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Abstract. The planetary boundary layer (PBL) includes the 1 Introduction
portion of the atmosphere which is directly influenced by
the presence of the earth’s surface. Aerosol particles trapped
within the PBL can be used as tracers to study the boundaryIhe planetary boundary layer (PBL) is the lower region of
layer vertical structure and time variability. As a result of the atmosphere directly in contact with the earth's surface
this, elastic backscatter signals collected by lidar systems cafind strongly influenced by this surface. In this layer physical
be used to determine the height and the internal structure ofluantities such as flow velocity, temperature and moisture
the PBL. display rapid fluctuations associated with turbulent motion
The present analysis considers three different methods t@nd vertical mixing.
estimate the PBL height. The first method is based on the The characterization of the planetary boundary layer is of
determination of the first-order derivative of the logarithm Primary importance in a variety of fields such as weather
of the range-corrected elastic lidar signals. Estimates of thdorecasting, climate change modelling and air quality predic-
PBL height for specific case studies obtained through thision (Meffi et al., 1985; Flamant et al., 1997). The structure
approach are compared with simultaneous estimates frorRf the PBL can be complex and highly variable (Stull, 1988;
the potential temperature profiles measured by radiosondeSarratt, 1992). The PBL height is commonly used to charac-
launched simultaneously to lidar operation. Additional esti- terize the vertical extent of mixing within the boundary layer
mates of the boundary layer height are based on the dete@nd the height at which exchange with the free troposphere
mination of the first-order derivative of the range-correctedtakes place (among others, Seibert et al., 2000).
rotational Raman lidar signals. This latter approach results Aerosol particles trapped within the PBL can be used as
to be successfully applicable also in the afternoon—eveningracers to study the boundary-layer vertical structure and time
decaying phase of the PBL, when the effectiveness of thevariability. In fact, aerosols uplifted after sunrise by convec-
approach based on the elastic lidar signals may be comproUVe mixing can act as efficient tracers for the atmospheric
mised or altered by the presence of the residual layer. Resultdortion over which mixing occurs (among others, Flamant et
from these different approaches are compared and discussét 1997). Aerosols can also be dispersed out of the PBL dur-
in the paper, with a specific focus on selected case studie!d Strong convective events or temporary breaks of the cap-
collected by the University of Basilicata Raman lidar system PiNg temperature inversion. Thus, elastic backscattered sig-

BASIL during the Convective and Orographically-induced hals from aerosol particles measured by lidar systems can be
Precipitation Study (COPS). used to determine the height and internal structure of the PBL

and, when possible, of the residual layer and aerosol layers
within and aloft the PBL (Melfi et al., 1985; Di Girolamo et
al., 1999).

Several methods have been applied to estimate the PBL
height and structure and their variability from the elastic lidar
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backscatter signals in the presence of mixed, stable and residhe PBL height based on the use of the first-order deriva-
ual boundary layers (Melfi et al., 1985; Boers et al., 1988;tive of the logarithm of the range-corrected elastic signals
Flamant et al., 1997; Hayden et al., 1997; Di Girolamo et al.,usually fails. The same is true for the approach based on
1999; Seibert et al., 2000; Sicard et at., 2006). A widely usedthe application of a Haar wavelet covariance transform to li-
approach is based on the computation of the derivative of thelar backscatter profiles, as in fact after daytime convection
elastic lidar backscatter signal (Russell et al., 1974; Menutceases, aerosol layers may become stratified and multiple
etal., 1999; Bdsenberg and Linné, 2002; Frioud et al., 2003jayers can form near the surface, thus preventing this algo-
Matthias et al., 2004; Pal et al., 2010). An estimate of therithm from distinguishing the top of the boundary layer. In
PBL height can also be obtained from the elastic lidar signatlthis situation alternative estimates of the PBL height can still
variance (Hooper and Eloranta, 1986; Menut et al., 1999) oibe obtained from the rotational Raman lidar signals used for
considering threshold signal levels (Melfi et al., 1985; Hay- temperature measurements. This approach is introduced and
den et al., 1997; Steyn et al., 1999; Hoff et al., 1997; Hagelitested for the first time in the present paper. As the residual
et al., 2000; Cohn and Angevine, 2000; Davis et al., 2000;layer height corresponds to a higher altitude temperature in-
Brooks, 2003). version (Martucci et al., 2010), the rotational Raman signals
An alternative lidar approach is based on the application ofcan potentially be used to infer both the mixed layer and the
a Haar wavelet covariance transform to lidar backscatter proresidual layer height.
files to provide automated detection of the boundary layertop Based on the above considerations, in the present work
by locating the maximum in the covariance profiles (Mallat three different approaches to characterize the PBL height
and Hwang, 1992; Brooks, 2003; Morille et al., 2007; Pal etand structure are compared. The first approach is based on
al., 2010; Behrendt et al., 2011). the application of the first-order derivative to the logarithm
However, the complexity of the phenomena occurring of the range-corrected elastic signals (in what follows spec-
within the PBL and the influence of advection and local ac-ified as “approachl)”). The second approach considers the
cumulation processes in many cases prevent an unambiguoagplication of the same algorithm to the low quantum num-
determination of the PBL height from elastic lidar signals, ber rotational Raman lidar signals, which are typically used
especially when aerosol stratifications are present within thdor temperature measurements (in what follows specified as
PBL (Haeffelin et al., 2012). “approach (2)” or rotational Raman approach). Signals used
A convenient, reliable and widely used approach for thein the application of these two approaches are provided by
determination of the boundary layer height and structure bottBASIL, which is a Raman lidar system with temperature
in daytime and nighttime is represented by the identificationmeasurement capability. Results from these two approaches
of local maxima in the potential temperature vertical gra- are compared with simultaneous estimates from the tradi-
dient profiles as measured by radiosondes (Cramer, 1972jonal approach which considers local maxima in the poten-
Oke, 1988; Stull, 1988; Sorbjan, 1989; Garratt, 1992; Vantial temperature vertical gradient profiles measured by ra-
Pul et al., 1994; De Wekker et al., 1997; Martucci et al., diosondes. The analysis is applied to 10 selected case stud-
2007; Behrendt et al., 2011). Specifically, potential temper-ies from the COPS experiment, which are characterized by
ature tends to keep nearly constant with height within thedifferent meteorological conditions.
mixed layer. The level of the maximum vertical gradient in  The outline of the paper is the following: Sect. 2 provides
potential temperature indicates the transition from a conveca short description of the Raman lidar system BASIL, to-
tively unstable region, located below this maximum, to a sta-gether with brief information on the COPS experiment and
ble or more stable region, located above the maximum. Thets observation strategy. In Sect. 3 a description of the dif-
stable layer at the top of the mixed layer stops the turbulenferent approaches is given, and the results are illustrated and
eddies from further rising. Very stable layers characterizedcompared. Finally, in Sect. 4 all results are summarized.
by increasing temperature values with height (called capping
inversions) can keep deep convection from developing. Dur-
ing the day, the level at which air parcels become negatively2 BASIL
buoyant corresponds to a main temperature inversion. Con-
vection is often observed to erode this inversion, permittingThe University of BASILicata Raman Lidar system (BASIL)
the buoyant air parcel to lift further up. When turbulence was deployed in Achern (Black Forest, Germany, lat:
weakens in the afternoon, the temperature inversion build€l8.64 N, long: 8.06 E, elev.: 140m) in the frame of the
up again, and this translates into a narrowing of the mixingConvective and Orographically-induced Precipitation Study
region. — COPS (Wulfmeyer et al., 2008, 2011). The COPS exper-
However, a fraction of aerosols can remain aloft, with lim- iment was held in southern Germany and eastern France
ited subsidence. In this situation, the strong aerosol gradiin the period 1 June-31 August 2007, as part of the Ger-
ent observed in the afternoons and after sunset is representaran Research Foundation (DFG) Priority Programme 1167
tive of a residual aerosol layer aloft the actual mixed layer.“Quantitative Precipitation Forecast”, with the overarching
In these cases, the application of the approach to estimatgoal of advancing the quality of forecasts of orographically
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induced convective precipitation by four-dimensional obser-
vations and modelling of its life cycle (Kottmeier et al., 2008;
Kalthoff et al., 2009; Wulfmeyer et al., 2011). During COPS,
BASIL operated between 25 May and 30 August 2007 and
collected more than 500 h of measurements, distributed ovel
58 measurement days and 34 intensive observation peri-
ods (IOPs). Quicklooks of these data sets are available or;E
the COPS websitéh{tp://www.cops2007.dg/under “Oper-
ational Products”, while water vapour and particle backscat-
ter data for the most important IOPs can be downloaded from
the World Data Center for Climatéitp://cera-www.dkrz.de/
WDCC/ui/BrowseExperiments.jsp?proj=COPSAIll other
COPS data from BASIL can be directly requested from the roL 0"
authors of this paper. ™ e
The major feature of BASIL is represented by its capa-
bility to perform high-resolution and accurate measurements
o_f atmospherig temperature and watt_er vapour, both in_dayi:ig_ 1. Block diagram of the set-
time a}nd mghtnme, basgd on the a.pphca_tlon of the roFatpnaIBASlL during COPS.
and vibrational Raman lidar techniques in the UV (Di Giro-
lamo et al., 2004, 2006, 2009a; Bhawar et al., 2011). Be-
sides temperature and water vapour, BASIL provides mea-
surements of the particle backscattering coefficient at 355Eq. (1), different integration times are considered R, (z)
532 and 1064 nm, of the particle extinction coefficient at 355and P, , (z). Specifically, an integration time of 10 min is
and 532 nm and of particle depolarization at 355 and 532 nntonsidered forP,, (z), while an integration time of 30 min
(Griaznov et al., 2007; Di Girolamo et al., 2009b, 2012a, b;is considered foP, , (z), this latter being characterized by
Maestri et al., 2010; Griaznov et al., 2007). A block diagram smaller signal-to-noise ratios.
of the considered system is illustrated in Fig. 1. COPS mea- When elastic signals are used, the minima of the quan-
surement strategy considers a transect of five supersites frotity D(z) identify the transitions between different layers,
the Vosges Mountains to the lee side of the Black Forestwith the largest minimum usually identifying the boundary
crossing the Rhine Valley, the Hornisgrinde Mountain andlayer height. This approach is identified hereafter as “ap-
the Murg Valley. During COPS BASIL was located in the proach ()" when applied to elastic lidar signals at 1064 nm,
Rhine Valley supersite (supersite R). A variety of sensorswhile it is identified as “approach (2)” or rotational Raman
were present in all supersites: moisture sensors, turbulencapproach when applied to the low quantum number rota-
or energy balance stations, radiosonde launching facilitiestional Raman lidar signals. For the purpose of this study,
GPS tomography, and surface meteorological stations; mostapproach 1)” was applied to the elastic lidar backscatter
supersites were also equipped with lidars, radars and misignals at 1064 nm instead of the elastic lidar backscatter sig-
crowave radiometers. The variety of remote-sensing systemsals at 532 and 355 nm because of the larger sensitivity of the
at each supersite and the potential synergistic use of those fermer signals to aerosols and their variability.
a peculiar aspect of the COPS experiment (Wulfmeyer et al., Potential temperature profilegyot(z), obtained from the
2008). radiosonde data were also used to get additional estimates
of the boundary layer height. This approach considers the
maximum in the derivative ofpet(z), which identifies the
3 Results height of maximum gradient.

The algorithm which is considered in this paper to estimate As already emphasized earlier, approach (2) is introduced

: i . and tested for the first time in the present paper. In this re-
ltg;isgB:lT;%?;_from the Raman lidar data considers the fOI'spect, we need to recall that temperature measurements are

performed by BASIL through the application of the rota-
d tional Raman lidar technique in the UV, this technique be-
D(z) = d—(|n[P)\ (2%, (1) ing based on the detection of pure rotational Raman scatter-
¢ ing from oxygen and nitrogen molecules. These rotational
where P, (z) is either the elastic lidar backscatter signal at lines fall within two narrow spectral bands in the proximity
1064 nm, P, (z), (considered in approaci)j or the low  of the laser wavelength: one including lines characterized by
quantum number rotational Raman lidar signaj, , (z), low quantum rotational numbers;, ; (z), and the other in-
(considered in approach (2)), and the quangiyz) z° rep- cluding lines characterized by high quantum rotational num-
resents the range-corrected lidar signal. In the application obers, P,,,;; (z). Atmospheric temperature measurements can

532 nm

PMT = Photomultiplier
BS= Beam splitter

IF = Interference filter

P=Field stop
L=Lens

IF 354.3 nm M = Mirror

Nd:YAG laser

POL = Polarizier
IF 352.9 nm

PMT

PMT

up of the Raman lidar system
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be obtained from the power ratio of high to low quantum 4000 T T T T T T
number rotational Raman lidar signals. Bay, ;(z) and
Py, (z) are characterized by a strong sensitivity to temper-
ature variations, the sensitivity being anyhow larger for the
signal Py, (z) than for Py, (2). It is worth pointing out,
however, thatP,, ,(z) is usually affected by a smaller ran-
dom uncertainty tha®,,,; (z), as a result of both the smaller
cross section of the high quantum number rotational Raman<
lines and the larger bandwidth of the interference filter used
for the selection of these lines. The larger random uncer-

3000 - -

titude [m]

tainty affecting Py, (z) often prevents from obtaining ac- [—— Elastic Signal at 1064nm |
curate PBL height estimates based on the application to this 12, . . . , . | b) : ,

signal of approach (2), especially in the central portion of 0 1000 2000 3000 4000 5000 295 300 305
the day, when solar irradiance is higher and has larger ef- P (2)aul Virtual Temperature [K]

fects on the noise level of the signal. Thus, in approach (2),

4000 . .

Eg. @) is applied to the rotational Raman signgj, ., (z). 0
Nevertheless, we tested this approach also With, (z), and — Virual Potential Temperature
corresponding results are included in Fig. 4b.

We need to recall at this point that, while approadh ( 3000 1

allows the estimation of the PBL height based on the identi-
fication of the elastic lidar signal gradients associated with
gradients in particle backscatter at the top of the PBL
(with aerosols acting as atmospheric dynamical tracers), ap-
proach (2) allows obtaining PBL height estimates based on
the identification of the rotational Raman lidar signal gra-
dients, primarily associated with the temperature gradients o004 . 9 .
found at the top of the boundary layer, which characterize o odo” 20110700 soci0” oo’

the transition from the convectively unstable region within Vertical gradient of P, (z)[au.] Vertical gradient [a.u.]

the PBL to the more stable region aloft.

It is worth pointing out that both the low and the high Fig- 2. (&) 10 min average profile oP, (z) centred at 17:04UTC
auanum number otatol Raman sgnals are depencedf 50 ) 2007 = Moyl Y SOB) e o
on both temperature and_molecular/partlcle_ exftlnctlon. HOW-diosonde (RS) launched at 17:04 UT() vertical gradient of
ever, vertical changes in molecular extinction are very

h with limited . | . | Py () for the same 10 min time interval consideredai (d) ver-
smooth with limited effects on rotational Raman signal gra- tical gradient ofP,\LOJ- (z) and the virtual potential temperature gra-

dients, while the §ensiFivity of rotational Ramf’:ln sigpgl; 10 dient lidar measurement for the same 10 min time interval consid-
temperature gradients is much larger than their sensitivity tQered in(a). The dashed lines in all panels identify the PBL height.
particle extinction gradients. In this respect, it is to be spec-

ified that typical temperature gradients observed at the top
of the boundary layer (0.03-0.05KTh) lead to low/high It is also worth pointing out that the direct use of the lidar
quantum number rotational Raman signal gradients whichmeasurement of the temperature gradient would have cer-
are a factor of 2-5/10-50 larger than those associated witlinly been a valid alternative to approach (2) (see follow-
the typical particle extinction gradients observed at the toping discussion of Fig. 2). However, the determination of the
of the boundary layer (2-8 108 m~1m~1). Based on this temperature profiles from the rotational Raman signals, and
consideration, we can state that this technique is primarilyconsequently their gradients, would have implied the use of a
sensitive to temperature gradients and far less to particle anchore complex analysis scheme, requiring the application of
total extinction gradients. This aspect makes the approacla dedicated calibration procedure. Furthermore, we wished
particularly effective and useful in the determination of the to verify the possibility of extending to the rotational Ra-
PBL height as it results to be successfully applicable also inman signals the same simple algorithm applied to the elas-
the afternoon—evening decaying phase of the PBL, when théic backscatter signals (identification of the minima in the
effectiveness of the approach based on the use of the elastaerivative of the logarithm of the lidar signals).
backscatter lidar signals may be compromised or altered by Figure 2 shows the variability of the different quanti-
the presence of the residual layer. Additionally, this approachties considered in the three approaches. Specifically, Fig. 2a
allows an unambiguous determination of the PBL height alsaillustrates the 10min average profile @ (z) centred
in the presence of aerosol stratifications within the PBL. at 17:04UTC on 30 July, which reveals the presence of
a strong gradient around 3000m, corresponding to the

Altitude [m]

2000 B E
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temperature inversion simultaneously observed by the ra-
diosonde (launched at 17:04 UTC) and by the lidar system
(Fig. 2b). Figure 2c illustrates the vertical gradient®f, (z)

for the same 10min time interval considered in Fig. 2a,
while Fig. 2d illustrates the vertical gradient Bf , (z) and 2
of the virtual potential temperature gradient lidar measure-
ment for this same time interval. The vertical gradient pro- _
files in Fig. 2c—d reveal the presence of the subsequent min =
ima, identifying the transitions between the different aerosol §
layers, and specifically the presence of the largest minimaE 2%
which are used to identify the PBL height (dashed line). *
Figure 2d also compares approach (2) with the approacl
based on the estimate lidar temperature gradient, revealin | ‘
the exact co-location of the minima of these two quanti-  ¢4:50 08:45 12:40 16:35 20:30
ties and consequently the very agreement of the two PBL TIME (UTC)

height estimates.

We preliminary tested these approaches on three selecte
case studies (15, 26 and 30 July 2007), but we then extende
the analysis to additional case studies (10 in total) covering ¢
variety of boundary layer conditions (see Table 1). Figure 3a_.
illustrates the time evolution of the particle backscattering £
ratio at 1064 nm,R1064(z), on 15 July 2007 covering the
time interval from 04:50 to 20:30 UT. Figure 3b illustrates
the time evolution 0fR1ps4(z) on 26 July 2007 covering the
time interval from 04:50 to 14:15 UT, while Fig. 3c illustrates
the time evolution ofR1064(z) on 30 July covering the time o amemegi
interval from 07:15 to 19:45UT. The black line in Fig. 3a 05:00 06:00 07:00 08:00 09:00 10:00 11:00 12:00 13:00 14:00
and b represents the PBL height as determined through th TIME (UTC)
application of approacHhl]. In Fig. 3c the black line identi-
fies the PBL height as determined through the application of
approach (2), while the red line identifies its estimate in the
evening and night portion of the measurement record as de
termined through approach)( In the final portion of Fig. 3c,
the PBL height estimates from approadhdnd (2) are found
to differ, as in fact approach (2) properly identifies the PBL
height, while approachlj infers the residual layer height
which is left behind after the decay of the convective activity.
This aspect is further stressed in the forthcoming discussiot

w

ALTITUDE (km

ALTITUDE (km)

of Fig. 4b. : w‘ '

Figure 4 illustrates the evolution of the boundary layer " AU Wit 1 [ 171 1S - A,JL
height as obtained from approach) @and (2) and the ra- 08:00  10:00  12:00  14:00  16:00  18:00  20:00
diosonde data for the three case studies on 15, 26 an TIME (UTC)

30 July 2007. In the figure the continuous lines identify the _ _ _ _ _
estimates obtained from approad, (the yellow stars rep- Fig. 3. Time evolution of the particle backscattering ratio at
resent the estimates obtained from the radiosonde potenti&lg%"' anzo%i(g-effgumr%ds-gg tg’ﬁ_”l-st‘;monogg? fozggg)oa% on
temperature profiles and the black squares represent the es- u y_ . ' ‘ Uy

timates obtained from approach (2). The figure covers thqIrom 07:1510 19:45 UT on 30 July 20¢2). In (2) and(b) the black

| le of th lution includi h . ine identifies the PBL height as determined through the application
complete cycle of the PBL evolution including the transitions ¢ approachZ); in (c) the black line identifies the PBL height as de-

between day and night and between night and day. For aljermined through the application of approach (2), while the red line
three cases the PBL height is found to grow during the dayigentifies the residual layer height in the evening and night portion
reaching a maximum value in the early afternoon and therof the measurement session as determined through the application
decaying in the late afternoon and evening. of approach ).

For the purpose of the application of approachBsafid
(2), the signalsP,, (z) and Py ,,(z) were integrated in time
(over a period of 10 min for the former and over a period of
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Table 1. List of the considered case studies with a description of the weather conditions.

Date(s) IOP Weather conditions

19 Jun 2007 IOP4 Shallow convection, shower during the day

15 Jul 2007 0P8 Shallow convection, no precipitation

19 Jul 2007 IOP9 MCS moving over COPS region followed by partially convective precipitation

25 Jul 2007 IOP11 Cumulus convection mostly over the mountains

26 Jul 2007 IOP11b  Cumulus convection

30 Jul 2007 IOP12 Cumulus convection

1 Aug 2007 IOP13 Cloud-free weather under a high-pressure ridge; Saharan dust over COPS domain

6 Aug 2007 IOP14 Isolated storm over the entire COPS domain followed by a large area of elevated precipitation

12 Aug 2007 IOP15 Storm over the eastern Black Forest and Swabian Jura

14 Aug 2007 NOIOP Clear air convection, shallow convection resulting from weak mid/upper-level ridging, cirrus and

altocumulus present during the day in response to warm advection
20.0

1 12.8
. I 8.3

5.3

Approach (1)
= Approach (2-LoJ)
| * Approach (2-HiJ)
% RadioSonde

—— 15/07/2007 5
4000 1 —— 26/07/2007 | —— 30/07/2007 " L

3500

S

3000 -

2500

w
T

3.4
2.3

2000 - -

Altitude (m)

()

-1 1.7
1.3

L 1.1
4 1.0

6 17 18 AE]

1500 -

ALTITUDE (Km)

1000 -

a)

04:45 9:30 14115 19:00 04:45 9:30 1415 19:00 i o
Time (UTC) Time (UTC) o - d A '

10 11 12 13

14 15
TIME (UTC)

Fig. 4. Evolution of the PBL height for 15, 25 and 30 July 2007.

The continuous lines identify the PBL height estimates obtainedgjg 5 Time evolution of the particle backscattering ratio at
from approach 3). The yellow stars represent estimates obtained 1464 nm as measured by BASIL from 10:45 to 18:22 UT on 14 Au-
from the potential temperature profiles as measured by the radios.orb-uSt 2007. The black line represents the output of appradcthe

des, and the blue squares represent the estlmatgs obtained from 3hack stars represent the output of approach (2) and the yellow di-
proach (2). In(b), the red stars represent the estimates of the PBL,0ns are the PBL height estimates obtained from the radiosonde
height obtained with approach (2) appliedRq;; (z). potential temperature data.

30 min for the latter) and vertically (applying a running aver- in Fig. 4b represent the PBL height estimates obtained from
age with a vertical window of 90 m over data points separatedapproach (2) applied to the high quantum number rotational
by 30 m steps). This allowed the reduction of signal statisticalsignals Py, (z), these estimates being in very good agree-
fluctuations which could affect the applicability of these ap- ment with those obtained with the application of approach (2)
proaches. Results in Fig. 4 reveal a very good agreement bae P, ;(z).

tween the different approaches. In all three cases, with only As mentioned above, approach) (s also found to fail
one exception (i.e. the final portion of Fig. 4b), deviations in the presence of multiple aerosol layers within the PBL.
between the PBL height estimates from the three differentThis situation is represented in Fig. 5, illustrating the evo-
approaches are typically found not to exceed 200 m. In thdution of R1gsa(z) On 14 August 2007 over the time inter-
final portion of Fig. 4b, approacHL) is found to overesti- val 10:45-18:22 UT,; here the black line represents the output
mate the PBL height, with deviations between approdgh ( of approach 1), the black stars represent the output of ap-
and (2) as large as 500-600 m. As already anticipated aboveroach (2) and the yellow diamonds are the PBL height es-
the failure of approachlj is caused by the presence of a timates obtained from the radiosonde potential temperature
strong aerosol gradient above the actual mixed layer assadata. In the time period till approximately 17:00UT, as a
ciated with the presence of a residual layer. In this specificresult of the presence of a marked aerosol layer within the
case, approach (2) is still capable of properly estimating thePBL in the altitude region 0.5-1.5km, occasionally topped
PBL height, thus overcoming the limitations associated withwith clouds, approachlj returns false values of the PBL
the use of the elastic lidar backscatter signals. The red starseight, which result to be lower than those estimated by
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Fig. 6. Comparison of PBL height estimates obtained with different approag¢hgspproach 1) versus simultaneous radiosonde esti-
mates;(b) approach (2) versus simultaneous radiosonde estim@espproach 1) versus approach (2fd) bias (expressed in %) of ap-
proach () vs. radiosonde estimates (squares) and of approach (2) vs. radiosonde estimates (e)iulas)expressed in %) of approadh (
vs. approach (2). Ifa)—(c) best fit lines are also included.

approach (2) and from the radiosonde data, with deviationghe PBL height estimates obtained with approach (2) ver-
between approach) and the other two approaches as large sus the simultaneous radiosonde estimates. Finally, panel ¢ of
as 1km. The failure of approact)(due to the algorithm re-  this same figure compares the PBL height estimates obtained
vealing as the maximum gradient the one associated with thavith approach 1) versus those obtained with approach (2).
presence of the aerosol layer within the PBL instead of the Best fit lines are also included in panel a—c based on the
one associated with the PBL top. application of a least-square fit analysis. The correlation co-
The approaches described above have been tested on sefficients, R, for these fitting lines are 0.95, 0.98 and 0.82,
eral case studies to verify their applicability in different mete- respectively, while their slopes are 0.92, 0.98 and 0.81, re-
orological conditions, characterized by the presence of conspectively. Values of the correlation coefficients are found
vective boundary layers generated both in clear-sky condito be large for all three comparisons, which testifies the
tions and embedded in frontal activity (see Table 1 for ahigh reliability and reproducibility of the two lidar-based ap-
complete list of the selected cases). Figure 6 compares thproaches. The mean statistical parameters (correlation coef-
PBL height estimates obtained through the three different apficient, standard deviation, number of comparisons and the
proaches and includes results from all considered case studoefficients of the linear regression) for all case studies are
ies (10 in total). Panel a of this figure compares the PBLreported in Table 2. The slope value of 0.92 in Fig. 6a testi-
height estimates obtained with approadh Yersus the si- fies a slight negative bias (8 %) of approadhwith respect
multaneous radiosonde estimates, while panel b compare® the traditional approach based on the radiosonde potential
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Table 2. Mean statistical parameters for the comparisons involving the different methods. The different columns list the approach, the
correlation coefficient, the standard deviatief)the ensemble of data (including the number of comparisons), the coefficients of the linear
regression.

Approach R o (m) Ensemble of data Y=AxX+B

Approach (1) vs. RadioSonde  0.95 240  All cases (number of comparisons: 36) =0.92+0.05; B=19.2
Approach (2) vs. RadioSonde  0.98 160 All cases (number of comparisons: 36) =0.98+0.04; B=-10.4
Approach (1) vs. approach (2) 0.82 320 All cases (number of comparisons: 160) =0.81+0.04; B=200.4

Approach (1) vs. RadioSonde  0.97 150 All cases except 14 August 2007 (number of comparisons: 34)1.04A 0.03; B=59.16

Approach (2) vs. RadioSonde  0.98 160 All cases except 14 August 2007 (number of comparisons: 329.984 0.03; B=71.1

Approach (1) vs. approach (2) 0.93 210 All cases except 14 August 2007 (number of comparisons: 13@).934A 0.02; B=53.5

Approach (1) vs. RadioSonde  0.98 160 All cases except 14 August 2007 and data points after sunset 0.974A0.03; B=60.5
(number of comparisons: 30)

Approach (2) vs. RadioSonde  0.97 160 All cases except 14 August 2007 and data points after sunset 0.984A0.03; B=72.1
(number of comparisons: 30)

Approach (1) vs. approach (2) 0.94 210 All cases except 14 August 2007 and data points after sunset 0.97-A0.03; B=15.5
(number of comparisons: 120)

temperature profiles, while the slope value of 0.98 in Fig. 6b The agreement between approadh §nd the other two
testifies a slightly smaller negative bias (2 %) of approach (2)approaches also increases in case the data points after sun-
with respect to the radiosonde estimate. Also approdrh ( set are removed from the statistical analysis. SpecificAlly,
and (2) are in fairly good agreement, with a relative bias be-for approach 1) vs. the radiosonde data gets a value of 0.98
tween the two of 19 % (slope value of 0.81 in Fig. 6¢). Values (with a slope value of 0.97, i.e. a relative bias of 3 W)for
of the mean standard deviatios)(for the PBL height esti- approach (2) vs. the radiosonde estimates keeps a value of
mates obtained from the compared approaches are found n6t98 (with a slope value of 0.98, i.e. a relative bias of 2 %),
to exceed 250 m for all comparisons (with the only exceptionwhile R for approach®) vs. approach (2) gets a value of 0.94
of the comparison of approach)(vs. approach (2), which (with a slope value of 0.97, i.e. a relative bias of 3 %). Again,
is primarily affected by the presence of the data points frombest fit analyses including approad) ére characterized by
14 August; see Table 2). larger values ofR and slope values closer to 1 (i.e. lower
Panel d of Fig. 6 illustrates the bias (expressed in %) ofbias). All new statistical parameters are included in Table 2.
approach 1) vs. the radiosonde estimates and the bias of These results clearly reveal that, in the presence of multi-
approach (2) vs. the radiosonde estimates, while panel e ilple aerosol layers within the PBL or a residual layer aloft the
lustrates the bias (expressed in %) of approddhvé. ap-  PBL, approach (2) allows overcoming the limitations associ-
proach (2). Most bias values-80 %) are found not to ex- ated with the application of approach) @nd the use of the
ceed 20 %, for the three comparisons, with the largest biaglastic backscatter lidar signals.
values found on 14 August and after sunset for the compar- Finally, we wish to point out that neither approact) (
isons involving approacHLj. nor approach (2) can be considered to be preferable, each
The agreement between approadh &nd the other two  of the two having specific advantages and disadvantages. In
approaches increases in case the data points correspongeneral, in the daytime convective portion of the day, ap-
ing to the case study on 14 August 2007 (the one with theproach () should be preferred to approach (2) as in fact the
largest disagreement between approathand the other former approach leads to more accurate estimates of the PBL
two approaches as a result of the presence of an interndieight as a result of the smaller random error affecting the
aerosol layer within the PBL) are removed from the statis-strong elastic signals with respect to the rotational Raman
tical analysis. Specifically, the correlation coefficightfor signals. However, after sunset or in the presence of marked
approach@) vs. the radiosonde estimates gets a value of 0.97erosol layers within the PBL, approach (2) is to be preferred
(with a slope value of 1.04, i.e. a relative bias of 4 ®)for for its unambiguous response. The possibility of applying
approach (2) vs. the radiosonde estimates keeps a value tfiese two approaches together is certainly a big plus of the
0.98 (with a slope value of 0.98, i.e. a relative bias of 2 %), considered ground-based Raman lidar system.
while R for approachl) vs. approach (2) gets a value of 0.93
(with a slope value of 0.93, i.e. a relative bias of 7 %). It is
to be noticed that, in case the data points corresponding t¢ Conclusions
the case study on 14 August 2007 are removed, the best fit
analyses including approach)(are characterized by larger The present work compares estimates of the PBL height

values ofR and slope values closer to 1 (i.e. lower bias). ~ @s obtained from three distinct approaches applied to se-
lected case studies from the COPS experiment. The first
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