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Abstract The development of the planetary boundary layer (PBL) has been studied in a com-
plex terrain using various remote sensing and in situ techniques. The high-altitude research
station at Jungfraujoch (3,580 m a.s.1.) in the Swiss Alps lies for most of the time in the free
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troposphere except when it is influenced by the PBL reaching the station, especially during
the summer season. A ceilometer and a wind profiler were installed at Kleine Scheidegg, a
mountain pass close to Jungfraujoch, located at an altitude of 2,061 m a.s.l. Data from the
ceilometer were analyzed using two different algorithms, while the signal-to-noise ratio of
the wind profiler was studied to compare the retrieved PBL heights. The retrieved values from
the ceilometer and wind profiler agreed well during daytime and cloud-free conditions. The
results were additionally compared with the PBL height estimated by the numerical weather
prediction model COSMO-2, which showed a clear underestimation of the PBL height for
most of the cases but occasionally also a slight overestimation especially around noon, when
the PBL showed its maximum extent. Air parcels were transported upwards by slope winds
towards Jungfraujoch when the PBL was higher than 2,800 m a.s.l. during cloud-free cases.
This was confirmed by the in situ aerosol measurements at Jungfraujoch with a significant
increase in particle number concentration, particle light absorption and scattering coefficients
when PBL-influenced air masses reached the station in the afternoon hours. The continu-
ous aerosol in situ measurements at Jungfraujoch were clearly influenced by the local PBL
development but also by long-range transport phenomena such as Saharan dust or pollution
from the south.

Keywords Boundary layer - Ceilometer - Complex topography - In situ measurements -
Jungfraujoch - Remote sensing - Switzerland - Wind profiler

1 Introduction

The planetary boundary layer (PBL) is the lowest part of the troposphere that is directly
influenced by the Earth’s surface—the layer next to the Earth’s surface in which the effects
of friction and surface heating are felt on a time scale of about 1h or less (Stull 1988).
While several PBL representations and studies have been designed for flat terrain (Garratt
1994; Wekker et al. 2004; Weigel 2005), knowledge of PBL behaviour over mountainous
areas is rather incomplete to date. The few available studies are based on highly simplified
and idealized parametrizations of mountains, undulating areas or valleys (Stull 1988; White-
man 2000; Wekker et al. 2004; Weigel 2005). However, mountain ranges enable exchange
processes, also called handover processes (Kossmann et al. 1998), i.e. mixing of PBL air
masses into the free troposphere by cloud and mountain venting. Mountain venting describes
the process by which upslope winds increase the altitude of the PBL height locally, and
if strong enough, trigger the vertical exchange of PBL air into the free troposphere. Vice
versa, air from the free troposphere can enter the PBL by entrainment, especially upwind of
mountain ranges. Moreover, cloud venting defines the process between the PBL and free tro-
posphere caused by cumulus formation in combination with strong upslope winds (Kossmann
et al. 1999).

Based on these processes, the PBL—free troposphere dynamics are more complex in a
region such as the Swiss Alps due to different thermal behaviour, mountain circulation, gap
flows and other processes. However, there are examples that show very good agreement with
a standard PBL description as e.g. described in Stull (1988) (Kossmann et al. 1998; Wekker
et al. 2004; Weigel 2005). The typical diurnal cycle of the PBL is characterized by specific
daytime and nighttime profiles of the virtual potential temperature, wind speed, water vapour
mixing ratio and aerosol concentration. In situ or remote sensing measurement techniques
are able to measure temperature, humidity, wind speed and aerosol backscattering profile
that can be used to determine the PBL height. The bulk Richardson number and parcel
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methods are commonly used to estimate the PBL height from temperature profiles (Stull
1988; Hennemuth and Lammert 2006).

An improved understanding of PBL development in complex terrain such as the Alps
is particularly important to generally deepen our understanding and to improve the accu-
racy of numerical weather prediction. Furthermore, increased knowledge is needed to relate
the local PBL influence to the long-term aerosol measurements performed continuously at
Jungfraujoch. The comparison of the applied methods will also contribute towards a better
understanding of the measurement techniques and methods used to characterize the PBL.
The main research questions of this study can be formulated as follows:

1. How does the local complex topography influence the wind field?

2. Can slope and valley-mountain winds be unambiguously identified by remote sensing
and in situ measurements?

3. Is the diurnal cycle of the high altitude PBL during convective days comparable to the
PBL development over flat terrain?

4. How accurately can the PBL height be determined by the different remote-sensing instru-
ments?

5. How do the measurements compare with predictions by the employed numerical weather
prediction model?

6. How are the remote-sensing measured PBL heights and the in situ aerosol measurements
at Jungfraujoch related?

2 Field Campaign
2.1 Site Description

The high-altitude research station at Jungfraujoch (JFJ, 46.5475°N, 7.9792°E) is situated in
the Swiss Alps at 3,580 m a.s.l. and forms part of the Global Atmospheric Watch (GAW)
program of the World Meteorological Organization (WMO). Jungfraujoch is a saddle between
the mountain peaks Jungfrau (4,158 m a.s.l.) and Ménch (4,107 m a.s.1.) in the south-western
and north-eastern directions. Kleine Scheidegg (KLS, 46.585°N, 7.9611° E, 2,061 m a.s.1.)
is a mountain pass located approximately 4,800 m to the north-west of the JFJ station. Kleine
Scheidegg is situated between Lauberhorn (2,472 m a.s.l.) and Eiger (3,970 m a.s.l.) and
connects the two valleys, Grindelwald and Lauterbrunnen. In contrast to the JFJ station, the
KLS site was a temporary field location equipped with instrumentation dedicated to this
campaign. The Aletsch glacier, on the southern side of the JFJ, covers a large area with
slightly decreasing terrain. Figure 1 depicts the topography of the alpine environment and
the location of the two measurement sites.

The high elevation of the JFJ site allows for an investigation of the lower free troposphere
during most of the year, except for spring and summer, when PBL air masses are transported
upwards to the site. The mechanisms responsible for advecting the PBL air up to the JFJ
station altitude are of convective and mechanical nature. Namely the PBL air is uplifted by
the convective PBL growth process and mountain venting (Nyeki et al. 2000; Henne et al.
2005; Collaud Coen et al. 2011). Previous PBL studies at the JFJ site identified elevated
aerosol layers that are transported by advection to the site (Nyeki et al. 2002). Lugauer
et al. (1998) describe the transport of aerosols to the JFJ site that occurs most frequently
under anticyclonic conditions. They divide the PBL into two regions; a PBL above the Swiss
plateau (a region of lower altitude north of JFJ surrounded by the Alps to the south and by
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Fig. 1 Topographic image of the region Eiger, Monch and Jungfrau in the Swiss Alps. The wind rose (wind
direction and speed, see colour code) is shown using wind profiler high mode data at various altitudes above
Kleine Scheidegg where also the ceilometer was installed. The in situ measurements of the wind speed and
direction at Jungfraujoch were performed using a Rosemount anemometer, installed on top of a 10-m mast on
the tourism platform (see Sect. 3.1)

the Jura mountains to the north-west) and a PBL above the Alps. The PBL air over the Swiss
plateau can be transported by upslope winds to high-altitude sites. During transport PBL air
is diluted by mixing with free tropospheric air (Collaud Coen et al. 2011). The uplifted PBL
air parcels influence the vertical distribution of aerosols and trace gas from late spring to late
summer and therefore affect the seasonal variability of aerosol properties at the JFJ site (see
e.g. Baltensperger et al. 1997; Collaud Coen et al. 2011).

From June to August 2010, the Cloud and Aerosol Characterization Experiment (CLACE
2010) campaign took place at the JEJ and KLS sites (see Zieger et al. (2012) for an overview).
During CLACE 2010, remote sensing instruments were installed at the KLS site including
a wind profiler, a ceilometer, a sun photometer and a lidar. Zieger et al. (2012) discuss the
vertical distribution of aerosol optical properties during this campaign.

2.2 Remote Sensing Instruments at Kleine Scheidegg
2.2.1 Wind Profiler

A wind profiler (LAP-3000, Vaisala Inc.) is a Doppler radar operating at 1,290 x 106 s~! with
a wavelength of 23.3 x 10~2 m. Electromagnetic energy is emitted towards five beams with
one vertical and four oblique beams tilted by 15° in the four orthogonal directions. The vertical
resolution of the wind profiler was set to 74 m in the low mode and 204 m in the high mode. The
minimum measurement height is about 340 m above ground and the maximum measurement
height is 2,000-5,000 m above ground (depending on the atmospheric conditions).

The transmitted signal is partly scattered by refractive irregularities, which are caused by
variations of air humidity, air temperature and air pressure at small scale. These refractive
irregularities are advected with the wind and give information about the mean wind speed and
direction. The obtained spectrum is characterized by its moments: a Doppler shift, a noise
level, a signal power, a spectral width and a signal-to-noise ratio (SNR). The horizontal wind
speed and direction are determined by combining the Doppler shifts of all beams for each
range gate (Ecklund et al. 1988). The weak received signal is analyzed in the time-domain
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Fig. 2 Profiles of the logarithmic range-corrected signal (RCS) measured by the ceilometer on the 7 July
2010 at 1200 (a) and 2200 UTC (b). Indicated is the planetary boundary-layer height retrieved using the
gradient method. Measured values below a signal-to-noise ratio of SNR= 1 (values above the blue dashed
line) are disregarded. ¢ Profile of the corrected signal-to-noise ratio SNR¢or retrieved from the wind profiler
measurements and derived PBL height (horizontal line) recorded on the 7 July 2010 at 1200 UTC

and the frequency-domain steps (Ruffieux and Stiibi 2001; Vaisala 2007). An important
assumption is a homogeneous wind field over the beams’ separation (Koscielny et al. 1984;
Cheong et al. 2008), which cannot be fully guaranteed in the complex topography of the
Alps.

The wind profiler measurement can additionally be used to retrieve an estimate of the
PBL height. Small-scale turbulence causes variations of air temperature, air humidity and air
pressure, which lead to variations in the refractive index of the air derived from the refractive
structure parameter, which is proportional to the SNR of the wind profiler backscatter signal.
Consequently, the range-corrected SNR can be an effective method of estimating the PBL
height. The median of the SNR maximum of all four beams is considered as the PBL height
(see the example in Fig. 2¢). Herein, a method proposed by Angevine et al. (1994, 1998) is
used. The distributed software from the manufacturer did not provide reasonable PBL heights
and was therefore not further included in the analysis.

2.2.2 Ceilometer

A ceilometer (CHM15k, Jenoptik) measures the vertical profile of the aerosol backscatter at
a wavelength of L = 1,064 x 1079 m, at a vertical resolution of 15 m and a pulse duration of
1 x 107?s (Jenoptik 2009). The signal due to the molecular scattering is almost negligible
at 1,064 x 10~ m wavelength unless measured over a long integration time. The instrument
is able to detect cloud layers and can also be used to estimate the PBL height. The signal is
especially enhanced at the PBL top due to the hygroscopic growth of aerosols at high relative
humidity.

Two different algorithms were used to analyze the PBL height from ceilometer recordings:

1. Gradient analysis: a multi-scale gradient analysis of ceilometer data is done using con-
tinuous Haar-wavelet transformation (Frey et al. 2010; Teschke and Poenitz 2010). The
wavelet spectrum is derived, in which the maximum gradients are marked. Suitable lay-
ers are selected with the help of a SNR threshold >1, the value of the slope, and by
comparing the values of the spatial and temporal neighbours.

2. STRAT-2D algorithm: the algorithm called “structure of the atmosphere” (STRAT-2D)
uses a combination of wavelet covariance analysis and range-corrected signal (RCS)
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Table 1 Quality index used for the planetary boundary-layer (PBL) height detection of the ceilometer mea-
surement according to Haji and Wauben (2007)

Criteria Classification Colour used in the figures

Bg—By < 0.25 Poor PBL height detection _
025<By-By<05  WeakPBLhcighideccion RN
BBy =05 Good PBL height decction

The difference between the averaged logarithmic backscatter in the available range gates 150 m above (By)
and below the boundary-layer height (Bg) is used at threshold

thresholding to estimate the PBL height from the measured range-corrected attenuated
backscatter signal. Details of the algorithm can be found in Morille et al. (2007).

Figure 2a shows a RCS profile (logarithmic values) recorded on 7 July 2010 at 1200 UTC.
The signal of the PBL is distinctive from 2,200 m a.s.l. to about 2,800 m a.s.l. The
backscatter signal decreases with height above 2,250 m a.s.l. with two stronger gradients
at 2,350 and 2,900 m a.s.l., which are marked as the top of the residual layers (Fig. 2b).
To improve the results, the quality index of Haji and Wauben (2007) is applied to classify
the PBL height estimations. For the calculation of the quality index, the backscatter is aver-
aged in the available range gates 150m above (B,) and below the apparent PBL height
(Bq). The calculated differences are divided into three classes that serve as a quality index
(see Table 1).

2.3 In Situ Instrumentation at Jungfraujoch

Various aerosol in situ instruments are operated at the JFJ site on a continuous basis. A
condensation particle counter (CPC; TSI Inc., Model 3772) measures the particle number
concentration; an integrating nephelometer (TSI Inc., Model 3563) measures the particle light
scattering coefficient at three wavelengths (450, 550 and 700 x 1079 m), while an aecthalometer
(AE-31, Magee Scientific) is used to determine the aerosol absorption coefficient at seven
different wavelengths. The aerosol in situ measurements are performed under dry conditions
(relative humidity <20 %). In order to maintain dry conditions and to be able to use the
inlet during harsh weather conditions, the aerosol instruments are connected to a heated
inlet kept at about 25 °C. More information on the continuous in situ measurements can be
found in Weingartner et al. (1999) and Collaud Coen et al. (2011); see also www.psi.ch/lac/
jungfraujoch-site and https://gawrtl.psi.ch.

The wind speed and direction at the JFJ site were measured by a Rosemount pitot tube,
mounted at the top of a 10-m mast and is part of the SwissMetNet network of MeteoSwiss.

2.4 The COSMO-2 Model

The COSMO-2 model (numerical weather prediction model consortium for small-scale mod-
elling; see www.cosmo-model.org for more details) runs at a horizontal resolution of 2,200 m
and with 60 vertical levels. It fully covers the region of Switzerland. The ECMWF global
model (European Centre for Medium-Range Weather Forecasts, www.ecmwf.int) provides
the boundary conditions for operational runs. COSMO-2 calculates the PBL height using the
bulk Richardson number method (Szintai and Kaufmann 2007). The PBL heights at two grid
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points closest to the KLS site were used in this study. The surface type of the first grid point is
defined as “ice” (located at 7.963°N, 46.582°E, 1,956 m a.s.l.), while the second grid point
is defined as “loam” (located at 7.962°N, 46.602°E and 1,753 m a.s.l.). The surface type
of a grid point influences e.g. the temperature and humidity profiles due to the land-surface
interactions. The temporal resolution used for this analysis is 1 h. The simulated PBL heights
by COSMO-2 are defined as constant at § m above ground from sunset to sunrise.

3 Results

A fair-weather period with convective cloud formation, which often lead to precipitation and
thunderstorms in the course of the day, dominated the first half of July 2010. Rainy and
cooler weather with sunny intervals was predominant for the second half of July. Several
fronts crossed the region in August 2010, causing cloudy and rainy weather and a declining
snow line altitude (below 2,000 m a.s.l. at the end of August). The focus of this study was
set on fair-weather days (7-9, 12, 20 and 31 July, as well as 7 and 9 August 2010).

3.1 Wind Profiler Versus In Situ Wind Measurements

Figure 1 shows the wind profiler and the in situ measurements of wind speed and direction
for the entire CLACE 2010 campaign. With increasing altitude, the north-east component of
the wind directions decreased while the south-west component and the wind speed generally
increased due to reduced influence of the topography. Above approximately 3,500 m a.s.1.
wind directions from the south-south-west to north were measured, although a south-west
flow was prevailing. The influence of the Eiger, Monch and Jungfrau mountains on the
wind field is significant. South and south-east wind direction were rarely observed up to
approximately 3,800 m, but the frequency of their occurrence increased above the altitude
of the mountain peaks. The in situ wind measurement at the JFJ station showed mainly flow
from the north-west and occasionally from the south-east. All other wind directions were
negligible. The comparison between the in situ wind measurements at the JFJ site and the
wind profiling at the KLS site shows that when a south-east wind direction was measured
at the JFJ site, the wind profiler recorded flow from the south-west. Also, when the wind
direction was from the north-west at the JFJ site, the wind profiler measured a west to north-
west wind direction. This indicates that the wind directions are therefore first determined by
the synoptic conditions but also largely influenced by the local topography, which shows a
south-east to north-west orientation at the JFJ site and south-west to north-east orientation
above the KLS site at the height of 2,480 £ 102 m.

3.2 Planetary Boundary-Layer Development in a High-Alpine Region
3.2.1 Case Study I: A Typical Mountainous PBL Development

Figure 3 shows a typical diurnal cycle of the PBL measured by the ceilometer (panel b) and
the wind profiler (panel ¢). The COSMO-2 values are shown in addition to the results of
the individual retrieval algorithms. For comparison, the schematic PBL development as e.g.
described in Stull (1988) is shown in Fig. 3a.

Figure 3b shows the range-corrected backscatter signal (RCS) of the ceilometer and the
PBL height calculated using both the gradient analysis and the STRAT-2D algorithm. Two
declining residual layers from 4,200 to 3,200 m a.s.l. and from 3,450 to 2,500 m a.s.l. were
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Fig. 3 a Typical diurnal PBL cycle, adapted from Stull (1988). b Range-corrected backscatter (RCS) of the
ceilometer and planetary boundary-layer height determined using the gradient analysis (GA; coloured points)
and STRAT-2D (asterisks) algorithm as well as cloud base height (red dots) for 12 July 2010. The boundary
layer height predicted by the COSMO-2 model is shown for two grid points: ice (black triangle) and loam (red
square). ¢ SNR measured by the wind profiler and the retrieved planetary boundary-layer top (black dots). The
red line in (b) and (c) depicts the height of the Jungfraujoch station. d Particle light scattering (blue dashed
line) and absorption coefficients (green solid line) measured at the Jungfraujoch (hourly averages)

detected by both methods from midnight to 0700 UTC. The PBL increased after sunrise
from 2,500 to around 3,500 m a.s.l., which was 1,500 m above ground and showed a plateau
from 1300 to 1600 UTC (Fig. 3b). Convective clouds formed at the PBL top from 1100
to 1700 UTC, before precipitation set in, inhibiting further reliable detection of the PBL.
Compared to the scheme of the typical diurnal PBL cycle (Fig. 3a) the convective boundary
layer is similar, but two descending residual layers instead of one were observed above the
KLS site (Fig. 3b) and can be interpreted as historic layers of the last few days.

The COSMO-2 derived PBL heights of grid point 1 (ice) and 2 (loam) increased sharply
over daytime to 3,150 and 4,100 m a.s.l., respectively. In the afternoon, the PBL height fell
below 2,500 m a.s.1., while the PBL height of the second point varied around 3,500 m and
declined below 2,200 m. COSMO-2 does not consider residual layers. As mentioned above,
the differences of the PBL heights between these two grid points are caused by the different
surface types and subsequently different heating rates, temperature and humidity profiles of
the atmosphere above. The differences between the two retrievals during the afternoon could
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be caused by different cloud cover or the onset of simulated rain within the model. However,
both PBL heights declined to around 2,200 m a.s.l. at 1700 UTC as a result of the modified
potential temperature profile after sunset. The bulk Richardson number method, which was
used by COSMO-2, detected the stable boundary layer during the night, which is not the
same layer as detected by the remote sensing instruments and therefore not comparable.

Figure 3c depicts the range-corrected SNR of the wind profiler and the derived PBL height.
The development of the PBL during daytime is almost identical to that observed by the wind
profiler compared to the ceilometer measurements. However, the wind profiler fails to detect
the different layers during nighttime because of a too-low SNR due to the stable atmosphere
and the large instrumental overlap for the lowest layer. The PBL height also increased from
2,450 to 3,500 m and remained between 3,100 and 3,500 m a.s.l. until precipitation set in.
During periods with clouds in the afternoon, the maximum SNR was found at the cloud top,
which is not necessarily the PBL top. The ceilometer detects, on the other hand, the largest
aerosol gradient at the height of the cloud-base. However, the determination of the PBL
height becomes ambiguous in cloudy conditions as its definition remains itself ambiguous
under these conditions.

The dry aerosol scattering and absorption coefficients measured at the JFJ site (hourly
average, see Fig. 3d) decreased from midnight to 0600 UTC, corresponding to the decreasing
residual layers. Both parameters increased after 1000 UTC until precipitation started at around
1700 UTC. During precipitation the aerosols were scavenged by the rain leading to a temporal
minimum of both parameters between 1700 and 1900 UTC. After the cessation of rain, both
parameters increased again to their previous values as the advected air was not affected by
precipitation and the wash-out of particles.

3.2.2 Case Study II: Influence of the Local Wind Field

Wind profiler measurements of wind speed and direction are shown in addition to the different
derived PBL heights in Fig. 4. The alpine PBL is strongly influenced by the local wind field.
The wind profile could be divided into three decoupled regimes characterized by different
wind direction and speed values: a gradient wind from the north above 3,450 m, a south-west
thermal wind below 3,450 m and a wind regime within the PBL. A pronounced wind regime
was established within the PBL, which is characterized by low horizontal wind speed and
strong daytime updrafts. Strong updrafts also appeared in the early morning from 0630 to
0830 UTC ataround 2,600 to 3,200 m height. These updrafts might be caused by a standing lee
wave, which was produced by strong northerly winds crossing the Lauberhorn-Ménnlichen
mountain range (located to the west of the KLS site in a south-north direction, see Fig. 1).

Figure 4 shows two declining layers; one from 3,600 to 2,800 m and another from 2,800
to 2,300 m a.s.l. that were observed above the KLS site from midnight until sunrise, similar
to the first case (Fig. 3). After sunrise, the PBL height grew rapidly after 0600 UTC to reach
a maximum of 3,000 m a.s.l. at around 1400 UTC. The maximum height of the PBL was
about 3,000 m a.s.l. as measured by both instruments. In the daytime, the aerosol gradient
at the top of the PBL was enhanced and a clear PBL signal was detected by both the wind
profiler and the ceilometer. Whereas in the nighttime, the gradient was less pronounced and
the quality of the detected residual layers was weak. Clouds formed at the top of the PBL (red
crosses in Fig. 4) from 1400 to 1700 UTC as the thermals reached the lifting condensation
level. Radiative cooling due to clouds induces sinking air parcels from the cloud top towards
the Earth’s surface (negative vertical wind velocity).

Two decreasing layers, one after the other, were observed in the transition zone in the late
afternoon. The occurrence of these residual layers can be explained by the influence of the
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(dots, colour see Table 1), and by the wind profiler (dark red triangles). The cloud-base height measured by
the ceilometer is shown as red crosses
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local wind, changing clockwise from south to north successively in time with very low wind
speeds. The development of these descending layers in the afternoon is not straightforwardly
explained (e.g. by Stull (1988) and Garratt (1994)) and little is known about the decay of the
PBL to date (Pino 2011). However, the descending layers were observed by both the wind
profiler and the ceilometer.

3.2.3 Comparison of PBL Heights on Different Fair Weather Days

Figures 5a, b show all diurnal courses of the PBL height retrieved from the ceilometer
(gradient analysis algorithm) and the wind profiler (hourly averages). The PBL heights deter-
mined by the ceilometer showed mainly decreasing heights of the aerosol layer at night an
increase after sunrise with a peak during 1200 to 1400 UTC and a decreasing PBL in the
afternoon hours. The maximum height of the PBL above the KLS site was 3,500 m a.s.1. and
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the average minimum-to-maximum increase was about 500 m during fair weather days. Sev-
eral exceptions are caused by long-range transported Saharan dust (see Zieger et al. 2012).
Saharan dust might lead to a wrong estimate of the PBL height, e.g. in the evening of the 9
July, and an increasing PBL height was observed by the ceilometer, which rather displayed
the upper boundary of the large Saharan dust plume. The PBL height detected in the evening
of the 12 July marked rather the aerosol gradient above the clouds after precipitation than
the real PBL top.

The highest and lowest PBL heights were detected by the wind profiler on 12 July (3,600 m)
and on 7 August (2,800 m), respectively (Fig. 5b). As mentioned above, the wind profiler
can only accurately retrieve PBL heights in the daytime. The wind profiler-retrieved PBL
height grew on average by 130mh~" from 0700 to 1300 UTC and then peaked on average
at 1400 UTC and remained almost constant in the afternoon. In the evening, when the PBL
height decreased, a second descending layer of maximum SNR was measured; this declining
layer was 300-550 m higher than the first. The highest layer had a greater SNR, which was
primarily detected by the wind profiler (e.g. on 8 July 2010 a distinct second aerosol layer
was seen). This second descending layer might be due to the pronounced wind shear in the
evening.

Generally, a period of predominant convective anticyclonic synoptic weather, charac-
terised by low horizontal and relatively high vertical wind speeds, lead to increased PBL
heights during 7-12 July, as observed by both methods (see Fig. 5). This behaviour corre-
sponds to the results of Lugauer et al. (1998).

3.3 Comparison of Different Methods for PBL Estimation
3.3.1 Performance of the Ceilometer Algorithms

Two different algorithms, STRAT-2D and the gradient analysis, were compared during fair
weather conditions. Comparisons were made for both the entire day and daytime measure-
ments. In general, the STRAT-2D algorithm retrieved higher PBL heights than the gradient
analysis method (see Fig. 6a) and it indicated an offset of —210 & 72 m over daytime and
—120 =+ 46 m over the entire day. The squared correlation coefficient R? of 0.79 was calcu-
lated in the daytime and 0.70 for the entire day. The uncertainty of the best fit coefficients
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Fig. 6 a Comparison of PBL heights derived by the STRAT-2D and the gradient analysis algorithms on the
defined fair weather days (black points) and only for daytime (blue points). b PBL height retrieved the from
wind profiler versus the ceilometer (GA-algorithm) retrieved values. Red points are clear-sky cases, while
blue points are cloud influenced. Only ceilometer values classified as good or weak are shown. The bivariate
weighted fit with the given uncertainty (solid lines) is described in York et al. (2004). Hourly averaged values
are shown in both panels
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given in Fig. 6 was calculated according to the method in York et al. (2004). The root-mean-
square error RMSE = 153 m was found in daytime and 168 m over the whole day. The
difference between the nighttime and the daytime measurements was probably caused by the
residual layers that were not always similarly detected by both algorithms. Moreover, the
differences can be related to the depth of the capping inversion as well as to the uncertainties
of both algorithms. However, the agreement between the two algorithms can be regarded
as good. The results from the gradient analysis could be improved by the use of the quality
method as described in Haji and Wauben (2007), which significantly reduces the number of
outliers. In contrast, the STRAT-2D algorithm already includes a quality control of the layer
determination and attribution to reduce the number of outliers.

3.3.2 Ceilometer Versus Wind Profiler PBL Determination

The derived PBL heights from the ceilometer (gradient analysis) and the wind profiler agreed
well during daytime, especially on clear sky days (Fig. 6b). The slope of the orthogonal linear
regression is 0.99 for the entire period, an offset value of 43 + 106 m and R> = 0.67. During
clear sky conditions, the correlation between both instruments is larger (R2 = 0.8), whereas
during cloudy conditions the correlation is weaker (R? = 0.35) with a smaller slope (0.89)
and a large offset (310 £ 215m). The correlation between PBL heights calculated using
STRAT-2D and that derived from the wind profiler is weak, too, with an R? = 0.47 and a
slightly greater RMSE (258 m compared to 233 m). The generally higher PBL tops derived
from the wind profiler can be explained by the fact that the wind profiler often measured
the higher of the two decreasing layers in the afternoon, whereas the PBL height detected
by the ceilometer was always lower. This can also be seen in Fig. 5c, which depicts the
hourly differences between the PBL derived by the ceilometer and the wind profiler. Until
1500 UTC, the difference between both instruments is mainly within £100 m, but in the
late afternoon the differences become larger. Both instruments did not precisely perform
during periods with clouds. The strongest aerosol gradient measured by the ceilometer was
somewhere within the cloud, which might not be the top of the PBL (Wang et al. 2012).
Cloud tops can occur below the PBL top, in the entrainment zone, or above the PBL (Stull
1988). The refractive index has also a maximum above the clouds due to the large gradient of
humidity and turbulence, as well as the occurrence of wind shear (Grimsdell and Angevine
1998; Bianco and Wilczak 2002).

On the contrary, “considerable differences between PBL and aerosol layer” were observed
in the Swiss Alps (Wekker et al. 2004). The literature describes the convective boundary layer
as a PBL that follows the terrain (Wekker et al. 2004) or as a layer that is decoupled from
the terrain (Kossmann et al. 1998). On the other hand, an aerosol layer is nearly uniform
in height and generally does not follow the underlying terrain on a scale up to tens of km
(Nyeki et al. 2000; Wekker 2002). The difference between the aerosol layer and PBL follows
a daily cycle, and at night the aerosol or residual layer is deeper than the stable boundary
layer. Therefore, the convective boundary-layer height follows the terrain during the morning,
while the aerosol layer can be 1-2 km deeper than the PBL in a valley. As the convective
boundary layer grows rapidly after sunrise, the difference between the convective PBL and
the aerosol layer height becomes smaller.

3.4 PBL Measurements Compared with COSMO-2

The PBL height at the two grid points of the COSMO-2 model closest to the KLS site,
which are also chosen based on similarity criteria of the surface type with the KLS site, were
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Fig. 7 PBL heights measured by the ceilometer (upper panels) and the wind profiler (lower panels) versus
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squares regression. The squared correlation coefficient and the root-mean-square error (RMSE) are given as
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analyzed. The simulated PBL height is compared with the PBL height determined by the
ceilometer (gradient analysis algorithm) and the wind profiler (Fig. 7). The PBL height of the
first point (ice) shows a clear negative offset of 392 m compared to the PBL height derived
from the ceilometer, and a slightly biased negative offset compared to the wind profiler. The
comparison with the second point (loam) shows strong biased offsets of 1,815 m (ceilometer)
and 2,092 m (wind profiler). The correlations are weak (R? between 0.12 and 0.27) and
the RMSE is large (522 and 740 m). The observed weak correlations are perhaps due to
the bulk Richardson number method used in the COSMO-2 model, which is based on the
virtual potential temperature profiles, hence a different physical parameter than that used for
ceilometer and wind profiler methods. Possible reasons for the disagreement can be the grid
resolution and parametrization schemes, and the surface did not match the real topography.
Additionally, there are uncertainties in the meteorological profiles or uncertainties within the
bulk Richardson number method in general. Furthermore, the comparison between a single
measurement point and a grid point is limited. There is also a challenge of developing a
correct simulation of this complex environment and topography within the model.

3.5 Influence of PBL on In Situ Measurements at Jungfraujoch

The diurnal cycles of the particle light absorption coefficient oy, (A = 470 % 10=2 m), particle
light scattering coefficient oy, (A = 450 x 10~? m) and particle number concentration N are
shown in Fig. 8a—c. The particle light absorption coefficient is characteristic of polluted
air masses. The absorption and scattering coefficients had a similar diurnal cycle with a
minimum at 0500 UTC and a maximum in the afternoon at around 1600 UTC. The absorption
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speeds measured by the wind profiler and the corresponding PBL height derived from the ceilometer (gradient
analysis retrieval)

and scattering coefficients usually decreased during evening and night (Collaud Coen et al.

2011), but in these cases they stayed on a high level during the afternoon and evening
until 2300 UTC and decreased when the air mass was replaced by free tropospheric air.
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Particle number concentration is a measure for both aged particles and for new Aitken-mode
particles that are freshly formed from gaseous precursors (Weingartner et al. 1999). The daily
cycle of N had a minimum at 0600 UTC and peaked at 1400 UTC. The distinct spikes of
Oap (A =470 x 10~2 m) and N between 0700 and 1000 UTC were caused by local pollution
events due to the use of a snowcat and other tourist activities at the JFJ station. Particle
number concentration decreased in the afternoon and stayed at low level in the nighttime,
when free tropospheric air replaced the air at the JFJ site, except for periods where the PBL
air arrived at the JFJ site on 8, 9, 12 and 20 July 2010 in the afternoon.

During fair weather days, a clean relation between PBL height and the in situ measurements
existed. On the 8 July 2010, the PBL showed a maximum at 3,250 m a.s.1. above the KLS site at
1300 UTC (Fig. 8e). Absorption and scattering coefficients (Fig. 8a, b) greatly increased from
1200 UTC showing a maximum at 1600 UTC. After 1800 UTC both coefficients decreased
rapidly towards the usual low nocturnal level. The air parcels of the PBL were measured at
the JFJ site, although the measured PBL height above the KLS site was 300 m lower than the
JFJ altitude. The transport of PBL air upwards can be explained by strong upslope winds,
which were observed by the wind profiler (see example of 7 July in Fig. 4). Therefore, the
absolute height of the PBL was higher at the JFJ site than at the KLS site, while the PBL
height above ground remained much lower at the JEJ site than at the KLS station. On 9 July
2010, the diurnal PBL increased only to about 3,200 m a.s.1. (Fig. 5); in the evening an aerosol
layer comprising long-range transported Saharan dust was detected and observed by all in
situ aerosol measurements. Scattering and absorption coefficients did not decrease as much
as on 7 July, but remained high until midnight. The aerosol layer detected by the ceilometer
in the late evening might be a gradient caused by a layer of Saharan dust. On 20 July 2010
(Fig. 8f), the scattering and the absorption coefficients remained high in the evening when
also the residual layer showed little variations compared to the noon height (see Fig. 3a).
The wind direction at the JFJ site changed in the late afternoon from north to south. This
south wind transported polluted air from the Rhone valley across the glacier to the JFJ site.
On the contrary, the PBL stayed below 3,000 m a.s.l. on the 7 and 31 July as well as on the
7 and 9 August (see Figs. 8d, g; 5), so that no high increase in absorption and scattering
coefficients was detected at JFJ (Fig. 8a, b, cases of 9 and 31 July as well as 9 August are
not being shown). The measured increase in particle number concentration during daytime is
due to new particle formation and subsequent growth, since it is the only aerosol parameter
presented in this study that is sensitive to the very small Aitken mode particles.

We found a good agreement between the remote-sensing and in situ measurements. Due
to topography and transport by upslope winds, the PBL air is measured at the JFJ if the PBL
height, detected by remote sensing instruments, is at least 2,800 m above the KLS site.

4 Conclusions

The wind direction greatly depends on the local topography and a comparison of the mea-
surements at both mountain sites is difficult to be done in most cases. In situ and remote wind
measurements should therefore be compared with great care. During fair weather days the
PBL above JFJ follows a standard diurnal cycle with residual and convective layers during
night and day, respectively. Besides the standard behaviour, the PBL also shows more com-
plex structures, such as two subsiding aerosol layers during the afternoon and two declining
residual layers, interpreted as “historic layers”. These two findings were unexpected and are
not found in the common literature. A good agreement was found between the boundary-
layer height determined by the ceilometer and the wind profiler during daytime, especially
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for periods without clouds. Consequently, we conclude that the aerosol layer top measured
by the ceilometer seemed to be consistent with the convective boundary-layer top, which is
detected by the wind profiler. A full diurnal cycle of the boundary-layer height variations
could only be detected using a ceilometer. The agreement between the calculated boundary-
layer height of the numerical weather prediction model COSMO-2 and the measurements
was found to be poor, with low correlation coefficient and large offsets. Possible reasons are
the not optimal resolution of implemented topography within the model, the model retrieval
method, and the quality of the input data. In addition, one has to keep in mind that a point
measurement is compared to a PBL height of the entire grid cell. However, further improve-
ment of numerical models for complex terrains like the Alps is highly desirable to provide an
accurate weather prediction. The in situ aerosol measurements at Jungfraujoch were strongly
influenced by the planetary boundary-layer development above Kleine Scheidegg. The PBL
top at Jungfraujoch showed a clear similarity to the boundary-layer height measured above
Kleine Scheidegg, if the effect of upslope winds were taken into account. Thereby, it could
be concluded that the boundary-layer air is observed within a time delay of a few hours at
Jungfraujoch, although the boundary-layer height above Kleine Scheidegg is some hundreds
of metres lower than the altitude of Jungfraujoch. This air mass persisted at Jungfraujoch
station until replaced by free tropospheric air in the late evening. Besides a boundary-layer
influence, particle light absorption and scattering coefficients were influenced by long range
transport of Saharan dust, precursor gas concentrations and photochemical processes in the
free troposphere causing secondary aerosol formation. Furthermore, advection of aerosol
and transport of pollutions from the south to Jungfraujoch influenced the measurements and
hampered the correlation between the in situ and remote sensing measurements.
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