We would like to thank both anonymous referees for their valuable comments on the manuscript which
led to a significant improvement of the manuscript. According to the reviewers suggestions we included
an additional Figure (now Figure 6). For the specific replys below we refer to the figure numbering of the
original version. Referee #1 comments are given in bold, the answers in standard font. Changes to the
text are in italics.

General comments:

1) I miss through the paper a clear separation between the role of synoptic and mesoscale in the
presentation of the results (section 3). At section 3.1 they described the synoptic situation, but little is
mentioned on the potential arrival of anabatic winds characterize with different meteorological and
atmospheric composition. | realize that it is difficult to establish a clear difference between the
synoptic and mesoscale contribution, but | believe it is necessary to comment the role of mesoscale for
a measurement site that is higher than 800 meters.

Indeed the mountainous terrain can influence the regional circulation around the measurement site,
resulting in local flow conditions which may have an impact on the diurnal patterns of the tracer
measurements. Figure 12 and Figure 13 show the diurnal cycles of CO2 and O3 at the surface site. The
diurnal cycles are not shifted nor they vanish entirely, which one would expect from advected local
“polluted” air from the valleys, if anabatic winds would play a strong role on the studied day.
Additionally, during the entire day the wind direction is quite constant which is now shown in the new
Figure 6.

2) Key variables like the potential temperature and wind (speed and direction) could be shown and
discuss more in depth. The values of the potential temperature inversion are very large (3 and 10 K)
for typical boundary layers formed over land. | believe a figure and a more elaborated discussion is
needed here.

We included a new Figure 6 with profiles of the virtual potential temperature, wind speed and wind
direction from the radio soundings just before and after each flight. We changed the manuscript
accordingly:

Figure 6 shows radio sounding profiles of the virtual potential temperature, wind speed and wind
direction from the surface up to an altitude of 3200 m before and after the flights on 6 September 2015.
[...]. The wind direction within the PBL and FT was mostly constant during that day, whereas the wind
speed increased within the FT and decreased within the PBL during the day.

Further discussions are given to reviewer #2.

3) At section 3.2 it is mentioned the existence of the aerosol layer. Is it impacting the transfer of
radiation and the subsequent development of the boundary layer? How does it evolve? Can it be
characterized (for instance with the aerosol optical depth)? It will be interesting to discuss the role of
these observed aerosols on the boundary layer and the entrainment zone (see for instance Yu et al. J.
Geophys. Res. 107, D124142 (2002) or Barbaro et al. J. Geophys. Res. 119, doi:10.1002/2013)JD021237
(2014).

The height of the mentioned aerosol layer referred to the height of a temperature inversion which marks
the top of the residual layer at night and at early morning. At this time we observed only low particle
number concentration within the residual layer and much lower in the free troposphere. Figure 5 shows
the global radiation observed on Mount Kleiner Feldberg. The global radiation increased after sunrise
similar to the previous days but decreased substantially after clouds formation occurs around 9 to 10
UTC above the measurement site. We don't think that the small amount of particles have significantly



impact on the radiation budget in the morning and the growth of boundary layer. We agree that there
are additional interesting areas ( ex. impact of cloud shaddows) that require further research, but we
think that this is beyond the scope of this study.

4) | have two major comments in the discussion.

The first one is related to the role of clouds. In the discussion the ventilation of atmospheric
compounds from the PBL intro the free troposphere driven by the mass flux is not mentioned neither
discussed. In my opinion, boundary layer height and the transport by mass flux is an important
contribution to the budget of the atmospheric components in the sub-cloud layer. Mass flux influences
boundary layer height according to (see Equation 4 at Ouwersloot et al., 2014, J. Geophysical Research
118, doi: 10.1002/2013D020431, 2013)):

(dh/dt) = we + ws + wm, [1] where (dh/dt) is the boundary layer growth, we the entrainment velocity,
ws the subsidence motion and wm is the mass flux velocity. This mass flux leads to a reduction of the
boundary layer growth and dominates also the vertical transport of atmospheric compounds (see
Equation 3 at Ouwersloot et al, 2014). For instance, it leads to drying of the sub-cloud layer. The
authors mentioned the descending air between the clouds resulting from the presence of roll vortices,
but | believe it is necessary to include in the discussion how the mass flux influence the transport of
ozone and CO2 in the studied case. In other words, it is necessary to show that the descending air
between the clouds (1st paragraph at page 29188) is as important as the mass flux vertical mixing
contribution. Note that once the air is introduced in the cloud layer, the stability of the environment
diminish the capacity of mixing and therefore the downward transport of atmospheric components
(see figure 10a at Vrezijbergh et al., Atmospheric Chemistry and Physics 9, 1289-1301, 2009)

We agree that a clear identification of the mass flux and mixing air masses would be the ideal case to
identify individual contributions to the observed mixing signature in our data.

We think that the vertical upward mass flux is essential for the redistribution of the tracer signatures.
Indeed air masses from the surface are lifted below the clouds and may keep their signature particularly
under conditions of reduced mixing, which are evident in our data. We think we flew through such air
masses in regions where the cloud or parts of the cloud already dissolved. As a result one would expect
large variability of tracers since the mixing has not yet homogenized tracer gradients between the
different air masses involved. This is indicated by the double peak structure with the CO2 profile during
the mixing event, one peak in the subcloud-layer and one peak where the cloud dissolved (as also
concluded by Vila et al 2005).

However, we have no additional in flight data which allow to identify the different flux contributions, but
we think, that the observed tracer signature is the result from the combination of different mass fluxes
and the subsequent mixing.

We included into the section 4.2:

The descending air in between the clouds can be affected by air, which has been uplifted by convective
motions. The mass flux dominates mostly the vertical transport of atmospheric compounds from the PBL
into the FT (Vila et al 2005, Ouwersloot et al 2013).

Connected to this, this section needs to be more quantitative in the description of clouds. At the last
paragraph at page 29187 it is mentioned that the clouds are driven

by shallow convection (typical cloud covers 20%) whereas at the second paragraph at page 29190, they
mentioned that there is a large cloud fraction. The authors needs to provide and discuss of the
evolution of the cloud cover during the analysed day.



We added the evolution of the total cloud cover provided by Eumetsat to the supplement. North-west of
the studied region one can recognize that high and mid level clouds are advected towards the
measurement area. We extracted the total cloud cover over the measurement site from the COSMO-7
model. The total cloud cover increases from the morning to the afternoon up to 100 % in the late
afternoon. Figure 4 gives an idea of the different cloud layers at different layers at 10 UTC. It is true that
the cloud cover in the lower atmosphere is driven by the observed cloud streets while the total cloud
cover increases during the day. We replaced “large cloud fraction” with “cumulus clouds” and the
sentence on page 29190 reads now:

Since the measurements site is covered by cumulus clouds (see Fig. 4), it is obvious that particles larger
than 100 nm are activated to form cloud droplets.

5) My second comment is related to the relation between ABL growth and entrainment (last paragraph
section 4.2 at page 29188). As equation [1] indicates there are other processes that influence boundary
layer growth. | disagree with the statement that subsidence (ws) limits entrainment. From Equation it
can be seen that assuming no clouds (wm=0), (dh/dt) can become 0 (no growth ABL) in the case that
the entrainment velocity is equal to the subsidence. | other words, entrainment is still a relevant
process (since we>0) in spite there is not boundary layer growth. Similar to clouds, here large scale
subsidence is mentioned, but it is not quantified. | believe this information is useful to complete the
case description and it can be extracted from a meteorological model (COSMO, WRF or ECMWF).

We agree and rechecked charts from different models. The measurement site was not located within the
center of the high pressure system (Fig. 4) and therefore the influence of large scale subsidence is weak.
We agree with the reviewer that the subsidence might be insignificant for the boundary layer growth
and entrainment in this study. We changed the section accordingly which reads now as follows:

Therefore, the growth of the PBL is an indication of entrainment from the FT into the PBL. On the other
hand the increase of the temperature inversion (cause from large-scale subsidence) provides
strengthening of the inversion layer and limited the further boundary layer growth, but entrainment still
occurs (Ouwersloot et al, 2013).
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We would like to thank both anonymous referees for their valuable comments on the manuscript which
led to a significant improvement of the manuscript. According to the reviewers suggestions we included
an additional Figure (now Figure 6). For the specific replys below we refer to the figure numbering of the
original version. Referee #2 comments are given in bold, the answers in standard font. Changes to the
text are in italics.

Comments

The impact of the paper could be enhanced by drawing more connections with current research. The
introduction is excellent and thoroughly describes many of the foundations for this work. But it isn’t
completely clear to me how this research that carefully examines a single event can be used for future
studies. Will it be necessary to have the complete suite of measurements and analyses presented here
to interrogate mixing? Do clouds regularly drive this sort of mixing, and can these results be expected
for other locations? Is CO2 a reliable tracer for mixing between the free troposphere and PBL? Can
anything be said more generally about when and where this sort of mixing can be expected?

The questions are repeated below including specific comments and are answered there.

If it is possible to make more general statements about the case study presented here, then the results
may be especially helpful for understanding ozone entrainment and mixing in the US. In the western
US, vertical transport is particularly important for understanding compliance with air quality
regulations, since ozone standards are tightening and some regions are strongly influenced by
downward ozone transport from the FT. Referencing a few of the recent papers that discuss baseline
ozone in the US and the contribution from downward mixing (e.g. Jaffe, ES&T, 2011; Cooper et al.,
Science, 2015; Lin et al., JGR, 2012) will help connect this work to a large and active research area.

We agree that the linkage to the studies in the US is relevant and included the following lines at P29174,
L12:

Cooper et al (2015) highlighted that surface air quality regulations in the US strongly depend on accurate
knowledge of baseline ozone, which is defined as ozone transported downwind from anthropogenic and
natural sources, while forecast of baseline ozone needs large knowledge of all different transport
processes. This includes intercontinental transport from Asia, which is often associated with episodes of
enhanced ozone concentrations over large parts of the western US that is located at relatively high
altitudes (Lin et al ,2012). Moreover, downward transport of ozone rich air from the FT can enhance
ozone mixing ratio in the PBL (Beck et al., 1997, McKendry et al, 2000, Jaffe, 2011).

Many papers use CO rather than CO2 as a tracer for tropospheric air. Why is this the first use of CO2
and O3 to examine mixing (pg 29175, line 6), as both molecules are regularly measured? Justifying the
use of CO2, which can be influenced by the biosphere as well as anthropogenic emissions, would be
helpful. CO2 has been used as a tracer for pollution in winter, but in summer CO2’s utility as a tracer is
diminished because uptake and respiration introduces considerable variability. Noting the limitations
for using CO2 to diagnose mixing would be helpful. CO2 variability is used here as an indicator of
mixing. Quantifying this variability will help to connect these results with other studies. The mixing
lines are a consequence of CO2 and O3 differences between the free troposphere and PBL, and
comparing the variability to this difference may also provide a metric that could be used to quantify
mixing.



We agree that we need to extend the discussion on CO2 as tracer and its limitations. On the days studied
in our case study, CO2 showed stable mixing ratios of about 386 ppm with a small variability of less than
0.5 ppm in the FT. Additionally, we demonstrate that the air mass in the PBL was not affected by long
range transport within the FT, which is supported by backward tracjectories. Pataki et al 2005 showed
that CO2 can be used as tracer when no major sink is available, which is the case for the FT. This gives
confidence that CO2 can be used as a tracer to identify mixing events at this particular day. Importantly,
the variability of CO2 near the surface is needed to identify potential mixing events, since this leads to
the formation of a gradient at the inversion. During night time respiration and potential impact from
anthropogenic emissions are expected to dominate the surface measurements for the period of our case
study. During night we observe larger CO2 mixing ratios than during the day close to the surface in the
PBL, which is also the case during the mixing event. The mixture consists of air masses of high CO2 from
the early morning and of low CO2 from day.

We agree that CO or the combination of CO2 and CO would increase the potential to identify and
interpret the mixing event, but CO measurements are not available for the specific time period.

We conclude that CO2 is not the perfect tracer to study mixing, especially when biogenic update cannot
be excluded, but in our particular case with the given circumstances it can be used to identify mixing
events. To the authors' knowledge, it is the first study which used CO2 as tracer for mixing at the PBL top
along with the tracer-tracer correlation method.

The figures are clear, but some of the legends are confusing. The text describing figures 6 and 7
mentions panels a) and b), but those labels don’t appear on the figures, or appear with the date so as
to be confusing. For figures 6-8, the confusing date/time label should be removed, and the date should
be mentioned in the caption (the time already is). The label in figure 8 that lists the time contradicts
the caption. The legend for figure 5 should change “PBLH/RLH” to “aerosol layer height”. | don’t
understand the CO2 scale at the top of figure 5. If the times are given in local solar time, then the
“morning/noon/afternoon” labels could be removed to declutter the figure.

We improved the figures 5 — 9 as suggested. The CO2 scale in figure 5 helps to link this figure with Figure
6 and is valid for the CO2 profile at 8:00 UTC, for the two remaining profiles the origin of the x-axis was
shifted to time of measurement (11:30 and 13:15 UTC).

Smaller comments

1) Verb tense switches inconsistently between past and present, which leads to some confusion. |
recommend that all descriptions of the field measurements from 2011 be written in the past tense and
all descriptions of the current analysis be written in the present tense. For example, section 2.2.2 “The
pressure was obtained. . .”. Section 3.2 “PBLH decreased. . .” and “air mass composition was
probed. . .” Section 3.3 “residual layer was. . .” and “C0O2 was again well mixed. . .”. Section 4.2 “PBLH
grew to ...” Section 5 “PBL was convectively driven during that day. . .”

We improved the grammar of the manuscript. Please see the track changes.

2) Some of the terminology is unclear. The stable layer is mentioned in the 2nd sentence, but never
again in the text, yet it shows up on the figures. The text should discuss more clearly when the term
PBL is used, and when SL/RL are used. | don’t understand the sentence pg 29174, line 17 that mentions
the inversion layer. Which layer is this? And how does the barrier exhibit gradients?

We clarified the terminology throughout the manuscript and changed the respective sentence as
follows:

However, the boundary layer inversion acts as a barrier for mixing and often exhibits strong trace gas
gradients.



3) Please note time response for all the measurements 2.2.1, which will be important if variability is
quantified.

We updated the time response for CO2 and O3 within the text.

The response time of the instruments (5%/95%) was 3 s (CO2) and 9 s (03) and the final data correction
accounted for different residence times in the inlet lines.

4) pg 29184, line 9: replace “not directly related to clouds” with a sentence that states the
measurements were not obtained in clouds. Later, the importance of clouds was noted, and that the
measurements are related to clouds.

Changed sentence to:

Since the aircraft was allowed only to operate in cloud-free conditions, the large humidity values were
only observed within the PBL.

5) Why do the 03, CO2 and water mixing ratios change with altitude in the PBL, as shown in Fig 7? Is
the potential temperature constant? Is the PBL well-mixed when there is a strong vertical gradient in
mixing ratios?

We included an additional figure (now Figure 6, see response to reviewer #1). The potential temperature
is constant within the PBL, which is an indication for neutral stratification. The variability of ozone, CO2
and water vapor is affected by different sources, which we cannot separate but may be related to
upward mixing from the dissipating night-time stable layer. At this time in the morning the trace gases
are not completely mixed. Later that day, the profiles of CO2 and O3 become more constant with
altitude (see Figure 5, after 13 UTC). We think our study is related exactly to this transition from a state
of incomplete mixing (with large tracer variability) to the well mixed state during day time.

Pg 29174, line 29: replace aloft with above
Changed

Pg 29175, line 21-23: remove sentence, as the air mass influences are described better in the next
paragraph
Removed

Pg 29177, line 5: use m asl instead of km to be consistent with the rest of the paper
Changed

Pg 29177, line 3: describe the profiles more specifically: spirals, and give the radius of the spirals.
We modified the sentence:
The descending flight legs were flown in spirals with a diameter of about 10 to 15 km.

Pg 29178, line 24: replace an with a
Changed

Pg 29179, line 3: replace “in 10 min average” with “as 10 min averages”
Changed

Pg 29181, line 11: replace “High CO2 values” with “C02”
Changed



Pg 29184, line 13-14: Remove “after discussing” and replace “we use these information” with “are
used”
Changed

Pg 29185, line 5: replace sentence beginning with “In this altitude. . ..” With “The EZ was sampled at
this location and time”.

Changed to :

The EZ was situated at this location and time.

Pg 29187, line 3: replace “has grown” with “grew”.
Changed

Pg 29190, line 1: difference rather than differences

Changed

Pg 29192, line 4: “. . .lead to variability that can be characterized by mixing lines”
Changed

Fig 1 —include Mt Kleiner Feldberg on map

Included

Fig 5 caption: replace rain bow with Rainbow
Changed

Fig 7 caption: replace “related due to the mixed air masses..” with “influenced by mixing air masses
from the PBL. . .”
Changed
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Abstract

This study presents the analysis of the structure and air mass characteristics of the lower
atmosphere during the field campaign PARADE (PArticles and RAdicals: Diel observations
of the impact of urban and biogenic Emissions) on Mount Kleiner Feldberg in southwestern
Germany during late summer 2011. We analysed measurements of meteorological vari-
ables (temperature, moisture, pressure, wind speed and direction) from radio soundings
and of chemical tracers (carbon dioxide, ozone) from aircraft measurements. We focus on
the thermodynamic and dynamic properties, that control the chemical distribution of atmo-
spheric constituents in the boundary layer. We show that the evolution of tracer profiles of
CO, and O3 indicate mixing across the inversion layer (or entrainment zone). This finding is
supported by the analysis of tracer—tracer correlations which are indicative for mixing and
the relation of tracer profiles in relation to the evolution of the boundary layer height de-
duced from radio soundings. The study shows the relevance of entrainment processes for
the lower troposphere in general and specifically that the tracer—tracer correlation method
can be used to identify mixing and irreversible exchange processes across the inversion
layer.

1 Introduction

The evolution of the planetary boundary layer (PBL) from stably stratified in the morning
to well mixed in the afternoon is a multifaceted process and potentially leads to enhanced
mixing between the PBL and the free troposphere (FT) (Stull, [1988). At sunset, a stable
boundary layer {Sk)-with low turbulence intensity grows near the surface (Mahrt, [2014).
Between this layer and the FT, a neutrally stratified layer remains resulting from the de-
cay of turbulence of the convective PBL during daytime. This layer, called the residual
layer{RL), maintains the chemical composition of the original convective PBL (Stull, |1988).
The turbulent-convective PBL and the overlaying FT are separated by the capping inver-
sion, which often acts as a transport barrier. This barrier, which is indicated by changes of
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the vertical gradients of temperature, humidity, aerosol content and chemical constituents,
can be overcome by frontal activity (Sinclair et al., 2010). Frontal systems ahead of the re-
spective cold and warm sectors of a cyclonic depression lead to vertical exchange between
the PBL and the FT and potentially mix both air masses (Donnell et al., 2001). This is also
the case for shallow and deep convection (e.g. |Flaty et al., [1995; |Hauf et al., |1995). The
so called entrainment zone (EZ) is a layer of intermittent turbulence at the top of the PBL
where air masses from the FT are entrained into the capping inversion and thus can interact
with convective thermals from the PBL (e. g. /Angevine, 2007} [Bange et al., 2007). Based
on LIDAR (Traumner et al.,[2011)), wind profiler (Cohn and Angevine, [2000) and ceilometer
measurements (Eresmaa et al., 2006), the extent of the EZ was estimated to 20-40 % of
the PBL depth (Martin et al., [2014).

Airborne flux measurements of heat and moisture were used to determine the impact of
entrainment on their budgets (e. g.|Driedonks and Tennekes, |1984;|Canut et al.,[2010), and
to understand the influence of entrainment on the development of boundary layer clouds
(Stevens et al., [2003) and the decay of stratocumulus clouds (e. g. [Lilly, [1968). Malinowski
et al.|(2013) showed that turbulent mixing between the cloud top and the FT depends on the
thermodynamic properties (static stability) and wind shear (dynamic instability). Moreover,
radiative effects can change the entrainment flux at the cloud tops and lead to exchange
and mixing as well between the FT and PBL (Moeng et al., [1999). Modelling studies re-
vealed that changes of the (static) stability, low-level wind shear, and turbulent motions
affect not only the growth of the boundary layer but also the entrainment at the PBL top
(e.g.|Driedonks and Tennekes!, (1984}, |Sullivan et al., [1998;|Cohen, [2000). Lock et al.| (2000)
showed that mixing and entrainment at the top of the PBL depend on the surface buoyancy
flux, the inversion strength and on the influence of wind shear (Conzemius and Fedorovich,
2006).

In recent years substantial efforts have been made to understand the driving physical
processes of temperature and humidity transport during the growth or decay of the
PBL as summarized by |Lothon et al.| (2014). It is still difficult to quantify the role of
the EZ for the mixing of trace gases, because of its high spatial, vertical and temporal
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variability (Martin et al), 2014). |Vila-Guerau de Arellano| (2004) was able to show that
the downward transport of CO, from the FT into the PBL can enhance or reduce CO,
mixing ratios within the PBL which then can lead to a misinterpretation of possible CO,
sources. Vertical gradients of ozone exist as well between the PBL and FT, and they
are strongly affected by transport processes and chemical reactions. Measurements
and modelling studies of O3 revealed that convective transport of ozone precursors lead
to chemical ozone formation in the FT and enhances the background concentrations
(Hov and Flatoy, [1997; Henne et al., 2005). |Cooper et al.| (2015) highlighted that surface

processes. This includes intercontinental transport from Asia, which is often associated

with episodes of enhanced ozone concentrations over large parts of the western US

that is located at relatively high altitudes (Lin et al.l)2012). Moreover, downward trans-
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{Beeketal 11994 MeKendry-and-Lundgren;2000)(Beck et al.l [1997; McKendry and Lundgren:2
N SN b;

Neuman et al.| (2012) used tracer—tracer (CO-O3) correlations to identify the in-mixing of
ozone from the FT into the PBL. This approach is commonly used to identify stratosphere—
troposphere exchange (e.g., [Fischer et al., [2000; |Hoor, [2002). Generally the approach
makes the assumption of two well-mixed reservoirs, which give rise to linear tracer—tracer
relationships in the case of mixing. However, the inversion-boundary layer acts as a barrier
for mixing and often exhibits strong trace gas gradients. Therefore the distribution of data
points in tracer—tracer scatter plots subdivide into distinct groups depending on the mixing
ratios of the respective well mixed reservoirs. Mixing between these air masses leads to
linear connections between these groups (mixing lines).

Handisides| (2001) presented ozone and peroxy radical observations from the local valley
and from Mount Kleiner Feldberg and linked his findings to transport within different bound-
ary layer structures in summertime. Moreover during winter, Wetter| (1998) observed on the
top of Mount Kleiner Feldberg CO plumes transported out of the stable boundary layer be-
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low the summit. In both studies the PBL structure was not investigated in detail. However,
this is necessary to understand and interpret the temporal evolution of the spatial distribu-
tion of atmospheric trace species measured within and ateft-above the PBL, especially over
complex terrain where handover processes between the PBL and the FT are additionally
triggered by thermally induced flow systems (Kossmann et al., (1999} |Henne et al., [2004).

In this study, we will use CO, and O3 to study mixing across the EZ with the tracer—
tracer correlation method. Both trace species have been measured by aircraft during the
field campaign PARADE at Mount Kleiner Feldberg in late summer 2011, and are used for
the first time together to identify mixing and transport within this atmospheric region. Addi-
tionally we discuss possible processes which lead to mixing across the entrainment zone.
In this context we focus on the boundary layer development and the weather conditions.
We will first present the synoptic condition during the day of measurements and put it into
perspective with the entire situation of the measurement campaign. We focus on the diurnal
evolution of the boundary layer which we determined with balloon and ceilometer measure-
ments. We then present the results of the aircraft trace species measurements. Finally, we
discuss possible processes which may be responsible for the measured distribution of CO,
and O3 and its influence from local mixing and long-range transport.

2 Measurement and methods
2.1 PARADE 2011

The PARADE (PArticles and RAdicals: Diel observations of the impact of urban and biogenic
Emissions) field campaign took place in August and September 2011 located at the Taunus
Observatory at the summit of Mount Kleiner Feldberg (825 m a.s.l.), about 20 km northwest

of Frankfurt am Mam in southwestern Germany. qiheﬂfeaﬂfewardMeﬁH*rKMHeFFe{dbefg

%he#e%evaﬂmgwm&drreeﬂeﬁﬁiheThe The goal of PARADE was to study the |mpact of summer-

time biogenic and urban emissions in a semi-remote environment. A comprehensive set
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of measurements of several reactive species and meteorological variables were conducted
during PARADE, also including in situ measurement of ozone, and carbon dioxide (Phillips
et al.| 2012} [Bonn et al., 2014; Li et al., 2015).

Mount Kleiner Feldberg is mostly covered with coniferous forest, except on the top where
the observations took place during PARADE. Meteorological measurements for tempera-
ture, wind, humidity, global radiation are performed by a permanently operating observatory
of the German Weather Service (DWD) and of the State of Hessen environmental agency
(HLUG) (Crowley et al., 2010). The station is known for its quite remote character under
prevailing northwesterly winds (Klein et al., 2010). However, this rural region is affected
by pollution from the Rhein-Main area (including the cities of Frankfurt/Main, Wiesbaden,
and Mainz) when wind directions have a southerly component. The area north of Mount
Mount Kleiner Feldberg (50—-100 km) is less populated and without major industry. In the
direct vicinity of Mount Kleiner Feldberg are few main roads, some small towns within 5 km,
and two similar sized mountain peaks are located: GroBer Feldberg (878 m) and Altkdnig
(798 m).

During this field campaign the synoptic conditions involved predominately south westerly
winds, mainly related to troughs over the northeastern Atlantic and to high pressure systems
over Central Europe. The south westerly winds advected enhanced levels of anthropogenic
pollution to Kleiner Feldberg and were interrupted by northern to north easterly winds sev-
eral times. In these cases the probed air masses showed rather low levels of anthropogenic
pollution (Phillips et al., 2012). We will present additional details on the synoptic conditions
below.

2.2 Measurements
2.2.1 Aircraft instrumentation

A P68D Partenavia turbo prop aircraft operated by Enviscope GmbH (www.enviscope.de,
last access: 12 November 2014) was equipped with several instruments to perform
measurements in and above the planetary boundary layer on three days (31 August,
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2 September, 6 September 2011) during the campaign. The aircraft flew 5 research flights
from Mainz to Mount Kleiner Feldberg. Ascending profiles were flown up and downstream
of the surface station, while descending profiles were performed directly over Mount Kleiner
Feldberg. The ascending flight legs were conducted in different regions and are not included
in the averaged profiles of the following analysis. The descending flight legs were flown in
spirals with a diameter of about 10 to 15 km. The maximum flight altitude was threekm
3000 m asl and the flight time was approximately two to three hours. A typical flight track
is shown in Fig. [1| and illustrates the sampling strategy. In total, 13 descent profiles were
obtained at different locations and times for each variable.

CO, was measured with a modified commercial CO,/H,0O analyser (LI-6262, LI-COR
Inc.) with a total uncertainty of 0.55 ppmv (= one standard deviation o) determined from reg-
ular in-flight calibrations and a time resolution of 1 Hz (Gurk et al., [2008). Ozone (O3) was
measured by UV absorption every 10 seconds with the commercial gas analyser O342M
(Environnement S.A.) with a total uncertainty of 1.3 ppbv for a moist air mass with less than
10g kg~ specific humidity (Kéllner, [2013). The response time of the instruments (5%/95%
was 3 s (CO2) and 9 s (O3) and the final data correction accounted for different residence
times in the inlet lines. The ambient temperature and moisture were measured every second
with a commercial HMP230 (Vaisala) with an accuracy of two to three percent for rela-
tive humidity and 0.5°C for temperature. The ambient pressure (SETRA Model 270) was
measured with accuracy of 0.55hPa (pers. com., Enviscope GmbH). The particle num-
ber concentration was measured by the Optical Particle Counter (Grimm SKY-OPC 1.129)
for a size range of 0.25-32um (32 channels)and a time resolution of 1 Hz . Additionally,
particle number concentrations of particles with diameters between 10 nm and 5 um were
measured with a modified condensation particle counter (CPC-Modell 3007, TSI) every
second. These measurements are reported for standard temperature (273.15 K) and pres-
sure (1013.25 hPa) conditions (STP).

Three-second average measurements are analysed corresponding to a spatial resolu-
tion of about 150 m at an average aircraft velocity of 50 ms~!. The aircraft descent took
about 10 min, so that the 3s data yielded a vertical resolution of three to four meters. For

7

IodeJ UOISSNoSI(]

IodeJ UOISSNOSI(]

JodeJ UOISSNOSI(]

JodeJ UOISSNOSI(]



further analysis of the vertical structure of the trace gases measurements between 1000
and 3000 m a.s.l. Kleiner Feldberg (approx. 150 m over the mountain summit), each vertical
profile is linearly interpolated to a uniform vertical grid with 10 m resolution.

2.2.2 Surface-based and radiosonde measurements

Vertical profiles of temperature, relative humidity and position were obtained from 174 ra-
diosondes (GRAW DFM-06, www.graw.de, last access: 12 November 2014). Four to ten
radiosondes were launched each day, starting usually one hour before sunrise and ending
one hour after sunset. The sampling rate of 1Hz results in a vertical resolution of about
1-2m. The data has been interpolated onto a equidistant vertical grid with 20 m resolution.
The pressure is obtained from these observations. Wind speed and wind direction are cal-
culated from temporal changes of the current position of the balloon relative to the surface
station. The near surface temperature measurements were compared to the temperature
measurement from the local observatory. The comparison revealed a high positive correla-
tion with an 2 = 0.99 and a mean absolute deviation of |Trs — Tpwp| = 0.56 & 0.50°C.

The Ceilometer CHM 15 k-x from Jenoptik (www.jenoptik.com, last access: 12.11.2014)
is primarily designed to determine the cloudbase from 200 m to 15km above ground. In
the absence of clouds, the backscatter signal can also be used for detecting aerosol layers
(Minkel et al., 2007). The laser emits a light pulse with a repetition rate of 5-7 kHz, a pulse
time of 1 ns and a wavelength of A = 1064 nm, with a vertical resolution of 15 m. Thus, every
30s a vertical backscatter profile is obtained.

Surface based CO, measurements were performed with a commercial CO,/H,0 anal-
yser (LI-6262, LI-COR Inc.) with a total uncertainty of 2 ppmv determined from regular
calibrations and a time resolution of 1 Hz. Additionally CO, was measured from the mo-
bile laboratory (MoLa) (Drewnick et al., [2012) with ar-a_ commercial CO,/H,O analyser
(LI1-840, LI-COR Inc.) without regular calibrations and a separate inlet line. This data was
provided as 10 min mean values and is only used here to illustrate the diurnal cycle of CO».
Surface based ozone measurements were performed by various instruments with different
techniques at different locations during this campaign. At Mount Kleiner Feldberg O3 was

8

JodeJ UOISSNOSI(]

JodeJ UOISSnosI(]

JTodeJ worssnosi(y

Iode g UOISSNOSI(]


www.graw.de
www.jenoptik.com

measured by UV absorption with a commercial O3 analyser (Model 49, Thermo Environ-
mental Instruments Inc.). The total uncertainty was 5 % (two o) and the data were provided
in-as 10 -average-minute averages (Li et al., 2015). HLUG provides 30 minute averaged
O3 measurements using a commercial UV absorption instrument (API 400) (Crowley et al.,
2010).

2.3 Determination of the planetary boundary layer height

The planetary boundary layer height (PBLH) was calculated from the radio soundings using
the surface based bulk Richardson number Rig (Vogelezang and Holtslag, |1996; Seibert
et al., |2000). The dimensionless bulk Richardson number Rig is defined as the ratio of the
vertical stability and the vertical shear of the horizontal wind:
) g A0 Az

le =g, By + (&) W
with g the gravitational acceleration, 6, the virtual potential temperature, z the altitude, and
u, v the horizontal wind components (Vogelezang and Holtslag|, |1996). The differences A
are obtained from the respective values at the surface and the layers above. Rig provides
an appropriate measure to characterize the stratification of the atmosphere and to deter-
mine the PBLH. The thermal stratification is determined from the sign of the bulk Richard-
son number. The flow is statically stable if Rig is greater than zero, else statically unstable
or neutral. Furthermore, if Rig is below a critical value, the flow will become dynamically
unstable and marks the altitude between the turbulent boundary layer and the stable strati-
fied free troposphere. We used a threshold value of Rig = 0.38 which distinguish between
a turbulent (low values of Rig) and a stable (large values of Rig) boundary layer. The same
value is also used in the mesoscale model that we will introduce later (Fay, [1998). For clar-
ity, the threshold value has been varied between 0.2 and 0.5 following suggestions from
Zilitinkevich and Baklanov| (2002) and Zhang et al.| (2014), however, with a negligible effect
on the results.
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The PBLH has further been determined with the ceilometer, following the approach from
Schneider and Eixmann| (2002), to observe the height of the aerosol layer more frequently
than with the radio soundings. The method is based on iterative averaging of the backscatter
profile. Once the mean value has decreased to half the maximum average value inside the
PBL, this altitude is designated to be the PBLH. Additionally, the height of the residual layer
can be determined with this method at night. For our analysis we excluded all backscatter
profiles which were observed during cloudy conditions. The determined boundary layers of
the remaining backscatter profiles are averaged on an hourly basis.

2.4 Lagrangian air mass analysis

For the surface observations 24 h backward trajectories were calculated using LAGRANTO
(Wernli and Davies, [1997; |Sprenger and Wernli, 2015) from the position of Mount Kleiner
Feldberg at 200 m above surface level (approximately between the modeled and actual
mountain height) at 12:00 UTC for each day of the campaign. For the aircraft observations
24 h backward trajectories were calculated every 10 s along the flight path for each individual
flight using LAGRANTO. In both cases, the trajectories were driven by model wind fields
from the COSMO-7 analysis (Doms, 2011 Doms et al., [2011), operated by Swiss National
Weather Service (MeteoSwiss). The meteorological fields from COSMO-7 are available
every hour, the horizontal resolution is about 7 km, and 61 vertical levels are used from the
surface up to 20 hPa. The trajectories are calculated from the three dimensional, kinematic
wind field, not taking into account additional parametrisations for convection or turbulence.

2.5 Synoptic conditions during PARADE 2011

The synoptic conditions were alternating mainly between two kinds of weather patterns.
Prior to the start of the measurement period (15-18 August 2011) the situation was dom-
inated by a low pressure system over northwestern Europe and a high pressure system
over central Europe. On 19 August 2011 a cold front related to a low pressure system over
the north sea passed over the measurement area. This was then followed by high pressure
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conditions over central Europe (20—26 August 2011) with very warm and humid tempera-
tures. This period was again succeeded by the passage of a low pressure system late in
the day on 26 August 2011 which formed over the eastern Atlantic. This led to relatively low
temperatures with Trhax < 14°C and continued until the end of August (31 August 2011).
Similar conditions were found during the last days of the campaign, only interrupted by fair
weather between the end of August and 4 September 2011.

This synoptic pattern is well reflected by the daily mean carbon dioxide (CO3) mixing
ratio observed at the surface for the entire campaign (Fig. [2). High-CO, values-showed
larger values during high pressure conditions (gray area), while lower CO, values were
observed during low pressure conditions (white area). Figure 3 shows that the near surface
based LAGRANTO backward trajectories match well with these synoptic conditions. Clean
air masses from the north-west to westerly direction over the North Atlantic are linked to
low CO, mixing ratios, while enhanced CO, values are related to the potentially polluted
continental regions in southerly wind directions or related to local fair weather conditions.
Note that biogenic uptake of CO, through photosynthesis was of minor importance at the
end of the European growing season and that the CO, flux was probably dominated by
anthropogenic emissions (Rivier et al., 2010).

3 Results
3.1 Synoptic situation on 6 September 2011

In the following we focus on one particular day (6 September 2011) when two research
flights were completed. The two flights were flown in a prefrontal high pressure zone with
a cyclonic system in northern Europe and high pressure in the south (Fig.[4). The approach-
ing frontal system was associated with high wind speeds over Central Europe, carrying air
masses rapidly from the Atlantic Ocean to Central Europe. A first trough reached west-
ern Europe on 5 September 2011, and marked the beginning of a series of low pressure
systems. The next low was already present over the British Isles. Its cold front was semi-
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occluded with the prefrontal warm front. Part of this warm front was situated over north
western France (Fig. [4). The strong westerly wind transported colder air masses from the
Atlantic Ocean and fostered the evolution of small-scale convective cells.

3.2 Diurnal evolution of the boundary layer on 6 September 2011

In this section, we briefly discuss the diurnal evolution of the PBL on 6 September 2011.
We show the temporal evolution of Rig over Mount Kleiner Feldberg (Fig. [5). The vertical
profiles of Rig have been calculated solely from the radio soundings and were linearly
interpolated between each profile in this figure. In the morning hours low values of Rig
are confined to the lowest layers (so called stable boundary layer). The extent of these low
values increases during the day up to 2000 m a.s.|.. This reflects the growth of the PBL. In
the morning hours a second inversion layer was indicated by the radiosounding profiles at
around 2000-2500 m a.s.l.. This inversion further coincides with an increased backscatter
signal detected by the ceilometer. The backscatter signal is related to an aerosol layer as
well as the bottom of shallow cumulus clouds and marks the altitude of the residual layer.
The stable and residual layers merged between 10:00 and 11:00 UTC, afterwards only

a single layered structure (now refered to as boundarytayerplanetary boundary layer (PBL))

is detectable. Figure |6l shows profiles of the virtual potential temperature, wind speed and
The PBLH at 11:00 UTC is located at 1640 m a.s.l. with an inversion strength of about 3 K.
The maximum PBLH of 1981 m a.s.l. occurred at 14:00 UTC, while the strengthening of the
temperature inversion increased to about 10 K. tater-on-the PBLH-decreases-The wind

direction within the PBL and FT was mostly constant during that day, whereas the wind

speed increased within the FT and decreased within the PBL during the day. Later on, the
PBLH decreased to about 500 m before the onset of precipitation at around 18:00 UTC -

Fig. D).

The air mass composition has-beenr-was probed twice during this day. The first flight
took place between 07:00 and 09:30 UTC, while the second flight was between 11:00 and
14:00 UTC. Thus, a composition change of the PBL was expected from flight one to flight
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two, since the first flight took place before the two layers merged, while the second occurred
after this event.

3.3 Vertical profiles of trace gases during the boundary layer growth

Figure [7] also shows CO, profiles for the morning (07:27 UTC), at noon (11:42UTC) and
afternoon (13:12UTC). The profiles are color-coded with specific humidity along the flight
leg. The PBLH (black dashed line) and residual layer height (gray line), derived from the
gradient of the humidity profiles, correspond well to the derived boundary layer heights
from the radiosonde measurements.

In the morning the vertical profiles of CO, clearly show the three-layer structure of the
PBL (Fig. [7p). Within the stable layer we observed a large variability of CO, mixing ra-
tios ranging between 380.0 ppmv and 394.3 ppmv below 1000 m altitude. Between 1000
and 2300 ma.s.l. the vertical profile of CO, in the residual layer is-was almost constant
with mean values (CO;) of 380.5(=4-0.16) ppmv, indicating that the residual layer is-was
well mixed. A strong CO, gradient at 2300 m a.s.l. reveals a sharp separation between the
PBL and the FT which has a mean CO, of about 383.0(+£0.58) ppmv). In the afternoon
(13:12UTC) CO; is again well mixed within the PBL with CO, = 382.1(=+0.35) ppmv (see
Fig. [B). A clear separation to the FT is evident again, with mean FT-CO, mixing ratios of
383.7(£0.38) ppmv).

The transition period between the measurements of these two profiles is characterized
by a much more variable CO, profile, especially above the PBLH (Fig. [7b). CO, decreases
within the PBL with a mean value of 382.9(+0.49) ppmv. Above 1500 ma.s.l. in the FT
mean CO, mixing ratios show a double peaked structure with maximum values of almost
386 ppmv and minimum values of 382 ppmv. Thus, a large variability with altitude is evident.
Above 2300 m a.s.l. CO, mixing ratios are more comparable again to mixing ratios observed
in the morning and the afternoon with a mean value of 383.9 (£0.61) ppmv.

The vertical profiles of O3 show a similar temporal evolution development (Figs. [/| and
[). Largest O3 values are found in the FT above the boundary layer throughout the day and
exceed local PBL values by typically 10 ppbv. The only exception is the transition period at
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11:42 UTC, when O3 shows a large variability. As for CO, a double peak structure is evident,
however, the maxima and minima are anti-correlated between CO, and Oz. Furthermore,
O3-minima and CO,-maxima show large values of water vapor mixing ratio ¢,. These values
exceed the commonly measured humidity values (less than 2gkg™!) in the FT. Since the

aircraft was allowed only to operate in cloud-free conditions, thesetarge—values—arenot

directly-related-to-cloudsthe large humidity values were only observed within the PBL. We
will now analyse in detail how this complex structure is related to the observed development

of the boundary layer structure.
3.4 Mixing deduced from correlations

After-diseussing-the-The vertical profiles of O3 and CO» and their temporal evolution over
the course of the day, we-tuse-these-information-are used to study a potential mixing event
on 6 September 2011 above Mount Kleiner Feldberg. For this we now apply tracer—tracer
correlations (e. g.,|Fischer et al.,2000j;Hoor, 2002). Figure@]shows the scatter plot between
O3 and CO;, in the morning (07:27 UTC). Using the moisture information and mean values
of CO, and O3 it is possible to identify two separated air masses. The air mass in the
residual and stable layers has low O3 values and variable values of CO, and ¢,. The air
mass in the FT is rather characterized by larger values of O3, low values of ¢, and less
variability in CO,.

At 11:42UTC the appearance of the scatter plot changes significantly (Fig. [10). The
chemical characteristics of two different air masses still can be identified, of which one
has the characteristics of a boundary layer air mass (larger values for ¢,) and one of a FT
air mass (lower values of ¢,). However, the air mass in the FT shows now also a larger
variability in CO, which we see as an indication of a PBL air mass that has entered the FT.
Moreover, the O3 mixing ratios in the PBL are also slightly increased which could be related
to downward transport of an FT air mass.

Using now also the temporal and spatial information of the measured data points, a linear
relationship between the FT and PBL air masses in the tracer—tracer scatter plot becomes
evident (Fig.[10). This line is highlighted with the black boxes. These data points have been
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measured consecutively in an altitude range between 1640-2200 m, which is just above
the PBLH at 11:42UTC (Fig. [f). tn-this-altitude-the-The EZ was situated during-this-at
this location and time. Thus we regard these data points as the result of mixing, and the
observed linear tracer—tracer relationship as mixing line, since it relates to the evolution
of the boundary layer structure during this day. The specific humidity of this mixing line
shows a slightly larger variability than the variability of the FT background (Fig. [8). This
further supports our hypothesis of measuring a rather fresh mixing event. Note further that
during this time clouds were present in the observation area with the cloud tops at around
2400 ma.s.l., according to the on board observations and a post flight analysis of photos
taken during the flight. However, the strong variations of ozone, moisture and CO5, for the
profile at 11:42 (Fig.[7/) have been observed exclusively in between clouds.

In short, we identify local mixing between air masses from the PBL and the FT from the
results of the tracer tracer correlation technique for the trace gases CO, and Os. Addition-
ally, this mixing is supported by a larger variability of the specific humidity within the mixing
region. In the following subsections, we will discuss processes which might have contributed
to this mixing event as well as if this mixing event was influenced by long-range transport.

4 Discussion
4.1 Impact of long-range transport?

The origin of the probed air masses is investigated with 24 h kinematic backward trajecto-
ries using LAGRANTO (see Sect. 2.4) for this one-day period. Figure [11] shows the zonal
position of the backward trajectories along the flight path at release time (0h), —12 and
—24 h prior to the measurements. Additionally, the trajectories are color-coded with the
ozone mixing ratio as measured onboard the aircraft. Ozone was chosen, as tracer in this
figure, because of its strong vertical gradient. The ozone mixing ratio is averaged for the
trajectory positions backward in time for each hour in bins of 0.5° longitude and 250 m al-
titude. The binning compromises all calculated trajectories and reflects the transport of air
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for a time period 24 h before the observations for the second flight around noon. It is evident
that the measurement region has been influenced by air masses from two different origins
(Fig.[T1). The trajectory analysis reveals that the air mass probed above 2000 m with large
O3 mixing ratios, has been transported rapidly from westerly directions towards the mea-
surement site. Furthermore, only these trajectories reside within the FT with the high O3
mixing ratios. The trajectories at lower levels indicate that the air mass at this altitude range
with low O3 mixing ratios, has been advected more slowly. Importantly, air masses initialized
below 2000 m, thus mainly within the turbulent boundary layer, show a larger spread of the
trajectories and tend to stay in the boundary layer corresponding to low ozone mixing ratios.
A similar behaviour is evident from CO, (not shown) confirming a clear separation between
free tropospheric and boundary layer transport.

We conclude that the entrainment zone separates ozone rich air masses, which were
transported in the free troposphere with higher wind speed than from air masses, which
resided in the boundary layer with lower wind speed, as indicated by the low ozone mixing
ratios. The clear vertical separation of air masses between the FT and PBL is therefore
reflected by the different chemical signature of the air masses and is an indication, that
the two respective air masses were spatially separated. It is thus an indication that the air
masses must have been mixed shortly before or at the measurement location.

4.2 Impact of the local boundary layer conditions and cloud development

We will now show, if local mixing between boundary layer air and the air in the free tro-
posphere can explain the observed signatures of mixing. The PBLH reaches 1640 m a.s.l.
with an inversion strength of 3K at 11:00 UTC. The residual layer height in the morning, as
identified from the ceilometer and secondary temperature inversions from the radio sound-
ings, reaches 2100 m. From 11:42 to 13:12UTC the PBLH has-grown-grew to 2000 ma.s.|.
and reaches a temperature inversion strength of 8 to 10 K. On the one hand, the growth of
the boundary layer since 11:42 UTC is an indication for further entrainment of the overlying
air masses into the PBL, which lead to further mixing. On the other hand, the increase of
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the inversion strength limits the entrainment from air above and also the upward transport
to the FT and reduced mixing (Angevine, 2007).

As shown in Fig. |5 the boundary layer top during the measurements was affected by
the occurrence of clouds. These clouds were aligned along straight lines (Fig. [12), which
is also evident from satellite images (not shown). The presence of clouds can affect the
strength of the inversion layer as well as of the mixing between PBL and FT. |Stevens|(2007)
and Malinowski et al.| (2011) showed that radiative cooling at the upper edge of the clouds
promotes a downward mixing of air and thus influences the inversion strength and might
also contribute to the observed mixing event by entrainment of dry air from the FT. This
can be seen by the decrease of the mean specific humidity between 1640 and 2200 m a.s.1.
from the morning (g, = 2.8(£1.2) g kg™!) to noon time (7, = 2.1(40.7) g kg™1).

An important feature of these cloud structures is the formation of roll vortices, which are
aligned along the axis of the cloud bands. The cloud bands can be regarded as an indicator
of shallow convection within the boundary layer. Moist air is lifted from near the surface up
to the top of the PBL where the clouds form and the air descends in-between the clouds.
The indicated air motion contributes especially to a further mixing of the PBL air mass,
but can also increase the mixing potential between the PBL and the FT. This can then
result in the vertical profiles of CO, as observed between the morning and the afternoon
on 6 September 2011 (see Fig. 6). Hageli et al.| (2000) observed similar relationships for
temperature and for moisture profiles within the cloud free area between the cloud streets.
It should be noted, that many experimental studies are restricted to cloud-free conditions
as summarised by [Kalthoff et al.| (2013).

So we suggest that the mixing event is linked to the evolution of shallow convec-
tion and consecutive cloud formation at the top of the PBL. Therefore, we will dis-
cuss the three CO, profiles during this day (Fig. [7), which reflects the suspected dy-
namic processes from theoretical approaches (e.g. [Etling and Brown, [1993; [Lock et al.,
2000; [Stevens et al., [2003). The descending air in between the clouds can be affected
by air, which has been uplifted by convective motionswithin—the—PBL. The mass flux

dominates mostly the vertical transport of atmospheric compounds from the PBL into the
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and[7), in the afternoon (11:42 UTC) the CO; profiles between 1600 to 2300 m show double
peak CO,-mixing ratios around ~ 386 ppmv, which were only present near the surface in
the morning. Since there are no significant sources or sinks of CO, in the FT, these en-
hanced values indicate that surface air has been lifted locally and remains at this altitude
humidity and ozone at this height, which exhibit exactly the same air mass composition as
previously observed at the surface.

In principle, high ozone values can also be the result of photochemical ozone produc-
tion, but ozone production would not add more than a few ppb per day (Morris et al., 2010).

Ouwersloot et al.| (2013) showed that ozone can be influenced by UV radiation extinction b

clouds and atmospheric compounds like NO and NO,. However, the high ozone values are
accompanied by low humidity, which indicates potential downward transport from higher al-

titudes. This is confirmed by 5 days backward trajectories (calculated with ECMWF analysis
(0.5°C horizontal resolution, 90 vertical layer, 3 h time resolution)), which show that these
air masses reached a maximum height of about 6 km over the Atlantic ocean, without any
surface contact (not shown). Finally, during the entire day the specific humidity in the free
troposphere showed very low mean values of 1.4 to 2.0 g kg~!. This indicates that the free
troposphere was dominated by an air mass of similar chemical characteristics during the
measurements on the 6 September 2011. Between 2200—-2500 m a.s.l. the ozone rich air
mass is also observed with higher humidity. The variations of O3, CO, and ¢, above 2000 m
clearly indicate layers of different origin in the region between 1600 and 2300 m a.s.l. in the
cloud interstitial regions between the roll clouds.

Therefore, the growth of the PBL is an indication of entrainment from the FT into the
PBL. On the other hand the increase of the temperature inversion (cause from large-
scale subsidence) provides strengthening of the inversion layer and limited the further

boundary layer growthand-thus-the-entrainment{Arya;2601), but entrainment still occurs
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4.3 Impact of mixing on surface measurements

It has previously been shown that boundary layer air trapped within the stable layer can
suddenly be mixed in the newly growing PBL as soon as the PBL becomes unstable (Stull,
1988). In addition, large scale synoptic situations can lift these air masses out of the PBL
into the FT (Sinclair et al.l 2010). Vice versa, polluted plumes from the FT can enter the
PBL by downward mixing and potentially lead to an increase of the pollution levels near the
surface in initially clean regions (McKendry and Lundgren) [2000; Neuman et al., [2012).

Figure [13| shows the ozone mixing ratios onboard the aircraft and the time series at
the surface. The airborne measurements below 800 m a.s.l. agree well with the surface
observations of about 30 ppb. The higher values around 07:30 UTC observed onboard the
aircraft can be explained by the fact, that the measurements directly at the surface are
affected by deposition and ozone loss processes within the stable nocturnal boundary layer,
which was not accessible for the aircraft. As shown in Fig.[5| around 09:00 UTC at the end of
the first flight the stable layer of the lowest level disappears and is then mixed with the newly
growing boundary layer. At this time, between the two flights, there occurs an increase of
O3 of 6 ppbv per hour up to a maximum mixing ratio of 43 ppbv at noon. The increase of
ozone can be attributed to photochemical ozone production and downward mixing from the
free troposphere. McKendry and Lundgren| (2000) showed that an increase of the ozone
mixing ratio larger than 5ppbvh~! has been related to downward transport from the FT
and not to photochemical production alone. As mentioned earlier, clouds formed initially
between 09:00-10:00 UTC. For that reason the global radiation decreased and hence the
photochemical ozone production efficiency has been reduced (Fig. [B).

Figure[14] shows the CO, mixing ratio onboard the aircraft and near the surface. The air-
borne CO, measurements show low mixing ratios of 381 ppmv (8:00 UTC) compared to the
high CO, surface measurements. This large differences-difference is due to accumulated
CO; in the stable boundary layer during night. This is consistent with slightly enhanced
ozone measured onboard the aircraft for this period (see Fig.[13). The aircraft was always
flying at least 100 m above the surface where the CO, values are already much lower com-
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pared to the stable surface layer below. Note, that the CO, profile in Fig. [5| also indicates
much higher CO, values at the lowest levels, which are in the same range as observed
at the surface at Mount Kleiner Feldberg. Thus during night, CO, at the surface is domi-
nated by plant respiration and anthropogenic CO, emissions. During day a potential effect
from downward mixing at the surface is probably masked by some local uptake of CO, by
vegetation.

The particle number concentration measurements show very low values of 1 to
2 particles ccm~! within the FT. Within the PBL we observe larger particle number concen-
tration from the CPC (210 particles ccm™!) than from the OPC (40 particles ccm™!). Since
the measurements site is covered by a-large-cloud-fractioncumulus clouds (see fig. [4), it
is obvious that particles larger than 100 nm were activated to form cloud droplets. These
measurements could not be used to further support the mixing process. Furthermore, the
backscatter signal from the ceilometer was mostly affected by the clouds (after 10:00 UTC)
and therefore we observed only the cloud base height. The increase of O3 near the surface
is most likely the result of mixing of O3 rich air masses from the FT. This downward transport
process would match well with the time of occurrence of the mixing line.

5 Conclusions

Extensive surface based, balloon based and airborne measurements were collected as
part of the measurement campaign PARADE on Mount Kleiner Feldberg (825 m) in sum-
mer 2011. We used this data to investigate the diurnal evolution of the boundary layer height
over this complex terrain as well as the potential impact of local and long-range transport
of trace gases. Our focus was on two research flights on 6 September 2011 where vertical
tracer properties of CO, and Oj3 indicated the occurrence of mixing across the entrainment
zone. The planetary boundary layer height was determined using the Bulk-Richardson-
number (Rig) from measurements taken from radio soundings. This approach can be used
both under stable and unstable conditions using the same criteria. The boundary layer top
grew from 860 m a.s.l. in the morning up to 2000 m a.s.l. in the afternoon. During this growth
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it merged with the residual layer (2100 m a.s.l. at 06:00 UTC). Negative Rig values indicated
that the PBL is convectively driven and turbulent during that day, and thus well mixed. Addi-
tionally, airborne measurements of various trace gases (CO, and O3) and particle number
concentrations were performed in cloud-free areas during that day.

The temporal evolution of the measured vertical trace gas profiles showed the evolution
of the PBL as observed with the radio soundings. The merging of the stable boundary layer,
residual layer and free troposphere with the convective driven boundary layer is involved
with mixing of the trace gases from these different atmospheric layers, and lead to complex
vertical profiles of the trace gases. The tracer—tracer correlations have been applied to iden-
tify this mixing event and the effect on the trace gas distribution change across the transport
barrier at the boundary layer top. This mixing line is probably formed by vertical uplift of CO»
rich and O3 poor air masses from the morning stable boundary layer. The strong western
wind transported cold air masses from the Atlantic Ocean and caused the development of
cloud streets. The structure of the trace gas profiles resembles the vertical cloud structure.
We found the mixed air masses in the cloud interstitial space. This is consistent with con-
vective uplifting and mixing with FT air at the cloud top within the clouds and subsidence of
outside the clouds. It is suggested that these conditions forced mixing between the FT and
the PBL. It cannot be excluded that the mixing event was affected by long-range transport.
The analysis of the local meteorological situation and the trace gas observations, however
provide strong evidence, that the local boundary layer growth lead to mixing at the PBL top.
This is supported by the specific humidity, which shows on the mixing line a slightly larger
variability than the variability of the FT background humidity. The additional formation of
shallow convective clouds at the PBL top (and roll convection) probably led to an efficient
exchange between the boundary layer and the free troposphere.

We conclude, that rapid boundary layer growth and its interaction with convective clouds
at the PBL top can efficiently mix both air masses and lead to the-oceurrence-of-variability
that can be characterized by mixing lines. Moreover, the analysis of mixing lines provides
a powerful tool to identify the occurrence and the effect of processes, which lead to a con-
stituent exchange and mixing across the inversion layer.
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Figure 1. Topographic map (colorbar in m) of the Rhein-Main Area in southwest Germany near
Frankfurt am Main including the flight pattern on 6 September 2011 (black line). Vertical profiles are
indicated by the flight track spirals. All descending profiles were flown near the summit of Mount
Kleiner Feldberg, while ascending profiles have been taken up- and downwind.
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Figure 2. Daily averaged CO, observations and the associated standard deviation during the mea-
surement campaign parade on the Mount Kleiner Feldberg. The shaded areas indicate periods of
high pressure influence (white) and low pressure influence (gray).
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Figure 3. Backward trajectories, starting from the Mount Kleiner Feldberg at 200 m altitude over
the surface for each day at 12:00 UTC up to 24 h based by wind fields from COSMO-7. The colors
represent the daily averages of CO, measurements from Mount Kleiner Feldberg (Fig. [2).
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Figure 4. Surface pressure chart provided from the German Weather Service (DWD) over Europe
at the 6 September 2011, 12:00 UTC. The red box indicates the measurement area.
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Figure 5. Diurnal variation of the residual layer height (RLH) and planetary boundary layer height
(PBLH) derived from radiosondes (black) and ceilometer (red, hourly averaged). The distinction
between the turbulent boundary layer and the stable FT is shown by the bulk Richardson number
Rig (gray scale). RLH is derived from the radiosonde temperature profiles (black dashed) and from
one hour averaged aerosol layer heights (AHL) calculated from the ceilometer backscatter profiles
(red dashed). Blue circles indicate the occurrence of clouds during that day. The global radiation
(GR, blue line) is provided from HLUG in W m~2. Vertical profiles of CO, are shown for different
aircraft flights over Mount Kleiner Feldberg during this day in rain-bew-Rainbow colors, for details

see Figs.[7]and
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Figure 6. Vertical-profites-Profiles of €6--a) virtual potential temperature, b) wind speed, and of
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the lower atmosphere-on 6 September 2011..
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Figure 8. Same as Fig. [7] at noon. The measurement points between 1640 und 2200 ma.s.l. are
related-due-te-the-mixed-air-masses-influenced by mixing from the SE-PBL and the FT.
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Figure 9. Correlations between CO, and O3 during the observations at +107:4227 UTC color-coded
according to specific humidity measurements. The aircraft descended from the FT into the PBL,
indicated by a clear separation from the chemical signature.
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Figure 11. Temporal evolution of air mass origins between 11:00 and 13:00 UTC on 6 September
2011. The trajectory positions are colour coded by mixing ratios of ozone as measured along the
flight leg. The data are binned by 0.5° longitude and 250 m altitude (details see text). The black line

marks the maximum PBLH during that time.
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11:32 UTC
Cloud streets

Figure 12. Cloud formation below the flight track at about 11:32 UTC. Just before measuring a profile
by descending above Mount Kleiner Feldberg. The arrows shows the mean wind direction.
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Figure 13. Surface ozone measurements of different instruments at different inlets (HLUG (blue,
30 min-mean) and UV absorption (red, 10 min-mean)) on Mount Kleiner Feldberg (825 m a.s.l.), in-
cluding the aircraft observations (mean and standard deviation between 1000 to 1600 ma.s.l.) on
6 September 2011.
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Figure 14. CO, surface measurements (on Mount Kleiner Feldberg (825ma.s.l.), see Sect. 2.2),
including the aircraft observations (mean and standard deviation between 1000 to 1600 ma.s.l.) on
6 September 2011. The high CO; fluctuations at 08:00 UTC is demonstrated by the mean (red star),
standard deviation (black error bars), median (red bar) and maximum/minimum values (blue bar).
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