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Abstract The planetary boundary layer height (PBLH) is a very important parameter in the atmosphere,
because it determines the range where the most effective dispersion processes take place, and serves as a
constraint on the vertical transport of heat, moisture, and pollutants. As the only space-borne lidar,
Cloud-Aerosol Lidar with Orthogonal Polarization onboard Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Observations (CALIPSO) measures the vertical distribution of aerosol signals and thus offers the
potential to retrieve large-scale PBLH climatology. In this study, we explore different techniques for retrieving
PBLH from CALIPSO measurements and validate the results against those obtained from ground-based
micropulse lidar (MPL) and radiosonde (RS) data over Hong Kong, where long-termMPL and RSmeasurements
are available. Two methods, namely maximum standard deviation (MSD) and wavelet covariance transform
(WCT), are used to retrieve PBLH from CALIPSO. Results show that the RS- and MPL-derived PBLHs share
similar interannual variation and seasonality and can complement each other. Both MSD and WCT perform
reasonably well compared with MPL/RS products, especially under sufficient aerosol loading. Uncertainties
increase when aerosol loading is low and the CALIPSO signal consequently becomes noisier. Overall, CALIPSO
captures the general PBLH seasonal variability over Hong Kong, despite a high bias in spring and a low bias in
summer. The spring high bias is likely associated with elevated aerosol layers due to transport, while the
summer low bias can be attributed to higher noise level associated with weaker aerosol signal.

1. Introduction

The planetary boundary layer (PBL) is the lowest layer of the atmosphere. It exerts an essential impact on the
surface-atmosphere exchanges of energy, moisture, momentum, heat, gases, and pollutants. The PBL is
generally dominated by complicated, nonlinear, and chaotic turbulence, which leads to the relatively strong
vertical mixing of gas, moisture, and aerosols. Therefore, the height of the PBL, named PBLH, determines the
vertical extent to which the most effective dispersion process takes place and is a key parameter in weather
and climate [Seibert et al., 2000; Haeffelin et al., 2011], as well as pollution studies [Seinfeld and Pandis, 2006].
The PBLH is also a crucial length scale in atmospheric numerical models [Monks et al., 2009; Gan et al., 2011].

Traditional methods for deriving PBLH include gradient methods [e.g., Johnson et al., 2001; Liu and Liang,
2010] and Richardson number methods [e.g., Vogelezang and Holtslag, 1996; Guo et al., 2016], both of which
are based on profiles of temperature, pressure, humidity, and wind speed obtained by radiosondes (RS).
However, using RS to retrieve PBLH bears several shortcomings. On one hand, RS are often launched at
nonoptimal times for determining PBLH. According to the policy of World Meteorological Organization,
regular RS in China are routinely launched twice daily at 0800 and 2000 China Standard Time (CST), when
PBLH is not fully developed. On the other hand, the spatial coverage of RS sites is usually too sparse to
capture PBLH spatial variability. Apart from RS, ground-based lidar, such as micropulse lidar (MPL), which
measures extinction by aerosols, has also been widely used to derive PBLH [e.g., Hägeli et al., 2000; He
et al., 2008; Tucker et al., 2009; Yang et al., 2013]. The lidar algorithm is based on the fact that a temperature
inversion often exists at the top of PBL that traps moisture and aerosols [Seibert et al., 2000], which leads to a
sharp decrease in aerosol backscatter signals at the upper boundary of the PBL. Therefore, the location of the
PBL upper boundary can be determined by finding the steepest gradient of aerosol backscattering signals.
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Lidar-derived PBLHs generally show good coherence with RS products [e.g., Cooper and Eichinger, 1994;
Hennemuth and Lammert, 2006; Sawyer and Li, 2013]. However, as a ground-based method, it still suffers from
poor spatial coverage.

As the only space-borne lidar in operation, the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP)
onboard Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) [Winker et al., 2007]
has the capability of retrieving vertical distributions of clouds and aerosols with high vertical resolution
and offers a great potential for the estimation of global PBLHs from space. Based on the idea that there is
a local maximum in the vertical standard deviation of lidar backscatter at the PBL top [Melfi et al., 1985],
Jordan et al. [2010] determined the PBLH from CALIPSO as the lowest occurrence of a local maximum in
the standard deviation of backscatter profile collocated with a maximum in the backscatter itself. McGrath-
Spangler and Denning [2012] modified this method by restricting the retrieved depths to 0.25–5 km, adding
a check for surface noise, and removing profiles with attenuating and overlying clouds. Several studies
further proved the effectiveness of CALIPSO data by presenting overall reasonable agreements between
CALIPSO-derived and RS-based/MPL-based PBLH results [e.g., Leventidou et al., 2013; Liu et al., 2015; Zhang
et al., 2016].

Although previous studies produced promising results from CALIPSO, there are still some limitations that
should be noticed. A major difficulty in using CALIPSO to derive PBLH compared to ground-based methods
is its low signal-to-noise ratio (SNR). In particular, because of the long travel distance of attenuated backscat-
ter, the signals reaching the CALIPSO lidar from low altitudes can be much noisier compared with ground-
based lidar [Winker et al., 2007; Mamouri et al., 2009]. This increases the difficulty in determining the precise
height of the PBL top. Another problem is that previous studies utilizing CALIPSO data were typically based
on maximum standard deviation (MSD) method [e.g., Jordan et al., 2010; McGrath-Spangler and Denning,
2012; Liu et al., 2015], whereas another widely used method, the wavelet covariance transform (WCT), has
been largely ignored. WCT is an effective tool introduced by Gamage and Hagelberg [1993] in distinguishing
the step changes from noisy signals. It has demonstrated good performance in PBLH estimation from MPL
[e.g., Davis et al., 2000; Brooks, 2003; Compton et al., 2013] and other ground-based measurements.
However, there is still lack of discussion about the application of the WCT technique to CALIPSO data.

Based on the above-mentioned shortcomings, this study attempts to provide the first comparison and eva-
luation of CALIPSO-derived PBLH using both MSD andWCT techniques. Several refinements have beenmade
to the WCT method to better account for cloud screening, surface detection, noisy signals, etc. Moreover, we
also present a comprehensive assessment of the results using 7 years of PBLHs derived from RS and MPL. We
focus our study on the Hong Kong area since a unique long-term MPL record is available here, which allows
for the evaluation of both the accuracy and seasonal variability of the CALIPSO results. To our knowledge, this
is the first long-term, detailed intercomparison between RS-, MPL-, and CALIPSO-derived PBLH products. We
further examine the differences between CALIPSO and MPL/RS for different seasons and under different
aerosol loadings and discuss possible sources of uncertainties.

The paper proceeds as follows: Section 2 introduces the methods for retrieving PBLH from CALIPSO as well as
from RS and MPL. The detailed intercomparison results between RS-, MPL-, and CALIPSO-derived PBLHs,
including their seasonal variation and bias, are presented in section 3. A brief conclusion is given in
section 4.

2. Data and Method
2.1. Site Description

We use CALIPSO, MPL, and RS to calculate PBLHs over Hong Kong, a megacity located at the Pearl River Delta
of China. Hong Kong is one of the most densely populated and well-urbanized regions in the world. The
climate of this region is dominated by the southerly/southwesterly East Asia monsoon in summer and
northerly/northeasterly monsoon in winter [Yuan et al., 2013].

In the Hong Kong area, there are three MPL stations operated by the Hong Kong University of Science and
Technology (HKUST): Yuelong (YL, 22°260N, 114°10E), Sha Tau Kok (STK, 22°320N, 114°120E), and HKUST
Pump House (PH, 22°200N, 114°160E). The RS station (22°100N, 114°190E) operated by the Hong Kong
Observatory routinely launches RS at 0800 and 2000 CST every day. Figure 1 shows the location of YL (blue
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star), STK (red rhombus), PH (green
square), and RS (pink triangle)
stations, with the daytime CALIPSO
orbit tracks (black line) near Hong
Kong superimposed. The daytime
CALIPSO orbits overpassing Hong
Kong is very close to the three MPL
sites (less than 10 km from YL station
and ~30 km from STK and PH station,
cf. Figure 1), which creates a favor-
able condition for the comparison
against ground-based observations.
For matching up between CALIPSO
and MPL retrievals, we select the
nearest position in CALIPSO orbit to
the MPL station and then average
the available CALIPSO retrievals
within 20 km around this position.

2.2. Retrieving PBLHs
From CALIPSO

As part of the Afternoon satellites
constellation (A-train) [L’Ecuyer and

Jiang, 2010], CALIPSO is in a 705 km Sun-synchronous polar orbit between 82°N and 82°S with a 16 day repeat
cycle and with equator crossings at approximately 1330 and 0130 local time [Winker et al., 2007;Winker et al.,
2009]. CALIOP aboard the CALIPSO platform is the first space-borne lidar optimized for aerosol and cloud
profiling, which has the 532 nm channel (parallel and perpendicular polarization) and the 1064 nm channel.
CALIOP measures total attenuated backscatter coefficient (TAB) with a horizontal resolution of 1/3 km and
vertical resolution of 30m in the low and middle troposphere. The attenuated backscatter data (Level 1B)
is publicly available online from the Atmospheric Science Data Center at NASA Langley Research Center
(https://www.nasa.gov/langley). Because the nighttime heavy surface inversion and residual layers compli-
cate the identification of the PBL, we only focus on daytime observations for this analysis.

In this study, we utilized the MSDmethod developed byMcGrath-Spangler and Denning [2012] and adopt the
threshold method initially proposed by Platt et al. [1994] to identify clouds using the threshold value indi-
cated by Okamoto et al. [2007]. Although under some circumstances the top height of boundary layer clouds
can be regarded as the PBLH, such estimation requires the correct identification of cloud type which cannot
be accurately determined by the lidar. Therefore, the cloudy conditions have been subsequently excluded
from the following analysis. We also made several additional modifications and refinements. First of all, the
restricted altitude has been modified to the range of 0.3 to 2.5 km according to the characteristics of PBLH
over Hong Kong. Moreover, because CALIPSO views from above, when penetrating through an aerosol layer,
the signals often become attenuated when it reaches the bottom of the layer. This generates a decline in TAB
below the top of the aerosol layer which may also result in a local maximum of TAB standard deviation.
However, this local maximum is not created by the natural jump of aerosol concentration from the PBL to
the free atmosphere, but rather by the viewing geometry of the instrument. To address this issue, we define
a function:

β ið Þ ¼ max f i þ 2ð Þ; f i þ 1ð Þf g �min f ið Þ; f i � 1ð Þf g (1)

where f(i + 2), f(i + 1), f(i), f(i� 1) are four adjacent altitude bins of 532 nm TAB, with the attitude decreasing
with increasing bin number i. We add a constraint of β> 0 for PBLH identification, which can eliminate the
local maximum of standard deviation caused by signal attenuation at low altitudes and ensures that the
location of the PBLH lies at the top of the aerosol layer.

To better illustrate this treatment, Figure 2a shows an example of PBLH results derived from CALIPSO using
the MSD technique. The TAB from CALIPSO on 24 October 2007 over Hong Kong is plotted with a horizontal

Figure 1. Geographic distributions of the three MPL sites: YL, STK, and PH.
The RS station is also shown in pink triangle, with CALIPSO orbit track
superimposed (black line).
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smoothing of 3 km and a vertical sliding window of 90m to improve the SNR. The solid black line indicates
the derived PBLH using MSD method with constraint β> 0 and the dashed line shows that without
constraint. A horizontal smoothing of 7 km is applied to the retrieved PBLHs in order to minimize the
influence of outliers and to increase its spatial consistency. Figure 2b presents the vertical profiles of TAB
(black) and the vertical standard deviation (blue) of TAB close to the MPL site (YL) averaged over 20 km.
We can see that there are two local maxima in the standard deviation profile. The lower one is caused by
the signal attenuation by the aerosols above, which is effectively eliminated by the constraint of β> 0.
Hereafter, the method using MSD technique with constraint is simply referred to as “MSD.”

In addition, we also introduce the WCT technique to derive PBLH from the TAB profiles of CALIPSO. We use a
Haar wavelet whose function h is defined as [Gamage and Hagelberg, 1993]:

h
z � b
a

� �
¼

þ1 :

�1 :

0 :

b� a
2
≤z≤b

b < z≤bþ a
2

elsewhere

8>>>><
>>>>:

(2)

where z is altitude, b is called the “translation” of the function where the function is centered, and a is called

Figure 2. (a) Total attenuated backscatter (TAB) plot (log scale) from CALIPSO on 24 October 2007 over Hong Kong. The
black lines indicate the derived PBLH using MSD method with constraint β> 0 (solid) and without constraint (dashed).
The gray line represents surface elevation. (b) The vertical profile of TAB (black curve) and the vertical standard deviation
(blue curve) of TAB closest to the MPL site. (c) and (d) Similar to Figures 2a and 2b, except that the lines and dots indicate
the derived PBLH using the WCT method. The curves in different colors represent various PBLHs based on the assumption
of various dilation a values used in wavelet covariance transform method. The midpoints of Figures 2a and 2c are the
positions closest to MPL. (e) Time evolution of the NS plot from MPL on 24 October 2007. The black line identifies the PBLH
derived from MPL, and the red line represents the residual layer. (f) The NS profile of MPL averaged from 1300 to 1400 CST.
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the “dilation” of the function. Then, the covariance transform of the Haar function Wf(a, b) is defined as
follows:

Wf a; bð Þ ¼ 1
a
∫
zt

zb
f zð Þh z � b

a

� �
dz (3)

where f(z) is the backscatter signal of the lidar, zb is the lower limit and zt is the higher limit of the profile. The
value b at which Wf(a, b) reaches the local maximum with a coherent scale of a is usually considered as the
PBLH. The selection of dilation a is the key in this processes. Brooks [2003] proposed that the best selection of
dilation a should equal the transition zone range of the ideal profile. In previous studies, the selection of dila-
tion a generally ranges from 100m to 1000m for ground-based lidar [e.g., Davis et al., 2000; Brooks, 2003;
Compton et al., 2013]. For choosing an appropriate dilation a suitable for the TAB profiles derived from
CALIPSO, we perform a series of sensitivity tests. Figure 2c presents the derived PBLHs using WCT techniques
with different a values roughly within the range of those used in previous studies. Figure 2d shows the
corresponding results for a spatially averaged profile which is the same as Figure 2b. The specific Wf(a, b)
function corresponding to different values of the dilation a can be found in Figure S1 in the supporting infor-
mation. The selected PBLH retrieval range, surface noise check, and cloud screening are the same as the MSD
method. It is seen from Figure 2d that when the dilation a is chosen between 600m to 900m, the PBLH
results show no substantial difference and all correctly identify the top of the aerosol layer. We therefore
consider this range appropriate. Note that this range is larger than the typical value used for MPL [Brooks,
2003] since larger dilation is required to smooth out the noisier CALIPSO signals. We choose the dilation a
as 690m and make sure that there do not exist obvious unrealistic conditions through visual inspection.
The method using WCT will be simply referred to as “WCT” in the following text.

2.3. Retrieving PBLHs From MPLs

The MPL located at the YL station is a SESI Model 1000 produced by the SESI Corporation and was continu-
ously operated from June 2006 to December 2009. This MPL stopped working due to facility malfunction
since January 2010 and was replaced by MPL-4B produced by Sigma Space since October 2011. The other
two MPLs located at STK and PH stations, respectively, are both Sigma Space MPL-4B model. The basic infor-
mation for these MPLs is presented in Table 1. Background subtraction, saturation, afterpulse, overlap, and
range corrections are applied to raw MPL data to derive the normalized signal (NS) with arbitrary units.

For retrieving PBLH from MPL measurements, we follow a well-established method, which was developed by
Flamant et al. [1997] and then refined by Yang et al. [2013]. It retrieves daytime PBLH based on the criterion of
signal gradient minimum, namely the signal gradient reaching minimum at the top of the PBL. The first
derivative of a Gaussian filter is first applied to smooth the vertical profile of NS and to produce the gradient
profile. Multiple valleys and peaks of gradient profile are identified, representing the stratification structure of
aerosol. The first significant peak of the gradient profile is regarded as the upper limit for searching PBL top,
and then the deepest valley of the gradient profile is identified as PBLH. For cloud screening, we use the same
threshold method by Platt et al. [1994] and eliminate false results caused by clouds. A manual quality
assurance to correctly identify the PBLH is implemented due to the following possible contaminations: (1)
When the PBL is not fully identified, the algorithm tends to identify the top of residual layers as the PBLH;
(2) occasionally, there can bemore than one significant decrease in the signal profile. The one that is themost
consistent with retrieval results at the previous time step is selected to ensure temporal consistency of the
daytime PBLH. More detailed description about manual quality assurance can be found in Yang et al.
[2013]. Nonetheless, only a small fraction of the data (5%) is eliminated by the manual quality assurance.

To collocate with CALIPSO overpass, we use PBLH retrievals averaged from 1300 to 1400 CST, when the PBL is
well developed, with its depth generally reaching daily maximum. This is referred to as “noontime PBLHs.” As
an example, Figure 2e shows the temporal evolution of the NS from MPL on 24 October 2007. The black line
indicates the PBLH derived fromMPL, and the red line represents the residual layer. During this day, CALIPSO-
derived PBLHs using the two methods agreed well with those derived from MPL. The noontime PBLH is
around 1.3 km in this case.

2.4. Retrieving PBLH From RS

To partly resolve the problem that RS cannot provide continuous daily PBLH products, we turn to the method
proposed by Holzworth [1964, 1967] to produce diurnally varying PBLH using morning potential temperature
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profile and daily surface potential temperature. The Holzworth method is a very useful tool to estimate PBLH
and has been widely used by a range of studies [e.g., Du et al., 2013; Zhang et al., 2014; Lai, 2015; Karimian
et al., 2016]. Briefly, along with the increase of surface temperature from the morning, this method
assumes that the air mass is lifted adiabatically from the surface to higher altitudes and maintains a nearly
constant potential temperature. The height at which the environment potential temperature and current
surface potential temperature reaches equilibrium is estimated to be the upper boundary of the PBL.
Conventionally, the environment potential temperature profile is measured by the radiosonde launched at
0800 CST at the RS station (shown in Figure 1), and the diurnal trend of surface potential temperature is
determined by the hourly surface potential temperatures obtained from the meteorological facilities at the
YL station. The Holzworth method assumes that the potential temperature remains constant for the same
day at the same altitude of the free atmosphere and also assumes that the potential temperature is
homogenous within the PBL. However, note that due to the more complicated real conditions, the PBLH
estimated from these ideal assumptions cannot be regarded as “truth” and thus we use it jointly with MPL
for validating CALIPSO results.

3. Results and Discussion
3.1. An Overview of RS-Derived and MPL-Derived PBLHs Over Hong Kong

By utilizing the algorithm described above, we obtain a long-term PBLH data set from RS and MPL measure-
ments over Hong Kong during the period from June 2006 to June 2013. The MPL results at the YL station
overlap with Yang et al. [2013] from June 2006 to December 2009, while the rest of the data set is originally
presented by this study. Figure 3a shows the time series of noontime PBLHs derived from RS and MPL at YL,
STK, and PH sites, respectively, from June 2006 to June 2013, smoothed with a 70 day sliding window. The
PBLHs retrieved from MPLs and RS exhibit similar seasonal variation and interannual variability, both captur-
ing the temporal characteristics of PBLHs over Hong Kong. In general, annual PBLH reaches maximum in late
summer/early fall and becomes the lowest in winter. There also appears to be a slight decreasing trend from
2006 to 2013, although its significance and cause need further investigation. Figure 3b shows the time span
of each data set with the total number of noontime retrievals indicated on the right y axis. The gap in the YL
time series is caused by instrument maintenance and facility malfunction and is partly filled by STK and PH
data. During the study period, there are 148 times when CALIPSO overpasses Hong Kong following the orbit
shown in Figure 1.

Figure 4 further compares MPL- and RS-retrieved PBLH for all three stations jointly and each station individu-
ally. For precise comparison, the RS results in Figure 4 is produced by considering the difference in the varia-
bility of potential temperature within the PBL at different MPL sites and using the hourly variation of surface
potential temperature at each site along with the potential temperature profile obtained by RS. We can see
that the twomethods yield very consistent results, with the correlation coefficients (R) well above 0.6 for most
cases. This result verifies the reliability of both types of ground-based PBLH estimates, which will be later used
to validate CALIPSO results.

3.2. Comparison Between PBLHs Derived From CALIPSO and MPL/RS

In this section, we compare and evaluate in detail CALIPSO-derived PBLH against RS and MPL results, as well
as between the MSD and WCT methods.

Figure 5 shows the scatter plots of CALIPSO-derived PBLH by the two approaches against those obtained
from the MPL at YL (Figure 5b), STK (Figure 5c), PH (Figure 5d), and all these three stations (Figure 5a). The
PBLHs derived from MPL and RS are again averaged between 1300 to 1400 CST. Figure 5 indicates that
CALIPSO-derived PBLH using MSD and WCT both agree well with MPL. The correlation coefficients are

Table 1. Description of MPLs at Different Stations

Station Observed Period Lidar Type Temporal Resolution (s) Vertical Resolution (m) Wavelength (nm)

YL Jun 2006–Dec 2009 SESI Model 1000 15 30 523.5
Oct 2011–Jun 2013 Sigma Space MPL-4B 10 7.5 532

STK Oct 2007–May 2010 Sigma Space MPL-4B 10 7.5 532
PH Jan 2011–Jun 2013 Sigma Space MPL-4B 15 15 532
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mostly above 0.6 and reach the highest value (~0.7) at YL. The root-mean-square error (RMSE) between WCT
and MPL is lower than that for MSD, which well indicates that the WCT technique can be quite suitable for
retrieving PBLH from CALIPSO data and even outperforms MSD. Compared with MPL versus RS, CALIPSO
PBLHs bear larger differences from RS results (Figure 5e), with both lower correlation and higher RMSE.
This phenomenon is in part due to the different standards used to estimate PBLH for these two types of

Figure 4. The comparison of noontime PBLHs derived from MPL and RS at (a) all the three stations, (b) YL, (c) STK, and
(d) PH. The color-shaded dots indicate the normalized sample density. The correlation coefficients (R), RMSE, and sample
numbers (N) are given in each panel. Here and in the following analysis, the superscript star of R indicates that the
confidence level is above 99%.

Figure 3. (a) Time series of noontime mean PBLHs derived from RS and MPLs at YL, STK, and PH, respectively, from June
2006 to June 2013. A 70 day sliding window has been applied to each line. (b) The available noontime validated PBLH
sampling numbers retrieved from RS andMPLs of YL, STK, and PH, respectively. The pink crosses refer to the overpass times
of CALIPSO.
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measurements: both CALIPSO and MPL retrievals are based on aerosol concentration, whereas RS retrieval is
based on thermodynamic condition.

A detailed examination between MSD and WCT is given in Figure 6. The two methods yield very consistent
results, with a high correlation (R= 0.83 in Figure 6a). From the distribution of the differences shown in
Figure 6b, a slightly high bias is noticed for WCT. The difference between the two approaches and MPL are
mostly confined within ±0.4 km (Figures 6c–6d), with an averaged absolute difference of 0.2 km for MSD
and 0.19 km for WCT. CALIPSO results are slightly biased high compared to MPL. The difference between
CALIPSO and RS is larger (Figures 6e–6f), with average absolute differences of 0.26 km and
0.24 km, respectively.

3.3. Comparison of PBLH Climatology

The climatology of PBLH, especially its seasonal variability, is also very important in climate and air pollution
related studies. Figure 7 shows distributions of noontime PBLHs over Hong Kong fromMPLs, RS, and CALIPSO
(using both MSD and WCT) for spring (MAM), summer (JJA), autumn (SON), and winter (DJF). For MPL, we
mainly use the products obtained at the YL station, with the gap between January 2010 to September
2011 partly filled by STK and PH data. Overall, the PBLH over Hong Kong exhibits a clear seasonal cycle, with
maximum in autumn and minimum in winter, consistent with Figure 3 and previous study by Yang et al.
[2013]. RS- and MPL-derived PBLHs agree well in terms of seasonality, only with a slightly larger range of
variability for RS. CALIPSO also captures general PBLH seasonal variability for both approaches. We note that
the average value of CALIPSO-derived PBLHs agree well with MPL and RS in the fall and winter, whereas larger
differences are found in spring and summer.

Compared to CALIPSO, MPL and RS also have the advantage of capturing diurnal PBLH variability. Figure 8
further shows the monthly averaged diurnal cycle of PBLH derived from MPL and RS, with CALIPSO results
overlaid at approximately 1330 CST. The MPL-derived and RS-derived PBLHs show similar characteristics of
diurnal cycle; i.e., it grows rapidly from 0800 CST, reaches maximum around 1400 CST, maintains a relatively
high value until 1600 CST, and then starts to drop. The daily maximum PBLH typically increases from January,
achieving a maximum of around 1.2 km in October, and then rapidly declining to 0.93 km in December.
Figure 8 also confirms that the largest disagreements in monthly averaged results between CALIPSO and

Figure 5. The comparison of noontime PBLHs derived from CALIPSO and MPL at (a) all the three stations, (b) YL, (c) STK, and (d) PH. (e) The comparison of noontime
PBLHs derived from CALIPSO and RS. The blue lines and dots are derived from MSD, while the red lines and dots are derived from WCT.
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Figure 6. (a) The comparison of CALIPSO-derived PBLH betweenMSDmethod andWCTmethod. (b)–(f) Histogram of PBLH
differences: (b) MSD versus WCT, (c) MSD versus MPL, (d) WCT versus MPL, (e) MSD versus RS, and (f) WCT versus RS.

Figure 7. Seasonal box-and-whisker plots showing 10th, 25th, 50th, 75th, and 90th percentile values of PBLH derived from
MPL (red), RS (black), MSD (green), and WCT (blue) for MAM (spring), JJA (summer), SON (autumn), and DJF (winter),
respectively. The dots indicate the mean PBLH for each method. The numbers above each box refer to the number of
samples.
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MPL/RS are in the spring and summer. In particular, an overestimate as large as 0.2 km is found for March and
April while an underestimate of similar magnitude is observed during June and July.

3.4. Seasonal Biases and Its Causes

As noted above, a seasonal disagreement is found in PBLH climatology. Here we continue to explore the
possible causes for these seasonal biases. The seasonally averaged absolute differences between different
methods (calculated from matched cases of noontime PBLHs) are presented in Figure 9a. To reduce station
bias, only the YL station is used for the analysis. Similar to the climatology pattern, we also found that the
absolute differences between CALIPSO andMPL/RS are the highest in spring and summer. Because the retrie-
val of PBLH from CALIPSO depends on aerosol backscatter signal, we further separately examine the absolute
difference under different aerosol loadings, namely clear, moderate, and polluted conditions (Figure 9b). The
different conditions are classified using PM10 measurements made at the YL station (see Figure S3). A distinct
contrast can be seen in Figure 9b, with clear condition corresponding to the highest mean absolute
differences while the polluted condition bears the lowest mean absolute differences. This phenomenon is
particularly obvious for the averaged absolute differences between CALIPSO and MPL, which reach
0.24 km for clean conditions but fall to 0.14 km for polluted conditions.

The change of CALIPSO error with aerosol loading is likely associated with its signal to noise ratio. Because the
detection of PBL top purely depends on the contrast between aerosol signal and clear sky signal, a cleaner
sky reduces this contrast andmakes it less discernable from noise. To better illustrate this, Figure 10 compares
PBLH retrieval between a clean case (PM10 = 26 ug/m3

, cf. Figures 10a and 10b) and a polluted case
(PM10 = 108 ug/m3, cf. Figures 10c and 10d). For the clear condition, the aerosol layer is obscured by noise
without an identifiable upper boundary of the PBL in CALIPSO TAB. Therefore, both MSD and WCT tend to
locate the PBLHs at the local gradient maximum caused by the noise, which is below the actual PBLH identi-
fied by MPL (marked as stars in Figure 10). By contrast, for the polluted condition, the SNR becomes much
higher, and the sharp gradient of aerosol backscatter at the top of the PBL can be well identified by the
two algorithms. Typically, aerosol loading is the lowest in the summer for Hong Kong, (see Figure S4), which
tends to increase the uncertainty of CALIPSO retrievals.

In the spring, it is a different story. As indicated by previous work, Hong Kong may suffer from pollution trans-
ported from mainland China during this season [He et al., 2008]. In our analysis, we do notice many cases of
elevated aerosol layers in both MPL and CALIPSO images in the spring, which is separated from PBL aerosols.

Figure 8. (a) Monthly mean diurnal variation of PBLH derived from MPL. (b) Monthly mean diurnal variation of PBLH
derived from RS. The squares represent the monthly mean PBLHs derived from two approaches of CALIPSO at approxi-
mately 1330 CST. The lower rectangles indicate MSD results, while the upper ones indicate WCT results.
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As the CALIPSO laser travels from above, its intensity often becomes much weaker after passing this elevated
layer and thus cannot well observe the PBL signals below. Therefore, in these cases, the upper boundary of
the elevated aerosol layer tends to be misclassified as PBL top.

Figure 11 presents a typical case of multiple aerosol layer structure. From the MPL image (Figure 11a), there is
an elevated layer with large backscatter signal from 1.5 to 2 km. The NS and depolarization ratio profile

Figure 9. The averaged absolute bias of noontime PBLHs between different methods (a) for MAM, JJA, SON, and DJF,
respectively, and (b) for clean, moderate, and polluted conditions, respectively. The error bars represent their standard
deviations.

Figure 10. (a) TAB plot from CALIPSO on 9 July 2009 (clean) and (c) 30 November 2009 (polluted). The black lines indicate
the derived PBLH using MSD method, and the red lines indicate that derived using WCT method. The gray lines represent
the surface. The pink stars indicate the PBLH derived from MPL, and the midpoints of Figures 10a and 10c are the positions
closest to MPL. In Figures 10b and 10d, the black curves indicate the corresponding vertical profile of TAB derived from
CALIPSO profile closest to the MPL site, while the pink lines indicate the MPL NS profile averaged from 1300 to 1400. The
horizontal black, red, and pink lines indicate the PBLH derived from MSD, WCT, and MPL, respectively.

Journal of Geophysical Research: Atmospheres 10.1002/2016JD025937

SU ET AL. EVALUATING CALIPSO PBLH OVER HONG KONG 3939

 21698996, 2017, 7, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1002/2016JD

025937 by U
niversity O

f M
aryland, W

iley O
nline L

ibrary on [30/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



averaged over 1300 to 1400 is presented in Figure 11b. The relatively low corresponding depolarization ratio
suggests that the upper layer may be fine pollution particles transported from inland, while the PBL may be
dominated by pollutants mixed with large sea-salt particles which have higher depolarization ratios.
Figure 11c shows the corresponding TAB plot from CALIPSO on 26 April 2011. From the CALIPSO image,
however, no clear two-layer structure can be identified. As discussed above, when the CALIPSO laser beam
traverses the elevated aerosol layer (1.6 km to 2 km), the signal is already attenuated, and thus, the lower
aerosol layer cannot be fully detected. As a result, both MSD and WCT tend to locate the PBLH as the top
of upper aerosol layer. Since elevated aerosol layers occur most frequently in the spring (Figure S4), they
are likely responsible for CALIPSO’s high spring bias.

3.5. Comparison Between the Two Approaches

From the above comparisons, we noticed that while PBLH retrievals using the two techniques are mostly con-
sistent, some differences still exist. As already shown in Figure 9 (magenta bars), the differences between the
twomethods are mostly below 0.1 km, with the largest difference in summer and the smallest in winter. Their
differences are also closely related to aerosol loading (Figure 9b). Clear condition corresponds to the highest
mean absolute differences (0.13 km) between the two methods, while the polluted condition corresponds to
the lowest mean absolute differences (0.07 km). This analysis further indicates that seasonal characteristics of
pollution levels can affect the consistency and thus the uncertainty level between the two approaches.

Comparing these two methods, the implementation of MSD is comparatively simple, making it a widely used
method in retrieving PBLHs from CALIPSO data [e.g., Jordan et al., 2010; McGrath-Spangler and Denning,
2012; McGrath-Spangler and Denning, 2013; Liu et al., 2015]. Nonetheless, the local maximum in the standard
deviation of the backscatter profile is not always located at the PBL top, because of signal attenuation and
random noises of backscatter. On the other hand, WCT is less subject to random noise and usually achieve
better results under low SNR conditions, yet it is a scale-dependent approach involving the choice of the

Figure 11. (a) Time evolution of the NS plot from MPL on 26 April 2011. The black line identifies the PBLH derived from
MPL. (b) The NS and depolarization profiles derived from MPL average from 1300 to 1400 CST. (c) TAB plot from
CALIPSO on 26 April 2011. The black lines indicate the derived PBLH using MSD method, while the red lines indicate that
derived using WCT method. The gray lines represent the surface. The midpoint of Figure 11c is the position closest to MPL.
(d) The black curve indicates the corresponding vertical profile of TAB derived from CALIPSO closest to the MPL site.
The horizontal black and red lines indicate the PBLH derived from MSD and WCT, respectively.
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wavelet function and a few other parameters. However, our study shows that WCT can be effective in
retrieving PBLHs from CALIPSO with an appropriate selection of dilation a.

Finally, by eliminating cases when the difference between MSD and WCT is above 100m, the agreement
between CALIPSO and MPL/RS results is much improved (Figure 12). Thus, jointly using two methods can
produce more reliable results. Nonetheless, this is still partly related to aerosol loading since when the two
methods are more consistent, aerosol loading is usually high, and thus, the agreement between CALIPSO
and MPL/RS also becomes better.

4. Conclusions

In this study, we explore the applicability of two techniques: MSD and WCT, to the retrieval of PBLH using
CALIPSO backscatter profiles. Results are validated against 7 years of ground-based MPL and RS measure-
ments over Hong Kong. Both the accuracy and seasonal variability of CALIPSO PBLH are examined in detail,
and possible sources of uncertainty are investigated.

Overall, CALIPSO PBLH compares reasonably well with both MPL and RS. WCT performs slightly better than
MSD with a lower overall RMSE. Distinct seasonal characteristics are also observed in PBLH over Hong
Kong. PBLH reaches the highest value in the fall and decreases in winter and early spring. CALIPSO largely
captures this seasonality, albeit with a high bias in spring and low bias in summer. Moreover, we originally
identify two conditions, namely low aerosol loading and elevated aerosol layer, that are mainly the reason
for the bias in CALIPSO retrievals. Specifically, detailed examination indicates that the summer low bias is
likely associated with low SNR caused by insufficient aerosol loading, while the spring high bias can be attrib-
uted to elevated aerosol layers (pollutants transported from inland). Insufficient aerosol loading also appears
to be the main reason for the disagreement found between MSD and WCT results. It also should be noted
that the biases caused by low aerosol loading and elevated aerosol layers are mostly caused by the problem
of signal quality and are thus difficult to be fundamentally solved by the improvement of algorithms. Another
related issue to note is that for cases when aerosols are not fully mixed within the entire PBL, the height iden-
tified by our algorithms (or any algorithm based on aerosol concentration) will be the height of the mixed
layer, which is not necessarily the same as the PBLH. Nonetheless, this issue is not significant in the cases
examined in this study.

While previous studies mostly focused on the MSDmethod, our results show that WCT technique with appro-
priate choice of parameters is well applicable for CALIPSO data and can even outperformMSD, which provides
the basis of using this methodology to retrieve PBLH from CALIPSO. This technique provides a scale-
dependent approach while retaining all of the information in the original backscatter profile and is useful
for detecting steps through noisy signal. Another novelty of our study is the introduction of constraint para-
meter β, which successfully avoids the misclassification of the PBLH as the bottom of the signal-strong aerosol
layer. Moreover, by using the two methods jointly, there is potential for even better estimates, as cases with
better agreement between the two methods are also found to be more consistent with MPL and RS.

Figure 12. (a) The updated correlation of PBLH derived from CALIPSO andMPL after eliminating cases when the difference
between MSD and WCT is above 100m. (b) The same as Figure 12a but for the comparison between CALIPSO and RS.
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For further studies, we plan to extend the current work to a larger spatial scale. The major advantage of satel-
lite observations is its extensive spatial coverage, which makes it possible to more comprehensively examine
the variability of PBLH in space and time. Such large-scale PBLH climatology will be valuable for weather fore-
cast, climate change, and air pollution research.
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