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Abstract

This study presents an inter-comparison of two active remote sensors (lidar and
ceilometer) in determining the structure of the Planetary Boundary Layer (PBL) and
in retrieving tropospheric aerosol vertical profiles over Athens, Greece. This inter-
comparison was performed under various strongly different aerosol concentrations (ur-
ban air pollution, biomass burning and Saharan dust event), implementing two differ-
ent lidar systems (one portable Raymetrics S.A. lidar system running at 355nm and
one multi-wavelength Raman lidar system running at 355nm, 532 nm and 1064 nm)
and one CL31 Vaisala S.A. ceilometer (running at 910 nm). To convert the ceilometer
data to data having the same wavelengths as those from the lidar, the backscatter-
related Angstrém exponent was estimated using ultraviolet multi-filter radiometer (UV-
MFR) data. The inter-comparison was based on two parameters: the mixing layer
structure and height determined by the presence of the suspended aerosols and the
aerosol backscatter coefficient. Additionally, radiosonde data were used to derive the
PBL height. In general a good agreement is found between the ceilometer and the
lidar techniques in both inter-compared parameters in the height range from 500 m to
5000 m, while the limitations of each instrument are also examined.

1 Introduction

The Planetary Boundary Layer (PBL) being the lowest part of the troposphere is di-
rectly influenced by the earth’s surface, solar irradiance and anthropogenic activities.
Thus, air pollution concentrations in the PBL are generally orders of magnitude higher
than those in the free troposphere (Stull, 1988). Additionally, heat and moisture from
the surface must first be mixed through the PBL before being available to the circu-
lation of the free troposphere. Consequently, studies of atmospheric dynamics in the
troposphere very frequently employ PBL height data. Moreover, the influences of an-
thropogenic activities and earth’s surface upon air quality can be monitored by studying
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the aerosol concentration and their relevant optical-microphysical and chemical prop-
erties (Seinfeld and Pandis, 2006).

Laser remote sensing techniques (lidars and ceilometers) are proven to be power-
ful tools for tracking and monitoring the evolution of the PBL height (Papayannis and
Balis, 1998; Amiridis et al., 2007), as well as the vertical profiles of aerosol properties
over long time periods (Amiridis et al., 2005). The backscatter intensity of the returned
signal depends mainly on the particulate concentrations in the air. As the size of parti-
cles varies with their moisture content, the reflectivity is influenced also by atmospheric
humidity (Angelou et al., 2010). Therefore, the lidar techniques are useful for three
dimensional mapping of aerosols, remote sensing of ambient air pollutants, industrial
emissions, and natural aerosol emissions due to volcanoes eruptions (Wang et al.,
2008), biomass burning (Amiridis et al., 2009) and desert dust transport events (Pa-
payannis et al., 2008, 2009). On the other hand, ceilometers are devices used mostly
for measuring the height of cloud bases by aerosol detection (Martucci et al., 2010).

Both lidars and ceilometer involve laser light backscattering measurements to de-
termine the aerosol backscatter coefficient (Klett, 1981) and thus, to obtain the cloud
base (Martucci et al., 2010) or the PBL height (Eresmaa et al., 2006; McKendry et al.,
2009; Heese et al.,, 2010). The difference between the two instruments is that the
laser light source used in ceilometers is much weaker and broader spectrally com-
pared to that of a lidar system, which limits the ability of ceilometers to detect aerosols
up to 3km, according to Markowicz et al. (2008). Recently, Heese et al. (2010) com-
pared aerosol backscatter coefficient profiles retrieved by a new generation CHM15K-X
Jenoptik ceilometer and the IfT’s lidar Polly in Leipzig (Germany) and suggested that
the ceilometer is able to detect aerosol layers in the PBL and also in the free tropo-
sphere up to altitudes of the order of 4 km.

In this study aerosol backscatter coefficient profiles obtained by a CL31 ceilome-
ter (from Vaisala S.A.) owned by the National Observatory of Athens were evaluated
against quality assured aerosol profiles obtained by the National Technical University
of Athens (NTUA) and Raymetrics S.A. lidar systems, over a highly polluted urban site,
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such as the Athens Basin. The data were obtained under various strongly different
aerosol-type presences (urban pollution, biomass burning and Saharan dust event).
Section 2 briefly presents the instrumentation involved in this study. Sections 3 and 4
show an inter-comparison of the PBL height and the aerosol backscatter coefficient, re-
spectively, as retrieved by ceilometer and lidar measurements. Finally, Sect. 5 presents
our conclusions.

2 Instrumentation
2.1 Ceilometer

The ceilometer used in this study was a Vaisala CL31 model. It is equipped with
an InGaAs MOCVD pulsed diode laser. The wavelength of the emitted laser beam is
910 nm and the energy per pulse is 1.2 uJ. The emission frequency is 10 kHz, while the
pulse duration is 100 ns. The elastically backscattered radiation is collected by a lens,
which plays the role of the receiving optics. The inner part of the lens is used for the
alignment of the instrument and for the laser beam emission, while the outer part is
used for the collection and focusing of the backscattered radiation onto the receiver.
The full overlap height of the instrument is achieved for altitudes higher than 50m. The
separation between the two areas is achieved by an oblique mirror. The backscattered
data are acquired and stored by a 60 MHz digital processor and stored in a hard disk
unit. The aerosol backscatter coefficient is obtained from 50 m up to 7.5 km height with
a spatial resolution of 5m and a temporal resolution of 2s (http://www.vaisala.com).
The full overlap height of the instrument is achieved for altitudes higher than 10 m.

2.2 Lidar systems

The Raymetrics S.A. lidar system is a portable eye-safe elastic backscatter lidar sys-
tem, fully automated. It can work 24 h per day outdoors in an unattended mode under
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almost any weather conditions. A pulsed laser beam at 355 nm is emitted into the at-
mosphere. The energy per emitted pulse is 40 mJ, while the pulse duration is 10 ns.
A beam expander is used at the emission unit in order to expand the laser beam by
a factor of 10, so that the eye safety is completely fulfilled. The repetition rate is 10 Hz.
The backscattered radiation is collected by a Cassegrain telescope of 200 mm in di-
ameter. The collected radiation is spectrally analyzed (using beam splitters), filtered
(using narrow band interference filters) and focused on photomultiplier tubes (PMTSs)
which are used to detect the received lidar signals in the analog and the photon count-
ing mode. The corresponding raw signal spatial resolution is 3.75 m and the temporal
resolution was fixed at 5min. The full overlap height of the instrument is achieved for
altitudes higher than 100 m.

The NTUA lidar system is a multi-wavelength Raman lidar based on a compact
pulsed Nd:YAG laser, emitting simultaneously at 1064, 532 and 355 nm with output
laser-beam energies of 400, 150 and 75 mJ per pulse, respectively. The repetition rate
is 10 Hz. The optical receiver is a Cassegrain-reflecting telescope with a primary mirror
of 300 mm in diameter and a focal length f = 600 mm, directly coupled, through an op-
tical fiber, to the lidar signal detection box (Mamouri et al., 2007). The lidar signals are
detected with photomultiplier tubes (PMTs) operating both in the analog and photon-
counting mode. The corresponding spatial resolution of the detected raw signals is
7.5m. The NTUA lidar detects both elastic backscattered (at 1064, 532, 355 nm) and
Raman (at 607 and 387 nm-nitrogen and 407 nm-water vapor) signals. The lidar oper-
ates in the frame of EARLINET project since 2000, while the algorithms implemented
for the data acquisition and processing were successfully inter-compared (Béckmann
et al., 2004; Matthias et al., 2004; Pappalardo et al., 2004). The NTUA lidar system can
provide continuous measurements of the aerosol backscatter vertical profiles ranging
from 1000 m up to 15000 m height. For this study the time resolution of the retrieved
aerosol profiles was fixed at 1.5 min, while the spatial resolution at 15 m. The full over-
lap height of the instrument is achieved for altitudes higher than 1000 m.
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2.3 Multi filter radiometer

The ultraviolet Multi Filter Radiometer (UV-MFR) measures the total, diffuse and di-
rect solar radiation. The spectral measurements are performed in 6 wavelengths and
a wide-band channel. The total and the diffuse radiation are measured directly while
the direct radiation is calculated as the difference between the two. The spectral width
of the UV-MFR optical filters is 10nm (FWHM) at 415, 500, 615, 671, 867, 940 nm.
The cosine response is 5% for zenith angles between 0° and 80°. The instrument is
designed to perform continuous measurements for external temperatures ranging from
-30 to +50°C since the electronics and the photodiodes are enclosed in a thermally
controlled box.

3 Inter-comparison of Planetary Boundary Layer height determination using
ceilometer and lidar measurements

The CL31 ceilometer and the Raymetrics lidar were combined and collocated for two
days (26—27 November 2008) in order to perform measurements over Athens. Both in-
struments were located nearby the actinometric station of the National Observatory of
Athens on the hill of Pnyx (37°58'19.46" N, 23°43'05.82" E), 100 m a.s.l. The ceilome-
ter was operated on a 24-h basis, while the lidar for selected time periods within the
above two days. All data are presented in Universal Time Coordinated (UTC).

In Fig. 1a we present the temporal evolution of the backscattered signal (in arbitrary
units-A.U.) at 910 nm as obtained by the ceilometer on 26 November, between 10:15
and 13:45 UTC, with a 10 min time resolution (based on 2 s raw time resolution signals).
In Fig. 1b and ¢ we show the temporal evolution of the range-corrected backscattered
lidar signal and the corresponding first derivative of the logarithm of the range-corrected
lidar signal at 355nm (in A.U.), respectively, as obtained by the Raymetrics lidar from
10:1510 13:45 UTC on the same day. The same procedure was followed during the next
day on 27 November, where simultaneous measurements were obtained from 08:40
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to 11:35UTC (Fig. 2a—c). Along with the ceilometer and lidar data, radiosoundings
were performed at a nearby location by the Hellenic National Meteorological Service
(HNMS) at 12:00 UTC to determine the PBL height. Thus, Fig. 3a and b presents the
vertical profile of the relative humidity (%) and the potential temperature (K) for 26 and
27 November, respectively.

To retrieve the PBL height we used both radiosounding and lidar data, according
to the methodologies provided by Stull (1988) and Menut et al. (1999), respectively.
In the first case, the strong negative gradient of the relative humidity, along with the
positive gradient of the potential temperature delineate the position of the PBL height.
In the latter case, the PBL height is found where the minimum of the first derivative of
the logarithm of the range-corrected lidar signal occurs. In our case we used the first
derivative only for the lidar signals, since for the ceilometer data this quantity was not
available to us. When only the aerosol backscatter coefficient data are available (in
our case the ceilometer data) we can still derive the PBL height, since its maximum
height is very frequently associated with a strong gradient in the vertical aerosol profile
(Endlich et al., 1979; Menut et al., 1999).

According to the ceilometer data (Fig. 1a) the PBL height on 26 November ranged
between 0.65 to 0.8-0.85kma.s.l. (light blue color) and remained practically constant
around 0.85km after 12:30 UTC. The internal part of the PBL (Stull, 1988) is repre-
sented by the light green color structure, which is located around 500-600m. The
corresponding range-corrected backscattered lidar data (in A.U.) at 355 nm provided
by the Raymetrics system (Fig. 2b) showed a similar structure, where the PBL height
is depicted as the top of the light blue zone, located around 800-850 m a.s.l. The inter-
nal part of the PBL is represented by the light green color structure, which is located
around 600-650 m. This becomes more visible in the temporal evolution of the first
derivative of the logarithm of the range-corrected lidar signal (Fig. 2c) where the zones
of dark blue colors delineate the PBL height (ranging from 800-900m). As a first
conclusion, comparing the three graphs of Fig. 1a—c, we can say that both systems
revealed a very similar PBL structure (with a difference of about 50—100 m), when the
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same time period of measurements is considered. However, when we consider the
vertical profiles of the relative humidity and the potential temperature for that day from
the radiosonde (Fig. 3a), we clearly see the presence of two layers, according to the
criteria mentioned previously: the first up to 1450 m and the second around 2000 m
height. This is a case where there is an important discrepancy between the retrieved
PBL height. This difference may be attributed to the fact that the lidar and the ra-
diosonde measurements were not collocated (they were at a distance of about 6 km),
thus not the same air masses were sampled.

Next day’s ceilometer's measurements (Fig. 2a) showed that the PBL height ranged
from 550m (around 09:00UTC) to 1250-1300m (around 10:20UTC) (light orange-
yellow color structure). The corresponding lidar measurements (Fig. 2b and c) showed
that the PBL height ranged from 550 m (around 09:00 UTC) to 1300-1400 m (around
11:30 UTC), which is a typical evolution of the PBL due to increased solar irradiance
(Stull, 1998). This evolution is more clearly visible in Fig. 2c by the deep blue color
scale structure. In this comparison of the two instruments, we see that both of them
were able to retrieve the PBL height, with a difference of about 50-100 m. This may
be related to the weaker signals retrieved by the ceilometer, compared to those of
the lidar (Markowicz et al., 2008). Moreover, the radiosonde data obtained that day
(27 November at 12:00 UTC) showed that the PBL height was indeed around 1300—
1400 ma.s.l. (first knee with intense negative gradient of the relative humidity and the
positive gradient of the potential temperature), which is in very good accordance with
the lidar measurements.

4 Inter-comparison of aerosol backscatter coefficients obtained by lidar and
ceilometer measurements

In this study we also inter-compared the aerosol backscatter profiles obtained by the
three laser remote sensors (two lidars and one ceilometer). The lidar system provided
by Raymetrics S.A. was used as a reference system for comparing the vertical profiles
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of the aerosol backscatter coefficient. The main drawback of this inter-comparison was
that the Raymetrics lidar and the CL31 ceilometer were running at two different wave-
lengths. The ceilometer operates in the infrared (910 nm) while the lidar operates in the
ultraviolet (355 nm). In order to overcome this obstacle and reduce the spectral con-
version errors, we used sun photometer data from the multi-filter radiometer (UV-MFR)
to estimate the so-called backscatter-related Angstrom exponent. The conversion of
the ceilometer’s backscatter coefficient to the ultraviolet spectral area was applied ac-
cording to the formula:

(1)

A
b/11 — e—lf‘l<E).C(Z)l)/12 (2)

where 1,=355 or 1064 nm and 1,=910 nm are the emitted wavelengths, while b, and
b,, are the corresponding backscatter coefficients at altitude z. In lidar terminology ¢(2)

is the so-called color index and equals to the Angstrém exponent related to backscat-
ter, which indicates the size of the scattering aerosols. The calculated values of the
Angstréom exponent (Michalsky et al., 2001) for the days into consideration using mea-
surements of the aerosol optical depth (AOD) obtained by the UV-MFR radiometer
were found to be 1.979 for 26 November and 0.369 for 27 November.

In Fig. 4a and b we present the results of the comparison of the aerosol backscatter
coefficient profiles obtained by the Raymetrics (at 355 nm) and Vaisala (converted to
355 nm data) instruments for 26 and 27 November. Since the ceilometer’s output en-
ergy is low we had to perform a 3-h average in order to sufficiently reduce the noise
in the backscatter coefficient profiles obtained by the instrument. This method was fol-
lowed in all the ceilometer backscatter coefficient profiles presented in this study. For
the lidar measurements we averaged only one hour profiles as shown in Fig. 4a and b.
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From Fig. 4a and b we see that the inter-comparison of the retrieved aerosol
backscatter vertical profiles is quite satisfactory from 500 m (above the full overlap
height) up to 5000 m height asl., except for 26 November, where the Raymetrics lidar
shows much higher aerosol backscatter values below 1100 m than the ceilometer (the
mean difference is of the order of 33%). This may be attributed to the unsatisfactory
retrieval of the ¢(z) value (due to mixture of different aerosol types) to perform the con-
version of the aerosol backscatter coefficient from the near infrared to the ultraviolet
spectral region. In the following section we present an inter-comparison analysis be-
tween the NTUA and the ceilometer retrieved vertical aerosol backscattered profiles
obtained during two different aerosol conditions over Athens (biomass burning and Sa-
haran dust event).

4.1 Case studies
4.1.1 Forest fire (biomass burning) smoke aerosols

On 23 July 2009 during scheduled measurements within EARLINET, an intense aerosol
layer was detected by the NTUA Raman lidar system. This layer (about 500—1000 m
thickness) appeared over Athens at the altitude of 3500 m (around 02:40 UTC) and
started to descend during the night, merging with the convective PBL located around
2200 m at about 12:00 UTC. In Fig. 5 we present the temporal evolution of the range-
corrected lidar signal obtained at 1064 nm. According to the Hysplit model (Draxler
and Rolph, 2003), the origin of the air masses arriving over Athens at various lev-
els (2000m, 3000m and 4000 m) at 12:00 UTC on that day overpassed the Balkan
area, only one day earlier (Fig. 6). It seems that these air masses were enriched by
biomass burning particles emitted from forest fires in Romania, as corroborated by the
corresponding ESA/ATSR data (the orange points indicating the active hot spots from
biomass burning sites).

Figure 7 shows the averaged vertical profiles of the aerosol backscatter coefficient
obtained by the NTUA Raman lidar (at 1064 nm) and the ceilometer (converted to
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1064 nm data). As shown in Fig. 7 both instruments recorded on 24 July a very in-
tense aerosol layer over Athens extending from 2000 m up to 3300 m. The backscatter-
related Angstrdm exponent value used for the wavelength conversion of the ceilome-
ter backscatter coefficient profile from 910nm to 1064 nm was found to be 1.59
and was calculated as described previously. The maximum value of the backscat-
ter coefficient within this layer was 2x10 8 m™' g™ according to the ceilometer and
1.35x10°m™ ' 5™’ according to the NTUA lidar system. This difference can be at-
tributed to the fact that these two systems were not collocated, since the ceilometer
was located on the Pnyx hill, while the lidar was located inside the NTUA Campus at
a distance of 6 km. In any case the mean difference between the two vertical profiles
was of the order of 32%.

4.1.2 Desert dust aerosols

On 1 June 2009, the NTUA Raman lidar system detected several aerosol layers over
Athens. Two strong and stable layers were detected around 3750 m and 2000 m, while
less intense layers were found around 4500 m and 5000 m. On that day simultaneous
measurements were performed by the NTUA Raman lidar system and NOA ceilometer.
In Fig. 8 we present the temporal evolution of the range-corrected lidar signal (in A.U.)
at 1064 nm as obtained by the NTUA Raman lidar system on 1 June 2009 (12:02—
13:19UTC). In Fig. 8 we can see that the aerosol layer around 2000 m merges with
the convective PBL around 13:00 UTC. To identify the origin of the air masses sampled
over Athens at various heights, that were very rich in particles, we run the Hysplit model
again (Fig. 9). Indeed the 4-day air mass back-trajectories showed that the origin of
the particles detected over Athens was from the Central and Western Saharan deserts,
which explains the intense aerosol layers detected.

In Fig. 10 we examine the corresponding aerosol backscatter coefficient profiles
obtained by the two instruments (the lidar data were averaged over one hour, while
the ceilometer data over two hours; all averages were made around 12:00 UTC). The
ceilometer vertical profile of the aerosol backscatter coefficient obtained originally at
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910 nm was converted to the wavelength of the NTUA lidar (1064 nm) according to
Eq. (2). The backscatter-related Anstrém exponent used for the calculation was 0.880
and was found using the AOD data obtained by the UV-UV-MFR radiometer (at 368 nm
and 940 nm). As it can be observed in Fig. 10 the aerosol layers were recorded by both
instruments and were in generally in good agreement. At the peak of the layer A the
values of the backscatter coefficient measured by the two instruments were almost
identical approximately equal to 3.2x107° (m'1 sr’1). At the peaks of the more intense
layers B and C the ceilometer data showed higher values than the ones obtained by
the lidar system. For layer B the peak values obtained by the ceilometer and the lidar
were 5.9x107° (m_1 sr_1) and 4.16x107° (m_1 sr_1), respectively at 4.7km. Layer C
was Iyin% at 5.7 km and the corresponding values of the ceilometer and the lidar were
5.9x10" (m_1 sr‘1) and 3.5x107° (m‘1 sr‘1), respectively. As can be seen in Fig. 10
the ceilometer shows approximately much higher values of the backscatter coefficient
at layers B and C.

This can be attributed (as discussed previously) to the fact that layers B and C
are intense and thus an unsatisfactory retrieval of the Angstrdm exponent related to
backscatter, in high aerosol loads, may result in higher uncertainties on the retrieved
backscatter coefficient profile. Moreover, since our measurements were taken during
daytime we did not have Raman lidar measurements in order to obtain the exact lidar
ratio profile (Ansmann et al., 1992). Thus, for our lidar calculations we used a lidar
ratio of 60 sr typical for Sahara dust episodes over Athens (Papayannis et al., 2005,
2008) which introduces an extra error parameter in the retrieved aerosol backscatter
coefficient profile values calculated by the lidar method. An additional uncertainty is
introduced by the use of a lidar ratio of 30 sr used by default by the ceilometer, which
may explain the difference found between the two aerosol backscatter profiles. Finally,
the distance of 6 km between the two sounding sites, may not play a crucial role in this
kind of large-scale Saharan dust transport events. In any case the mean difference
between the two vertical profiles, below 4000 m height (layer A), was of the order of
17%, while for the layers B and C was found to be 84%.
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5 Summary and conclusions

In this paper we showed the inter-comparison of two active remote sensors (lidar and
ceilometer) in determining the structure of the PBL and in retrieving the tropospheric
aerosol vertical profiles over Athens, Greece. This was performed under strongly dif-
ferent atmospheric conditions (urban air pollution, biomass burning and Saharan dust
event). We showed that in general a good agreement was found in determining these
two parameters, especially when collocated measurements were performed (a differ-
ence of about 50-100m in retrieving the PBL height and about 5-33% in the case
of the aerosol backscatter coefficients inter-comparison). This difference may be at-
tributed mainly to an unsatisfactory retrieval of the backscatter-related Angstrom ex-
ponent, and less to the much weaker signal of the ceilometer compared to the lidar
system. It was also found that the Vaisala CL31 ceilometer was able to detect correctly
the presence of various aerosol layers under strongly different aerosol concentrations
(urban air pollution, biomass burning and Saharan dust event). Moreover, we found that
the conversion of the ceilometer data from the near infrared to the ultraviolet region, to
be comparable to the lidar data, gave quite satisfactory results.
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Fig. 1. Backscattered signal obtained by the ceilometer (a), range-corrected (b) and first deriva-
tive of the logarithm (c) of the backscattered lidar signal obtained by the Raymetrics S.A. lidar
system from 10:15 to 13:45 UTC on 26 November 2008 (in A.U.).
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Fig. 8. Temporal evolution of the range-corrected lidar signal (in A.U.) at 1064 nm as obtained

by the NTUA Raman lidar system on 1 June 2009 (12:02-13:19 UTC). Back Close
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Fig. 9. Back-trajectories of air masses arriving over Athens on 1 June 2009 (12:00UTC) at Full Screen / Esc ‘

various heights (2100 m, 3700 m, 4500 m).
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Fig. 10. Aerosol backscatter coefficient profiles obtained by the Vaisala ceilometer (11:00— : : :
13:00 UTC) and the NTUA Raman lidar system (12:00-13:00 UTC) on 1 June 2009. IR
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