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Abstract: Accurate estimation of the atmospheric boundary layer height (ABLH) is critically
important and it mainly relies on the detection of the vertical profiles of atmosphere variables
(temperature, humidity,” and horizontal wind speed) or aerosols. Aerosol Lidar is a powerful remote
sensing instrument frequently used to retrieve ABLH through the detection of the vertical distribution
of aerosol concentration. A challenge is that cloud, residual layer (RL), and local signal structure
seriously interfere with the lidar measurement of ABLH. A new objective technique presenting as
giving a top limiter altitude is introduced to reduce the interference of RL and cloud layer on ABLH
determination. Cloud layers are identified by looking for the rapid increase and sharp attenuation of
the signal combined with the relative increase in the signal. The cloud layers weather overlay are
classified or are decoupled from the ABL by analyzing the continuity of the signal below the cloud
base. For cloud layer capping of the ABL, the limiter is determined to be the altitude where a positive
signal gradient first occurs above the cloud upper edge. For a cloud that is decoupled from the ABL,
the cloud base is considered to be the altitude limiter. For RL in the morning, the altitude limiter
is the greatest positive gradient altitude below the RL top. The ABLH will be determined below
the top limiter altitude using Haar wavelet (HM) and the curve fitting method (CFM). Besides, the
interference of local signal noise is eliminated through consideration of the temporal continuity. While
comparing the lidar-determined ABLH by HM (or CFM) and nearby radiosonde measurements of the
ABLH, a reasonable concordance is found with a correlation coefficient of 0.94 (or 0.96) and 0.79 (or
0.74), presenting a mean of the relative absolute differences with respect to radiosonde measurements
of 10.5% (or 12.3%) and 22.3% (or 17.2%) for cloud-free and cloudy situations, respectively. The
diurnal variations in the ABLH determined from HM and CFM on four selected cases show good
agreement with a mean correlation coefficient higher than 0.99 and a mean absolute bias of 0.22 km.
Also, the determined diurnal ABLH are consistent with surface turbulent kinetic energy (TKE)
combined with the time-height distribution of the equivalent potential temperature.

Keywords: Lidar; atmosphere boundary layer height; cloud interference; residual layer interference

Remote Sens. 2019, 11, 263; doi:10.3390/rs11030263 www.mdpi.com/journal /remotesensing


http://www.mdpi.com/journal/remotesensing
http://www.mdpi.com
https://orcid.org/0000-0002-7813-6616
https://orcid.org/0000-0002-0769-5090
http://www.mdpi.com/2072-4292/11/3/263?type=check_update&version=1
http://dx.doi.org/10.3390/rs11030263
http://www.mdpi.com/journal/remotesensing

Remote Sens. 2019, 11, 263 2 of 23

1. Introduction

The atmosphere boundary layer (ABL) is the lowest part of the troposphere that is directly
influenced by Earth’s surface and responds to surface forcing over a short period of time [1]. This layer
determines the air volume through which moisture, heat, momentum, and pollutants are vertically
mixed and exchanged between the land surface and free atmosphere. In addition, the convective
transportation as well as the effect of expansion in the deep convective boundary layer (CBL) plays
an important role in local land-atmosphere interactions, meteorological processes, climate change,
and the ecological equilibrium [2-6]. ABL height (ABLH) is a primary parameter characterizing the
boundary layer and accurate estimation of it is critically necessary [7]. The ABLH can be determined
from radiosonde-derived thermodynamic profiles, such as temperature, humidity, and horizontal
wind speed (e.g., [8,9]). However, the detection is infrequent [7]. In recent years, the techniques based
on remote sensing are attractive choices for ABLH determination, such as radar (e.g., [10,11]), sodar
(e.g., [12]), lidar (e.g., [13,14]), etc.

Lidar measures ABLH usually by employing a profile analysis, such as aerosol and water vapor.
Aerosols and water vapor have sources near the surface and are confined by the capping inversion at
the ABL top. Higher aerosol concentrations are distributed in the ABL than in the free atmosphere,
and usually, the ABL is moister than free atmosphere. The strongest negative gradient of aerosol
concentration and water vapor occurs near the ABL top. In addition, within the entrainment zone, the
entrainment of overlying less-polluted and drier air into the ABL yields increases in the water vapor
flux and increases in the variation of aerosol concentrations. Therefore, the vertical distributions of
aerosol and water vapor are good tracers for ABLH determination (e.g., [15-19]). The Raman lidar
and the DIAL (Differential Absorption Lidar) are able to measure the vertical profile of water vapor
with good resolution [20]. However, for ABLH determination, the water vapor lidar is less frequently
used than the aerosol lidar. Aerosol lidar is more convenient for implementation in meteorology
observation by considering the price and the dimensions. Micro-pulse lidar (MPL) is a powerful
remote sensing instrument used to measure the vertical aerosol distribution (represented by the
extinction coefficient) with an eye-safe laser [21,22]. The instrument measures the vertical distributions
of aerosol backscattering in the lower troposphere with high temporal and spatial resolutions [23,24].
The data is valuable for ABLH retrieval [25]. Lidar-based methods for obtaining the ABLH have
received increasing attention over the past decade. Several techniques, such as the gradient method
(GM) [14,26,27], curve fitting method (CFM) [28-30], and wavelet covariance transform method
(WM) [31-33], have been proposed and widely used to estimate the ABLH from lidar backscattering
data. The most important and challenging part is to find the true ABLH when several local minima
in signal gradients appear on the complex signal profiles because of cloud layers, elevated aerosol
layers, signal noise, etc. For example, Toledo et al. [14] analyzed the performance of six numerical
usually used methods on ABLH determination from lidar measurements and presented that there are
big discrepancies between lidar and radiosounding retrievals when residual layers (RL) are present in
the measurements. Generally, when a strong RL caps a neutral ABL or growing CBL in the morning,
the strongest lidar signal gradient may occur at the RL top; the lidar-based techniques could fail to
determine the true ABLH, but instead capture the RL height (RLH) [34]. In addition, under cloudy
conditions, the strong decrease in the lidar backscatter signal at the cloud’s upper edge is similar to
that at the ABL top, causing a result in which it is ambiguous whether the height determined by the
lidar-based method is the true ABLH: When the ABL is capped by the cloud, the ABLH coincides with
the cloud upper edge, and the ABLH can be measured by identifying the cloud upper edge [35]. If the
cloud appears above the ABL, the ABL is entirely decoupled from the cloud, and the ABLH should be
found below the cloud base. Therefore, for daytime ABLH retrieval based on lidar backscattering data,
considering the effects of cloud layers and RL is crucial. Of course, several researchers have worked
on it and many improvement techniques have been proposed (e.g., [36-39]).

Some studies have determined the ABLH in cloudy conditions below certain threshold altitudes
to eliminate the cloud influence. For example, Wang estimated the ABLH under cloudy conditions
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below 2.5 km above ground level (AGL) through gradient method using MPL data. However, the
subjective threshold height may not be applicable for other geological locations with different ABL
structures. Generally, the daytime depth of the continental ABL is on the order of 1 ~ 2 km, but in
northwestern regions of China, such as in Dunhuang, the daytime ABLH can develop as high as 4 km
AGL [40]. Haeffelin [37] improved the structure of the atmosphere (STRAT) method and proposed
the 2-D version the algorithm (STRAT-2D) based on a 2-D edge detection method [41] to estimate
the ABLH under cloudy conditions. The method is used to derive the mixed layer height (MLH)
through the retrieval of the most significant gradients in the profiles with two-dimensional gradient
analyses (/G2 + G;, where Gy and Gy are the temporal and vertical gradients, respectively) [42,43].
At each time step, the STRAT-2D algorithm provides three different gradient heights: The greatest
gradient, the second-greatest gradient, and the lowest altitude gradient. The mixing height is one of
the three gradient heights. However, Cimini [44] indicates that correctly identifying the ABLH among
height retrieved with key gradients is ambiguous when using lidar data alone, meaning that other
complementary methods (such as the variance-based method) or additional observations (such as the
brightness temperature information) are required. Li [45] retrieved the ABLH from lidar data during
cloudy conditions using the objective upper limit of the convective condensation level (CCL). Only the
lidar signal below the CCL are utilized to retrieve the CBL height (CBLH). The interference caused
by clouds is largely removed. It is a choice if thermodynamic profiles are available and CCL can be
accurately calculated.

This study proposes a technique to reduce the interference of cloud layers, RL, and local signal
noise on ABLH determination only based on lidar data over a semiarid region, meaning without the
aid of other measurements or a complementary method. Thus, the exactitude of ABLH determination
only depends on the observation accuracy of lidar data and the property of the lidar-based methods.
The MPL data collected from SACOL (Semi-Arid Climate observatory and Laboratory) is used. The
ABLH is retrieved using the Haar wavelet method (HM) and CFM below a determined top limiter
altitude with consideration of the temporal continuity. The results are evaluated by comparison with
the ABLH determined from the potential temperature gradient (theta-gradient) method (e.g.,) based
on the vertical temperature profile collected from a nearby radiosonde site.

This paper is organized as follows. Section 2 gives a description of the data set [46]. Section 3
introduces the main techniques used to determine ABLH, including HM, CEM, and the theta-gradient
method. Also, the section describes the new technique proposed in this study for eliminating the
interference of cloud and RL, and the procedures to control the influence of the local signal structure in
multiple aerosol layers to guarantee temporal continuity. Section 4 presents the results. Comparison of
the lidar and radiosonde measurements of ABLH is provided, and the diurnal variations in ABLH on
cases with strong RL in the morning or in cloudy conditions is presented. Section 5 presents a simple
discussion and a brief summary is given in Section 6.

2. Materials

2.1. Micro Pulse Lidar (MPL)

The SACOL (35.57°N, 104.08°E) is located at the top of Tsuiying Mountain in the Yuzhong campus
of Lanzhou University, which is 48 km away from central Lanzhou and is about 1965.8 m above sea
level. The site is on the distinct, semiarid land surface of the Loess Plateau in Northwest China. The
Micro-Pulse Lidar system (MPL-4B) installed at SACOL emits a laser pulse at a wavelength of 527 nm.
The optical power measured by a lidar is proportional to the signal backscattered by molecules and
particles present in the atmosphere [24]. The lidar signal can be expressed as:

P(Z) = CL B(Z)T(2) M
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where B(Z) is the backscatter coefficient. C is a system constant for a given lidar. E is the laser output
energy and T is the atmosphere transmission. After range correcting and laser energy normalizing, the
resulting signal is called the normalized relative backscatter, X(z) (NRB), which is defined as:

X(z) = = CB(Z2)T*(Z) ¢)

The MPL at SACOL records signals up to 20+ km at a vertical resolution of 75 m (or 30 m) for
each minute [46]. There, the NRB values are interpolated to a 15 m space range using the Lagrange
interpolation. The instrument effect, including the afterpulse, overlap, pulse energy, and detector noise,
is corrected, detailed information about correcting procedures are given by Welton and Campbell. In
the study, the lidar data below 4.3 km is used. In addition, because of the existence of a blind zone
caused by the incomplete overlap between the lidar laser beam and its receiving optical axis, the
application of the backscattering lidar in near-ground is limited [17,33]. The NRB in the lowest few
hundred meters are removed.

2.2. Description of Evaluation Data

Radiosonde are launched twice a day (00:00 and 12:00 UTC (08:00 and 20:00 local standard time,
LST)) at the Yuzhong site (35.87°N, 104.15°E; 1875 m above sea level (90.8 m lower than SACOL)) in
Gansu Province. The radiosonde recorded vertical profiles of the temperature and specific humidity
every second during the launching process [46]. The site is approximately 8.83 km from SACOL in
a suburban-rural area of Lanzhou. Li [47] indicated that the Yuzhong L-band radiosonde allows for
estimation of the SACOL ABLH because the two sites have similar underlying surfaces.

The Radiometrics Profiling Radiometers (TP/WVP-3000, Radiometrics) installed at SACOL
provide the temperature and water vapor profiles from the surface to a height of 10 km. The vertical
resolution is 100 m (250 m) below (above) 1000 m AGL, and the temporal resolution is 1 min [46]. The
equivalent potential temperature, 8, (8. = 0 exp (qus /¢p T), 0, is the potential temperature, L, is the
Latent heat of vaporization, and c; is the specific heat at constant pressure. s and T are the saturated
specific humidity and temperature and could be calculated based on the pressure, temperature and
water vapor profiles. 6, is a conservative in either dry or wet adiabatic processes. Previous studies
(e.g., [48,49]) have shown that the increase in 6, at the bottom of the profile can be indicative of a MBL
starting to develop, and in thermodynamic terms, changes in 6, are significant in the MBL structure.

The three-axis Sonic Anemometer (CSAT3, Campbell) installed at SACOL observes the fluxes of
momentum (F), CO,, latent (H,0O), and sensible heat flux (H) at 3.0 m AGL of 30 min intervals. The 32
m Micrometeorological tower at SACOL can provide wind speed measurements (014A-L, Met One) at
1,2,4,8,16, and 32 m with a temporal resolution of 30 min [46]. The wind speed at any two heights can
approximately estimate the ground-layer wind shear (S). The observations of the surface sensible heat
flux, momentum flux, and wind shear can be combined to estimate buoyance and shear productions
(H and M = F-S) of ground-layer turbulent kinetic energy (TKE), which is a critical measure of the
turbulent intensity.

3. Methods

3.1. Traditional Techniques

Two widely used methods, including the Haar wavelet covariance transform method (HM) [50]
and the curve fitting method (CFM) [28], were used to determine the ABLH.

The wavelet covariance transform defined by Gamage and Hagelberg [51] is a means of finding
step changes in a signal. The Haar step function provides a multi-scale local gradient analysis of the
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lidar signal to isolate the spikes due to aerosol concentrations. The Haar wavelet, ¢, and covariance
transform, wy, are defined by Equations (3) and (4) as follows [50]:

+1: zm—%hgzgzm

<p<(2;;m)>: ~1: zy <z <zy+ 4 3)
0: elsewhere
1 g Z—Zm

we(Ah,zym) = A L., X(z)(p< Al >dz 4)

where z is the measurement height, Ah is the dilation of the Haar wavelet, which physically represents
the thickness of the entrainment zone (EZT). z,, is the translation of the Haar wavelet. z; and z;, are
the top and bottom altitudes in the backscatter signal profile. X(z) represents the lidar NRB profile.
The similarity between the lidar signal (X(z)) and the Haar wavelet (¢) is described by the covariance
transform (wy). The ABLH determined by HM corresponds to the z,, where the similarity (wy) reaches
its maximum. An example of an NRB profile with the shape of a Haar wavelet and the profile of
the covariance transform is shown as Figure 1; the determined ABLH is approximately 2000 m. The
selection of Ah is key to successfully determining the ABLH. Li [45,47] showed that an appropriate
value of Ah = 200Az = 300 m (Az is the vertical resolution of the NRB, which is 15 m) is suitable for
HM over SACOL. The lidar data used in this study was collected from the same observation site, and
the initial value of the parameter, Ah, is valued as 300 m.
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2500 2500 — 4
2000 2000 f g
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1000 1000 - E

500 500 | 9

0 1 1 1 1 1 1 1 O: 1 1 1 1 1
0 q 4 0 1 002 000 002 004 006 008 0.0

Figure 1. (a) A normalized relative backscatter (NRB) profile (left) and the shape of the Haar wavelet,
(b) the resulted covariance transform, w ¥ as Ah = 600.

The CEM derives the ABLH from lidar data through fitting an idealized backscatter profile (B(z))
to the observed backscatter profile (b(z)) by minimizing the difference between the two profiles [28].
The idealized backscatter profile is defined as:

:Bm'f'BuBm_Buerf(Z_Zm) (5)

B(z) z 2 S

where By, is the mean backscatter in the ML, B, is the mean backscatter in the air immediately above
the ML, and s is related to the EZT as EZT = 2.77s, where the so-called entrainment zone is the layer
in which the mixing ratio of ML and overlying air lies in the range 0.05-0.95, for detailed information
see [28]. z,, is the MLH and it is located at the middle of EZ. Four parameters are determined by
minimizing the root-mean-square deviation between B(z) and b(z). An idealized profile structure
corresponding to Equation (5) is illustrated in Figure 2a and a real case for curve fitting is shown in
Figure 2b.
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Figure 2. (a) An idealized backscatter profile, and (b) a real case for the curve fitting procedure.

Both HM and CFM are easily affected by the cloud layers, RL, and local signal structure.
To eliminate the interference of RL and cloud layers, this study determined a top limiter altitude
below which the ABLH was retrieved. In addition, the influences of the local signal structures, such as
that caused by the advection aerosol layer, were also controlled through consideration of the temporal
continuity. The detailed procedures are described in the following section.

3.2. The Detailed Process for Improving the ABLH Determination

To eliminate the influence of cloud and RL, there are three major steps:

Firstly, it is important to accurately identify the cloud layers and RL on the signal profile.
Backscatter signals tend to decrease linearly with height within the ABL, but increase upon interacting
with clouds, elevated aerosol layer (such as RL), or random noise. Generally, the cloud base was
defined as the height at which the backscatter signal reaches the maximum value [52]. Meanwhile,
the strongest negative gradient often appears near the upper edge of clouds [53]. As an elevated
high concentration aerosol layer, RL often occurs above the surface aerosol layer in the morning and
the aerosol concentration strongly decreases near its top. That is, when the cloud layer or RL exists,
a strong positive gradient with a strong negative gradient located above it can be simultaneously
observed. Based on this characteristic, the cloud layers or RL can be found by seeking pairs of strong
positive and negative gradients in the NRB profiles. In addition, Campbell [22] noted that for a cloud
boundary to be observed, a one or two-bin relative increase in the NRB ((X(z + Az) — X(z))/X(z)) of
at least 55% is required. Testing the empirical threshold based on many cloud cases proves that the
threshold is applicable over SACOL. In this study, the strong gradient layers are identified as clouds
while the relative increase in the NRB at the base of the layer is greater than or equal to 55%. Different
to cloud, the magnitude of the lidar signal backscattered by RL is close to that by the near-surface
aerosol layer. If the average value of the signal within the strong gradient layer is less than three to
five times the average value of the signal below the bottom of the strong gradient layer, the strong
gradient layer is identified as RL.

Secondly, it is necessary to classify whether the cloud caps the ABL or is decoupled from the ABL
after cloud identification. To identify the lowest-altitude cloud, when the cloud layer is decoupled
from the ABL, there must be a strong decrease in the signal below the cloud base reflecting the ABL
structure. Instead, when the ABL is capped by the cloud, the aerosol concentration below the cloud
base should be uniform vertically because of well mixing. Based on many cloudy cases, it was found
that for the MPL signal profile over SACOL, if clouds are visually located above the top of the ABL, a
strong signal gradient of at least less than —2 generally exists below the bottom of the cloud. Therefore,
in this study; if there is at least one signal gradient that is less than the empirical threshold of —2 below
the lowest cloud base, the cloud is classified as outside the ABL. In contrast, the cloud is thought to
cap the ABL top.
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The last step is to determine the top limiter altitude. When the lowest-altitude cloud caps the
ABL, the top limiter is the altitude where a positive signal gradient first appears above the lowest
cloud upper edge; it is really necessary and useful if there are more than one cloud layers. Conversely,
if the lowest-altitude cloud is above the ABL, the lowest-altitude cloud base is considered to be the
top altitude limiter. For a situation in which no cloud layers were identified, 4.3 km was considered
to be the altitude limiter as the lidar signal only below the altitude was used in the study. A simpler
flowchart for determination of the top altitude limiter aimed at cloud is presented in Figure 3. For RL
in the morning, the top limiter is defined as the altitude of the strongest positive gradient below the RL
top. The ABLH will be found below the top limiter altitude and it is expected to effectively eliminate
the interference by cloud and RL.

=

. No
Whether there are strong positive and
negative gradient layers
Yes
3 No

Whether Relative increase in NRB is greater
than 0.55 at layer base

Yes
Y

Seek lowest-altitude cloud layer

Whether there is a gradient of NRB
less than -2 below the cloud base

Yes No

A

Cloud is outside the ABL Cloud is within the ABL

A

op limiter is the altitude of Top limiter is an altitude above S
Top limiter is 4.3 km
cloud base cloud upper edge

Figure 3. Major steps for determining the top limiter to eliminate the cloud effect on atmosphere

boundary layer height (ABLH) retrieval in the new technique.

Figure 4 plots the NRB, the relative increase in NRB ((X(z + Az) — X(z))/X(z)), and gradient of
the NRB (d(X(z))/d(z)) with the determined top limiter in four typical cloudy situations. Figure 4a,b
are plotted at 14:15 and 10:15 LST on 09 June 2007, and Figure 4c,d are plotted at 13:45 and 10:15 LST
on 28 October 2007, respectively. Figure 4a illustrates an example of a cloud-free ABL. Under this
condition, the NRB decreases nearly linearly with height, as the NRB gradient and relative increase in
NRB are both close to zero. In such situations, the altitude limiter is 4.3 km AGL. In Figure 4b, a sharp
increase at approximately 1.4 km AGL and a sudden decrease at 1.6 km AGL are observed in the NRB,
which correspond to the greatest positive gradient and strongest negative gradient appearing in the
gradient profile. A relative increase in the NRB that is much larger than 0.55 is distinctly observed
at the layer base, which indicates that the strong-gradient layer is a cloud layer. Figure 4c shows an
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example of the two strongest gradient layers along the signal gradient profile. Near the two positive
gradient heights, the relative increases are both greater than 0.55, which indicates that the strongest
gradient layers are both clouds. Moreover, below the cloud base in Figure 4b,c, some signal gradients
(at approximately 1.0 km AGL) less than —2.0 occur (shown as the last column), which proves that the
lowest-altitude clouds are above the ABL top and the heights of the cloud base are regarded as the
top limiters (black solid lines). Figure 4d also shows two cloud layers, which are similar to those in
Figure 4c. The difference is that the signal is continuous and there is no strong negative signal gradient
less than —2.0 below the lowest altitude cloud base, which demonstrates that the lowest-altitude cloud
caps the ABL. In such a situation, the top altitude limiter is defined as the height at which a positive
gradient first appears above the upper edge of the cloud.
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Figure 4. Vertical distributions of normalized relative lidar backscatter signal (NRB) (the first column),
relative increase in NRB (the second column), gradient of NRB with the determined top limiter (the
third column), and the gradient of NRB only below the lowest cloud layer (the last column) on typical
situations: (a) Cloud-free, observed at 14:15 local standard time (LST), 09 June 2007; (b) one cloud layer
is observed at 10:15 LST, 09 June 2007; (c,d) more than one cloud layers are observed, the lowest-altitude
cloud in (c) (at 13:45 LST, 28 October 2007) is decoupled from the ABL while in (d) (at 10:15 LST, 28
October 2007) is within the ABL.

After eliminating the influence of cloud and RL, the interference by the local signal structure,
such as that caused by the advection aerosol layer, must be taken into consideration, especially when
gradient-based methods, such as HM, are used. Generally, the HM determines the ABLH as the
altitude where the covariance transform (wy) between the lidar signal and wavelet reaches a maximum.
In this study, the determined height did not always corresponds to the maximum of the covariance
transform. At the moments in the presence of elevated aerosols layers (not including RL) or local
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signal noise, the w ¢ is ordered from largest to smallest in the vertical, the altitude is the determined
ABLH at which a larger w £ oceurs, meanwhile, the height is closest to the ABLH at the former moment.
That is, the difference between the determined ABLH at two adjacent moments (10 min intervals) is
less than 0.3 km. Relative to HM, the CFM generally produces a stable ABLH and is less affected by
the local signal structure. After these constraints, if the ABLH determined by HM or CFM still present
significant discontinuity at a moment, it is replaced by the average of the former and later retrievals.

3.3. The Evaluation Method

The daytime ABLH is associated with features in the vertical gradients of the atmospheric
thermodynamic structure. In theory, near the ABL top, there will be a sharp increase in potential
temperature and, meanwhile, a sharp decrease in specific humidity [54,55]. The level of the strongest
theta gradient is indicative of a transition from a convectively less stable region below to a more
stable region above [8]. The theta-gradient is used to determine the ABLH for evaluation of the height
retrieved from the above lidar-based methods, but meanwhile, the specific humidity profile is taken
into consideration to ensure that there is no significant error in radiosonde-determined ABLH.

4. Results

4.1. Comparisons between Lidar and Radiosonde Measurements of ABLH

The L-band radiosonde could provide accurate thermodynamic profiles, such as temperature
and humidity, for the troposphere [56,57]. The ABLH determined from radiosonde-derived profiles
are usually used to evaluate the ABLH retrieved from other measurements [14,58,59]. This study
also evaluated the accuracy of lidar-measurements of ABLH by comparison with the radiosonde-
determined ABLH. At 00:00 UTC (08:00 LST), ABLH is often a few hundred meters where the lidar
signal is inaccurate because of the overlap factor. The radiosonde-derived profiles only at 12:00 UTC
(20:00 LST) were selected to evaluate the lidar measurements of the ABLH.

ABLH determined by lidar-based methods (HM and CFM) were compared with that determined
by the theta-gradient method as shown in Figures 5-8. At 12:00 UTC on 17 January 2011 (cloud-free
situation), the height determined from the theta-gradient is 1.07 km (Figure 5a), which is a little higher
than the heights retrieved by lidar-based methods, 0.86 km by HM and 0.93 km by CFM, respectively
(Figure 5b). At 12:00 UTC on 3 September 2010, there is a cloud layer above 3.0 km. Without any
limitation, the HM and CFM capture the upper edge of the cloud (between 3.1 and 3.2 km) shown as
Figure 6b. With the top limiter (cloud base), the heights determined from HM and CFM are between 1.5
and 1.6 km (Figure 6¢), which are very close to the theta-gradient determined ABLH (Figure 6a) and the
differences are less than 0.1 km. As the cloud layer is identified, and the cloud base is determined as the
top limiter, the ABLH is successfully retrieved. In addition, the determined height at 12:00 UTC on 41
cloud-free cases and 20 cloudy cases from September 2010 to November 2011 were further compared.
The number of cases was limited due to the lack of lidar and radiosonde data during the period, as
well as the removal of some data with observed errors. Shown as Figure 7, in cloud-free situations, the
ABLH determined by HM (or CFM) have high consistencies with the radisonde-determined ABLH
with a correlation coefficient of 0.96 (or 0.94), with a mean bias of 0.14 km (or 0.17 km) and with mean
relative absolute differences with respect to the radiosonde retrievals of 10.5% (or 12.3%) (Table 1). The
comparisons in cloudy conditions are plotted in Figure 8. Without any limitation (blue open dots), on
most cases, the heights determined from HM (or CFM) are much higher than those resulting from the
theta gradient, with a correlation coefficient of 0.09 (or 0.11). The mean bias is 0.14 km (or 0.17 km)
with a high fluctuation of the deviation (std) of 0.90 km (or 0.64 km) (Table 1). The great difference
between the lidar and radiosonde measurement of ABLH is mainly caused by the cloud layers that
are decoupled with the ABL. Given the top limiter (red star), the height determined by HM (or CFM)
showed better concordance with those by theta gradient with a good correlation coefficient of 0.74 (or
0.79). The mean bias between HM (or CEM) and theta gradient determined ABLH is 0.28 km (or 0.22
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km) with a low std of 0.24 km (or 0.18 km), while the mean relative absolute differences with respect to
the radiosonde retrievals is 22.3% (or 17.2%), below 20% on average (Table 1). Overall, the results of the
comparison show that relatively reliable ABLH can be determined from the lidar data in the absence
of clouds. However, cloud layers, especially those decoupled from the ABL, can seriously interfere the
lidar-measurements of ABLH. The top limiter improves the ABLH determination in cloudy situations.
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Figure 5. Vertical profiles of (a) potential temperature (theta) and specific humidity (q) at Yuzhong site,
(b) lidar NRB at SACOL (Semi-Arid Climate observatory and Laboratory). The ABLH determined
using different methods are marked in each panel. The profile was observed at 12:00 UTC on 17 January
2011 (In cloud-free condition).
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Figure 6. Similar to Figure 5, but for a cloudy case (12:00 UTC on 3 September 2010). Vertical profiles
of (a) potential temperature (theta) and specific humidity (q) at Yuzhong site, (b) or (c) lidar NRB at
SACOL, the ABLH retrieved by the Haar wavelet method (HM) and curve fitting method (CFM) (b)
directly, (c) below the determined top limiter.
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correlation coefficients are represented by R. The black solid line is the 1:1 line.
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Figure 8. Similar to Figure 7, but in cloudy situations. The blue open dots represent the comparison
results of ABLH determined by theta gradient (vertical coordinate) and determined by HM (a) or CFM
(b) (horizon coordinate) without height limitation, the red stars indicate the comparison results after

the top limiter if given for HM and CFM. R represents the correlation coefficients, blue represents no

top limiter, and red represents with the top limiter.

Table 1. Correlation coefficients (R), absolute height differences (mean and standard deviation (std)

in km) between ABLH determined by theta gradient and by the Haar wavelet covariance transform

method (HM) or curve fitting method (CFM) in different situations, as well as mean value of relative
absolute differences relative to theta-gradient-determined ABLH (rd, in 100%).

Situations Method R mean std rd
loud-f . . HM 0.96 0.14 0.11 10.5
Cloud-free situation CFM 0.94 0.17 0.13 123
Cloudy situation HM 0.09 0.83 0.90 66.1
(without top limiter) CFM 0.11 0.67 0.64 53.7
Cloudy situation HM 0.74 0.28 0.24 22.3
(with top limiter) CFM 0.79 0.22 0.18 17.2
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4.2. Diurnal Cycle of the ABLH

The diurnal cycle variation in ABLH were analyzed to show the proposed technique clearly,
and to further test its ability for improving ABLH determination in the presence of RL, cloud layers,
and local signal structures. The NRB were averaged every 10 min, correspondingly, the ABLH were
calculated at a time interval of 10 min. As the nocturnal stable ABLH is usually shallower than the
lidar blind zone, the study only focuses on daytime (8:05 to 19:55 LST) ABLH retrieval. To understand
the diurnal cycle of the ABLH, diurnal variations in both the buoyance and shear productions of
ground-layer TKE were analyzed. In addition, the distribution of 6, could reflect the stratified stability,
which is of importance for daily ABL developing, and the time-height distribution of 6, is presented
as well.

4.2.1. Residual Layer Exists in the Morning

In the morning, the RL frequently appears in the lower troposphere, with the result being that the
lidar measurements of ABLH may be seriously influenced. On 28 July 2007 (Figure 9), the boundary
layer diurnal variation can be divided into three stages. The time-height distribution of the NRB
(Figure 9a) shows that in the morning before 11:00 LST, above the near-surface aerosol layer, there
is a distinct aerosol layer between 0.8 km and 1.6 km AGL, which is a residual aerosol layer of
daytime CBL the day before. During the period, the buoyancy production of surface TKE is positive
and increases rapidly, the shear production decreases after 8:30 LST (Figure 9d), meaning that the
mechanical turbulence weakens and the thermal forced turbulent mixing is enhanced. Simultaneously,
the distribution of 6, (Figure 9¢) shows that the near-surface temperature is relatively low and the
inversion structure is distinct, indicating a weak thermal forcing by the surface. Weak surface thermal
forcing and stable stratification result in a low ABLH. For ABLH retrieval, without any limitation,
while the HM performs well, the CFM captures the height close to RLH (Figure 9b). However, on other
cases, when the signal negative gradient at the RL top is stronger than at the top of the near surface
aerosol layer, the gradient-based methods, such as HM, are easily affected by the RL. After giving the
top limiter (red solid line in Figure 9a), the low ABLH in the morning has been successfully retrieved
by both CFM and HM (Figure 9c).

After 11:00 LST, the buoyancy production of surface TKE continues increasing and becomes
strongest around 14:00 LST, and the shear production is weak (Figure 9d). The turbulence is mainly
thermally forced. As strengthening of the near surface thermal forcing and the upward heat transport
occurs, the CBL starts to grow rapidly and the strength of the capping inversion is reduced until
its disappearance (Figure 9e). Correspondingly, the near-surface aerosols are transported upward
and the aerosols are well mixed in the entire CBL. The ABLH retrieved from HM and CFM with
the top limiter clearly shows the CBL growth process (Figure 9¢c). At approximately 15:30 LST, the
buoyancy production of ground-layer TKE starts to decrease rapidly, but remains positive until 19:30
LST (Figure 9d). The lidar signal shows that the CBL no longer develops since 14:00 LST and the HM
and CFM successfully determined the stable ABLH in the afternoon (Figure 9c).
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Figure 9. Lidar measurements of ABLH over SACOL on 28 July 2007. (a) Time-height cross-section
of the NRB, red solid line is the determined top altitude limiter, (b) ABLH determined directly from
the HM and CFM, (c¢) ABLH determined from the HM and CFM below the top limiter. (d) Diurnal
cycles of buoyancy production and shear production for ground-layer turbulent kinetic energy (TKE),
(e) time-height cross-section of equivalent potential temperature (6,).
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4.2.2. ABLH Retrieval in Cloudy Situations

Three cases are presented below (Figures 10-12) showing the ABLH diurnal variation in different
cloudy situations, and the potential of the technique proposed in this study for identifying cloud layers
and eliminating their effect is discussed.

On 09 June 2007, there is a cloud layer above 1.2 km AGL between 9:00 and 11:00 LST (Figure 10a),
which is presented as a white region, and above it the signal is completely attenuated. The cloud
layer is followed by clear sky conditions throughout the day. Below the cloud base, there is a distinct
surface aerosol layer and a strong signal negative gradient, indicating that the cloud is decoupled
from the ABL. The cloud seriously influences the ABLH determination as HM and CFM capture the
upper edge of the cloud (Figure 10b). Before 11:00 LST, both buoyancy and shear production of the
ground-layer TKE strengthen over time (Figure 10d). There is a deep inversion layer and the upper
levels are gradually heated (Figure 10e). After defining the cloud base as the top limiter altitude, the
HM and CEM are able to accurately capture the slowly increasing ABLH as shown in Figure 10c.

Later, both buoyancy and shear productions of surface TKE continue to increase quickly
(Figure 10d). At approximately 14:00 LST, the capping inversion is completely eroded (Figure 10e).
Correspondingly, during this period, the lidar signal clearly shows the CBL growth process. As the
CBL grows, the aerosols are transported upward and are well mixed within the CBL (Figure 10a).
From14:00 to 18:00 LST, the buoyancy production decreases rapidly, but remains positive (Figure 10d),
meaning that the CBL no longer develops further. The temperature tends to be well distributed in the
vertical (Figure 10e). The signal shows that the ABLH remains nearly constant (Figure 10a). After 18:00
LST, the solar radiation decreases, and the surface begins to cool. The downward heat flux induces a
weak capping inversion (Figure 10e) and the ABLH begins to descend as shown by lidar measures
in Figure 10a. For the cloud-free situation after 11:00 LST, both HM and CFM successfully retrieve
the ABLH. During 18:20 and 19:40 LST, the HM is originally affected by the local signal structure
possibly caused by aerosol advection appearing at approximately 2 km AGL (Figure 10b). However,
after considering temporal continuity, a more reasonable ABLH is retrieved as shown as Figure 10c.

On the second case of 28 October 2007 (Figure 11), there is a thin cloud layer above 1.7 km AGL,
which exits throughout the entire day. Below the cloud base, the lidar signal distributes discontinuously
in the vertical, and there are strong negative gradients (Figure 11a). The cloud is decoupled from the
ABL. During most of the time, without any limitation, the HM and CFM capture the upper edge of the
cloud, but falsely retrieve the true lower ABLH (Figure 11b). The time-height cross-section of the 6,
(Figure 11e) shows that there is strong and deep capping inversion throughout the entire day, and after
14:00 LST, the strength of the inversion layer gradually weakens, but is never completely eroded. The
stable stratification limits the growth of ABL and the ABLH is low throughout the day (Figure 11c).
At 10:00 LST, there is a lower cloud layer located at approximately 0.6 km AGL, the lidar backscatter is
largely uniform below the cloud base, and the cloud caps the top of ABL. The determined ABLH is
consistent with the upper edge of the lowest-altitude cloud. Between 15:00 and 18:00 LST, the CFM
determines the ABLH at the cloud base height, which is a little higher than that determined by HM.
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Figure 10. Same as in Figure 9, but on 9 June 2007.
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Figure 12. Same as in Figure 9, but on 12 June 2007. The radiometrics profiling radiometer data quality

were seriously affected by clouds and there was no equivalent potential temperature data available.

Figure 12 shows another case, 12 June 2007, which is a cloudy day. Without any limitation, the
HM and CEFM both capture the upper edge of the cloud (Figure 12b). Because of the thick cloud layers,
the temperature and water vapor profiles provided by the radiometers are of poor quality, and only
ground-layer TKE is considered. Before 12:00 LST, below the cloud base, the signal decreases distinctly
and a strong negative gradient exists. The cloud is above the ABL top and the height of the cloud base
is determined to be the top limiter (Figure 12a). Both buoyancy and shear productions of surface TKE
are enhanced continuously (Figure 12d), and the ABLH increases due to both thermal and possibly
also mechanical turbulence. Between 12:00 and 14:00 LST, the presence of the cloud layer results in the
surface sensible heat flux decreasing rapidly (Figure 12d). On the other hand, the shear production
of surface TKE decreases rapidly because of both the wind shear and momentum flux decrease (not
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shown). These phenomenon indicate that the boundary layer becomes homogeneous during the period
likely due to the radiational cooling from the cloud promoting turbulent mixing [10,60]. Therefore, the
aerosol concentration below the cloud base is well mixed and the cloud caps the ABL top (Figure 12a).
The ABLH should be the same as the height of the cloud upper edge. Between 14:00 and 17:00 LST, as
the cloudiness decreases, the surface sensible heat fluxes increase again, and the shear production of
surface TKE continues decreasing after strong mixing (Figure 12d). Although surface thermal forcing
increases, the promoting effect caused by the cooling at the cloud top weakens, which results in an
overall reduction in the ABLH. After 17:00 LST, the cloud layer basically disappears, and with the
shotwave radiation decreasing, the surface sensible heat flux decreases, and the ABLH decreases
further. This case shows that the development mechanism of the ABL is relatively complex in cloudy
situations, and the CBL could be forced by both mechanisms of surface heating and the radiational
cooling from clouds. For the entire day, as presented in Figure 10c, after giving the top limiter altitude,
both HM and CFM determine the ABLH with a reasonable level of accuracy.

Above all, the elevated aerosol layers, such as RL in the early morning as well as cloud layers,
produce serious interference on lidar measurements of ABLH. The top limiter proposed in this study
performs well on eliminating the disturbance of RL and the cloud layer. Meanwhile, the operation
for controlling the interference of local signal structure in multiple aerosol layers to guarantee the
temporal continuity is effective. Thus, the diurnal variation of ABLH can be successfully determined
by HM and CEFM, and the determined results by the two lidar-based methods show good agreement
on the four selected cases with a mean correlation coefficient higher than 0.99, with a mean bias of
0.22 km and a low fluctuation of deviation (see Table 2).

Table 2. Correlation coefficients (R) and absolute height differences (mean and standard deviation (std)
in km) between ABLH retrieved by HM and CFM based on lidar data of four selected cases.

Date R mean std
2007.07.28 0.998 0.25 0.21
2007.06.09 0.993 0.32 0.37
2007.10.28 0.993 0.13 0.22
2007.06.12 0.997 0.16 0.15

5. Discussion

Lidar is a powerful instrument for determination of the atmosphere boundary layer, but special
designed algorithms are necessary to determine ABLH in conditions, such as appearance of cloud,
elevated aerosol layers, local signal structure, or noise. The method explored in the study performs
well on improving lidar measurements of ABLH in the appearance of cloud, elevated aerosol layers,
local signal structure, or noise. However, the limitation of the technique is unavoidable. Firstly, in
this study, cloud layers were divided into two situations according to their locations, one is outside
the ABL and the other is within the ABL. When the cloud is within the ABL, it caps the ABL top in
default and the upper edge of the cloud is defined as the ABLH. However, in fact, in some rare cases,
some cloud layers are within the ABL, but not at the ABL top. In such a situation, it is really difficult to
accurately determine ABLH based on lidar data, and of course, defining the cloud upper edge as the
ABLH is not appropriate. Secondly, two thresholds were used when determining the top limiter to
eliminate the cloud interference, one is for cloud layer identification, and the other is for classifying if
the cloud is outside the ABL. The determination of the threshold relies on statistics and experience, and
the threshold determined over SACOL does not necessarily apply to other observation sites. However,
the principle for threshold determination is clear and reasonable, and it can be referenced for lidar
measurements of ABLH in multiple-layer conditions.
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6. Conclusions

Within this study, a new technique was described for elimination of the disturbance of cloud,
the residual aerosol layer, and local signal structure or noise on lidar measurements of ABLH over
SACOL in Northwest China. The major components of the technique are (1) identification of the RL
and cloud layers from the lidar signal gradient and combining them with the relative increase in lidar
signal, (2) classification of whether the cloud caps the ABL or is decoupled from the ABL by analysis
of the signal continuity and finding a strong negative signal gradient smaller than an experienced
threshold of —2.0 below the cloud base, (3) determination of a top limiter altitude below which the
ABLH is retrieved, and (4) elimination of the influence of the local signal noise through consideration
of temporal continuity. In detail, the top limiter altitude was determined as follows: When cloud caps
the ABL top, the top limiter is the altitude at which a positive gradient first occurs above the upper
edge of the cloud; when the cloud is decoupled from the ABL, the cloud base is defined as the top
limiter; the altitude at which the strongest positive gradient occurs below the RL top is considered to
be the top limiter to eliminate the RL effect. The ABLH was determined from HM and CFM below the
top limiter altitude with consideration of the continuity characteristic in time.

For evaluation of the results, 41 temperature profiles in cloud-free situations as well as 20
temperature profiles under cloudy conditions at 12:00 UTC (20:00 LST) from September 2010 to
November 2011 provided by radiosonde were utilized to retrieve the ABLH by the theta-gradient
method to compare with the lidar-determined ABLH. In cloud-free situations, a good agreement
was found between lidar-determined ABLH by HM (or CEM) and radiosonde-based retrievals with
a correlation coefficient of 0.96 (or 0.94), a mean absolute bias of 0.14 km (0.17 km), and a mean
relative absolute difference with respect to the radiosonde retrievals of 10.5% (or 12.3%). In cloudy
situations, extensive differences appeared between the lidar-derived and radiosonde-based estimations
of ABLH. The lidar-determined heights were usually much higher than radiosonde-based ABLH
because lidar-based methods without a top limiter often capture the cloud upper edge. After setting
the top limiter altitude, the ABLH retrieved from the two measurements showed better agreement
with a correlation coefficient of 0.79 (or 0.74), a mean absolute bias of 0.28 km (0.22 km), and a mean
relative absolute difference with respect to the radiosonde retrievals of 22.3% (or 17.2%) when CFM
(or HM) was utilized. That is, the technique effectively eliminated the disturbance of cloud layers on
ABLH determination.

The diurnal variations in the ABLH in a case with distinct RL in the morning and in three cases
with different cloud situations were also analyzed. The diurnal cycle of ABLH were explained through
variations in the buoyancy and shear production of surface TKE combined with the time-height
distribution of the equivalent potential temperature (6.). When strong RL capped the near-surface
aerosol layer in the morning, the strongest gradient sometimes occurred at the RL top, CFM and
HM maybe captured the RL top, but not the top of the lower neutral ABL or the growing CBL.
Taking the altitude of the strongest positive gradient below the RL top as the top altitude limiter can
effectively control the RL influence on the ABLH retrieval. In cloudy situations, the HM and CFM
usually obtained the upper edge of the cloud, but could not accurately capture the true ABLH because
of the strong decrease in the signal caused by the cloud layers. Below the top limiter, the diurnal
variations in the ABLH on four selected cases retrieved from the HM and CFM agreed well with a
mean correlation higher than 0.99 and a mean bias of 0.22 km, and the results were consistent with
surface TKE production combined with the time-height distribution of the 6.. In addition, for the
diurnal cycle of ABLH, considering the temporal continuity characteristic to reduce the interference of
local multiple aerosol layers or signal noise was necessary. The case analysis also shows that, when
clouds caps the ABL, the convective boundary layer could be forced by both the heating of the surface
and the radiational cooling from the cloud.
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