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We thank the Referee for the comments. Please see our answers below.

Comment: A number of previous studies, i.e., Nilsson et al. (2001), Stratmann et al.
(2003), Stanier et al. (2004); (Wehner et al., 2007), and (Platis et al., 2016) suggested
that enhanced turbulent mixing, related to the growth of daytime convective boundary
layer and the lift of the inversion could cause downward mixing of the particles, which
had already grown in size. In addition, there have been several recent studies that
point out direct evidence for NPF occurring aloft, in the interface between the shallow
convection and inversion (Chen et al., 2018; Grdf3 et al., 2018). By using turbulence
statistics and the boundary layer dynamics (Meskhidze et al., 2019) and (Zimmerman
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et al., 2020) quantified the frequency of the residual layer and the ground level nucle-
ation events and assessed their contributions (relative to other sources) to the near-
surface fine particle number budgets during different seasons. The authors don’t seem
to acknowledge many of these studies. That leaves the impression that the residual
layer nucleation and the particle entrainment into the mixed layer is a novel mechanism
for explaining the appearance of >10 nm-sized particles at the near-surface layer. |
would encourage the authors to clearly discuss how their research builds upon these
prior studies and highlight the similarities.

Answer: In order to put this study into context we added the following background to
the Introduction:

"NPF has been observed in various environments and at various altitudes inside the
troposphere. The majority of NPF observations come from ground-based measure-
ments (Kerminen et al., 2018; Kulmala et al., 2004), which can be argued to repre-
sent NPF within the mixed layer (ML). Measurements from aircrafts show that NPF
is also common in the upper free troposphere (FT) (e.g. Clarke and Kapustin, 2002;
Takegawa et al., 2014). Entrainment of particles formed in the upper FT was identi-
fied as an important source of CCN in the tropical boundary layer (BL) (Wang et al.,
2016; Williamson et al., 2019). Measurements from high-altitude research stations also
demonstrate that NPF frequently takes place in the FT, in these cases NPF was often
observed in BL air that was transported to the higher altitudes (Bianchi et al., 2016;
Boulon et al., 2011; Rose et al., 2017; Venzac et al., 2008).

When studying the vertical distribution of NPF in the lower troposphere one has to
consider the evolution and dynamics of the BL. Nilsson et al. (2001) found that the
onset of turbulent mixing correlated better with the onset of NPF at ground level than
with the increase in solar radiation. The authors gave several hypotheses to why this
might be. One hypothesis was that NPF starts aloft, either in the RL or in the inversion
capping the shallow morning ML. As the turbulent mixing starts, the newly formed
particles would be transported down and observed at the ground-level.
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Many observations have supported the hypothesis put forward by Nilsson et al. (2001).
GréB et al. (2018), Meskhidze et al. (2019) and Stanier et al. (2004) reported positive
correlation between the onset of NPF at ground level and the breakup of the morn-
ing inversion due to beginning of convective mixing. Chen et al. (2018), Platis et al.
(2015) and Siebert et al. (2004) used in situ airborne measurements and observed
that NPF started during the morning on the top of a shallow ML capped by a tempera-
ture inversion at a few hundred meters above ground. The particles grew to detectable
nucleation mode (sub-25 nm) sizes aloft, and when the ML began to grow due to
thermally-driven convection, the particles were mixed downwards and observed at the
ground-level where they further continued to grow in size. Stratmann et al. (2003) ob-
served newly formed particles inside the RL disconnected from the shallow ML or the
inversion that capped it. Furthermore, Wehner et al. (2010) observed that NPF inside
the RL was connected to turbulent layers. On the other hand, Junkermann and Hacker
(2018) attributed their observations of elevated ultrafine particle layers at few hundred
meter altitudes in the RL to flue gas emissions from stacks with subsequent chemistry
taking place during air mass transport over long distances.

The hypothesis proposed by Nilsson et al. (2001) was based on observations done
in Hyytiala, Finland, which is a rural site surrounded by boreal forests and with very
clean air. However, the supporting evidence comes from measurements done in more
polluted environments in Central Europe and USA. Airborne measurements done over
Hyytiala have not found NPF on top of the shallow morning ML or within the bulk of the
RL, instead the NPF events seem to start within the ML (Boy et al., 2004; Laakso et al.,
2007; O’'Dowd et al., 2009). This might be because in the more polluted environments
the RL and/or the shallow ML contains high enough concentrations of precursor vapors
from anthropogenic sources, so that NPF can be initiated in the morning inversion
and/or within the bulk of the RL. Interestingly, though, observations from Hyytiéléa using
a small instrumented airplane have frequently found nucleation mode particle layers
above the ML at a much higher altitude range of ~1500-2800 m above ground and
the explanation for these layers is not clear (Leino et al., 2019; Schobesberger et al.,

C3

ACPD

Interactive
comment

Printer-friendly version

Discussion paper



2013; Vaananen et al., 2016). For example Vaénanen et al. (2016) found that for the
2013-2014 airborne measurement campaigns 16/36 (~44%) profiles showed a sub-25
nm particle layer above the ML at altitudes greater than 1800 m asl.

In this study we used co-located airborne and ground-based measurements to study
nanoparticles over a boreal forest in Hyytiala, Finland. We aimed to characterize the
elevated nucleation mode particle layers that were a frequent observation in the previ-
ous studies. Specifically we were looking at the following questions: (1) where in terms
of atmospheric layers, how often and why do these aerosol particle layers occur, and
(2) how they are related to ground-based observations, and what implications this has
for data interpretation.”

Comment: The airplane flight profiles seem to be different between Fig. 3 and Fig. 4.
Are these two different profiles? If so, please explain.

Answer: There was a mistake in the time range given in the Fig. 3 caption. The correct
time range is 12:00-13:12. Furthermore we combined the May 2, 2017 case study
figures into a single figure (Fig. 1).

Comment: Fig. 4 shows that the negative flux was measured at the surface starting
at 9:30 am. However, according to Fig. 3, there was no significant vertical gradient
between the surface and the 1000 m. Please explain the presence of strongly negative
fluxes between 9:30 am and 12:30 pm. According to Fig. 4, a new 10 nm particle mode
only appeared at the ground-level at aLij12:35 pm. So, what causes negative fluxes in
the morning?

Answer: The previous correction to the time range should remove the confusion here.
In addition we added some text about the particle mode and the negative flux in the
morning:

"At the ground level a new particle mode with lower number concentration coupled with
negative particle flux also appeared at around 10:00. It may be that these particles
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were also mixed down from higher altitudes, but in the absence of airplane measure-
ments during that time, we cannot be sure."

Comment: Please include several more case studies so the reader can compare the
similarities and contrast the differences. For each case study please show the normal-
ized spectral density plots so the reader can ascertain that there was indeed a growth
event following the appearance of >10 nm-sized particles at the near-surface layer.

Answer: While a particle layer was observed on multiple flights, it is rare to find cases
where one can directly observe a particle layer mixing down from the airplane and link
the ground-based observations to the airborne observations. Ideally the BL develop-
ment should also be clear in the lidar and the soundings so that comparison can be
made to the aerosol observations. We added one more case study (May 19, 2018) to
the paper. The case is analyzed in the below text and Fig. 2:

"3.2 Case study: May 19, 2018

On May 19, 2018 another case of nucleation mode particles mixing down into the ML
was observed. Figure 4A shows that during the airplane’s ascend the lower edge of
the particle layer was observed at ~1200 m asl and the top of the layer was at 2000
m asl. The N3-10 increased in the layer from ~1000 cm-3 up to ~10000 cm-3. When
the airplane descended back into the ML the N3-10 was increased to around 6000
cm-3 throughout the ML, suggesting that the particle layer was mixed into the ML. The
air masses arrived from a similar sector as in the May 2, 2017 case. SO2 and CO
concentrations in Hyytidla remained low when the particles were mixed down (0.05
ppb and 127 ppb for SO2 and CO, respectively).

Figure 4B shows particle number size distribution measurements from the measure-
ment airplane and from the field station. The particle layer was observed as increased
number concentration in the smallest size channels of the SMPS at 9:00 before the
airplane flew above the ML. Roughly 20 minutes later a similar-sized particle mode
appeared in the ground-based data. For this day there were no particle flux data. The
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new particle mode continued to grow larger inside the ML for several hours.

Figure 4C shows the TKE dissipation rate on May 18-19, 2018 from Hyytiala and tem-
perature soundings from Jokioinen. On May 18, 2018 the ML went up to 2500 m asl
in Hyytiala. The Jokioinen soundings show that at 6:00 the top of the RL was at about
1800 m asl, marked by the subsiding inversion left from the previous day’s ML. The
particle layer mixed down from approximately 2000 m asl."

Comment: Please include the flux values for each of the 8 cases shown in Fig. 8.
Since the DMPS was running at the ground site, it would be interesting to know the
detected start and the end time of the events, as well as the growth rate for different
size particles.

Answer: We added a table that summarizes the cases and includes the negative par-
ticle flux peak values (picture of the table in Fig. 3). Regarding the growth rates we
added the following sentence to the text:

"The mean growth rate of the appearing particle modes was 2.2 nm h-1 which is similar
to 2.5 nm h-1 reported by Nieminen et al. (2014) for 3-25 nm particles during NPF
events in Hyytiala."

Comment: Fig. 8 shows 6-hour differences between the times when the mixed layer
reaches the top of the residual layer. Please provide an explanation based on the full
analysis of the meteorological data.

Answer: We added the following paragraph to the end of section 3.5 in order to explain
these differences:

"The time that the ML reaches the upper RL depends on the height of the RL, which in
turn depends on the height of the ML on the previous day and the rate at which the top
of the RL subsides. The mixing time also depends on the rate at which the ML on the
day of interest grows. For example on March 28, 2014 the ML height on the previous
day and the RL height during the night were 1300 m and 1100 m, respectively. On
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April 4, 2014 the corresponding numbers were 2800 m and 2200 m. Because of this
on March 28, 2014 the ML reached the upper RL much earlier at ~7:00 compared to
April 4, 2014 when the ML reached the upper RL at ~11:00. For example on April
15, 2014 the ML grew slowly in the morning due to presence of low clouds that limited
thermal convection. Because of this the ML reached the top of the RL relatively late at
13:00"

Comment: Please compare the monthly fractions of new particle formation events (Fig.
9) in Hyytiala with the data reported in other studies discussed above.

Answer: We added the following paragraphs comparing the studies:

"The monthly distribution of upper RL NPF events follows the distribution of ML NPF
events, with a peak during spring (Mar-May). This is in line with previous studies that
classified NPF events in Hyytiala (Dal Maso et al., 2005; Nieminen et al., 2014). This
makes sense since the conditions favoring ML NPF would also favor upper RL NPF.
However, Buenrostro Mazon et al. (2009) and Dada et al (2018) found that the tail
events and transported events had a peak during the summer months (Jun-Aug).

On 16% of the NPF event days NPF only took place in the upper RL but not in the ML.
This number is smaller than the 36% found by Dada et al. (2018) for transported events
and the 26% found by Buenrostro Mazon et al. (2009) for tail events. This might be
because we restricted to cases where a negative peak in particle flux was associated
with the appearance of nucleation mode particles. For example, a case where the
particles were horizontally advected to the measurement site would not be expected
to cause a negative peak in the particle flux and therefore would not be classified as
upper RL NPE."

References not cited in earlier versions:

Boulon, J., Sellegri, K., Hervo, M., Picard, D., Pichon, J.-M., Fréville, P. and Laj,
P.: Investigation of nucleation events vertical extent: a long term study at two
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different altitude sites, Atmospheric Chemistry and Physics, 11(12), 5625-5639,
doi:https://doi.org/10.5194/acp-11-5625-2011, 2011.

Venzac, H., Sellegri, K., Laj, P, Villani, P., Bonasoni, P., Marinoni, A., Cristofanelli,
P., Calzolari, F., Fuzzi, S., Decesari, S., Facchini, M.-C., Vuillermoz, E. and Verza, G.
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Table 1: rl_h = residual layer height during night or early morning (m asl), rl_ht = time when the comment
rl_h was observed (time when the sounding was released, hour of the day, UTC), mode_t =

nucleation mode particle mode first appears (hour of the day, UTC), mode_t1/mode_t2 = nucleation

mode particle mode appearance confidence interval (hour of the day, UTC), rl_t = new mixed layer

reaches the top of the residual layer (hour of the day, UTC), rl_t1/rl_t2 = new mixed layer reaches

the top of the residual layer confidence interval (hour of the day, UTC), bl_h = observed maximum

height of the previous day's boundary layer (m asl.), dp = mean mode diameter for the newly

appeared particle mode, when they first appear (nm), gr = growth rate calculated for the newly

appeared partice mode (nm h™), pf = the value of the negative particle flux peak (10° m™s™).

date rl ht |rl h [mode t1 |mode_ t|mode t2 |rl t1 |rl t |rl t2 [dp |bl_h |pf gr
20140328 53( 1100 8.5 9 95| 55 7 8 20] 1300] -0.25 228
20140331 7.6 2400 14 14.5 15 12 135 14 10| 2200 -0.06 2.1
20140404 8.5 2200 10.5 11 11.5] 105 11] 11.5 8| 2800 -0.04 1.39
20140409 55 1500 9 9.25 9.5 6| 6.5 7 8| 1800f -0.13 1.18
20140415 53 1600 145 1425 15 12 13 14 111 1700 -0.18 1.94
20140422 0.0( 1800 12 12.5 13| 10.5 11] 11.5 17| 1900 -0.17 1.0
20140518 0.0( 1500 9.5 10 105 8 85 9 13| 1900 -0.11 291
20140705 53 1500 11 11.5 12| 85 9 10 12| 1700 -0.1 4.83

Fig. 3.
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We thank the Referee for the comments. It is suggested that the nucleation mode par-
ticle layers we observed might have originated from elevated upwind pollution sources,
such as power station flue stacks.

As an example air mass back trajectories for the May 2, 2017 case study are shown.
It is noted that the air masses arriving at 1800 m altitude above Hyytidla at 12 UTC
(this is where the aerosol particle layer was observed) traveled over a power station
few hours prior to arriving in Hyytiéla.

We tested the emission hypothesis by checking if the entrained particle layer was asso-
ciated with increased SO2/CO concentrations. We observed no increase in the pollu-
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tant concentrations during the day or when the particles mixed down (Fig. 1). Therefore
we believe it is unlikely that these particles originated from the power station emissions.

We also checked the pollutant concentration for the second case study (May 19, 2018)
we added to the manuscript (see our answer to Referee #1) and no increase in pollutant
concentrations was observed when the particles mixed down at around 9:20 (Fig. 1).

Junkermann and Hacker (2018) explains that the flue stack emissions are usually re-
leased to altitudes below 400 m. In Finland the tallest chimneys are well below 200
m agl. The particle layers we observed from the Cessna were on average between
2300-2700 m above Hyytialad. During daytime when the BL is mixing flue stack emis-
sions would be mixed throughout the mixed layer and then stay in the residual layer
the following night. One would not expect a distinct layer at the top of the RL to form.
If the emissions were released into the residual layer during night, they would remain
at roughly the same altitude due to lack of vertical transport during night and not be
transported to the top of the RL. We think that in this case the better explanation is that
the nanoparticles were formed aloft.

Comment: What are the ambient conditions relevant to particle formation or aging in
the residual layer, temperature, humidity, water vapor concentration, wind speed and
direction, potential condensation sink? Are aging nano-particles in this layer growing
or shrinking (Kerminen et al, 2018 and references cited therein)?

Answer: According to Alonso-Blanco et al. (2017) conditions in the residual layer that
would favor particle shrinkage are lack of sunlight during night and dilution because the
air is cleaner. After sunrise the increased solar radiation at higher altitudes would not
favor particle shrinkage. Also the lower temperature would not favor particle shrinkage.
After sunrise increased solar radiation, low pre-existing aerosol particle surface area
and cold temperatures would favor NPF. NPF would probably not be taking place during
the night due to lack of solar radiation

Comment: 40 km is a wide range, see Fig. 1. Where is the GPS-location of the
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measurements with respect to well known locations of major precursor molecule and/or
primary nanoparti- cle emissions upwind? What is the flight pattern during ascents and
descents? Can this be used to derive wind data from example from GPS when the
Lidar is not sensitive enough?

Answer: The majority of flights were centered over Hyytidla. We modified Figure 1
in the manuscript to also show the horizontal distribution of measurements (Fig. 2).
Notable emission sources close to this area would be the city of Tampere ~60 km
SW (population ~250000) from Hyytiala and the Korkeakoski sawmill ~6km SE from
Hyytidla (Eerdekens et al., 2009). When we flew over Tampere the effect on particle
number concentrations was always clear. Usually the >3 nm number concentrations in-
creased to about 5000 cm-3 from the background 2000 cm-3 at couple hundred meters
above the ground.

Also we noticed the 2011-2018 dataset was not restricted to this 40 km radius from
Hyytiala. So we remade the Figures 1 and 6 in the manuscript with the 40 km bound-
ary condition. The average vertical number-size distribution in Figure 6 did not change
much but the 3-10 nm bin showed slightly negative values above the ML. For the up-
dated figure we only used the SMPS data (Fig. 3). Also for the temperature profile
we only considered profiles when there was an increased (larger than 75th percentile)
sub-25 nm number concentration in the RL (2000-3000 m).

The flight patterns were straight legs perpendicular to the mean wind direction while as-
cending or descending. So at least the wind direction can be inferred from the direction
of the flight legs.

Comment: Why are the measurements in the ascend beginning at 200 m, the descend
ends at 600 m agl? Teisko, aLij 15 km (alt 158 m) from Hyytiala (alt 178 m) would be
a location for missed approaches and legal low altitude flying. O’Dowd et al (2009)
presented profiles nearly to the ground from QUEST 2003.

Answer: We extended the lowest altitude bin to 200-400 m asl (Fig. 4). The descend
C3

ACPD

Interactive
comment

Printer-friendly version

Discussion paper



ended at 500 m asl during that flight.

Comment: Are there any indicators for example from the Hyytiald meteorological tower
that can be related to vertical mixing intensity? Potential parameters could be surface
temperature or temperatures in the vertical profile. Glider pilots use ground based
temperature measurements for a decision when to take off.

Answer: There is a 3d anemometer close to canopy, so in principle turbulence intensity
above the canopy could be calculated.

Comment: Although an SMPS is onboard there is no size distribution presented for
the case study. A complete size distribution would be a mandatory information for
the interpretation as it carries information about the age of the particles (and potential
distance to the source location).

Answer: We added the size distribution (Fig. 4)

Comment: For comparison of airborne and ground based data the same parameters,
particle size distributions and not particles on the aircraft and air ions on the ground,
should be used.

Answer: We added the particle size distribution from SMEAR II (Fig. 4). The downside
is that the time resolution is not as good (10 min instead of 4 min)

Comment: Whether the vertical profiles within 2 1/2 hours in the early afternoon and
another flight in the morning are comparable at all remains open, see the HYSPLIT
trajectories above. The vertical profiles of the morning flight including air mass history
and trajectory need to be included as well.

Answer: We changed the text to say: "During this flight no elevated particle layer
was observed and the number concentrations were quite uniform with altitude in the
different size ranges, staying below 1500 cm-3." The profiles are included in Fig. 4.

Comment: To investigate, whether the 1.5 nm particles grow into the size range of
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3-20 nm and to disentangle between NPF in a sulphur rich environment and primary
emissions a better size resolution is necessary (Junkermann et al, 2011a). See there
and in subsequent papers size distributions with a finer resolution in the range below
10 nm. It needs a lagrangian flight pattern to confirm that airmass change is excluded,
see Junkermann and Hacker (2015)

Answer: The SMPS measurements onboard (going down to 10 nm) and the ground-
based measurements at the SMEAR Il station (going down to 4 nm in the Fig. 4, the
smallest size channel was noisy) do not show multiple nucleation modes. The gas
measurements at the field station do not suggest sulphur rich environment.

One interpretation is that the particles were horizontally advected to the site in another
air mass. However the particle layer was observed aloft first and then ~15 min later
at the field station coupled with a downward peak in particle flux suggesting that the
particles were mixed down from aloft.

Comment: The observations in the 3-20 nm range are well in agreement with the
patchy structure of particle number and size distributions from previous studies in the
area (O’Dowd et al, 2009, Schobesberger et al, 2013, Vaananen, et al, 2016, Leino et
al, 2019) as well as the patchwork blanket of power station plumes shown by Junker-
mann et al (2016). All these studies point towards a significant contribution from local
emission hotspots. Chemical analysis from 20 years of particle research at Hyytiala
reveals that sulphur molecules and likely ammonia are among the key substances re-
quired for the production of nanoparticle clusters. A recent publication by Hao et al
(2018) about measurements at Hyytiala even requires particulate sulphate in the resid-
ual layer mixed downward to explain the observations on the ground.

Answer: In the studies mentioned the patchiness was observed inside the mixed layer
but not above. It seems there are few sub-25 nm particles above the mixed layer in
Hyytiala, except for the top of the RL (Fig. 3).

The patchiness of nucleation mode particles can have other explanations such as vari-
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able cloud cover (Wehner et al., 2007), land features (O’'Dowd et al., 2009), and orga-
nized convection like roll vortices (Lampilahti et al., 2020).

Comment: The sources of such sulfate particles in the atmosphere are well known and
typically linked to burning processes (Bigg and Turvey, 1978, Ayers et al, 1979, Whitby
et al, 1978). In Finland these sources are mostly located along the coastline, about 200
km or approximately 5-6 hours upwind of Hyytiala, (Fig. 1, www.endcoal.org). Further
examples for primary nanoparticle size, aging and emission rates are shown in the
papers of Junkermann et al.

Transport via the residual layer is not an exclusive pattern, veering plumes from wind
direction changes in the planetary boundary layer can explain as well the observations
without additional aerosols in the residual layer (examples: O’Dowd et al, 2009, for
Hyytiala under conditions with snow covered ground or Laaksonen et al, 2005 (SPC,
Italy) Junkermann and Hacker (2018)). In all cases 3D-meteorology is the key for
analysis of these observations.

Answer: We do observe increased aerosol particle concentrations in the top parts of
the RL. The case studies (May 2, 2017 and May 19, 2018) and ground-based obser-
vations from the BAECC campaign fit the idea that particles are mixing down from the
top of the RL.

With such moving emission plumes we would expect to see changes in SO2/CO con-
centrations but for example in the case studies this was not observed.

Comment: Recent and historic literature is not always taken into account. There are
not many airborne studies of nanoparticles, but they should be included.

Answer: We extended the Introduction, see the answer to Referee #1.

Comment: Time within the manuscript is mixed between UTC and Eastern European
Summer Time (EEST) in figures and text

Answer: All time should be fixed to UTC now.
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Comment: Fig. 5: Scales for Theta and water vapor are missing. The figure is not
really sup- portive, it suggests a high mixed layer at night although the upper rim of
the Lidar data reflect only the vertical range of the measurements. Significant TKE for
vertical mixing is restricted only to daylight hours.

Answer: We added temperature soundings on top of the lidar data (Fig. 4). The point
of showing the temperature soundings was to show where the temperature inversion
was and it agrees with the mixed layer height based on TKE dissipation rate. During
the night the vertical mixing reduces but the temperature inversion remains present
and shows where the top of the night time residual layer was. In all the figures where
we show the lidar data and the soundings we added the temperature scale to the top.

Comment: please take into account: a few hours upwind of Hyytidla one of Finland’s
largest pollution source aLij150 kg sulphur dioxide / his located, emitting both a large
amount of primary particles and a mixture of substances relevant to nanopatrticle for-
mation independent on the time of the day

Answer: We added the following paragraph to the case study

"The air masses came from the Arctic Ocean over northern Scandinavia. They went
over the west coast of Finland where there are known pollution sources (most notably
the Vaskiluoto coal-fired power plant), however in Hyytiala the SO2 and CO levels
remained low all day (~0.025 ppb and ~115 ppb for SO2 and CO, respectively). Even
when the particles were observed at the surface no increase in pollutant concentrations
was observed. Pollution released into the night time RL from elevated sources such
as flue gas stacks would be expected to form layers at roughly the altitudes where the
emissions occured below few hundred meters. This is because of the lack of vertical
mixing. If the pollution was released during daytime into a ML, it would be uniformly
mixed into the ML and stay like that in the RL during night (Junkermann and Hacker,
2018). The likely explanation for sub-10 and sub-3 nm particles at this altitude is NPF."

Comment: Fig. 9 should be discussed in terms of the annual variability of meteorology,
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for example the intensity of convection under typical weather conditions in Finland.
The intensity of the vertical mixing process described in the manuscript is dependent
on surface conditions (snow until the end of March?) and surface and vertical profile
temperatures throughout the year.

Answer: The days were sunny spring days without snow (and one sunny day in July).
On such days the ML is expected to be well-mixed and the particles should reach the
surface in less than an hour or so (Stull, 1988). We looked at the soundings released
at ~11:20 and ~17:20 from Hyytidla during these days. The approximately constant
potential temperature profiles suggest a well-mixed layer (Fig. 5).

Comment: Fig. 10 is outdated and needs severe revision. Sources are not always on
the ground they can be elevated as well

Answer: We will add some trees to represent biogenic emissions and smokestacks to
represent anthropogenic emissions of precursors. However relative to the ~2.5 km asl
altitude where the particle layers were on average observed (Fig. 3) we find it does not
make much difference to distinguish between sources that are at ~150m altitude or at
surface.

Comment: Platis et al 2015 should be Platis et al, 2016

Answer: 2015 should be correct (see: https://link.springer.com/article/10.1007/s10546-
015-0084-y)

Comment: Junkermann and Hacker (2018) is cited in the text but missing in the refer-
ence list.

Answer: It is added to the list
References:
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We thank the Referee for the comments. Our responses are below:

Comment: Roughly isokinetic sampling : Could you please be more precise. The
inlet is either isokinetic with a control of the flow within the inlet or not isokinetic. It
seems that you are controlling it with a valve and with a constant speed of the Cessna.
Therefore most of the time the sampling should be isokinetic. However, roughly is too
vague. What are the deviation from the isokinetic conditions ? This condition has a
large impact on the measurement quality and therefore on their validity. Please correct
and add more information about that.

Answer: From Schobesberger et al (2013) (reference in the manuscript): "The aerosol
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inlet’s design was adopted from the University of Hawai'i shrouded solid diffuser inlet
design originally presented in McNaughton et al. (2007) for use aboard a DC-8 aircraft.
Our inlet is a downsized version of it, suiting the lower cruising speed of the Cessna.”

Detailed characterization of the inlet can be found in McNaughton et al. (2007). In our
measurement range (<400 nm) the inlet losses should be negligible.

Inside the main sampling line the velocity of sample air was ~2 m/s (~47 Ipm controlled
by a manual valve), while the instruments (UCPC: 1.5 Ipm, PSM: 2.5 Ipm, SMPS: 1 or
4 |pm) drew the air at the core sampling inlets between ~0.5-2 m/s. Under these
conditions considerations of isokinetic sampling are not necessary. So we removed
this part from the text.

Comment: Figure 3 analysis : "The layer had increased number concentrations of sub-
20nm and sub-3nm particles." in comparison to what ? The descent profile ? | think
you should clearly name the reference you are comparing these results to. Moreover,
you should definitely show the profiles from the early morning flight on Figure 3. That
would raise no doubts that the aerosol layer was not present before the sun rise and
that could give the reader a clear reference. “at this point there were no signs of the
particle layer” This is misleading. The layer didn’t disappear spread into lower layers,
in this case the ML. Is there a threshold for the RL height ? | believe the highest is the
better due to lower temperature and cleaner air. But is there any RL height range for
those events ? Could you also add the ML height in this figure ?

Answer: We added the particle number concentrations in the different size ranges at
altitudes below/above and in the layer to the text.

We also added the particle number concentration vertical profiles from the early morn-
ing ascend/descend to the figure (Fig. 1).

We removed the misleading sentence and instead wrote: "The airplane entered back
into the ML at 12:56 and the particle number concentration was increased throughout
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the ML, suggesting that the particles in the elevated layer were mixed into the ML"

We added an estimate of the ML height based on the Doppler lidar data as dashed line
to the figure.

In Figure 1C the temperature soundings from Jokioinen show how a temperature in-
version at the top of the previous day’s ML remains at roughly the same altitude (2000-
2500 m asl.) during the night and height of this inversion indicates the height of the
residual layer.

Comment: L 168-171 : The NPF starts at 12:36 but the vertical particle flux show
minimum values at 10:30 et 13:00. If aerosols are coming from the residual layer
(around 1700m), the process is not instantaneous right ? So the NPF should be related
to the minimums of Vertical particle flux occurring at 10:30 and 11:30. Can you estimate
the vertical speed of the aerosols ? Is the aerosol speed playing a role in the NPF
occurrence ? | would think that yes due to the fact that slow motion aerosol would have
grown to much larger sizes ? Could you run the analysis also for non event days ? Is
there a vertical wind speed threshold that need to be exceeded ? Also for other NPF
cases linked to RL NPF events, Can you tell us more about the vertical particle flux
patterns observed before the occurrence of NPF ? Is it different for each case ?

Answer: If the particles are formed at the top of the RL, disconnected from the ML,
then the intensity of mixing in the ML would have no effect on the particle formation. If
the particles are entrained into the ML then more intense mixing would transport the
particles to the surface quicker and vice versa. Also if the ML remains quite shallow
due to weak mixing it may be that the particle layer is not mixed down and remains
aloft.

Buzorius et al. (2001) observed that the vertical particle flux was mostly negative during
NPF events and the authors argued that the particles were probably formed aloft and
mixed down.
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In RL NPF we were looking for negative peak in particle flux when the nucleation mode
particles were first observed. In other words the particle flux is most negative when
the particles are observed for the first time since all the particles would be above the
flux measurement setup and none below. As the particles are further mixed into the
ML the number concentration difference above and below the flux measurement setup
decreases and the particle flux becomes less negative.

Comment: Figure 6: I'm not sure what you plotted on this figure. The color code
correspond to dN/dlogDp (cm-3). So is it a total concentration or is it from a specific
bin ? It must be a specific bin and most probably within the fine diameter range due to
the conclusions drowned. Could you please provide the percent of NPF event linked
to aerosol formation in the upper layer ? Then you could used this result to justify the
75th percentile use.

Answer: The figure shows the median and the 75th percentile aerosol particle number
size distribution as a function of altitude calculated from 2011-2018 flight data. We
did not inspect all flight profiles during 2011-2018 for layers. However Vaananen et
al. (2014) (reference in the manuscript) reported that for 2013-2014 campaigns 16/36
(~44%) profiles had a sub-25 nm particle layer. We added this number to the Introduc-
tion.

Comment: L52 : need to define ML

Answer: we added the following definition to the Introduction when we first mention the
ML.:

"Type of atmospheric boundary layer where turbulence tends to uniformly mix quanti-
ties such as aerosol particle concentrations.”

Comment: L147 : In the aircraft data : not well said
Answer: We replaced it with "In the airborne measurements”

Comment: Figure 7 : Need to be more precise : - early morning of June 5th : 0 —4h ?
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Is there a reason why you choose that time to determine the Residual layer ? could you
provide some stat for each cases of the delay between the moment when the Inversion
layer reach the Residual layer and the moment when the NPF occurs at the ground
? That could be great to have as well the RL height, and the estimated speed of the
aerosol.

Answer: We chose this sounding on Jun 5 because in the next sounding the RL was
already mixed into the ML. In general we used the latest temperature profile where the
top of the RL was visible. We added Table 1 that shows all this information (Fig. 2).
We find this analysis is not accurate enough to estimate mixing speeds for the aerosol
particles though.

Comment: L220 : So you found 8 cases out of ? That would be nice to see a table
showing the number of days of observations, the number of events at the ground, the
number of event linked to roll vortices, the number of event linked to the RL, and the
number of event that are not yet related to anything. And precise the type of events
(classic banana or burst of particles at higher diameter than 3nm ? Again here you
said these cases were not observed at the same time : Could you provide a table with
their main characteristic : Start time, duration, GR, diameter at time start ?

Answer: The campaign was 8 months Feb-Sep in 2014. We provide Table 1 (Fig. 2)
for information on the specific cases. Since this particular analysis was to study the
relationship between the mixing time of the RL top into ML and the appearance time
of the nucleation mode particles. We did not think that classifying other types of NPF
events would add much information.

Comment: L236 : please replace transported event by "transported event"
Answer: Fixed
Comment: L 246- 252 : could you provide the number and the percentage ?

Answer: We added these to the text
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Comment: Reference that might be added to your manuscript : A lot of work have
been done by the French group of the LaMP to study NPF events on the ground
at an alti- tude site but also using aircraft measurements. You should cite some of
them in your paper. Aircraft observations for links between altitude and NPF: Crumey-
rolle et al 2010, Altitude site: Boulon, et al.: Investigation of nucleation events ver-
tical extent: a long term study at two different altitude sites, Atmos. Chem. Phys.,
11, 5625-5639, https://doi.org/10.5194/acp-11-5625-2011, 2011. C. Rose, et al., Fre-
quent nucleation events at the high altitude station of Chacaltaya (5240 m a.s.l.), Bo-
livia,https://doi.org/10.1016/j.atmosenv.2014.11.015. H Venzac, et al - 2007 - Aerosol
and ion number size distributions were measured at the top of the Puy de D6me (1465
m above the sea level) for a three-month period. The goals were to investigate the
vertical extent of nucleation in the atmosphere and the effect of clouds on nucleation.
J. Boulon, et al. New particle formation and ultra- fine charged aerosol climatology at a
high altitude site in the Alps (Jungfraujoch, 3580 m a.s.l., Switzer- land). Atmospheric
Chemistry and Physics, European Geosciences Union, 2010, 10 (19), pp.9333-9349.

Also maybe look at that one : https://www.mdpi.com/2072-4292/12/4/648. It does also
look at the impact of the dynamics on the nucleation events with a clear focus on the
dynamics. You can actually see that the perturbation induced by flows at different
altitude might also enhanced the possibility to observed NPF events. The turbulent
fluxes occurring at each layer top is inducing favourable conditions to generate NPF
events.

Answer: We thank the Referee for these references. We added more information to
the Introduction regarding previous studies (see our answer to Referee #1). We added
some of these studies there.

References
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Table 1: rl_h = residual layer height during night or early morning (m asl), rl_ht = time when the comment
rl_h was observed (time when the sounding was released, hour of the day, UTC), mode_t =

nucleation mode particle mode first appears (hour of the day, UTC), mode_t1/mode_t2 = nucleation

mode particle mode appearance confidence interval (hour of the day, UTC), rl_t = new mixed layer

reaches the top of the residual layer (hour of the day, UTC), rl_t1/rl_t2 = new mixed layer reaches

the top of the residual layer confidence interval (hour of the day, UTC), bl_h = observed maximum

height of the previous day's boundary layer (m asl.), dp = mean mode diameter for the newly

appeared particle mode, when they first appear (nm), gr = growth rate calculated for the newly

appeared partice mode (nm h™), pf = the value of the negative particle flux peak (10° m™s™).

date rl ht |rl h [mode t1 |mode_ t|mode t2 |rl t1 |rl t |rl t2 [dp |bl_h |pf gr
20140328 53( 1100 8.5 9 95| 55 7 8 20] 1300] -0.25 228
20140331 7.6 2400 14 14.5 15 12 135 14 10| 2200 -0.06 2.1
20140404 8.5 2200 10.5 11 11.5] 105 11] 11.5 8| 2800 -0.04 1.39
20140409 55 1500 9 9.25 9.5 6| 6.5 7 8| 1800f -0.13 1.18
20140415 53 1600 145 1425 15 12 13 14 111 1700 -0.18 1.94
20140422 0.0( 1800 12 12.5 13| 10.5 11] 11.5 17| 1900 -0.17 1.0
20140518 0.0( 1500 9.5 10 105 8 85 9 13| 1900 -0.11 291
20140705 53 1500 11 11.5 12| 85 9 10 12| 1700 -0.1 4.83

Fig. 2.
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Abstract: According to current estimates, atmospheric new particle formation (NPF) produces a
large fraction of aerosol particles and cloud condensation nuclei in the earth’s atmosphere, therefore

having implications for health and climate. Despite recent advances, atmospheric NPF is still

insufficiently understood in the lower troposphere, especially above the mixed layer (ML). This

PTO vl Cl Cl Cl CLY O O OpP O e O Crod

R NPFistoalargeextentunexplored—Thispaper presents new results from co-located

airborne and ground-based measurements in a boreal forest environment, showing that many NPF

events (~42%) appear to start in the topmost part of thewpper RL. The freshly formed particles may

be entrained into the growing mixed layer (ML) where they continue to grow in size, similar to the
aerosol particles formed within the ML. The results suggest that in the boreal forest environment,

NPF in the upper RL has an important contribution to the aerosol load in the BL.

1. Introduction

It has been estimated that atmospheric new particle formation (NPF) is responsible for most of the
cloud condensation nuclei (CCN) in the atmosphere (Dunne et al., 2016; Gordon et al., 2017; Pierce
and Adams, 2009; Yu and Luo, 2009). Aerosol-cloud interactions, in turn, have important but

poorly-understood effects on climate (Boucher et al., 2013). Being a major source of ultrafine
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aerosol particles in many environments (e.g. Brines et al., 2015; Posner and Pandis, 2015; Salma et
al., 2017; Yu et al., 2019), NPF may have implications for human health.

NPF has been observed in various environments and at various altitudes inside the troposphere. The
majority of NPF observations come from ground-based measurements (Kerminen et al., 2018;
Kulmala et al., 2004), which can be argued to represent NPF within the mixed layer (ML). ML is a
type of atmospheric BL, where turbulence uniformly, especially vertically, mixes quantities like
aerosol particle concentrations. Measurements from aircrafts show that NPF is also common in the
upper free troposphere (FT) (e.g. Clarke and Kapustin, 2002; Takegawa et al., 2014). Entrainment

of particles formed in the upper FT was identified as an important source of CCN in the tropical

boundary layer (BL) (Wang et al., 2016; Williamson et al., 2019). Measurements from high-altitude

research stations also demonstrate that NPF frequently takes place in the FT, in these cases NPF was

often observed in BL air that was transported to the higher altitudes (Bianchi et al., 2016; Boulon et

al., 2011; Rose et al., 2017; Venzac et al., 2008).

When studving the vertical distribution of NPF in the lower troposphere one has to consider the

evolution and dynamics of the BL. Nilsson et al. (2001) found that the onset of turbulent mixing
correlated better with the onset of NPF at ground level than with the increase in solar radiation. The
authors gave several hypotheses to why this might be. One hypothesis was that NPF starts aloft,
either in the RL or in the inversion capping the shallow morning ML. As the turbulent mixing starts,

the newly formed particles would be transported down and observed at the ground-level.

Many observations have supported the hypothesis put forward by Nilsson et al. (2001). GroR et al.

(2018), Meskhidze et al. (2019) and Stanier et al. (2004) reported positive correlation between the

onset of NPF at ground level and the breakup of the morning inversion due to beginning of
convective mixing. Chen et al. (2018), Platis et al. (2015) and Siebert et al. (2004) used in situ

airborne measurements and observed that NPF started during the morning on the top of a shallow

ML capped by a temperature inversion at a few hundred meters above ground. The particles grew to

detectable nucleation mode (sub-25 nm) sizes aloft, and when the ML began to grow due to

thermally-driven convection, the particles were mixed downwards and observed at the ground-level

where they further continued to grow in size. Stratmann et al. (2003) observed newly formed

particles inside the RL disconnected from the shallow ML or the inversion that capped it.

Furthermore, Wehner et al. (2010) observed that NPF inside the RL. was connected to turbulent

layers. On the other hand, Junkermann and Hacker (2018) attributed their observations of elevated
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ultrafine particle layers at few hundred meter altitudes in the RL to flue gas emissions from
smokestacks with subsequent chemistry taking place during air mass transport over long distances.

The hypothesis proposed by Nilsson et al. (2001) was based on observations done in Hyvtiéla,

Finland, which is a rural site surrounded by boreal forests and with very clean air. However, the

supporting evidence comes from measurements done in more polluted environments in Central

Europe and USA. Airborne measurements done over Hyytidld have not found NPF on top of the
shallow morning ML or within the bulk of the RL, instead the NPF events seem to start within the
ML (Boy et al., 2004; Laakso et al., 2007; O’Dowd et al., 2009). This might be because in the more
polluted environments there are high enough concentrations of precursor vapors from
anthropogenic sources that NPF can be initiated in the morning inversion and/or within the bulk of
the RL. Interestingly, though, observations from Hyytidld using a small instrumented airplane have
frequently found nucleation mode particle layers above the ML at a much higher altitude range of

~1500-2800 m above ground and the explanation for these lavers is not clear (Leino et al., 2019;

Schobesberger et al., 2013; Vidnédnen et al., 2016). For example Véadndnen et al. (2016) found that

for the 2013-2014 airborne measurement campaigns 16/36 (~44%) profiles showed an elevated sub

25 nm particle layer.

In this study we used co-located airborne and ground-based measurements to study nanoparticles

over a boreal forest in Hyytidld, Finland. We aimed to characterize the elevated nucleation mode

particle lavers that were a frequent observation in the previous studies. Specifically we were

looking at the following questions: (1) where in terms of atmospheric layers, how often and why do

these aerosol particle laver occur, and (2) how they are related to ground-based observations, and

what implications this has for data interpretation.
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2. Materials and methods

2.1. Airborne measurements

We used data from airborne measurement campaigns conducted between 2011 and 2018 around

Hyytiéld, Finland. Here we focused on data within 40 km radius from Hyytidld. Figure 1 shows the

data availability from these measurements. Most of the flights were carried out during spring and
early autumn because that is when NPF events are most common in Hyytidld. Here-wefeetused-en-
the-data-that-wasmeasured-withina40-kmradiusfromHyyt&ld-The measurement setups changed
slightly over the years. Detailed descriptions of the setups on board can be found in r-eur-previous

studies (Leino et al., 2019; Schobesberger et al., 2013; Vadnénen et al., 2016).

The instrumented aircraft was a Cessna 172 operated from the Tampere-Pirkkala airport (ICAO:
EFTP). The sample air was collected through an outside inlet into a main sampling line that was
inside the aircraft’s cabin. The forward movement of the aircraft during flight provided adequate
flow rate inside the main sampling line. The flow rate was maintained at 47 lpm by using a manual

valve. The instruments drew air from the main sampling line using core sampling inlets. The
necessary flow rate to the instruments was provided by pumps. The flewratein-the-mainsampling-

4



he-airspeed was kept

143 at 130 km/h during the measurement flights.

145 \ The asr-beard-aerosol instruments_on board considered in this study were an ultrafine condensation
146  particle counter (uUCPC, TSI, model: 3776), measuring the >3 nm particle number concentration at a
147  1-s time resolution, a particle size magnifier (PSM, Airmodus, model: A10) operated with a TSI

148 3010 CPC, measuring the >1.5 nm particle number concentration at a 1-s time resolution, and a

149  custom-built scanning mobility particle sizer (SMPS) with a short Hauke type DMA and a TSI 3010
150 CPC, measuring the aerosol number size distribution in the size range of 10-400 nm at a 2-min time
151 resolution. In addition, basic meteorological data (temperature, relative humidity and pressure) and
152  water vapor concentration from Licor Li-840 gas analyzer were used.

153

154  Vertically, the measurement profiles extended approximately from 100 m to 3000 m above the

155 ground. This altitude range covered the ML, RL and roughly 1 km of the FT (Figure 2). The

156 | measurement flights lasted about 2-3 hours and were flown mostly during the morning (~68:00-

157 | 102:00 UTCleealtime) and the-afternoon (~113:00-146:00 UTCleealtime). Horizontally, the

158 | profiles were flown perpendicular to_the mean wind in order to avoid the airplane’s exhaust fumes.

159

160  2.2. Ground-based measurements

161

162 Comprehensive atmospheric measurements have been done at the SMEAR 1I station in Hyytiéla
163 | (61°50'40" N, 24°17'13" E, 180 m above sea level) since 1996 (Hari and Kulmala, 2005). The
164 landscape around the site is flat and dominated by Scots pine forests, with small farms and lakes
165 scattered nearby. The station represents typical rural background conditions.

166

167  We used data from the BAECC (Biogenic Aerosols—Effects on Clouds and Climate) campaign,
168 | which took place in Hyytidld during Feb-Sep, 2014 (Petdjd et al., 2016), to study the relationship
169 between BL evolution and NPF observed at the station. High spectral resolution lidar (HSRL)
170 measurements and meteorological balloon soundings released every 4 hours by the U.S. Department
171 of Energy ARM mobile facility allowed us to monitor the evolution of the BL (Nikandrova et al.,
172 2018).

173

174  From the HSRL data we looked at the values of backscatter cross section in order to see the

175 development of the ML during the day. The data were averaged into 30-m altitude bins and 10-min
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temporal bins. The ground-based measurements during the BAECC campaign were also
supplemented by aircraft measurements using the instrumented Cessna. In case of missing
soundings, we also looked at the balloon soundings released from Jokioinen ~120 km south-west

from Hyytidla (WMO: 02963).

The number size distribution of aerosol particles between 3 and 1000 nm was measured at the
station using a differential mobility particle sizer (DMPS, Aalto et al., 2001). A neutral cluster and

air ion spectrometer (NAIS, Airel Ltd., Mirme and Mirme, 2013) measured the number size

distribution of air ions and particles in the size ranges of 0.8-42 nm and 2-42 nm, respectively

(Manninen et al., 2009). The time resolutions of the DMPS and NAIS were 10 min and 4 min,

respectively. The vertical flux of particles >10 nm was measured by the eddy covariance method

from 23 m above ground, which is a couple of meters above the canopy (Buzorius et al., 2000). The

growth rates for aerosol particles were calculated using the log-normal mode fitting method

described in (Kulmala et al., 2012).

Vertical profiles of horizontal and vertical winds were measured with a Halo Photonics Stream Line

scanning Doppler lidar since year 2016. The Halo Photonics Stream Line is a 1.5 pm pulsed
Doppler lidar with a heterodyne detector and 30-m range resolution, and the minimum range of the
instrument is 90 m (Pearson et al., 2009). At Hyytidl4, a vertical stare of 12 beams and integration
time of 40 s per beam is scheduled every 30 min, whereas the other scan types operated during the
30-min measurement cycle were not utilized in this study. The lidar data were corrected for a
background noise artifact (Vakkari et al., 2019). The turbulent kinetic energy (TKE) dissipation rate
was calculated from the vertical stare according to the method by O’Connor et al. (2010) with a
signal-to-noise-ratio threshold of 0.001 applied to the data. Data availability is limited by relatively

low aerosol concentration at Hyvtidld, but TKE dissipation rate can be retrieved on most days up to

the top of the BL.
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3. Results and discussion

In the airborne measurements we frequently observed a layer of nucleation mode (sub-25 nm)

particles above the MIL.. First we introduce how the phenomenon was observed in the airborne and

ground-based measurements using two case studies. Then we show that sub-25 nm particle layers

occurred in the topmost part of the RL by studying the average vertical profile of particle number-

size distribution and temperature from the airplane. Then we associate the nucleation mode particles

in the upper RL to a specific signal in the ground-based measurements and use the observations at
the SMEAR II station to gather long-term statistics. All times are reported in UTC.

3.1 Case study: May 2, 2017

On May 2, 2017 during the measurement airplane’s ascend over Hyvtidld we observed an increased

number concentration of 3-10 nm (N3.10) and 1.5-3 nm (N 5.3) particles, approximately between
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1200 and 2000 m above sea level (asl), in the top parts of the ML (Figure 3A). The lower edge of

the aerosol particle layer was observed at 12:24. Within the particle layer the maximum N; 5.3 was

~5000 cm™ and N3.;o was ~6000 cm™, Below the particle layer N; -5 and Ns ;o were ~2200 cm™,

Above the layer N3, dropped to ~200 cm™. This low number concentration indicates that the

airplane was measuring in the RL/FT. The N, 5.5 dropped to ~2000 cm™ and further down to ~200

cm during the descend. The PSM probably had some problems stabilizing at higher altitudes. The

bottom of the particle layer was well within the ML and the particles were in the process of being
mixed into the rest of the ML.

During the descend the airplane entered back into the ML at 12:56 and the N; 53 and N3, were

increased throughout the ML, indicating that the particle layer was further mixed into the ML. The

N, -5 was around 4000 cm™ and N340 increased from 4000 cm™ to around 8000 cm™ towards the

surface. On the same day, an early morning flight before the sunrise was also performed (Figure
3A). During this flight no elevated aerosol particle layer was observed and the number

concentrations were quite uniform with altitude in the different size ranges, staying below 1500 cm”

3

Roughly 10 min after the aerosol particle layer was first observed from the airplane during the
ascend, a new particle mode with similar-sized particles (geometric mean mode diameter about 10

nm) appeared at the ground-level at 12:36 (Figure 3B). The appearance of this new particle mode

was characterized by a negative peak in the vertical particle flux, further suggesting that the

particles were mixed down from aloft. The new particle mode continued to grow for several hours

despite the airmass moving over Hyytidld, indicating a large horizontal source area for the particles.
At the ground level a new particle mode with lower number concentration coupled with negative

particle flux also appeared at around 10:00. It may be that these particles were also mixed down

from higher altitudes, but in the absence of airplane measurements during that time, we cannot be

sure.

The airmasses came from the Arctic Ocean over northern Scandinavia. They went over the west

coast of Finland where there are known pollution sources, however in Hyvtidld the SO, and CO

levels remained low all day (~0.025 ppb and ~115 ppb for SO, and CO, respectively). Even when
the particles were observed at the surface no increase in pollutant concentrations was observed.

Pollution released into the night time RL from elevated sources such as flue gas stacks would be

expected to form lavers at lower altitudes, below few hundred meters. If the pollution is released
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during daytime, it is expected to be uniformly mixed into the ML and stay like that in the RL

(Junkermann and Hacker, 2018). The likely explanation for sub-10 and sub-3 nm particles at this
altitude is NPF.

In order to study the atmospheric layers in the lower troposphere we plotted the TKE dissipation

rate calculated from the Doppler lidar measurements during May 1-2, 2017 and temperature

soundings from Jokioinen (Figure 3C). In the Doppler lidar measurements, the increase in the TKE
dissipation rate reveals the development of the ML on both days. On May 1, 2017 the ML reached
roughly 1900 m asl. The temperature sounding at 18:00 shows that this mixed layer was capped by
a thermal inversion at about 2000 m asl. In the two subsequent soundings during the night the
inversion stayed at roughly the same altitude and marked the top of the RL. In the temperature
sounding on May 2, 2017 at 12:00 only one inversion is observed at about 1900 m asl suggesting

that at this point the RI. was already mixed into the growing ML. The lidar measurement agrees that

on May 2, 2017 the ML reached 1900 m asl around 12:00. About 25 min later the aerosol particle

laver was observed from the Cessna.

294 | 3.2 Case study: May 19, 2018
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On May 19, 2018 another case of nucleation mode particles mixing down into the ML was

observed. Figure 4A shows that during the airplane’s ascend the lower edge of the particle layer was

observed at ~1200 m asl and the top of the layer was at 2000 m asl. The N3, increased in the layer

from ~1000 cm™ up to ~10000 cm™. When the airplane descended back into the ML the Ns.;o was

increased to around 6000 cm™ throughout the ML, suggesting that the particle layer was mixed into

the ML. The air masses arrived from a similar sector as in the May 2, 2017 case (Arctic Ocean over
northern scandinavia). SO, and CO concentrations in Hyytidld remained low when the particles

were mixed down (~0.05 ppb and ~127 ppb for SO, and CO, respectively).

Figure 4B shows particle number size distribution measurements from the measurement airplane
and from the field station. The particle layer was observed as increased number concentrations in
the smallest size channels of the SMPS at 9:00 before the airplane flew above the ML. Roughly 20

minutes later a similar-sized particle mode appeared in the ground-based data. For this day there
were no particle flux data. The new particle mode continued to grow larger inside the ML for

several hours.



312 | Figure 4C shows the TKE dissipation rate on May 18-19, 2018 from Hyytidld and temperature

313 | soundings from Jokioinen. On May 18, 2018 the ML went up to 2500 m asl in Hyytiéld. The
314 | Jokioinen soundings show that at 6:00 the top of the RL. was at about 1800 m asl, marked by the
315 | subsiding inversion left from the previous day’s ML. The particle layer mixed down from

316 | approximately 2000 m asl.
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344 \ 3.42 Evidence of NPF in the upper RL based on long-term measurements
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In the two case studies above the aerosol particle layer mixed down from approximately the altitude
where the top of the RL was. In order to study this connection further we analyzed the airborne data
measured during 2011-2018. In Figure 5 we plotted the median and 75" percentile number size

distributions measured on board the aircraft as a function of altitude during NPF event days (65

days out of 130 measurement days) between 07:00 and 10:00 UTC. This is the time window when

the morning measurement flight was usually done. NPF event days are characterized by a new

growing particle mode appearing in the sub-25 nm size range (Dal Maso et al., 2005). If aerosol

formation in the upper RL occurs on less than half of the NPF event days, it might not be visible in
the median plot, but might still appear in the 75" percentile plot.

Interestingly, in the 75" percentile plot a layer of nucleation mode particles is observed at 2500-

3000 m above sea level. This altitude range is well above the still growing ML at 07:00-10:00. We

wanted to know if the elevated particle layer was associated with a temperature inversion, since the
RL is commonly capped by such an inversion (Stull, 1988). In Figure 5 we plotted the mean
temperature profile from the flights when the N5 in 2000-3000 m altitude range exceeded the 75"

percentile Niy.5 value (18 days).

The temperature profile shows an inversion base at 2500 m and this is likely where on average the

top of the RL. was. The reason for the unusually deep RL is probably that the NPF event days tend

to be sunny spring days and the ML can grow exceptionally high, which also leads to a deep RL.
Our finding is in line with previous observations by Schobesberger et al. (2013) who measured
nucleation mode particles close to an elevated temperature inversion above the ML on multiple
measurement flights over southern Finland.

11
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3.53 Connection between NPF in the upper RL and ground-based observations

With the BAECC dataset we wanted to investigate whether the sudden appearance of nucleation
mode particles with downward particle flux was associated with the ML reaching the upper RL.
This would not only further test the hypothesis that NPF happens in the topmost part of the RL, but

also provide us with a conditiontool to identify upper RL NPF from the ground-based data alone.

We looked for cases where a new particle mode suddenly appeared in the nucleation mode size
range during the daytime and the first observation of these particles was associated with a negative
peak in particle flux. We noted the times when the particles first appeared, and also estimated a
confidence interval of the observation. Then we checked if we could find out the height of the RL
from balloon soundings or the Cessna flights. We looked for an elevated temperature inversion that
was roughly at the same altitude as the previous day’s maximum ML height, which was determined
from HSRL and/or sounding. We noted the base height of the temperature inversion and took this as
the top of the RL. Then we followed the height of the new ML from the HSRL measurements and

noted the time when the ML reached the inversion base, also estimating a confidence interval.

Figure 6 illustrates an example for this procedure.
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We found 8 cases during the campaign where the analysis could be fully carried out and they are
summarized in Table 1. Figure 78 shows a strerg-positive correlation between the new particle
mode appearance time and the time when the ML reached the top of the RL. This suggests that the
suddenly appearing nucleation mode particles were entrained into the ML from the upper RL. We
found only a weak positive correlation between the new particle mode appearance time and the
geometric mean diameter of particles in the new mode at the moment they were first observed. This
is probably explained by the NPF starting at different times during the day and variability in growth

rates, coupled with the small sample size. The mean growth rate of the appearing particle modes at

the was 2.2 nm h™! which is similar to 2.5 nm h™! reported by Nieminen et al. (2014) for 3-25 nm

particles during NPF events in Hyytidld.

The time that the ML reaches the upper RL depends on the height of the RL, which in turn depends

on the height of the ML on the previous day and the rate at which the top of the RL subsides. The
mixing time also depends on the rate at which the ML on the day of interest grows. For example on
March 28, 2014 the ML height on the previous day and the RL height during the night were 1300 m

and 1100 m, respectively. On April 4, 2014 the corresponding numbers were 2800 m and 2200 m.
Because of this on March 28, 2014 the ML reached the upper RL much earlier at ~7:00 compared to

April 4, 2014 when the ML reached the upper RL at ~11:00. For example on April 15, 2014 the ML

grew slowly in the morning due to presence of low clouds that limited convection. Because of this
the ML reached the top of the RL relatively late at 13:00.

In a well-mixed layer we would expect the entrained particles to reach the surface in less than an
hour (Stull, 1988). If the BL. was stratified the particles could reach the surface at very different

rates which might significantly distort the results in Figure 7. The balloon soundings indicate that
the MLs in the 8 cases were well-mixed since the potential temperature profiles calculated from
soundings released around noon and late afternoon were almost constant up to the top of the ML
(see example profile in Figure 6).

3.64 Implications for classifying NPF events

Previous studies that classified NPF events observed in Hyytidla have collected statistics on the
occurrence of suddenly appearing particle modes.Foer-exampte Buenrostro Mazon et al., (2009)

classified the so-called undefined days between 1996-2006 from Hyytidld. The undefined days are
days that do not fit the NPF event or the nonevent day classes (Dal Maso et al., 2005). One category

13
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the authors used was eeHeeted-statisties-or-“tail events” where a new particle mode appears at

particle diameters greater than 10 nm and grows for several hours. The authors found that 26% of

NPF events were tail events (assuming that tail events were also NPF events). Dada et al., (2018)

collected statistics on “transported events” where elevated number concentration of 7-25 nm

particles persisted for more than 1.5 hours, but no elevated number concentrations at smaller
particle sizes were observed. It was found that ~36% of the NPF events observed for over 10 years
in Hyytidld were “transported events”. They occurred especially when the conditions inside the ML

were less favorable for nucleation.

Here we found cases in the SMEAR II data between 2013 and 2017, in which a new growing
particle mode suddenly, without continuous growth from smallest detectable sizes (3 nm), appears
in the nucleation mode and is associated with a negative peak in the vertical particle flux. We also
noted cases where a new particle mode appears with a continuous growth from the smallest
detectable sizes. Based on the previous analysis we assume that in the former case NPF took place

in the upper RL and in the latter case inside the ML. The analysis included 1750 days.

The monthly fractions of the different cases are shown in Figure 8. We found that NPF within the

ML occurred on 13% (234/1750) of all the days and NPF in the upper RL on 7% (117/1750) of all

the days. During spring (Mar-May) the corresponding percentages were 31% (132/431) and 17%
(74/431). On many days NPF took place both in the upper RL and within the ML (4% or 74/1750 of

all days and 12% or 53/431 of spring days). According to this analysis, NPF in the upper RL

constitutes 42% (117/277) of the NPF event days in Hyvtiila.

The monthly distribution of upper RL. NPF events follows the distribution of ML. NPF events, with

a peak during spring (Mar-May). This is well in line with previous studies that classified NPF

tidld (Dal Maso et al., 2005; Nieminen et al., 2014). This makes sense since the

conditions favoring MI. NPF would also favor upper RL. NPF. However, Buenrostro Mazon et al.

(2009) and Dada et al (2018) found that the tail events and transported events had a peak during the

summer months (Jun-Aug).

On 16% of the NPF event days NPF only took place in the upper RL but not in the ML. This

number is smaller than the 36% found by Dada et al. (2018) for transported events and the 26%
found by Buenrostro Mazon et al. (2009) for tail events. This might be because we restricted to

cases where a negative peak in particle flux was associated with the appearance of nucleation mode

14
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particles. For example, a case where the particles were horizontally advected to the measurement

site would not be expected to cause a negative peak in the particle flux and therefore would not be

classified as upper RI. NPF.

3.7 Proposed explanation for the results

The gaseous precursors involved in NPF may end up in the upper RL because of mixing from the

surface during the previous day (e.g. organic vapors emitted from the forest or sulfuric acid,
ammonia and amines originating from human activities) or because of long-range transport in the

FT (e.g. iodine oxides from the ocean).

Many factors favor NPF at higher altitudes, including enhanced photochemistry, reduced sinks and
reduced temperature. However, the NPF inducing features of the upper RL are probably linked to

the mixing that takes place in the interface between the RI. and FT, since this is the place where

NPF seems to be limited to. Nilsson and Kulmala, (1998) found that mixing two air parcels with

different initial temperatures and precursor vapor concentrations can lead to a considerable increase

in the nucleation rate. Therefore mixing air from the RL and FT over the inversion, where the

precursors are present in one of the layers, could lead to aerosol particle formation. Another

possibility is that the RL and the FT contain different precursor vapors that cannot form particles on

their own, however when the vapors are mixed in the interface between the two layers NPF occurs.

If the growing ML reaches the upper RL, the newly formed particles will be mixed downwards into

the ML where they continue to grow in size as low-volatility vapors present in the ML are able to

condense onto these particles. The processes are illustrated in Figure 9. In case the particles will not

be mixed down, they mayv persist in the FT for a longer time period and possibly have stronger

contribution to cloud formation.
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4. Conclusions

We measured aerosol particles, trace gases and meteorological parameters on board an instrumented
Cessna 172 over a boreal forest in Hyytidld, Finland. The airborne data was complemented by the

continuous, comprehensive ground-based measurements at the SMEAR II station.

We found multiple evidence that NPF frequently takes place in the topmost part of the RL. This is
likely related to the unigue-thermodynamic-conditionspresentin-thistayer-due-to-mixing between
RL and FT air. We estimate that NPF in the upper RL occurs on 42% of the NPF event days in
Hyytidld. Our results provide new information on NPF in the BL and they should be taken into
account when interpreting and analyzing ground-based as well as airborne measurements of aerosol

particles.

Data availability: The particle flux and DMPS data can be accessed from https://avaa.tdata.fi/web/
smart/smear (Junninen et al., 2009; last access: Oct 1, 2020). The BAECC HSRL and radiosonde

data is available from https://adc.arm.gov/discovery/ (Bambha et al., 2014; Keeler et al., 2014); last

access: Oct 1, 2020). The Jokioinen soundings can be accessed using the Finnish Meteorological
Institute’s open data service https://en.ilmatieteenlaitos.fi/open-data (last access: Oct 1, 2020). The
ERAS dataset can be accessed from https://cds.climate.copernicus.eu/cdsapp#!/home (last access:
May 6, 2020). The rest of the data was gathered into a dataset that can be accessed from
https://zenodo.org/record/4063662#.X3cHQnUzY 88 (Lampilahti et al., 2020; last access: Oct 2,
2020).
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Figure 1: (A) monthly airborne data availability between 2011-2018 divided into measurements
above and below the ML, based on the ML height obtained from the ERAS reanalysis data. (B)

horizontal distribution of the 2011-2018 airborne measurement data. We chose the data within 40
km radius from Hyytidl4.
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Figure 3: Panel (A) shows vertical profiles of aerosol particle number concentration in three

different size ranges (1.5-3 nm, 3-10 nm and >10 nm) on May 2, 2017 (morning flight and
afternoon flight). Panel (B) shows the particle number-size distribution from the measuremen
airplane and the SMEAR II station on May 2, 2017. The vertical flux of >10 nm particles is
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superimposed. Negative means downward and positive upward particle flux. Panel (C) shows

TKE dissipation rate, [m?s™3]

turbulent kinetic energy (TKE) dissipation rate measured by the Doppler lidar in Hyytiild between
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May 1-2, 2017. Temperature soundings from Jokioinen are superimposed.
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Figure 4: Panel (A) shows vertical profiles of 3-10 nm particle number concentration on May 19,
2017. Panel (B) shows the particle number-size distribution from the measurement airplane and the

SMEAR II station on May 19, 2018. Panel (C) shows turbulent kinetic energy (TKE) dissipation

rate measured by the Doppler lidar in Hyytidld between May 18-19, 2018. Temperature soundings
from Jokioinen are superimposed.
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Figure 5: Panel (A) shows the median and panel (B) the 75th percentile vertical profile of particle
number-size distribution measured on board the Cessna on NPF event days between 9-12 AM. The
number-size distribution was binned into 200 m altitude bins. The data is from the campaigns
conducted between 2011-2018. The dashed line is the mean ML height obtained from the ERA5
reanalysis data. The blue line shows the mean temperature profile from measurment flights when

the sub-25 nm number concentration in the 2000-3000 m altitude range was above the 75th
percentile.

28



Potential temperature, [C]

Temperature, [C]

dN/dlogDp, [cm™3]

(A) NN )
S
= -6
= 10 E
g 9x 10775
=~ g
© 8x 1077 v+
(] Qe
) =5
o T-x1077 2+
> 9 ’E
o B2E
= 6x1077 9
= ]
5 3
3 B0
I
o 10°
—_ —— Temperature r 0.000 ‘,E
é —— Potential temperature g
= 10774 --- rh r—0.025
'8 Arl_t = 103
g i - —0.050 ¢
-g Amode_t E
10784 -~ mode_t r—0.075 =
= \lertical particle flux B
P [ 7 10!
T T T T >

L u Bl
0O 2 4 6 8 10 12 14 16 18 20 22 0 2 4 6 8 10 12 14 16 18 20 22
Hour of the day, UTC

Figure 6: Panel (A) shows the backscatter cross section measured by the HSRL on June 4-5, 2014.

The development of the ML is visible from the backscatter cross section signal. Temperature and
ptoential temperature form soundings released in Hyytidld at 5:20 and 11:20 on June 5, 2014
respectively are superimposed. The horizontal line rl h refers to the height of the inversion base in
the sounding (height of the RL). The rl t and Arl t refer to the time when the ML was estimated to
reach the rl h and the confidence interval for this time, respectively. Panel (B) shows the particle
number-size distribution measured at the SMEAR 1T station, the black line is the vertical particle
flux. The mode t and Amode_t respectively refer to the time and the confidence interval, when a
nucleation particle mode that is associated with downward particle flux suddenly appears.
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Figure 9: Schematic drawm illustrating the proposed mechanism behind NPF in the upper RL.
Gaseous precursors released from biogenic and/or anthropogenic sources are mixed throughout the
ML. When the mixing stops during the night the gases are stuck in the RL. Also gaseous precursors
may be transported in the FT. In the following morning photochemistry begins and aerosol particles
are formed in the interface between the RL and the FT. The freshly formed particles remain in the
elevated laver or get mixed into the a new ML if it reaches the height of the upper RL.. The aerosol
particles continue to grow larger, contributing to the aerosol load in the BL.
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Table 1: rl h = residual layer height during night or early morning (m asl), rl ht = time when the
rl_h was observed (time when the sounding was released, hour of the day, UTC), mode t =

nucleation mode particle mode first appears (hour of the day, UTC), mode t1/mode t2 = nucleation
mode particle mode appearance confidence interval (hour of the day, UTC), rl t = new mixed layer
reaches the top of the residual layer (hour of the day, UTC), rl t1/rl t2 = new mixed layer reaches
the top of the residual layer confidence interval (hour of the day, UTC), bl h = observed maximum
height of the previous day's boundary layer (m asl.), dp = mean mode diameter for the newly
appeared particle mode, when they first appear (nm), gr = growth rate calculated for the newly
appeared partice mode (nm h™), pf = the value of the negative particle flux peak (10° ms™).

\ date rlht |rl h |mode t1 |mode t|mode 2 |rl t1|rl t |rl €2 |dp |blLh |pf gr

|| 20140328 53| 1100 8.5 9 95/ 55 7| 8| 20[1300 -025 228
|| 20140331| 7.6| 2400 14| 145 15| 12| 13.5| 14| 10| 2200| -0.06 2.1
|| 20140404| 85| 22000 105 1|  1Ls| 105] 11| 115] 8| 2800[ -004] 139
|| 20140409| 5.5| 1500 9| 925 95 6 65 7| 81800 -013| L18
| | 20140415 53| 1600|  14.5| 1425 15 12| 13| 14| 11|1700| -018| 194
|| 20140422| 0.0 1800 12| 125 13| 105 11| 1L5| 17{ 1900 -017| L0
|| 20140518 0.0| 1500 95| 10| 105 8 8s| 9 13|1900| -0a1| 291
| | 20140705| 53| 1500 115 12 85 9| 10| 12{1700( -0.1|  4.83
|
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