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An integrated algorithm by combining the advantages of the wavelet covariance method and the improved maximum variance
method was developed to determine the planetary boundary layer height (PBLH) from the Cloud-Aerosol Lidar with Orthogonal
Polarization (CALIOP) measurements, and an aerosol fraction threshold was applied to the integrated algorithm considering the
applicability of the two methods. We compared the CALIOP retrieval with the measurements of PBLH derived from nine years
of ground-based Lidar synchronous observations located in Lille, north of France. The results indicate that a good correlation
(𝑅 ≥ 0.79) exists between the PBLHs derived from CALIOP and ground-based Lidar under clear sky conditions. The mean
absolute differences of PBLHs are, respectively, of 206m and 106m before and after the removal of the aloft aerosol layer. The
results under cloudy sky conditions show a lower agreement (𝑅 = 0.48) in regard of the comparisons performed under clear sky
conditions. Besides, the spatial correlation of PBLHs decreases with the increasing spatial distance between CALIOP footprint and
Lille observation platform. Based on the above analysis, the PBLHs can be effectively derived by the integrated algorithm under
clear sky conditions, while larger mean absolute difference (i.e., 527m) exists under cloudy sky conditions.

1. Introduction

The planetary boundary layer (PBL) is part of the earth’s
atmosphere, which is directly influenced by the earth’s sur-
face. PBL has an important influence on energy, moisture,
momentum, and material exchange between the surface and
the atmosphere. Weather and air pollution are related to
dynamic variations of PBL processes [1, 2], and pollutants
are trapped in the PBL and fog also occurs within it [3]. It
is important to know the planetary boundary layer height
(PBLH) in order to study the weather forecast and air pol-
lution. The PBLH is an important meteorological parameter
for us (e.g., the vertical extent of the PBL can be investigated
with the retrieval of the PBLH).

Based on the abrupt change in multiple meteorological
parameters taking place at the top of the PBL, severalmethods
are available to estimate the PBL height. The climatological
analysis based on radiosonde observations is a traditional
technique for determination of PBL structure [4–7]. Seven
different methods were applied to estimate the PBLH based
on radiosonde data (e.g., temperature, potential temperature,
virtual potential temperature, relative humidity, and specific
humidity), and the uncertainties of the PBLH can reach
up to several hundred meters due to the parameters error
[7]. In addition, remote sounding systems (e.g., Lidar, wind
profiler, and Sodar) are another category of active techniques
for estimating the PBL heights [8–12]. Lidar is particularly
sensitive to the intensity change of Lidar backscatter signals
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(e.g., the PBL contains higher aerosol loading than the over-
lying troposphere), so it has a larger backscatter in the Lidar
signals and seems to be the most appropriate for continuous
observations of PBL [13, 14]. Particularly, the ground-based
Lidar can provide continuous observations of PBLH with
high vertical and temporal resolution. During the day, due
to the heating effects of solar radiation, a sharp gradient
of aerosol concentration exists between the mixing layer
and upper atmosphere. Thus, the PBLH can be obtained by
searching for the local maximum of the vertical gradient of
the backscattered signals [15]. On the basis of this principle,
there are severalmainmethods for detection of PBLH, such as
gradient method, standard variance method, iterative curve-
fitting method, and wavelet covariance method [16–20]. In
addition, somenew algorithmswere also proposed for detect-
ing the layer boundary from Lidar signal.The linear segmen-
tation and nonlinear segmentation algorithmswere proposed
to determine the aerosol boundary with high precision [21,
22].

Many researchers have studied the differences of different
inversion methods on determination of PBLH, and the
integrated method has been applied to the estimates of PBLH
based on observations by ground-based Lidar. Lammert and
Bösenberg [23] compared the differences of the convective
boundary layer (CBL) height between themaximumvariance
method and gradient method; this showed that the com-
bination of these two methods provides effective estimates
of boundary layer height at least under convective condi-
tions. Sawyer and Li [18] estimated PBLHs by combining
the wavelet covariance and iterative curve-fitting method.
According to the comparison results of PBLHs derived from
observations by ground-based Lidar and radiosonde, the
regression 𝑅2 values are above 0.5 both in cloudy cases and
in cloud-free cases.

With the development of active remote sensing tech-
nique, the space-borne Lidar can provide global observations
of aerosol vertical distributions, which makes it possible
to estimate the PBLH from space-based Lidar. The Cloud-
Aerosol Lidar and Infrared Pathfinder Satellite Observation
(CALIPSO) is a joint NASA-CNES satellite launched in
2006; the Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP) aboard the CALIPSO provides observations of
aerosol and cloud from space. Due to the constraints of the
power and integration time of space-borne Lidar, CALIOP
has a low signal-to-noise ratio. This makes the conventional
methods (e.g., gradient method) more difficult to apply to
CALIOP data. Indeed, it is more difficult to search for vertical
gradients in noisy profiles. This is one of the main reasons
why noCALIOPPBLHproduct is available yet. However, due
to the great significance of quantitative detection of global
PBLH derived from CALIOP, studies on the determination
of PBLH fromCALIOP observations have attractedmore and
more attention.

Jordan et al. [24] used the maximum variance method to
estimate the PBL height from CALIPSO observations over
the western hemisphere and Africa. The results showed that
the PBLHs fromGoddard Earth Observing System-Version 5
(GEOS-5) model PBL heights are within 25% relative error

of the PBL heights from CALIPSO estimates. McGrath-
Spangler andDenning [25] used the samemaximumvariance
method to evaluate summertime PBL depth over North
America. In addition, global analysis of the depth of daytime
PBL was made fromCALIPSO Lidar, and the result indicated
that the PBL depths at about half of the airport locations agree
with 25% of the CALIPSO estimates [26]. Zhang et al. [27]
obtained the PBLH from CALIOP over China by combining
the Haar wavelet and the maximum variance method. A total
mean absolute difference of 170m has been found for the
PBLH retrieved from CALIOP on the one hand and from a
ground-based radiosonde on the other hand.

Previous studies have shown that both the maximum
variance technique and the wavelet covariance technique
have their own advantages [24]. In general, the maximum
variance technique is more robust for the clean air and
partly cumulus convection case, while the wavelet covariance
technique is more effective for a turbid atmosphere with high
backscattering in the PBL. Until now, the maximum variance
method is the main method for estimating the PBLH from
CALIOPobservations; little research has focused on the com-
bination of these two methods. In addition, a sharp gradient
of backscatter can be foundwith the increase of altitude start-
ing from the bottom of the aerosol layer in the PBL, which
is corresponding to a large variance that might be confused
with the large variance identifying the top of the PBL. For that
purpose, this work presents a new algorithm, based on the
maximum variance technique developed by Jordan et al. [24],
with improved preliminary detection of the sharp gradients
that are nonrelated to the PBL.The validation of this method
relies on comparisons with PBLH derived from nine years
of ground-based Lidar synchronous observations located in
Lille, north of France.

The rest of this paper is organized as follows. Sections
2 and 3 present the data and the method of estimates and
analysis of PBLH, respectively. In Section 4, cases study and
validation of PBLH fromobservations by ground-based Lidar
are completed. Section 5 presents the conclusions.

2. Data

2.1. CALIOP Dataset. The CALIOP aboard CALIPSO pro-
vides the vertical profiles of elastic backscatter from a near
nadir-viewing geometry. Due to the initial laser beam diam-
eter and its divergence, the footprint diameter is about 70m
and can provide the vertical observations of aerosol and cloud
at an interval of 333m resolution in the direction along the
CALIOP track [28] during both day and night phases of
the orbit. CALIPSO belongs to the afternoon (A-train) con-
stellation of satellites with a 705 km sun-synchronous orbit.
TheA-train crosses the equator each afternoon at around 1:30
p.m. local time with a 16-day repeat cycle. CALIOP performs
measurements at the twowavelengths of 532 nm and 1064 nm
with an energy of 110mJ. The 532 nm band has two polarized
channels, including horizontal and perpendicular directions
[29]. Currently, CALIOP provides Level 1B and Level 2 prod-
ucts. Level 1B products contain the total attenuated backscat-
ter at 532 nm and 1064 nm and the perpendicular attenuated
backscatter at 532 nm. Level 2 products contain the cloud and
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aerosol layers information, cloud and aerosol profiles infor-
mation, and Vertical Feature Mask (VFM) data. The VFM
contains the information of classification of cloud and aerosol
and their subtypes.

In this paper, two types of data were chosen for the
retrieval of PBL heights: (1) total attenuated backscatter at
532 nm from Level 1B data, which has a horizontal resolution
of 333m and a vertical resolution of 30m from −0.5 km to
8.2 km, and (2) Level 2 Vertical Feature Mask (VFM) that
contains the information of classification of cloud and aerosol
and their subtypes. In this work, we used the CALIOP data
ranging from 2007 to 2015. In order to avoid the influence
of the residual layer during nighttime and due to the great
significance of daytime boundary layer detection, all of the
PBLH results in this study were estimated from daytime
observations.

2.2. Ground-Based Lidar Dataset. Because the space-borne
Lidar provides the observations of aerosol from space by
means of laser footprint, thus it has a limited spatial coverage
on the earth’s surface.Therefore, it is a little difficult to validate
the space-borne Lidar measurements from the spatial and
temporal (especially spatial) synchronous observations by
ground-based Lidar.The data used in this study is acquired by
the ground-based Lidar in a site in Lille, north of France.This
ground-based Lidar belongs to the Laboratoire d’Optique
Atmospherique (LOA). Figure 1 shows an example of the
position relation between the CALIOP footprints and Lidar
site (50.6∘N, 3.1∘E). The average distance between CALIOP
footprints and Lille Lidar site is around 15 km.The proximity
of CALIOP footprint from the ground-based stationmakes of
Lille a location of particular interest for comparison exercises.
Indeed, in most of the similar studies, this distance ranges
between 30 and 50 km (e.g., [27]). The Lidar at Lille site is
a monoaxial Cimel Micropulsed Lidar (CAML CE370) that
provides attenuated backscatter profiles at 532 nm up to a
height of 30 km.The profiles are available with a time resolu-
tion of 1 s and a vertical resolution of 15m. The Lidar was set
up in 2007 andhas been running continuously since then.The
use of the 2007–2015 dataset allows maximizing the number
of comparisons with CALIOP. The estimation method of
PBLH was described in Section 3.2.

2.3. Sun Photometer Dataset. In addition to the Lidar dataset,
the Sun Photometer measurements performed with the CE-
318 Cimel Sun Photometer on Lille observation platform
were used for analyzing the atmosphere and aerosol. This
instrument was integrated into the Aerosol Robotic Network
(AERONET) and maintained by Lille University. The stan-
dard CE-318 Cimel Sun Photometer consists of bands with
center wavelengths of 340, 380, 440, 500, 675, 870, 936, 1020,
and 1640 nm [30]. The Aerosol Optical Depth (AOD) and
Ångström exponent can be obtained from the ground-based
measurements of direct solar irradiance. For consistency
purposes with the Lidar wavelength, AOD were interpolated
at 532 nm from 440 and 870 nm channels.

3. Methods

3.1. Determination of PBLH by Space-Borne Lidar. In this
study, we developed an integrated algorithm for determining
the daytime PBLH from the attenuated backscatter at 532 nm.
This method combines the advantages of wavelet covariance
transform and the improved maximum variance method. In
order to ensure the stability and reliability of the results, some
preliminary steps need to be considered. Firstly, due to the
large noise present in CALIOP profiles during the daytime,
the backscatter profiles need to be averaged horizontally
along the track to improve the signal-to-noise ratio [29].
In this paper, the profiles were horizontally averaged over
15 km andwere vertically filtered along the altitude. Secondly,
the cloud screening based on VFM was applied to reduce
the effect of the clouds. Furthermore, according to the dis-
crimination of aerosol fraction, the optimization scheme was
developed to estimate the PBLH by considering the advan-
tages of two methods (see Section 3.1.4).

3.1.1. Wavelet Covariance Transform. As ameans of detecting
sharp changes in a signal, the wavelet covariance transform
𝑊𝑓(𝑎, 𝑏) is defined as [31]

ℎ(𝑧 − 𝑏𝑎 ) =
{{{{
{{{{{

+1: 𝑏 − 𝑎2 ≤ 𝑧 ≤ 𝑏
−1: 𝑏 ≤ 𝑧 ≤ 𝑏 + 𝑎2
0: elsewhere,

(1)

where 𝑧 is the altitude, ℎ is the Haar wavelet function, 𝑎 is the
spatial extent of wavelet function (also known as the dilation
of the wavelet function), and 𝑏 is the location at which the
Haar function is centered (also known as the translation of
the wavelet function). If we introduce into the backscatter
profile 𝑆(𝑧), the convolution of Haar function ℎ with 𝑆(𝑧) is
given by the following equation:

𝑊𝑓 (𝑎, 𝑏) = 1𝑎 ∫
𝑧𝑡

𝑧𝑏

𝑆 (𝑧) ⋅ ℎ (𝑧 − 𝑏𝑎 )𝑑𝑧, (2)

where 𝑧𝑏 and 𝑧𝑡 are the lower and upper limits of the profile,
respectively.

Because a strong negative gradient of backscatter is pre-
sented between the PBL and the free troposphere, the top of
the PBL can be identified by searching for the local maximum
in 𝑊𝑓(𝑎, 𝑏). Davis et al. [14] showed that, for simple cases,
the PBL depth can be easily identified by the maximum of
𝑊𝑓(𝑎, 𝑏). The choice of 𝑎 does not seem to be crucial, but it
becomes important under less ideal conditions. Figure 2
shows an example of the wavelet covariance transform using
multiple dilations for CALIOP data. Figure 2(c) shows the
comparison of top heights of PBL at the points of nearest spa-
tial and temporal coincidence between CALIOP footprints
and Lille Lidar site. The PBLH values are relative to surface
height, and the difference of PBLHderived fromCALIOP and
CE370 is 74m. In practice, the result bias of PBLH estimated
by thewavelet covariance transformmethod can be decreased
by selecting multiple wavelet scales. After a large number of
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Figure 1: Location of the Lille Lidar site; the black solid lines signify the footprints of CALIPSO orbit. The closest distance between CALIOP
footprints and the Lille Lidar site is 14.94 km, which was acquired at 12:50 UTC (daytime), February 27, 2008.

experiments, six wavelet scale factors of 450–600m (15–20
bins)were selected and themean profile ofwavelet covariance
coefficients was applied to estimate the PBLH.

Based on the principle mentioned above, a detection
method was adopted to estimate the PBLH. Firstly, we
searched for the local maximum in the vertical wavelet
covariance coefficient starting from the surface. Secondly, we
chose all local maxima of the wavelet covariance coefficients
that correspond to a maximum in the attenuated backscatter
at 532 nm itself in the meantime. Finally, the occurrence of
a maximum in the local maxima of the wavelet covariance
coefficients chosen by the above stepwas identified as the PBL
height.

3.1.2. Improved Maximum Variance Method. The maximum
variance method was based on the work of Melfi et al. [13].
Due to the sharp decrease in the vertical profile of backscat-
tered signals between PBL top and free troposphere above,
there is a local maximum in the vertical gradient of backscat-
tered signals. Jordan et al. [24] estimated the top of the PBL
by searching for a local maximum in the vertical standard
deviation starting from the surface combined with a maxi-
mum in the magnitude of the backscatter.

Due to the sharp gradient caused by the sharp increase
in backscatter signal mentioned in Section 1, an improved
maximum variance method was developed based on the

technique by Jordan et al. [24], and we added a condition
to remove this false sharp gradient, which was given by the
following equation:

𝛽 (𝑖) > 𝛽 (𝑖 + 1) ,
𝛽 (𝑖) > 𝛽 (𝑖 + 2) ,

(3)

where 𝛽 is the total attenuated backscatter at 532 nm and 𝑖
is the position of the backscatter signal in vertical profiles
of backscatter, which is corresponding to the currently local
maximum of standard deviation that needed to be judged.
The value of 𝑖 increases with the increase of altitude, and 𝑖 + 1
and 𝑖 + 2 are the positions of the bin corresponding to the
backscatter signal.

Figures 3(a) and 3(b) show the vertical profiles of total
attenuated backscatter at 532 nm acquired, respectively, from
CALIOP and CE370 on Lille site at 12:51 UTC (13:51 local
time) on December 31, 2015. The nearest distance between
CALIOP footprints and CE370 Lidar site is, for this day,
8.7 km. Figure 3(a) shows the PBLH results derived by the
maximum variance method developed by Jordan et al. and
the improved maximum variance method. The derived PBL
top heights are 0.67 km and 0.94 km above sea level, respec-
tively. Correspondingly, the derived PBLHs are 0.64 km and
0.91 km above surface height, respectively, with a difference
of 0.27 km.
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Figure 2: Example of the wavelet covariance transform.The CALIOP profile was acquired at 12:51 UTC (daytime) on September 4, 2013. (a)
The total attenuated backscatter at 532 nm acquired by CALIOP, (b) result of the covariance transform for different wavelet dilations applied
to the profile in (a), and (c) result of top heights of PBL derived from CALIOP and ground-based Lidar, respectively.
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Figure 3: Vertical profiles of total attenuated backscatter at 532 nm; (a) was acquired from CALIOP, while (b) was acquired from ground-
based Lidar (CE370), which were all measured on December 31, 2015.The PBLH results derived by themaximum variance method developed
by Jordan et al. (red bold line) and the improved maximum variance method (black line) are, respectively, shown in (a) along with latitude
and longitude, while in (b), the PBLH results (black points) were derived by wavelet method fromCE370 observations during daytime, which
are relative to sea level.The vertical white solid lines in (a) and (b) indicate the points of the nearest spatial and temporal coincidence between
the CE370 Lidar site and the CALIOP footprint.

In Figure 3(b), the PBLH derived by CE370 is 0.935 km
above ground surface, with a difference of only 25m com-
pared to the PBLH estimated by improved maximum vari-
ance method.

3.1.3. Cloud Masking. Because CALIOP observes the atmo-
sphere by looking downward from space, the clouds (espe-
cially the thick clouds) involve significant attenuation of
the backscatter signal in underlying layers. This makes the
detection of the PBL height difficult in cloudy sky conditions.
For this purpose, Level 2 VFM product was applied to elim-
inate the profiles that contain clouds. Correspondingly, two
steps were followed for cloud elimination. Firstly, we calcu-
lated the cloud fraction for every vertical profile of backscat-
ter by L2 VFM product. The cloud fraction is defined as the
ratio of the number of clouds identified by VFM product
to the total number of bins in a backscatter profile. Then,
we selected 5% as the threshold value of cloud fraction for
removing the backscatter profiles associated with a higher
fraction [32].

3.1.4. Integrated Algorithm. Wavelet covariance transform
and maximum variance method have their own limitations
for the determination of PBLH. Jordan et al. [24] have shown
that if a PBL structure with high backscattering in the PBL
exists, the wavelet covariance transform can identify the
PBLH very well. On the contrary, in the case of clear atmos-
phere and partial cumulus convection, it ismore robust to use
themaximum variancemethod to identify PBLH. Both of the
methods have their own error on the determination of PBLH.
Until now, there are few studies focusing on combining the
advantages of these two methods, aiming at determining the
PBLH from CALIOP observations. In this paper, the wavelet
covariance transform and the improved maximum variance

Aerosol fraction
from VFM data

Yes

No

Wavelet technique:
PBL height (H1)

Improved maximum
variance:
PBL height (H2)

PBL height
H = H1

PBL height
H = H2

Aerosol fraction
⩽5%?

Figure 4: The flowchart of the integrated algorithm.

method were combined to estimate the PBLH.The flowchart
of the integrated PBLH detection algorithm is shown in
Figure 4. Consequently, the PBLH results noted asH1 andH2
were obtained from two methods, respectively.

Considering the applicability of the wavelet covariance
transform and improved maximum variance method, the
difference between these two methods is mainly on the con-
tent of aerosol for a single backscattering profile. In order to
process the data and combine the advantages of these two
methods, the aerosol fraction was introduced to the inte-
grated algorithm; it is defined as the ratio of the number of
aerosol bins identified byVFMproduct to the total number of
bins in a backscatter profile. In order to distinguish different
aerosol conditions, a threshold of aerosol fraction should be
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Figure 5: The relationship of AOD at 532 nm and aerosol fraction
during CALIOP overpass. The fitting result of the data points (red
solid line).

confirmed first. Figure 5 shows the relationship of aerosol
fraction and AOD at 532 nm for all cases (cloudy, cloud-
free) during CALIOP overpass. The fitting result of the data
points shows that aerosol fraction increases with the increase
of AOD. As we know, AOD has a positive correlation with
the content of aerosol. Groß et al. [33] pointed out that an
AOD of less than 0.1 at 532 nm over Europe indicates clear
sky conditions.Wang et al. [34] chose an AOD equal to 0.12 at
550 nm over Beijing, China, as the aerosol properties under
clear weather conditions. As the red line shows in Figure 5,
the aerosol fraction is close to 5% when the AOD is equal to
0.1. Thus, the value of 5% was selected as a suitable threshold
of aerosol fraction to distinguish the relatively weak aerosol
condition from different aerosol conditions. Then, the PBLH
from the corresponding detectionmethodwas selected as the
appropriate PBLH (e.g., selection of the improved maximum
variance method for weak aerosol layer and selection of
the wavelet covariance transform method for other aerosol
conditions).

In addition, the PBLH was limited to 0.25–5.0 km above
the ground surface [25]. Finally, in order to reduce the abnor-
mal value and improve spatial continuity, the PBLH results
should be horizontally averaged over a spatial extent. Winker
et al. [29] showed that the estimated detection sensitivity of
the CALIOP 532 nm channel improved with the increase of
the window size of horizontal averaging, for example, 1 km,
5 km, and 80 km; these window sizes of horizontal averag-
ing were already specified in L2 VFM product. McGrath-
Spangler and Denning [25, 26] chose 20 km and 60 km,
respectively. After overall considerations about the quality
control and loss of horizontal resolution, the individual PBLH
results were horizontally averaged over 30 km by a running
mean. In addition, if the aerosol loading in a backscattering
profile is very low (i.e., aerosol fraction = 0%), none of the
methods will be available to estimate the PBLH in this case.
In order to improve the reliability of the PBLH results, the
profiles which have an aerosol fraction of 0 were removed.

3.2. Determination of PBLH by Ground-Based Lidar. In order
to validate the PBLH results derived from space-based Lidar,
the PBLH results obtained from ground-based Lille Lidar sta-
tion were used. Although the detection techniques for deter-
mining the PBLH by ground-based Lidar are already mature,
several important instrumental aspects, such as nonlinearity
of the detectors and the overlap function, still need to be con-
sidered. Besides, the attenuated backscattered signals were
averaged over a time period of 20 minutes and were nor-
malized for data preprocessing. In addition, spectral filtering
which allows reducing the noise associated with high fre-
quencies vertical variation was applied to the measurements.
Clouds conditions were also removed to the PBLH retrieval
thanks to filtering based on the vertical variability of the
backscatter profiles. The required thresholds are determined
from climatologic values, the whole Lille database covering
more than 10 years of continuousmeasurements.Thedescrip-
tion of the cloud detection method applied on the profiles of
backscatter was based on the work of Mortier et al. [35].

Consequently, two different layer heights (i.e., the PBL
height and top layer (TL) height) were detected for each
profile. The TL refers to the top of the highest aerosol layer if
the related vertical gradient is significant enough. This latter
retrieval is of particular interest when aerosol layers are trans-
ported above the PBL.The principle of the detection method
is available in Section 3.1.1, and more details can be found in
the work of Mortier [36]. Besides, the detection of TL height
was based onLéon et al. [37]. Finally, bothPBL andTLheights
were averaged over 30 minutes in order to ensure a temporal
stability.

4. Results

4.1. PBL under Clear Sky Condition. Figures 6(a) and 6(b)
show the color images of the daytime total attenuated back-
scatters at 532 nm acquired by CALIOP and CE370 on Lille
site, as well as the PBLH results for March 7, 2011. According
to the estimates of AOD at 532 nm on Lille site, the nine-year
averaged AOD during CALIOP overpass is 0.13. The average
AOD within half an hour during CALIOP overpass is 0.10
on March 7, 2011. The vertical white solid lines in these two
figures show the points of the nearest spatial and temporal
coincidence between CALIOP footprints and CE370 Lidar
site, which were acquired at 12:51 UTC (13:51 local time); the
distance between CALIOP footprint and CE370 Lidar site
is 12.27 km. In this case, no cloud was detected around the
area.

Figure 6(a) indicates the differences of PBLHs retrieved
with the three different detection methods detailed in Sec-
tion 3.1. For cases where aerosol fraction was more than
5%, the PBLHs can be determined effectively by the wavelet
method. On the contrary, when the value of aerosol fraction
was less than 5%, the PBLHs can be determined effectively by
the improved maximum variance method. Figure 6(b) shows
the daily variation of PBL.During daytime, the solar radiation
heats up the surface leading to an increasing PBL which
reaches a stable state at around 12:30 UTC (13:30 local time).
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Figure 6:Vertical profiles of total attenuated backscatter at 532 nmunder clear sky conditions, inwhich (a) is for CALIOP and (b) is for CE370.
In (a), the PBLH results derived by wavelet method (red line), improved maximum variance method (purple line), and integrated algorithm
(black bold line) are, respectively, shown in the same figure along with latitude and longitude; (b) is similar to Figure 3(b), but for another
day.The PBLH results (black points) were derived fromCE370 during daytime.The vertical white solid lines in (a) and (b) indicate the points
of the nearest spatial and temporal coincidence between CALIOP footprints and CE370 Lidar site, and (c) shows the comparison of vertical
profiles of backscatter signals and PBL top height results between CALIOP and ground-based Lidar. The vertical profiles are corresponding
to the vertical white solid lines in (a) and (b).

Afterwards, the PBL decreases with the decreasing solar radi-
ation. Figure 6(c) shows the comparison of the vertical pro-
files of backscatter at 532 nm between CALIOP and CE370,
as well as the PBL height estimated at the coincident point.

The comparison results indicate that the PBLH derived
from CALIOP is in good agreement with the one derived
from CE370 observations. The PBL top heights are 0.80 km
and 0.93 km above sea level, respectively. Correspondingly,
the PBLHs derived by CALIOP and CE370 are 0.77 km and
0.87 km above surface height, respectively. Consequently, it
has a difference of 100m in this case.

4.2. PBL under Polluted Condition. Similarly, as in Figure 6,
Figures 7(a) and 7(b) show the results of PBLHs under
polluted condition for April 16, 2014. On this day, the average
AOD within half an hour during CALIOP overpass is 0.25.
The points of the nearest spatial and temporal coincidence
between CALIOP footprints and CE370 Lidar site were
acquired at 12:51 UTC (14:51 local time), and the distance
between them is about 11.67 km.

Figure 7(a) shows the differences of PBLHs among dif-
ferent detection methods; it illustrates that the PBLHs are
determined effectively by the wavelet method under polluted
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Figure 7: Similar to Figure 6, but for a polluted sky condition.

condition. Figure 7(b) shows that the PBL grows from the
morning and reaches a stable state at around 12:00UTC (14:00
local time). Figure 7(c) is similar to Figure 6(c), but for pol-
luted condition. The result indicates that the PBLHs results
derived from CALIOP are in good agreement with CE370.
Under polluted condition, the PBL top heights are 1.29 km
and 1.28 km above sea level, respectively. Correspondingly,
the PBLHs results derived by CALIOP andCE370 are 1.26 km
and 1.22 km above surface height, respectively, which has a
difference of 40m.

4.3. Comparisons of PBL Heights at Different DistanceThresh-
olds. Cloud detection was performed for each profile of
backscatter based on the observations by ground-based Lidar.
According to the cloud detection method described in Sec-
tion 3.2, we can determine the presence of clouds in the atmo-
sphere within half an hour during CALIOP overpass. If at
least one cloudy backscatter profile is found in all the profiles
used in the average of 30 minutes during CALIOP overpass,

then the related PBLH is flagged as retrieved in cloudy sky
condition. Figure 8 shows the spatial relationship between
ground-based Lidar station and CALIOP footprints during
CALIOP overpass. Two spatial distances (20 km and 50 km)
were selected to make a comparison of the difference of
derived PBLHs. The black circle represents the selected foot-
print for comparison of the derived PBLHs at different spatial
distances.

Figure 9 shows the scatterplot of PBLHs derived from
CALIOP versus those results from CE370 for cloud-free
cases. The estimates of PBLHs are relative to the surface
height. To analyze the effect of distance on the validation
accuracy of PBLHs, two representative distances (around
20 km and 50 km) between CALIOP footprints and Lille
Lidar site are considered. In Figures 9(a) and 9(b), the high
correlation (correlation coefficient 𝑅 ≥ 0.75) of PBLHs
derived from CALIOP and CE370 exists for both distances
of 20 km and 50 km, and the corresponding mean absolute
differences are 0.191 km and 0.210 km, respectively.
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Figure 8: Spatial relationship between ground-based Lidar station
and CALIOP footprints during CALIOP overpass. The red triangle
represents the position of Lille Lidar station, the red circle represents
the footprints of CALIOP, the black circle represents the position
of CALIOP footprint at the specified spatial distance (e.g., 20 km
and 50 km), and the blue rectangle represents 30 km window size
of horizontally running mean for the black circle.

The above analyses imply that the agreement of PBLHs
decreases with the increasing spatial distance between
CALIOP footprint and Lille Lidar site. There is an actual
height difference for the PBL observed at Lille and 50 km
away. Besides, the cloud has a significant impact on the
accuracy of PBLHs derived from CALIOP.

4.4. Comparisons of PBL Heights on Time Series. Figure 10(a)
shows the comparison of PBLHs derived from CALIOP and
CE370 under clear sky conditions on Lille site, and the time
period is over nine years from 2007 to 2015. The mean abso-
lute difference of PBLHs derived from CALIOP and CE370 is
0.206 km. Figure 10(b) shows the AOD and Ångström expo-
nent derived from the Sun Photometer within half an hour
during CALIOP overpass, and the AOD values are typically
around 0.1 in nine years during CALIOP overpass, which
implies the clear atmospheric conditions (i.e., low aerosol
loading). The Ångström exponent is typically larger than 1,
which implies that the small particles are the main particles
presented in the atmosphere for Lille site.

Two relatively large absolute differences of PBLHs can
be found in Figure 10(a). The absolute difference of PBLH
is 0.59 km on November 23, 2007, and the value of averaged
AOD is 0.09 during CALIOP overpass on this day.The corre-
sponding Ångström exponent is 0.47 and the aerosol type is
urban-industrial. The absolute difference of PBLH is 0.63 km
on March 25, 2012. And the value of averaged AOD is 0.42
during CALIOP overpass on this day.

In addition, we give a threshold value to identify the aloft
aerosol layer (e.g., aerosol layer above the PBL). If the differ-
ence between the PBL height and TL height for a backscatter
profile exceeds this threshold value, the aloft aerosol layer
is found.Three threshold values (i.e., 0.5, 1.0, and 1.5 km)were
used to test the validity of the identification of the aloft aerosol

layer. Finally, 0.5 km was regarded as a suitable threshold to
identify the aloft aerosol layer. Based on the judgement men-
tioned above, we analyzed the difference between PBL height
and TL height in the cases where the relatively large absolute
differences of PBLH exist. According to the statistical results,
all of the differences between PBL height and TL height are
larger than 0.5 km.Therefore, the presence of the aloft aerosol
layer is the main cause for the large absolute differences of
PBLH. The presence of the aloft aerosol layers is also consis-
tent with the corresponding quick look images of the total
attenuated backscatters at 532 nm displayed on the website of
LOA.

Because of the aloft aerosol layer overlying the PBL, the
significant attenuation in the downward backscatter signals
acquired from CALIOP can be found. In addition, the top of
the aloft aerosol layer also has a sharp decrease in backscat-
tered signals. As a result, the top height of the aloft aerosol
layer is usually falsely identified as the PBL height.Therefore,
the aloft aerosol layer has a certain impact on the estimation
of PBL height.

4.5. Comparisons of PBL Heights under Different Cloud Con-
ditions. Figure 11 shows the comparisons of PBLHs derived
from CE370 and CALIOP at the points of the nearest spatial
and temporal coincidence between CALIOP footprints and
CE370 Lidar site. All of the nearest spatial distances arewithin
20 km. The estimates of PBLHs are relative to the surface
height. Figures 11(a) and 11(b) are for the cloud-free cases,
while Figure 11(c) is for cloudy cases. In Figure 11(a), a high
correlation (𝑅 = 0.79) of PBLHs exists between the scat-
terplots of PBLHs derived from CALIOP and ground-based
Lidar, and the mean absolute difference and the RMSE are
0.206 km and 0.222 km, respectively. Figure 11(b) shows a
higher correlation (𝑅 = 0.94) after the removal of the effect
of the aloft aerosol layer in Figure 11(a). In Figure 11(c), a low
correlation (𝑅 = 0.48) of PBLHs exists between the PBLHs
derived from CALIOP and ground-based Lidar under the
cloudy cases, and the correspondingmean absolute difference
and the RMSE are also large.

The above analysis shows that the PBLHs can be obtained
effectively by CALIOP in cloud-free cases; however, the large
absolute difference exists in cloudy cases, the value of which
is 0.527 km.

Figure 12 presents the comparison results of PBLH
derived from CALIOP and CE370. Figures 12(a) and 12(b)
quantitatively present the results of comparing the maximum
variance method developed by Jordan et al. [24] with the
integrated PBLH detection algorithm. The mean absolute
differences are 0.571 km and 0.206 km in Figures 12(a) and
12(b), respectively, which indicates that the accuracy of the
PBLH derived by the integrated algorithm is better than that
of the maximum variance method.

5. Conclusions

In this paper, an improved maximum variance method was
developed, and an integrated algorithm by considering both
advantages of the wavelet covariance transform and the
improved maximum variance method was developed, which
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Figure 9: The comparison results of PBLH derived from CALIOP and CE370 in cloud-free cases. (a) For the threshold value of 20 km, (b)
for the threshold value of 50 km.
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Figure 10: Under clear sky conditions, (a) illustrates the comparison of PBLH at the points of the nearest spatial and temporal coincidence
between CALIOP footprints and CE370 Lidar site. (b) demonstrates the averaged AOD and Ångström exponent derived from the Sun
Photometer within half an hour during CALIOP overpass.

aims to obtain the reliable PBLHs from the CALIOP obser-
vations. Besides, an aerosol fraction threshold was applied to
the integrated algorithm considering the applicability of these
two methods, in order to solve the problem of determining
PBLH under different aerosol conditions (e.g., weak aerosol
layer or another aerosol layer exists). Due to the effects of
clouds (especially the thick clouds) on the backscattered
signals acquired from space-borne CALIOP, the cloud elimi-
nation based on VFM data was adopted. In addition, a height
threshold was given to identify the aloft aerosol layer.The val-
idation of PBLH estimated by CALIOP has been performed
using nine years of synchronous observations based on the

data from Lille Lidar site. The main conclusions are shown as
follows:

(1) An integrated algorithm by considering both advan-
tages of the wavelet covariance transform and the
improvedmaximumvariancemethodwas developed,
in order to solve the problem of determining PBLH
under different aerosol conditions (e.g., weak aerosol
layer or another aerosol layer exists).

(2) Nine years of synchronous observations based on the
data from Lille Lidar site were applied to validate
the PBLH estimated by CALIOP. The comparisons of
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Figure 11:The correlation of PBLHs derived from CE370 and CALIOP. (a) In cloud-free cases. (b) Result with the removal of the effect of the
aloft aerosol layers in (a). (c) The result in cloudy cases.

PBLHs derived by CALIOP and ground-based Lidar
show good agreement (𝑅 ≥ 0.79) under clear sky con-
ditions. The mean absolute differences of PBLHs are,
respectively, of 206m and 106m before and after the
removal of the aloft aerosol layer. According to the
analysis above, it is implied that the integrated algo-
rithm can effectively estimate the PBLH under clear
sky conditions.

(3) The results of distance analysis indicate that the spatial
correlation of PBLHs decreases with the increasing
spatial distance between CALIOP footprint and Lille

observation platform. Besides, the clouds and the
aloft aerosol layer have a significant impact on the
accuracy of PBLH derived from CALIOP observa-
tions.The largermean absolute difference (i.e., 527m)
exists under cloudy sky conditions, even if the cloud
masking was applied to the CALIOP data.

In the future, we will further improve and optimize the
PBLH estimation algorithm based on CALIOP observations
and solve the problem of the effects of the aloft aerosol layer
and cloud layer on determination of PBLH.
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Figure 12: The comparison results of PBLH derived from CALIOP and CE370. (a) The results of PBLH from CALIOP were derived by the
maximum variance method. (b) The results of PBLH from CALIOP were derived by the integrated algorithm.
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