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Abstract. This study presents an inter-comparison of 1 Introduction

two active remote sensors (lidar and ceilometer) to deter-

mine the mixing layer height and structure of the Plan-The dynamics of the Planetary Boundary Layer (PBL) are
etary Boundary Layer (PBL) and to retrieve tropospheric directly influenced by the Earth’s surface, solar irradiance
aerosol vertical profiles over Athens, Greece. This inter-and anthropogenic activities. Air pollution concentrations
comparison was performed under various strongly differ-in the PBL are generally orders of magnitude higher than
ent aerosol loads/types (urban air pollution, biomass burnthose in the free troposphere (Stull, 1988). Additionally, heat
ing and Saharan dust event), implementing two different li-and moisture from the surface must first be mixed through
dar systems (one portable Raymetrics S.A. lidar system runthe PBL before being available to the circulation of the free
ning at 355nm and one multi-wavelength Raman lidar sys+troposphere. Consequently, studies of atmospheric dynam-
tem running at 355 nm, 532nm and 1064 nm) and one CL3Jics in the troposphere very frequently employ PBL height
Vaisala S.A. ceilometer (running at 910 nm). Spectral con-data. Moreover, the influences of anthropogenic activities
\gersions of the ceilometer’s data were performed using th%nd earth’s surface upon air qua”ty can be monitored by
Angstiom exponent estimated by ultraviolet multi-filter ra- studying the aerosol concentration and their relevant optical,
diometer (UV-MFR) measurements. The inter-comparisonmicrophysical and chemical properties (Seinfeld and Pandis,
was based on two parameters: the mixing layer height de2006).

termined by the presence of the suspended aerosols and the) qer remote sensors, such as lidars and ceilometers, are

attenuated backscatter coefficient. Additionally, radiosondeproven to be powerful tools for tracking and monitoring the

data were used to derive the PBL height. In general, & good,o|ytion of the PBL height (Papayannis and Balis, 1998:
agreement was found between the ceilometer and the lidag iirigis et al., 2007), as well as the vertical profiles of

techniques in both inter-compared parameters in the height e oso) properties over long time periods (Amiridis et al.,
range from 500m to 5000m, while the limitations of each q5)  The backscatter intensity of the returned signal de-
instrument are also examined. pends mainly on the particulate concentrations in the air, but
also on their reflective properties which are related to their
moisture content (e.g. Angelou et al., 2011). 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

Correspondence toA. Papayannis eruptions (Wang et al., 2008), biomass burning (Amiridis et
BY

(apdlidar@central.ntua.gr) al., 2009) and desert dust transport events (Papayannis et al.,
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Table 1. Technical properties of the CL31 ceilometer and the Raymetrics and NTUA lidars. Typical uncertainties on the retrieved values of
the attenuated backscatter coefficient, the mixing and cloud height are also given.

CL31 ceilometer Raymetrics lidar NTUA lidar
Measurement range (m) daytime/nighttime 70-7500 200-10000 1000-15000
Range resolution (m) 5/10 (selectable) 7.5 15
Laser system InGaAs MOCVD laser diode  Quantel Big Sky CFR 200  Quantel Brilliant
Wavelength (nm) 905 355 355/532/1064
Laser pulse energy (mJ) 12103 40 75/150/400
Laser pulse duration (ns) 110 10 5
Mean pulse repetition rate (Hz) 8192 10 10
Typical uncertainty on attenuated +20% +20—-30% +20—-30%
backscatter coefficient
(30 min average time)
Typical uncertainty on mixing height +200 +100 +100
determination (30 min average time) (m)
Typical uncertainty on cloud height +10 up to 200 415 up to 200 +15 up to 200

determination for 30 min average (m)

2005, 2008, 2009). On the other hand, ceilometers are de2 Instrumentation
vices used mostly for measuring the height of cloud bases by
aerosol detection (e.g. Martucci et al., 2010). 2.1 Ceilometer

Both lidars and ceilometers involve laser light backscat- , o . .
tering measurements to determine the attenuated backscal'® cgﬂometer u;gd n this study_!s a Vaisala C_L31 model,
ter coefficient, from which the aerosol backscatter coefficient®€Scribed in detail in nkel and Rasinen (2004), Ninkel et
could be also retrieved (Klett, 1981) and thus, to obtain the?!: (2007) and Emesis etal. (2008). In brief, CL31 is equipped
cloud base (Martucci et al., 2010) or the PBL height (Eres—Wlth an InGaAs_/MOCVD (Indium Q_alllum Arsemd_e/MetaI-
maa et al., 2006, 2009; McKendry et al., 2009; Heese eprga_mc Chemical Vapor Depqsmon) pulsed diode laser
al.,, 2010). According to Markowicz et al. (2008), the fact emitting at 905 10nm e}nd having an energy per pulse Qf
that the laser light source used in ceilometers is less pow-l'2 WA 20%.(factory adjusted).' Th.e emission fr.equency IS
erful and spectrally broader compared to that of a lidar sys-8'19 kHz, wh|le_ the pulse duration is 11(_) ns. Briefly, Cl_‘3_1
tem, the ability of ceilometers to detect aerosols is limited US€S @ novel single (common) lens design, whose main in-
up to around 3km height. Recently, Heese et al. (201O)n9v§t|on is in th(_a _way_the common lens is used fo_r trans-
compared aerosol backscatter coefficient profiles retrieved b{litting and receiving light. The centre of the lens is used
a new generation CHM15K-X Jenoptik ceilometer and the ©F collimating the outgoing Iaser. beam, whereas the outer
IfT’s lidar Polly in Leipzig (Germany) and suggested that the part of the Iens is used _fo_r_focusmg the backs&_:a_ttered light
ceilometer is able to detect aerosol layers in the PBL and®NtC the receiver. The division between transmitting and re-
also in the free troposphere up to altitudes of the order of°€1VINg areas is provided by an inclined mirror with a hole
4km during day time, while during nighttime, this altitude " the centre. This arrangement significantly _reduces the.op—
may extend higher, depending on the aerosol load present. tical cros_s—talk betvyeen transmitter and receiver. Acgordmg

In this study, the attenuated backscatter coefficient proﬁle§0 the Vaisala Qsers dee (200.9) the fu!l overlap height of
obtained by a CL31 ceilometer owned by the National Ob—the mstr_ument IS atheved for altitudes higher than 1.0 m, al-
servatory of Athens were evaluated against quality assure ough in practice IS on the order of 70m (Ma_rtucm_et al.,
aerosol profiles obtained by the National Technical Univer- 010)'. The separation between the two areas is ach_|eved by
sity of Athens (NTUA) and Raymetrics S.A. lidar systems, an obliqgue mirror. The backscattered data are acquired and

over a highly polluted urban site, such as the Athens Basin?tored by a 60 MHz digital processor and stored in a hard

The data were obtained under strongly different aerosol-typéj'sk unit. Thus, the attenuated bgckscatter coefficient is ob-
presences (urban pollution, biomass burning and Saharaffi"€d from 70m up to 7.5km height (Mkel et al., 2007),
dust event). Section 2 briefly presents the instrumentatioﬁNIth a sglectable spatial resplut|on of 5 or 1.0 m and temporal
involved in this study. Sections 3 and 4 show an inter- resolution of 2sto 120 s (Vaisala Users Guide, 2009). In our
comparison of the PBL height and the attenuated backscattef?S€ We used 10m raw range resolution and 2 s raw temporal
coefficient, respectively, as retrieved by ceilometer and lidar€SO!ution:

measurements. Finally, Sect. 5 presents our conclusions.

Atmos. Meas. Tech., 4, 1261273 2011 www.atmos-meas-tech.net/4/1261/2011/



G. Tsaknakis et al.: Inter-comparison of lidar and ceilometer retrievals 1263

205
(a) Ceilometer

|

4G9 3 e pe we aw e T
@ O ®» G ;g a
IS

g
=~ 1,5
=
2
[}
I
1,0
0,5
10:15 10:40 11:05 11:30 11:55 12:20 12:45 13:05 13:30
TIME (UT)
2.5 -5
Raym etrics lidar 5
-5
(b) 5
2.0 5=
25 -"4
-5
e -8
£ -
Z s o
&=
2
[}
T
1,0
0.5
10:15  10:40 11:05 11:30 11:55 12:20 12:45 13:05 13:30
TIME (UT)
(C) Raym etrics lidar
B
=
£
5
[
I

10:15 10:40 11:05 11:30 11:55 12:20 12:45 13:05 13:30
TIME (UT)

Fig. 1. Attenuated backscatter coefficient (imthsr—1) obtained(a) by the ceilometer antb) the Raymetrics lidar(c) The first derivative
of the logarithm of the range-corrected lidar signal (in arbitrary units: A.U.) obtained by the Raymetrics system. Time height cross sections
are valid from 10:15 UT to 13:30 UT on 26 November 2008. Red lines represent mean PBL height around 12:00 UT.
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Fig. 2. Attenuated backscatter coefficient (insr—1) obtained(a) by the ceilometer an¢b) the Raymetrics lidar(c) The first derivative
of the logarithm of the range-corrected lidar signal (in arbitrary units: A.U.) obtained by the Raymetrics system. Time height cross sections
are valid from 08:40 UT to 11:40 UT on 27 November 2008. Red lines represent mean PBL height around 11:00 UT.

Atmos. Meas. Tech., 4, 1261273 2011 www.atmos-meas-tech.net/4/1261/2011/



G. Tsaknakis et al.: Inter-comparison of lidar and ceilometer retrievals 1265

The main goal of the Vaisala CL31 ceilometer is to report cal profiles ranging from 1000 m up to 15000 m height. For
on the attenuated backscatter coefficient profiles, as well athis study the raw temporal resolution of the retrieved aerosol
cloud base and mixing height in the lower troposphere. Theprofiles was set at 1.5 min, while a spatial resolution of 15m
Quality Assurance procedure and the uncertainties (based owas used. The retrieved averaged aerosol parameters profiles
statistics) of the parameters provided by the CL31 ceilome-(attenuated and aerosol backscatter profiles) are shown every
ter are discussed in bhkel et al. (2007). In brief, the aver- 10 min. The full overlap height of the instrument is achieved
age uncertainty on the retrieval of the attenuated backscattdor altitudes higher than 1000 m (Table 1).
coefficient when using the CL31 ceilometer data averaged The Quality Assurance of the retrieved aerosol profiles by
over 30 min is of the order of 20% (Table 1;iMkel et al.,  the NTUA lidar system has been evaluated in the frame of the
2007). In our study, the raw ceilometers’ data are averagede ARLINET project by performing direct inter-comparisons,
with a 10-min time window to increase the signal to noise both at hardware and software levels, with a reference li-

ratio (SNR) over a threshold of 1. dar system (Bckmann et al., 2004; Matthias et al., 2004;
Pappalardo et al., 2004). The resulting average uncertainty
2.2 Lidar systems on the retrieval of aerosol backscatter coefficient when us-

ing the NTUA and Raymetrics lidars (including both statis-
The Raymetrics S.A. lidar system is a portable eye-safe elastical and systematic errors and corresponding to at least 30—
tic backscatter lidar system, fully automated. It can work 60 min. temporal resolution) in the troposphere is based on
24 h per day outdoors in an unattended mode under almoshe methodology described byoBenberg et al. (1997) and
any weather conditions. A pulsed laser beam at 355 nm igs of the order of 20-30% (Table 1). The choice of the ref-
emitted into the atmosphere. The energy per emitted pulse isrence height for the Klett aerosol backscatter coefficient at
40mJ, while the pulse duration is 10 ns. A beam expander isvavelengthi (b;) retrievals in the case of the lidar signals
used at the emission unit in order to expand the laser beam byas set at 7 km, since the signal to noise ratio (SNR) is still
a factor of 10, so that the eye safety is completely fulfilled. quite high even during daytime (higher than 1, according
The repetition rate is 10 Hz. The backscattered radiation igo our SNR calculations based on Heese et al. (2010), for
collected by a Cassegrain telescope of 200 mm in diameteaveraging time over more than 30min). For the lidar sig-
and having an f-number of 4 (focal length f=800 mm). The nals in Athens, the lidar returns are first corrected for back-
collected radiation is spectrally analyzed (using beam split-ground light and range. The range-corrected signal return for
ters), filtered (using narrow band interference filters) and fo-the molecular atmosphere is then estimated using radiosonde
cused on photomultiplier tubes (PMTs) which are used todata. The lidar range-corrected signal is then normalized on
detect the received lidar signals in the analog and the photothe molecular return to check for calibration and find the to-
counting mode. The corresponding raw signal spatial resotal attenuated backscatter signal. Through this procedure,
lution is 3.75m. For this study the raw temporal resolution the aerosol-free tropospheric region is defined as the region
of the retrieved aerosol profiles was set at 1.5 min, while awhere the total attenuated backscatter coefficient is equal to
spatial resolution of 7.5m was used (Table 1). The retrievedthe molecular attenuated backscatter signal. This region for
averaged aerosol parameters profiles (attenuated and aerogtthens is usual above 6—7 km.
backscatter profiles) are shown every 10 min. The full over-
lap height of the instrument is achieved for altitudes higher2.3 Multi Filter Radiometer

than 200 m (Table 1).
The ultraviolet Multi Filter Radiometer (UV-MFR) measures

The NTUA lidar system is a multi-wavelength Raman li- ) . o
dar based on a compact pulsed Nd:YAG laser, emitting Si_the total, diffuse and direct solar radiation. The spectral mea-

multaneously at 355, 532 and 1064 nm with output laser-surements are performed in 6 wavelengths and a wide-band

beam energies of 75, 150 and 400 mJ per pulse, respectivelfnannel. The total and the diffuse radiation are measured
The repetition rate is 10 Hz, while the pulse duration is 5 ns.directly while the direct radiation is calculated as the differ-

The optical receiver is a Cassegrain-reflecting telescope witfNce between the two. The spectral width of the UV-MFR
a primary mirror of 300 mm in diameter and a focal length ©Ptical filters is 10 nm (FWHM) at 415, 500, 615, 671, 867,
f=600 mm, directly coupled, through an optical fiber, to the 940nM. The cosine response is 5% for zenith angles be-
lidar signal detection unit (Mamouri et al., 2007). The lidar tWeen 0 and 80. The instrument is designed to perform

signals are detected with photomultiplier tubes (PMTs) Oper_continuous measurements for external temperatures ranging

ating both in the analog and photon-counting mode. The cori™omM —30 to +50°C since the electronics and the photodi-
responding spatial resolution of the detected raw signals i$d€S are enclosed in a thermally controlled box.

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 operates in the

frame of EARLINET network since 2000, and can provide

continuous measurements of the aerosol backscatter verti-

www.atmos-meas-tech.net/4/1261/2011/ Atmos. Meas. Tech., 4, 12832011
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Relative Humidity (%) In Fig. 1a we present the temporal evolution of the atten-
P U I L. . 25- uated backscattered signal (infrsr-1) at 910nm as ob-
26/11/2008 tained by the ceilometer on 26 November, between 10:15
1(12:00 UT) 1 1 and 13:30 UT, with a 10 min time resolution (based on 2s
(2f2/.101é28$§3 raw time resolution signals), from 500 m to 2.5km. In
207 ) 207 ' Figs. 1b and c we show the temporal evolution of the atten-
uated backscattered lidar signal and the corresponding first
derivative of the logarithm of the range-corrected lidar sig-
1,54 nal at 355 nm (in Arbitrary Units: A.U.), respectively, as ob-
tained by the Raymetrics lidar from 10:15 to 13:30 UT on the
same day (the corresponding first derivative of the logarithm
104 J 104 of the range-corrected ceilometer signal was not available).
The same procedure was followed during the next day on
1 1 27 November, where simultaneous measurements were ob-
tained from 08:40 to 11:40 UT (Figs. 2a, b and c). Along with
200 295 300 | 305 AR AR AN AN the ceilometer and lidar soundings, radiosoundings were per-
Potential Temperature (K) Richardson number formed at a nearby location by the Hellenic National Meteo-
_ - rological Service (HNMS) at 12:00 UT to determine the PBL
Retatve Humidiy (0) - height. Figs. 3a and b present the vertical profile of the rela-
25 T T 251 tive humidity (in %) and the potential temperature (in K) (left
side), as well as the Richardson numbey)((right side) cal-
culated for 26 and 27 November 2008, respectively.
i 204 27/11/08 To retrieve the PBL height we used both radiosounding
(12:00UT) and lidar data, according to the methodologies provided by
Stull (1988) and Menut et al. (1999), respectively. When ra-
diosonde data are used to derive the PBL (or mixing) height,
the strong negative gradient of the relative humidity, along
with the positive gradient of the potential temperature, de-
lineate the position of the PBL height. According to Joffre
1,0+ . 1.0 et al. (2001), the PBL height is identified by inspecting to-
gether the wind, humidity, potential temperature ang-
files for clear changes in the humidity profiles slope (Figs. 3a
I S 05 and b), and/or persistent large departures;ofdfues beyond
200 205 300 305 432101234 a critical value of about 1. In our case on 26 November at
Potential Temperature (K) Richardson number 12:00 UT, R clearly departs from around 1 at around 820 m
height, which is close to the position (around 900 m) of the
Fig. 3. Radiosonde data providing the vertical profile of the rel- first strong negative gradient of the relative humidity, along
ative humidity (in %), potential temperature (in K) (left side) and ity the positive gradient of the potential temperature. On
the Richardson number (right side), at 12:00 UT over Atht.ens.,, ONy7 November at 12:00 UT,Rlearly departs from around 1
igtgfﬁf?gﬁ(fe)igﬂf 27 Novembefb), 2008. The red lines indi- at around 1530 m height, which is very close to the position
(around 1500 m) of the first strong negative gradient of the
relative humidity, along with the positive gradient of the po-
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0,5
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Height (km)

27/11/2008
(12 UT)

0,5

3 Inter-comparison of Planetary Boundary Layer tential temperature. In all graphs (Figs. 1, 2 and 3) the red
height determination using ceilometer and lidar lines indicate the PBL height.
measurements In lidar research, it is customary to consider the PBL

) o height as the height, below which most of the aerosol is con-
The CL31 ceilometer and the Raymetrics lidar were COM-finad. even if this layer is not always a well-mixed layer

bined and collocated for two days (26—27 November 2008)(e.g. Matthias and @senberg, 2002). Therefore, the de-
in order to perform measurements over Athens. Both instrUiamination of the PBL height from the lidar data is done

mer_1ts were located nearby the actinometrical s.tation of theby identifying the first significant negative gradient in the
National Observatory of Athens (NOA) on the hill of Pnyx . anqe_corrected lidar signal, starting from ground. The steep

(37.967 N, 23.717E, 100m above sea level: as.l.). The g qient in the range-corrected lidar signal results from the

cellometer was OPerate,d Qn a 24-h basis, while the lidar forstrong decrease in the aerosol (or the attenuated) backscatter
selected time periods within the above two days. All data are,seq by lower particle concentration and humidity above

presented in Universal Time (UT). this height. The method is simple and it has been used since
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Fig. 4. Comparison of the attenuated backscatter coefficient profile

(in m~Lsr1) obtained by the Vaisala ceilometer and the Raymet- profiles obtained by the three laser remote sensors. The li-

Attenuated backscatter coefficient m™sr™*

rics lidar (a) on 26 November 2008 (10:00-13:00 UT) afij on
27 November 2008 (08:00-11:00 UT).

the ‘90s (e.g. Flamant et al., 1997; Menut et al., 1999).
When only the attenuated backscatter coefficient data areeilometer operates in the infrared (910 nm), the Raymetrics

S

1267

55 after 12:00 UT, in good agreement with the PBL retrieved
50.] height from the radiosounding at 12:00 UT (Fig. 3a). The in-
26 November 2008 ternal part of the PBL (Stull, 1988) is represented by the light
45 Attenuated backscatter coefficient green color structure, which is located around 0.7-0.8 km.
404 Lidar average (10:00 - 13:00 UT) This becomes more visible in the temporal evolution of the
Ceilometer average (10:00 - 13:00 UT) first derivative of the logarithm of the range-corrected Ray-
= %7 Lidar ratio=30sr metrics lidar signal (Fig. 1c) where the zones of dark blue
< 3,04 colors delineate the PBL height (ranging from 800—-1000 m).
% 25 Raymetrics lidar (355nm) As a first conclusion, comparing the three graphs of Fig. 1a,
T Ceilometer (converted to 355nm) b and c, we can say that both systems revealed a very sim-
2,01 ilar PBL structure (with a difference of about 50-100 m),
15- when the same time period of measurements is considered,
in accordance with the mean PBL height retrieved by the ra-
10 diosounding at 12:00 UT (Fig. 3a). Next day’s ceilometer’s
05 ; ; ; ; measurements (Fig. 2a) showed that the PBL height ranged
0.0 2,0x10° 4,0x10° 6,0x10° 8,0x10° from 800m (around 09:00 UT) to 1500 m (from 10:40UT
Attenuated backscatter coefficient m™*sr* to 11:40 UT) (light green color structure). The correspond-
25- ing lidar measurements (Fig. 2b and c) showed that the
PBL height ranged from 700 m (around 09:00 UT) to 1500 m
27 November 2008 . K . K
Attenuated backscatter coefficient (from 10:40 UT to 11:40 UT), which is a typical evolution of
20 Lidar average (08:00 - 11:00 UT) the PBL due to increased solar irradiance (Stull, 1998). This
' Ceilometer average (08:00 - 11:00 UT) evolution is more clearly visible in Fig. 2c by the deep blue
. Raymetrics lidar (355 nm) color scale structure. In this comparison of the two instru-
3 15- Ceilometer (converted to 355 nm) ments, we see that both of them were able to retrieve the PBL
£ height, with a difference of about 50-100 m, in accordance
2 with the mean PBL height retrieved by the radiosounding at
104 12:00 UT (Fig. 3b).
05 4 Inter-comparison of attenuated backscatter
T00 70007 14x10° 21x10° 28x10° 35x0°  42x10° coefficients obtained by lidar and ceilometer

measurements
In this study we also compared the attenuated backscatter

dar system provided by Raymetrics S.A. was used as a ref-
erence system for comparing the vertical profiles of the at-
tenuated backscatter coefficient. The main drawback of this
inter-comparison was that the Raymetrics lidar and the CL31
ceilometer were running at two different wavelengths. The

available (as in the case of the ceilometer data) we can stillidar operates in the ultraviolet (355 nm), while the NTUA
derive the PBL height, since its maximum height is very lidar data used are limited to the near infrared (1064 nm) re-
frequently associated with a strong gradient in the verticalgion, which is quite closer to the ceilometer emission.
aerosol profile (Endlich et al., 1979; Menut et al., 1999). Of  Since our goal is to compare the retrievals of both in-
course there are discrepancies between the lidar/ceilometgfruments, in terms of the attenuated backscatter coeffi-
and radiosonde derived PBL helght due to the fact that thQ)ient and the mixing he|ght, a Spectra| conversion (for
thermodynamically defined PBL is not usually confined with the retrieval of the first parameter) is needed when dif-
the height of the well-mixed layer, as discussed by Joffre efferent wavelengths are used. The conversion factor used
al. (2001) and Hennemuth and Lammert (2006) and the refis the backscatter-relatebngstm exponent, which is re-
erences therein, as we will also see in the following. trieved from the extinction-relatelingstiom exponent taken
According to the ceilometer and Raymetrics attenuatedirom multi-filter radiometer (MFR) measurements. Specifi-
backscatter data (Figs. 1la and b) the PBL height oncally, the backscatter-relat%gstrbm exponent equals the
26 November ranged between 0.75kmto 0.95 kma.s.l. (Iigh'extinction-related‘ingstrbm exponent, when the lidar ratio is
blue color) and remained practically constant around 1 kmassumed spectrally independent, according to the following

www.atmos-meas-tech.net/4/1261/2011/ Atmos. Meas. Tech., 4, 12832011
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Fig. 5. Temporal evolution of the range-corrected lidar signal (in arbitrary units: A.U.) at 1064 nm as obtained by the NTUA Raman lidar
system on 24 July 2009 (02:48-18:17 UT).
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Fig. 6. Back-trajectories of air masses arriving over Athens on 24 July 2009 (12:00 UT) at various heights (2000 m, 3000 m, 4000 m). The
orange points indicate the active hot spots from biomass burning sites. Time step is 6 h.

equations: wherec(z) is the backscatter or extinction-relat.édgstrbm
" S, xby s, by exponenty,, b, are the extinction and backscatter co-
In( =2 In( L= In( 2 In( =L ffici ivel is the lid 0
0y Sip*biy " biy efficients, respectivels, is the lidar ratior;, Ao are
Cl)=- o\ 5 =TT N 5 the emitted laser wavelengths (ex. =355 or 1064 nm,
In(—1> In(—l) In(—1> In(—1>
*2 A2 A2 A2 A2=910nm).
|n(1’/\_1) Equation () leads to the following conversion:
b1y
SC@RQ)=——"—" 1) A
In (%) bkl = eiln(E)XC(Z)bkz (2)
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X backscattered profiles obtained during two different aerosol
1 24 July 2009 conditions over Athens (biomass burning smoke and Saharan
4,5 Attenuated backscatter coefficient at 1064 nm dust event).
1 Lidar average (07:00 to 10:00 UT)
4,0 Ceilometer average (07:00 to 10:00 UT)

Lidar ratio=30 sr 4.1 Case studies

3,5

4.1.1 Forest fire (biomass burning) smoke aerosols
3,0 -

Height (km)

On 24 July 2009 during scheduled measurements within
EARLINET, an intense aerosol layer was detected by
——NTUA lidar (1064 nm) the NTUA Raman lidar system (3798, 23.78E,
—— Ceilometer (converted to 1064 nm) 212ma.s.l.). In Fig. 5 we present the temporal evolution of
the range-corrected lidar signal obtained at 1064 nm. This
layer (about 0.5—-1 km thickness) appeared over Athens at an
00 500107 10x10° 18x10° 20x10° 25x10°  3.0x10° altitude of 3.5km (around 02:40 UT) and started to descend
during the night, merging with the convective PBL located
around 2.2 km at about 12:00 UT on the following day. Ac-
Fig. 7. Comparison of the attenuated backscatter coefficient pro-CO_rd_Ing to the_Hyspllt mOde_I (Draxler and Rolph, 20_03)’ the
files (in mLsr-1) obtained by the Vaisala ceilometer and NTUA Origin of the air masses arriving over Athens at various lev-
Raman lidar system (07:00—10:00 UT) on 24 July 2009. els (2km, 3km and 4km) at 12:00 UT on that day (shown
in Fig. 6, with a time step of 6 h) overpassed the Balkan
area, only one day earlier. It seems that these air masses

whereb, 1 andb, 2 are the corresponding aerosol backscatterwere enriched by smoke particles emitted from forest fires in
coefficients at altitude. Romania, as corroborated by the corresponding ESA/ATSR

The calculated values of the extinction-relai&mlgstrbm data (the orange points indicating the active hot spots from
exponent (Michalsky et al., 2001) for the days into consider-biomass burning sites), also shown in Fig. 6.
ation using measurements of the aerosol optical depth (AOD) Figure 7 shows the averaged vertical profiles of the at-
obtained by the UV-MFR radiometer were found to be 1.98tenuated backscatter coefficient obtained by the NTUA Ra-
for 26 November 2008 and 0.37 for 27 November 2008. Theman lidar (at 1064 nm) and the ceilometer (converted to
lidar ratio for CL31’s aerosol backscatter retrievals is as-1064 nm data), both averaged on 3 h (07:00-10:00 UT) and
sumed by default to be equal to 30 sr (Vaisala User’'s Guideretrieved with the same vertical range resolution (30 m). As
2009), and this assumption is followed also for lidar calcula-shown in Fig. 7, both instruments recorded on 24 July a
tions in order to have more comparable aerosol vertical provery intense aerosol layer over Athens extending from 2km
files. up to 3.5km. The backscatter-relaténgstlbm exponent

In Fig. 4a and b we present the results of the comparisorvalue used for the wavelength conversion of the ceilometer
of the attenuated backscatter coefficient profiles obtained byackscatter coefficient profile from 910 nm to 1064 nm was
the Raymetrics lidar (at 355 nm) and CL31 ceilometer (con-found to be 1.59 and was calculated from MFR data follow-
verted to 355 nm data) instruments for 26 and 27 Novembering the methodology described previously. The maximum
Since the ceilometer’s output energy is low we had to per-value of the attenuated backscatter coefficient within this
form a 3-h average (08:00-11:00 UT) in order to sufficiently layer was quite close for both systems and ranged between
reduce the noise in the attenuated backscatter coefficient pra&.5x 106 m~1sr1and 1.85< 10 8m~1sr 1. In any case,
files obtained by the instrument. This method was followedthe mean difference between the two vertical profiles was not
in all the ceilometer attenuated backscatter coefficient pro-igher than 25 %. This difference can be attributed to the fact
files presented in this study. For the lidar measurements wéehat the two systems were not collocated, since the ceilome-
also averaged 3 h profiles, as shown in Fig. 4a and b. Theer was located on the Pnyx hill, while the lidar was located
corresponding range resolution of the retrieved attenuateihside the NTUA Campus at a distance of 6 km.
backscatter profile for both systems was set to 30 m.

From Fig. 4a and b, we see that the comparison of the re4.1.2 Desert dust aerosols
trieved attenuated backscatter vertical profiles converted to
355 nm, by both systems, is quite satisfactory from 0.5 kmOn 1 June 2009, the NTUA Raman lidar system detected sev-
up to 5 km height a.s.l. (26 November) and from 0.5 km up toeral aerosol layers over Athens. In Fig. 8 we present the tem-
2.5km height a.s.l. (27 November). The mean differences inporal evolution of the range-corrected lidar signal (in A.U.)
the retrieved values remain less than 10-15 %. In the follow-at 1064 nm as obtained by the NTUA Raman lidar system on
ing section we present an inter-comparison analysis betweethat day between 12:02-13:19 UT. In this figure we can see
the NTUA and the ceilometer retrieved vertical attenuatedthat two strong and stable layers were detected around 2 km

2,54
2,0

154

1,0

Attenuated backscater coefficient (m™sr™)
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Fig. 8. Temporal evolution of the range-corrected lidar signal (in arbitrary units: A.U.) at 1064 nm as obtained by the NTUA Raman lidar
system on 1 June 2009 (12:02-13:19 UT).
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Fig. 9. Back-trajectories of air masses arriving over Athens on 1 June 2009 (12:00 UT) at various heights (2100 m, 3700 m, 4500 m). Time
stepis 6 h.

and 3.75km, while less intense layers were found aroundbrigin of the particles detected over Athens was the Central
45km and 5km. We can also observe that the aerosohnd Western Saharan deserts, which indicates the advection
layer around 2km merges with the convective PBL aroundof dust.

13:00 UT. On that day the CL31 ceilometer performed si- In F|g 10 we examine the Corresponding attenuated
multaneous measurements with the NTUA Raman lidar syshackscatter coefficient profiles obtained by the two in-
tem. To identify the origin of the air masses sampled overstruments and averaged over two hours period (11:00—
Athens, we used the Hysplit model with a time step of 6h13:00UT). The corresponding range resolution of the re-
(Fig. 9). The 4-day air mass back-trajectories showed that thérieved attenuated backscatter profile for both systems was
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6,5 aerosol vertical profiles over Athens, Greece. This was per-
] formed under strongly different atmospheric conditions (ur-

ban air pollution, biomass burning and Saharan dust event).
We showed that in general a good agreement was found in
B determining these two parameters, especially when collo-
01 June 2009 cated measurements were performed (a difference of about

6,04
5,54

5,04

4,5

;E« Z: ﬁﬁ?g""v‘ggg:ﬁ?gge' fgggcl'f%t at1064nm 50-100m in retrieving the PBL height and about 10-25%
2] Ceilometer average (11:00 - 13:00 UT) in the case of the attenuated backscatter coefficients inter-
T 307 Lidar Ratio=30 st comparison). This difference may be attributed mainly to an
251 A unsatisfactory retrieval of the backscatter-relakeuystom

20 —— NTUA lidar (1064 nm) exponent when data are converted from the near infrared
1,5 Ceilometer (converted to 1064 nm) to the ultraviolet region and also in the distance between

T e, the ceilometer and NTUA lidar instruments in case of non-
00 20x10°  40x10° 6,0x10°  8,0x10° 10x10° collocated measurements. It was also found that the Vaisala
Attenuated backscatter coefficient (m”sr") CL31 ceilometer was able to detect correctly the presence

_ . o of various aerosol layers up to a height of 6 kma.s.l. (during
Fig. 10. Comparison of the attenuated backscatter coefficient pro'daytime with 3h averaging time), under strongly different

files (in m~=sr~") obtained by the Vaisala ceilometer and the o .,q| concentrations (urban air pollution, biomass burning
and intense Saharan dust event).

NTUA Raman lidar system (11:00-13:00 UT) on 1 June 2009.
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