inside a
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coniferous forest. The concentration of nucleation mode particles was around 40 % (median relative difference) higher aloft

than on the ground, and the variability of the differences was larger than for the accumulation mode particles.

Airborne campaigns were limited to the spring period, and the measurement flights were conducted only during fair weather
days. Results presented here should therefore be considered as ‘snapshots’ of the real variation inside the campaigns, and

generalization outside of these campaign periods should be done with care.

Even when the NPF was observed to be relatively homogeneous at the ground, there was notable variability in the newly
formed particle concentrations on a scale of couple tens of kilometres in horizontal scale. The case day 16 May 2013
demonstrated that the inhomogeneity in the NPF and growth of the particles during the class 11 NPF event day observed at a
fixed station can be linked to spatial differences in the air mass. The horizontal fluctuations were found to be larger than the
differences in the vertical profile. However, the total number concentration was found to be 15% larger at the upper part than
in the lower part of the of the PBL, although it was measured 1.5 hours after the first signs of the NPF were observed at
ground, and thus the boundary column was expected be mixed. The flights not presented in details here were in line with the
case studies. Horizontally separated NPF ‘hot spots” were a common phenomenon. The spatial extent of these hot spots along

the flight paths varied from a couple of kilometres to more than 20 km.

The measurements showed neither a clear enhancement of small particles at the entrainment or residual layer before the
nucleation started nor could exclude it. This was due to the low vertical resolution of the flight patterns, and the difficulty into
predicting the exact starting time of the NPF. The observed horizontal variation in the nucleation mode particles addresses the
caution that is the needed when interpreting the vertical profiles. If a straight flight path is ascending or descending, a
horizontal variation can be mixed with the vertical variation. These results demonstrate the importance of careful flight

planning to collect data at all interesting altitudes.

In the nocturnal and morning atmosphere before the convective mixing, the residual layer was found to be not connected to
the surface layer. The residual layer particles did not grow over the sizes they had before the residual layer was formed,
meanwhile in the surface layer the particles remained to grow. The reason is likely that the vegetation continued to emit vapours

into the surface layer but they could not enter the residual layer.

In additional to the NPF in the PBL, nucleation mode particles were measured frequently in the FT. They were observed in all
times of the day, but the smallest, i.e. the most recently nucleated particles were detected in the mornings. The total
concentration values in the layers with <25 nm particles in FT were between 200 and 5000 cm™. Based on the air mass
trajectory and satellite data of clouds, the majority of the nucleating air masses in the FT had lifted up into the free troposphere

0.5-3 days before, and then had passed a cloudy area 12—24 hours before arriving to Hyytiala.
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Data availability

The measured airborne data is available upon request. Hyytidla SMEAR |1 data is available through AVAA open research data
portal (http://avaa.tdata.fi/web/avaa/). The satellite images were directly retrieved from the website of Dundee University
(http://www.sat.dundee.ac.uk/) and air mass trajectory data were from NOAA (http://ready.arl.noaa.gov/HYSPLIT.php).
Atmospheric sounding data and HSRL Lidar data are available from ARM Data Archive arm.gov.
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Tables

Table 1. List of used airborne particle and gas instruments

Instrument Quantity Range

Ultrafine condensation particle Particle number concentration >3 nm

counter TSI 3776 (UCPC)

Scanning mobility particle sizer Particle size distributions 10-400 nm
(SMPS)

Li-Cor Li-840 CO,/ H,0 concentration CO, 0-20,000 ppm

Table 2. Characteristic numbers of the case study flights

H>O 0-60 ppt

Date Flighttime  NPF Temperature  Wind on Origin of air mass  PBL height Clouds
around observed at  on ground ground
Hyytiéla Hyytiéla

28.3.2014 10:05- 10:50 6-8°C 1m/s, E Arctic Ocean 700-1180 m 0/8
12:15
14:35- 11-9°C 1 m/s, NW 1040-1070 m  0/8
16:20

16.5.2013 8:20-10:40  09:07 17-18 °C 2mls,SE  West-Europe, 740-1450 m 0/8
14:05- 20°C 2m/s, SE Atlantic Ocean 1860-1920 m  0/8
16:10

26.3.2014 10:25- 10:40 6-8°C 2ms, NE  Northwards, 670-840 m 0/8
12:25 Atlantic Ocean

26.3.2014 15:10- 104 °C 2m/s, NE 860-890 m 0/8
17:10

4.4.2014 3:40-5:10 -5--6°C 1 m/sNW  North, Arctic - 0/8-7/8

Ocean
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Table 3: Class | NPF event days. Comparison of particle concentration and diameter between Hyytidla station and aircraft-borne
measurements inside the PBL. Median values of the relative difference of the total number concentration (Ntwt), concentration of
particles with diameter 10-25 nm (N1o-25) and 80—-400 nm (Nso-200) are presented. Dp (<25 nm) difference of the airborne and ground-
based mode peak diameter of sub-25 nm mode. See absolute ranges in supplementary Table S2.

Flight Date Niot N10-25 Nso-400 Dy (<25 nm)
A, % A, % A, % A, nm
2013 8 852013 34 44 1 2nm
2013 9 852013 25 53 -1 -
2013 15 15.5.2013 17 21 6 -3nm
2013 45 15.6.2013 27 44 11 -2 nm
Median all flights 2013 9 % 32% 0.5 % -7 nm
2014 4 26.3.2014 99 83 9 -2 nm
2014 5 26.3.2014 29 54 -35 -2 nm
2014 6 27.3.2014 44 92 6 31 nm
2014 7 27.3.2014 7 65 -3 -2 nm
2014 8 28.3.2014 73 63 10 -2 nm
2014 9 28.3.2014 37 71 41 -1nm
2014 10 31.3.2014 36 76 16 2nm
2014 11 31.3.2014 11 27 2 12 nm
2014 19 4.4.2014 56 50 5 -1nm
2014 21 8.4.2014 25 25 -2 0nm
2014 22 8.4.2014 -1 26 3 -2nm
2014 23 9.4.2014 39 66 2 -2nm
2014 24 9.4.2014 16 57 0 0nm
2014 25 10.4.2014 56 56 10 20 nm
2014 26 10.4.2014 81 86 1 -2 nm
Median all flights 2014 11 % 57 % 1% -3nm
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Table 4. Cases when small particles (~<25 nm) were detected above the PBL. Time shows the approximated passing time of the layer,
or the time period when the layer was observable if the flight consisted of more than one climb. Diameter is the mode peak diameter
of the nucleation mode from the mode fitting calculations. When there is (*) in the total concentration column, the concentration of
the layer was not higher than the concentration in the surrounding altitudes, only the shape of the distribution was different. Column
‘cloud’ indicates when there has been clouds along the back trajectory during the previous 12-24 hours. Column ‘Lifting from PBL’
shows how many hours before the air mass has been connected to the PBL according to the 96-h backward trajectories

Flight no Date Time Altitude (m Diameter Total conc. Clouds Lifting
a.s.l.) (nm) (cm®) from PBL
20135 6.5.2013 9:00-10:00  2000m-—> 20 nm 20 h 20h
2013_11 11.5.2013  15:30 2500 m 15 nm 1600 (*) 15h -
2013_13 145.2013  11:00 2200-2700 m 20-30 nm 2000-3000 - -
2013_14 15.5.2013  10:00-11:00 2500-2800 m 7-15 nm 3000-5000 16 h 16 h
2013_23 23.5.2013  9:30 2600 m 17 nm 1000 12h -
2013_26 26.5.2013  13:30 3000 m 11nn 1000 (*) 24 h 36 h
2013_28 28.5.2013  10:30 2500-3000 m 27 nm 2000-4000 12h 72h
2013_29 29.5.2013  11:30 2500-3000 m 11-16 nm 1500 (*) 20 h 32h
2013_39 8.6.2013 22:00 2500-3000 m 25 nm 1200 (*) - 24 h
2014 4 26.3.2014  11:00-12:00 2000-2800 m <10 nm 2000-3000 24 h 60 h
20145 16:00 1800-2400 m <10-10nm 2800
2014_6 27.3.2014  12:00 2800-3800 <10 nm 2000-3000 15h 48 h
2014 7 16:00 2500-2800 m 10-15 nm 2000-4000
2014_8 28.3.2014  10:45-11:15 2700-3000 m <10 nm 200 (%) 12h 48 h
2014_11 31.3.2014  13:30 2000 m 15nm 500 12h 18 h
2014_14 2.4.2014 10:00-11:00 2500-2800 m 10-15 nm 1000-1500 13h -
2014_15 15:30 2300 m 15-20 nm 600-900
2014_19 4.4.2014 10:20 1900-2600 m <10 nm 1200-4500 22 h -
2014 21 8.4.2014 10:00 2500 m <10 nm 1000 15h 48 h
2014 22 16:00 2500 m 25 nm 800-900
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Figures

Figure 1. Upper left panel: The instrumented Cessna 172 aircraft. Down left panel: The sample air inlet under the wing, and an
aerial view towards Hyytidla measurement station. Right panel: Measurement instruments on-board.
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Figure 2. The land use map of Hyytiéla area. The red dot in the middle of the figure refers to Hyytiala, and the large black area in

the SW is Tampere city. (EEA 1997, Williams et al. 2011)
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Figure 3. Statistical vertical particle number concentration profiles calculated separately for all data of late spring flights 2013 (blue),
and early spring flights 2014 (red). Total concentration (a), and concentrations of 10-25 nm (c) and 80-400 nm (d) plotted separately.
Altitude axis is divided to 100 m bins. Panel b) shows the relative amount of data inside each bin. Panels (a,c,d) shows the median,
10th, and 90th percentile concentration profiles measured in Hyytiéla area. Circles show the median (solid circles), 10th, and 90th
percentiles (open circles) calculated from simultaneous Hyytiala data.
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Figure 4. Variability between Cessna and Hyytidla measurements in concentration and diameter as a function of distance from
Hyytidla. The panel a) shows the percentiles of relative difference in total concentration. The median relative difference in
concentration measured at Cessna compared to the concentration measured at Hyytiald, in %. P10 and P90 are the 10™ and 90"
5 percentiles of the same relative difference. Positive values refer that the concentration measured with Cessna is higher. Panel b) is
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the amount of data inside each distance bin. Statistics weakens when the distance grows. Panel ¢) and d) show the distribution of the
relative difference for concentration of particles with diameter of 10-25 nm and 80-400 nm, respectively. In panel e) is the absolute
difference in diameter (nm) of the simultaneous modes with highest concentration, in panel f) the absolute difference in diameter of
the smallest mode when there is a <25 nm mode in Hyytiala.
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Figure 5. Observed particle concentration and size distribution at and around Hyyti&ld measurement station during the first flight
on 28 March 2014. Panel a) is the Hyytidala DMPS number size distribution during that day. The flight times are marked with gray
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areas. Panel b) shows the flight track with the total number concentration as a color. Time series in panel c) show the 1) flying
altitude and the number concentration together with the PBL height, 2) the number size distribution and 3) total number
concentration measured with ultrafine CPC (>3 nm) and SMPS (10-400 nm) together with the H.O MR along the flight. In panels
d) and f) we have projected the flight track to a line in xy-space (arrow in the panel b) and plotted the altitude against the distance
from Hyytiél& along this line. The color shows the total number concentration (>3 nm) and H.O MR along the flight track. In panel

e) is plotted the H2O MR, temperature and potential temperature (6) as a function of the altitude during both AM and PM flights.
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|
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>
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Figure 6. Time series of the smallest mode peak diameter obtained by fitting log-normal distributions to the SMPS scans, along the
altitude profile. Filled markers refer to data inside the PBL and open above it.
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28 March 2014 Afternoon flight
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Figure 7. Observed particle number concentration and H.0O MR around Hyytidld measurement station at different altitudes during
the second flight on 28 March 2014. The flight track had almost same orientation as at morning, and thus the direction of the x-axis
is from NW to SE.
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Figure 8. Observed particle concentration and size distribution at and around Hyytidla measurement station during two flights on
16 May 2013. Panel a) shows the aerosol size distribution time series in Hyytiél&, and panel b) shows the measured H.O MR, potential

temperature (0) and temperature profiles during the morning and afternoon flights. Left panels (c and €) are from morning flight

and right ones (d and f) from afternoon flight. See Fig. 5 for caption of panel c). Panels e) and f) show the particle number
concentration on a map. See Fig. 9 for quantities projected along the lines shown in the maps.
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Figure 9. Observed particle concentration (a-b) and H2.O0 MR (c-d) projected along a line shown in maps Figs. 8e and f.
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Figure 10. Observed particle concentration and size distribution at and around Hyytidla measurement station during a flight on 4
April 2014. Panel a) is the Hyytiala DMPS number size distribution between 3 April at 12:00 and 4 April at 12:00. The flight times
are marked with gray areas. A dotted black line marks the sunset at 19:16. Panel b) shows the flight track and the color is the total
number concentration. See Fig. 5 for caption of panel c). In panels d) we have projected the flight track to a line in xy-space (arrow
in the panel b) and plotted the altitude against the distance from Hyyti&la along this line. The color shows the total number
concentration (>3 nm). In panel e) is plotted the H2O MR, temperature and potential temperature as a function of the altitude. Panel
e) shows the HSRL lidar data where the narrow vertical lines mark flight times, whereas the wider vertical gaps correspond to
missing profiles.
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Figure 11. Observed particle concentration and size distribution at Hyytidla on 26 March 2014. Panel a) shows the Hyytidla DMPS
size distribution, the flight times are marked with gray areas. In panel b) are presented the measured vertical H.O MR, potential

temperature (0) and temperature profiles during the morning and afternoon flights.

40



Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016-556, 2016
Manuscript under review for journal Atmos. Chem. Phys.

Published: 18 July 2016
(© Author(s) 2016. CC-BY 3.0 License.

26 March 2014 Morning and afternoon flights

(@) AM
| Tot. conc---PBL height‘
o
g 0 WA el 017 Mo b
© 1045 1115 1145 1245
|—uCPC conc. o SMPS conc. HQO‘
(c) AM
Total conc. along the flight track
62.1 : i s
e » 1 gl »’ : b |
¥ S - 75 - ¥ - 1N !
62 - . \\N ss‘_}',‘ e =
N \ : A
 61.0 LN,
= arvana T |
£ e Iileﬂan wind i
3 61.8 (= 7 .:
\:eléa'l;a‘_'. i
61.7 Maisansalo = N S |'
e " SvAPuKala™, Orivesl ~
» 3-{'_ 5 =2 = . |
61.6 ;— "‘r'.v = sl ool 2 x C‘\ ‘1
23.8 24 ﬁt 246 248
ongltude
|~ Above PBL - Below PBL X Hyytiilil
(e) AM
Total conc. > 3 nm
3000 1 "
= 2000 - e 3
<5}
=}
=
= 1000 1
0 : T .

-20 -10 0 20
Distance from Hyytidld along the line (km)

—_
(=)
~

Atmospheric
Chemistry
and Physics

Discussions

PM

| Tot. conc - --PBL height

50005
)
0.~
IU"4 a
10, =%
10° 2
10 =
10 7z,
g
© 15:30 16:00 16:30 17:00
|—uCPC conc. o SMPS conc. H20|
(d) PM
i Total conc. along the flight track
6000 62.1 it Lo
- iz : \ L oy
L e T { ke 1
5000 _ 62 oty et e
T N R Ve -1 ‘\":"‘\’
4000 Z ' Sk B i \
= .-.g 61.9-\ i Jal'm‘nklpoh]a ; e 2 e
B = ey saranags 0" : Z et
3000 § E Mean W'Slnd ¢ 7
O ] Kapee ' . -
° 3 6L8{ET Ghigy
2(}()0 %—1} . ’ V;lh;‘t-i\ f
9 R -'.’ . i
1000~ : L b Orveg] Lo
0 7 ) ,,1; " onnil) = ﬂ{_\ L
23.8 24 2%2 244 24.6 248
ongitude
| © Above PBL - Below PBL X Hyytiilil
() PM
Total cone. > 3 nm
6000 : : : :
Above BL
5000? 3000 4 Inside BL
4000 £ Z
3000 £ 5 20001
g 3
2000 =
o = 1000 4
=
1000
3 ~ow
0 3 . :
-30 -20 -10 0 10 20

Distance from Hyytidld along the line (km)

41

10000

8000 —~

cIm

6000 —

4000

uCPC conc.

2000

10000

8000

6000

4000

uCPC cone. (em3)

2000



Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016-556, 2016 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Published: 18 July 2016 and Physics
(© Author(s) 2016. CC-BY 3.0 License. Discussions

Figure 12. Observed particle concentration and size distribution at and around Hyytidla measurement station during two flights on

26 March 2014. Left panels are from morning flight and right ones from afternoon flight. See Fig. 5 for captions of panels a and b).

Panels c) and d) show the particle number concentration on a map, and in panels e) and f) we have projected the flight tracks to

lines in xy-space (arrow in the panel c and d) ) and plotted the altitude against the distance from Hyytiala along this line. The color
5 shows the total number concentration along the flight track.
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(a) NOAA HYSPLIT MODEL
Backward trajectories ending at 0900 UTC 26 Mar 14
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Figure 13. Panel a) indicates the origin of the air masses arriving to Hyytiala 26.3.2014 at 11 local time, and panel b) shows AVHRR

satellite image on 25.3.2014 at 11:55 UTC (Thermal infra-red channel, 10.3-11.3um) © NERC Satellite Receiving Station, Dundee
University, Scotland (http://www.sat.dundee.ac.uk. Panel c) shows the horizontal wind profile.
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