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Abstract: There is compelling evidence that the incomplete laser beam receiver
field-of-view overlap (i.e., partial overlap) of ground-based vertically-pointing aerosol
LiDAR restricts the observational range for detecting aerosol layer boundaries to a certain
height above the LiDAR. This height varies from one to few hundreds of meters, depending
on the transceiver geometry. The range, or height of full overlap, is defined as the minimum
distance at which the laser beam is completely imaged onto the detector through the field
stop in the receiver optics. Thus, the LiDAR signal below the height of full overlap remains
erroneous. In effect, it is not possible to derive the atmospheric boundary layer (ABL) top (zi)
below the height of full overlap using lidar measurements alone. This problem makes
determination of the nocturnal z; almost impossible, as the nocturnal z; is often lower than the
minimum possible retrieved height due to incomplete overlap of lidar. Detailed studies of the
nocturnal boundary layer or of variability of low z; would require changes in the LiIDAR
configuration such that a complete transceiver overlap could be achieved at a much lower
height. Otherwise, improvements in the system configuration or deployment (e.g., scanning
LiDAR) are needed. However, these improvements are challenging due to the instrument
configuration and the need for Raman channel signal, eye-safe laser transmitter for scanning
deployment, efc. This paper presents a brief review of some of the challenges and
opportunities in overcoming the partial overlap of the LiDAR transceiver to determine z;
below the height of full-overlap using complementary approaches to derive low z. A
comprehensive discussion focusing on four different techniques is presented. These are based
on the combined (1) ceilometer and LiDAR; (2) tower-based trace gas (e.g., CO,)
concentration profiles and LiDAR measurements; (3) ““Rn budget approach and
LiDAR-derived results; and (4) encroachment model and LiDAR observations.
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1. Introduction

The atmospheric boundary layer (ABL) and the entrainment zone primarily govern the mixing
of pollutants into the upper troposphere, which influences air quality and climate simulation [1].
The depth of the ABL and the growth rate of the ABL in the morning are important parameters for
characterizing many atmospheric processes, including land-atmosphere exchange processes and the
dispersion of air pollutants and the formation of clouds [2—4]. Ground-based remote sensing
techniques (e.g., LIDAR, ceilometer) are useful tools for monitoring ABL depths [5—7]. The potential
of high vertically and temporally resolved aerosol backscatter measurements with LiDAR and
ceilometer offers an excellent opportunity to determine the top of the ABL (z;). In the last three
decades different methods have been developed to determine z; from ground-based LiDAR and
ceilometer measurements, [7—14] and from the space-borne LiDAR system CALIPSO [15-17]. In
particular, numerous studies have been performed to determine daytime convective boundary layer
(CBL) topped by the clean, free atmosphere (FA). These studies used different techniques, namely
threshold detection (e.g., [18]), the gradient-based method (e.g., [19]), the inflection point method
(e.g., [20]), the variance analysis (e.g., [21]), the Haar wavelet approach (e.g., [14]), the combined
wavelet and image processing method [22], the ideal profile method (e.g., [23]), and the 2-D gradient
approach [24] to derive z; using aerosol LIDAR measurements.

LiDAR systems are used to monitor daytime z; since: (1) aerosols are good tracers of turbulent
mixing; (2) there are over 30 years of studies on aerosol backscatter gradients and variances; (3) there
is temporal coverage in the daytime ABL regime; and (4) there is spatial coverage with networks of
LiDARs/ceilometers around the world (e.g., [22,24]). However, the development of a z; retrieval
algorithm that is both automated and applicable at all times and under different meteorological
conditions still remains a challenge (e.g., [13,21]). Since the aerosols may exist in multiple
stratifications the correct attribution of the layer at the top of the mixing layer is not trivial, and
deriving retrieval uncertainties from LiDAR profiles alone certainly remains another challenge [8,13].
Numerous efforts were made to resolve this issue of attribution (e.g., [21,25]). For instance, the SIRTA
(Site Instrumental de Recherche par Télédétection Atmosphérique) observatory conducted studies
based on long-term time series of collocated profiling measurements, and found that the use of
ancillary data makes the aerosol-based estimations of ABL depth more physically reliable under a
wide spectrum of conditions (e.g., [20,21]). Numerous reviews have also been carried out in the past to
address this attribution issue (e.g., [§—10]). However, some limitations of LiDAR systems include the
LiDAR transceiver overlap effect, aerosol washout due to rain, and presence of light attenuating water
clouds with high optical depth (e.g., [20,21,24-27])]. In particular, zi-dynamics and associated aerosol
stratification cannot be well understood due to the incomplete knowledge of the LiDAR response at all
ranges which is posed by the partial overlap function (i.e., the geometrical form factor or crossover
function) [5,6]. This issue yields a systematic effect. Thus, the application of ground-based LiDAR
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systems is useful for the situation of a deep, convective ABL; however, for stable atmospheric
conditions often observed at night when the ABL is too shallow (i.e., z; lies below the height of full
overlap), LIDAR measurements need to be supplemented with other techniques to finally determine
the entire diurnal cycle of z,.

The height of the full overlap defines the distance (often called the “dead-zone’) from the LiDAR to
the first detectable and useful aerosol backscatter signal in the entire profile. Due to the LiDAR
transceiver overlap effect, determination of depth of shallow CBL, and often nocturnal boundary layer
(NBL), remain almost impossible using only LiDAR measurements. In fact, the LIDAR overlap makes
the z; undetectable below this limit. In case of a very low zj, which frequently occurs under stable
conditions at night and sometimes during the day, particularly in winter, this offset can actually mask
the early growth of CBL height and can also lead to erroneous results in monitoring shallow ABL in
the daytime. This issue has been given little attention in the literature as far as LIDAR-determination of
ABL depth is concerned (e.g., [21,25,26]).

In this article, some of the potential approaches that could overcome the partial overlap effect of
LiDAR systems to monitor shallow ABL are first discussed. A brief review is then presented on the
opportunities and the challenges of overcoming the partial overlap effect using complementary
measurements with some recommendations for near future research. The key aim of the different
sections of this review is to identify and discuss some of the critical issues in monitoring shallow ABL,
and in particular to help the scientific community address NBL depth variability in detail. Within the
ongoing scientific projects related to the boundary layer process studies at the SIRTA observatory, it
has been clearly recognized that improvement in the z; retrieval algorithms by determining the z; lying
below the full-overlap is an important step to improve numerical models dedicated to the boundary
layer process studies in both regional [28-31] and global scales (e.g., [32]). In general, this is an
important aspect for routine monitoring of z; using aerosol LIDAR measurements. Additionally, there
is a strong need of more robust z; retrieval algorithm, associated with retrieval uncertainties and
reliability flags (e.g., [24,31]).

The remaining part of the article is organized as follows. Section 2 briefly summarizes the
importance of monitoring shallow ABL. Some of the experimental and theoretical methods that allows
for retrieving the overlap function and correct LiDAR-derived signal for further processing are
discussed in Section 3. Four different approaches to derive the entire diurnal cycle of z; are addressed
in Section 4; both potential and limitation of these methods are discussed. Finally, Section 5 provides a
brief summary and draws conclusions.

2. Importance of Monitoring Shallow Atmospheric Boundary Layer

The concentrations of passive trace gases within the ABL do not vary only because of changes in
the mixing volume (i.e., ABL depth), but they also change due to boundary layer dynamics associated
with the growth rate of z;, which determines the entrainment of FA air into the ABL (e.g., [1,2]).
The FA air entrained into the ABL has different thermodynamic and chemical properties; in particular,
the concentrations of the tracers like radon, CO,, water vapor, CO, CHy4, N,O, aerosol particles, drop
significantly from ABL to the FA, as was found by many researchers in the past (e.g., [33,34]).
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Therefore, it cannot be excluded that the tracer concentrations within the ABL, are affected by the
growth rate of the z; in the morning, in addition to the z; itself via ABL dilution effect, or so-called
“volume effect”. In fact, the ABL depth acts as a “first-order” control for the vertical extent of the
“box” within which mixing and dispersion of the tracers like GHGs (CO,, CHy4, N,O, efc.), aerosol
particles, ozone, and “*’Rn, efc. take place [35-38]. Characterization of the temporal variability of z;
during entire diurnal cycle is therefore required. For instance, the ecosystem CO, exchange and the
ABL mixing are correlated diurnally and seasonally via the “rectifier effect,” which has been
thoroughly documented (e.g., [39]). Thus, the assessment of the effect of carbon sequestration and/or
greenhouse gas emissions reduction activities, including attribution of sources and sinks by region and
sector is a challenging but important task [38—41]. In estimating the CBL growth rate during the early
morning transition or in studying dispersion in a shallow CBL [42—44], determination of z; below the
height of full overlap of a LIDAR system is urgently required. Additionally, a growing CBL during the
morning transition period first interacts with the overlying residual layer (RL) and then with the FA
after reaching the quasi-stationary height. Both these interactions have an impact on the growth rate,
and consequently on the mixing processes and relevant dilution of the tracers in the boundary
layer [39,45]. Therefore, determination of the depth of shallow NBL/shallow CBL/growing CBL over
the land surface is considered important for dispersion studies and for monitoring air quality.

3. Theoretical and Experimental Approaches to Correct LIDAR Signal for Overlap Factor

In the simplest form, the LiDAR-received signal intensity can be expressed as [4]

R
PR)=1,, Sk o) )exp[— zj%(ze)dr] "
0

where, R is the range, P)(R) is the received signal intensity at the wavelength of 4 from range R, Py is
the peak power of the single laser pulse, c is the velocity of light, #p is the laser pulse width, K is the
efficiency of the detector system, 4 is the receiving area of the telescope, O(R) is the laser-beam
receiver-field-of-view overlap function (henceforth overlap function only), 5 is the total backscatter
coefficient due to atmospheric particles and molecules, and a,, is the total extinction coefficient due to
atmospheric particles and molecules.

Most of today’s automated and test-bed research lidars around the world are not capable of
determining low ABL depths (~100-200 m). To obtain a comprehensive overview on the partial
overlap of the LiDAR transceiver system, a few important factors need to be discussed first. It is also
important to understand the geometric reasons for the systematic error causing difficulties in
monitoring shallow ABL, in particular, NBL. Figure 1 shows a schematic of a simple mono-static
bi-axial aerosol LiDAR system illustrating the effect of partial overlap on the LiDAR measurements.
In principle, the overlap function O(R) describes the competency in performance of a LiIDAR with
which light is coupled into its detectors as a function of range (i.e., height as we describe here
vertically-pointing LiDAR system). In Equation (1), the value of O(R) is zero at the LiDAR and
becomes 1 when the volume of space containing the transmitted pulse is completely imaged onto the
detector through the field stop [46]. Thus, from the top of the LiDAR transceiver to the height of full



Remote Sens. 2014, 6 8472

overlap (where O(R) = 1), O(R) varies in height with values from 0 to 1 (Figure 1). This is referred to
as partial overlap region.

Figure 1. A schematic diagram illustrating incomplete overlap between the laser beam
(T: Transmitter) and the field of view of the receiving telescope (R: Receiver) for a simple
mono-static bi-axial LIDAR system. The black dashed line marks the height above which
full overlap (i.e., O(R) of 1) of the LiDAR transceiver is achieved and remains independent
of height. The gray dashed line at the LIDAR marks O(R) of zero. Both the regions of
incomplete and complete overlap are marked.

The height dependence of O(R) is further illustrated in Figure 2. By tuning an iris placed in the
focal plane of the telescope, the receiving telescope’s field of view can be increased so that the overlap
range can be reduced and the height of full overlap becomes lower. However, it should be noted that
there is a compromise between the incomplete overlap and the background light noise which need to
be maintained to achieve a better signal-to-noise ratio (SNR). In general, the overlap function mainly
depends on the geometry of the LIDAR transceiver setup. For instance, co-axial LIDAR systems with
the transmitter and receiver having the same optical axes are also affected by the partial overlap effect
due to misalignment in the receiver optics (e.g., [46,47]). On the other hand, in many LiDAR systems
with large telescopes (more than 50-cm diameter) full overlap (i.e., O(R) of 1) is achieved at a distance
of more than 1 km (e.g., [47,48]). For LIDAR systems with a smaller telescope (between 20 and 40 cm
diameter), the complete overlap is found to be between 150 and 600 m above ground (e.g., [46—50]).
Significant errors exist in the profile of the LiDAR signal received from the region of incomplete overlap,
i.e., close to the ground where the aerosol particles are both most abundant and most variable [49].
Consequently, the partial overlap introduces a systematic error in the LIDAR measurements because it
precludes the determination of the depth of the shallow and stable ABL (especially at night). If the
LiDAR signals are corrected for partial overlap (i.e., O(R) becomes unity and independent of height),
an objective routine to determine z; is available and a robust attribution is applied, the diurnal cycle of
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z; could be achieved using a LiDAR system only. However, there are challenges with this method, as
will be discussed in the following pages.

Figure 2. Schematic showing the overlap function of a ground-based vertically-pointing
single-channel aerosol LiDAR system along with a description of the atmospheric
boundary layer (ABL) over the land surface. The shaded area at the bottom of the both
panels marks the region of the partial overlap effect (with O(R) < 1). The overlap function
varies from 0 to 1 (see left-panel x-axis). The full overlap is achieved at a height of 300 m.
LiDAR received relative signal intensity after range-square correction in arbitrary units is

also shown.
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Figure 2 exemplifies a profile of range-dependent O(R), explaining that the full-overlap of the
transceiver is attained at about 300 m distance. Determination of the z; below 300 m would thus require
changes in the LiDAR configuration to obtain a complete transceiver overlap at a much lower range.
Although the real structure in the ABL, entrainment zone and z; is more complex than shown, this
figure still provides a useful information for relating O(R) to LiDAR backscatter profile. Wandinger and
Ansmann [51] introduced an experimental approach to determine O(R), which requires a pure molecular
backscatter channel (Raman signal) in addition to the usual elastic backscatter signal. This method works
well for the 355 and the 532 nm channels using Raman signals under both homogeneous
and inhomogeneous conditions without any critical assumption, unlike some theoretical approaches
(e.g., slope method, polynomial regression, non-linear regression) illustrated by Tomine et al. [52],
Dho et al. [53], Povey et al. [54], among others. However, Guerrero-Rascado et al. [55] found poor
performance of Raman-signal approach for 1064 nm-channel of a LiDAR system due to the low
intensity for the Raman shifted signal in the infrared range.

On the other hand, to compensate the differences in the overlap functions resulting from the
wavelength-dependent beam divergence, Markowicz et al. [56] proposed a multi-axial design for their
multi-wavelength LiDAR system where each of the laser beams is emitted separately and the respective
position between the beam and telescope’s axes can be adjusted. Recently, Biavati et al. [57] proposed
an experimental technique to estimate an overlap correction function. They introduced an iterative
procedure to retrieve an experimental correction and a fitting procedure to obtain a modeled correction
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which yielded promising results. However, this correction factor could be achieved only if the LIDAR
system could be oriented at angles different than 90°. On the other hand, measurements obtained by
operational LiDARs like micro-pulse LiDAR (MPL) deployed within NASA’s MPL-NET are also
affected by the partial overlap and need additional measurements of horizontal profiles up to a ~10 km
clear line-of-sight and homogenous atmospheric conditions which is often challenging to achieve due
to the inhomogeneity of aerosol structures within the ABL (e.g., [58]). Berkoff et al. [59] developed an
experimental approach for correcting the partial overlap of the MPL using a secondary receiver that
eliminates the need for horizontal measurements. However, their technique requires a specific
configuration of additional optical components (detector, filters, data channel, efc.) and co-alignment
of receivers.

Another approach to obtain near-range signal below the height of complete overlap is by improving
the entire LIDAR transceiver geometry by adding a smaller telescope. For instance, Behrendt et al. [35]
demonstrated two receiving telescopes for a state-of-the-art water vapor DIAL system: an 80-cm
telescope in vertically-pointing mode for the far field and a 20-cm telescope for the near field.
Additionally, they also found an improvement in the overlap factor by introducing a fiber-based
transmitter for the high-power laser in their LIDAR system. The water vapor DIAL system developed
by Behrendt et al. [47] is a unique system but due to its complexity this type of LiDAR system
requires high expenditure, significant amount of maintenance, advanced and high power laser
technology, efc. Thus, we suggest that this system or any other two-telescope bi-axial LIDAR system
is not a suitable candidate for operational monitoring of z; though it is an excellent instrument for field
deployments (e.g., [48]). On the other hand, numerous custom-made vertically-pointing aerosol
LiDAR systems are operational around the world within different networks like ICOS, GALION, etc.
(e.g., [24,31]); further improvement in their optical geometry or modifications of any other
instrumental feature is not straightforward.

Additionally, by pointing a laser beam in various directions at various angles (scanning)
with respect to the surface, a ground-based aerosol LiDAR system can provide a description of the
three-dimensional distribution of aerosols in the atmosphere [60—63]. Range height indicator (RHI)
scanning measurements can help obtain low z; starting from a distance where complete overlap is
reached [56]. The RHI scanning measurements were used only within some feasibility studies and/or
case studies using data obtained during field campaigns. Notwithstanding, all range eye-safety in the
transmitted laser beam needs to be maintained for these LiDAR systems (e.g., [62,63]), otherwise they
cannot be deployed in urbanized areas. Additionally, scanning LiDAR systems usually require
high-power laser transmitters to achieve useful SNR in the off-zenith profiles due to the trade-off in
range/height relationships with scanner elevation angles in the RHI mode (e.g., [47]).

Deployment of nadir-pointing airborne LiDAR systems does not pose any challenges for
monitoring shallow ABL as long as an appropriate mission plan is made by flying the aircraft
well-above the z; [64-66]. Airborne LiDAR measurements do not make low z; retrieval erroneous since
the overlap-affected part of the LiDAR signal remains in the FA atop a CBL. However, contamination
due to ground-returns makes the LiDAR signals erroneous close to ground so that few bins
(corresponding to 100 m or more depending on the range resolution) close to the ground create
saturation in the detectors (e.g., [66]). In any case, operational monitoring of z; with airborne LiDAR
measurements is not regarded a practical approach.
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In summary, it is possible to overcome the problem of the partial overlap via improving LiDAR
system configuration, using two-telescope receiver configuration, by changing the deployment or
platform of the LiDAR instrument, or via some experimental/theoretical approaches by calculating an
overlap correction function or other method based on Raman channel. Additionally, using common
optics for both transmitter and receiver (mono-static configuration) or by imaging the laser beam side
with a wide-angle camera, it is possible to overcome the effect of partial overlap factor (e.g., [67,68]).
However, these solutions often become technically challenging, highly expensive, and unrealistic as soon
as operational monitoring of z; is concerned. They are also limited due to the inhomogeneous aerosol
structures often present in the ABL. For instance, we are not familiar with any scanning LiDAR system
that is operational for routine monitoring of z;. While using a mono-static LIDAR, Eresmaa ef al. [69]
found that low ABL depth was not determined well. Under these circumstances, an alternative method
needs to be sought or additional information would be beneficial to incorporate into the retrieval
algorithms so that the shallow ABL could also be monitored on regular basis with vertically-pointing
single-channel elastic LiDAR systems. Recently, some researchers showed potential for using
near-surface meteorological and micrometeorological parameters in the z; retrieval algorithm to help
the attribution (e.g., [21,25,70]), however, problems related to the partial overlap factor are yet to be
solved. In the following, a comprehensive overview on four different approaches to complement
LiDAR-derived time series of z; is presented.

4. Supplementary Methods to Determine the Depth of Shallow Atmospheric Boundary Layer
4.1. Ceilometer and LiDAR Measurements

Ceilometers use similar principles as in LiDAR systems. In general, a ceilometer transmits fast,
low-powered laser pulses into the atmosphere and detects the back-scattered returns from clouds and
aerosols above the instrument. Ceilometers are mostly dedicated to cloud base height/cloud layer
measurements and vertical visibility for meteorological and aviation applications. However, due to
recent progresses in low-cost laser systems, ceilometers have been found useful for detecting aerosols
in general and especially for detecting volcanic ash layers, and recently for determining z; (e.g., [50]).
Many researchers in the past discussed in detail the potential differences between the efficiency of
LiDAR and ceilometer systems for monitoring ABL (e.g., [24]). Due to the low power of the laser
transmitter used in the ceilometer, the performance of the ceilometer with respect to SNR is much
better in the nighttime than it is during the day, when aerosol particles are generally concentrated
enough to provide a strong gradient in the NBL [24]. In contrast, the high SNR of LiDAR signals even
for daytime measurements yields the advantage to monitor the CBL height without ambiguity.
For instance, while comparing the performance of a Jenoptik ceilometer, Hesse et al. [71] found a
considerable increase in the SNR and dynamic range (by a factor of 2) for NBL compared to daytime
CBL. Additionally, while comparing performance of LiDAR and ceilometer, Tsaknakis et al. [72]
found that during the daytime the CL31 ceilometer was able to correctly detect the presence of various
aerosol layers only after averaging the signals for sufficiently longer term period (3 h). An averaging
time of more than few tens of minutes is not suitable for determining CBL depths, in particular during
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the morning transition period, when CBL depth often increases with a growth rate of more than
300 m/h (e.g., [45,50]).

The most remarkable differences between LiDAR and ceilometer systems lie in their overlap
factor and the power of the laser transmitter used. Most of the today’s ceilometers use an enhanced
single-lens technology in their transceiver and thus have excellent performance starting at the first bin,
corresponding to 15-30 m [73—75]. Therefore, these systems do not suffer from the partial overlap
factor that vertically-pointing LiDAR systems do, and have system efficiency over the entire
measuring range (with respect to the overlap issue). This efficiency helps obtain significantly
improved near-range performance for monitoring shallow NBL. Thus, ceilometers are found to be
important candidates, in particular for monitoring the transition from stable boundary layer (SBL) to
CBL, or from shallow CBL to a growing CBL regime [50]. On the other hand, due to the high power
laser transmitter used in the LiDAR systems, they are suitable for monitoring daytime CBL height with
sufficient accuracy as was demonstrated by many researchers in the past. Pal et al, [50] while
investigating z; variability around Paris, used concurrent measurements obtained with both LiDAR and
ceilometer systems. Finally, they used combined z; measurements: a ceilometer was used for the NBL
and LiDAR was used for the daytime CBL. Figure 3 presents a schematic for obtaining entire diurnal
cycle of z; using combined LiDAR and ceilometer based approaches.

Figure 3. A conceptual schematic illustrating four different approaches to complement
daytime LiDAR-derived CBL depth measurements to determine entire diurnal cycle of
ABL. h§%l°: Ceilometer-derived NBL depths, hlf,%ZL: Tower-based CO, profile-derived
NBL depths, hfﬁn : Rn-tracer method-derived NBL depths, h,’f,’gL : Encroachment
model-based early morning NBL depths, hiPAR: LiDAR-derived daytime CBL depths.
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It should be noted that both LiDAR and ceilometer systems use aerosols as tracers to determine the

z;. The only drawback in this approach is that simultaneous LiDAR and ceilometer measurements at a
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site. would be required. However, during field campaigns or routine measurements at different
observatories around the world like SIRTA, ACRF (ARM Climate Research Facility), CIAO
(CNR-IMAA Atmospheric Observatory), CESAR Observatory (Cabauw), among others, both
instruments are usually available (e.g., [31,76]). Thus, we suggest that if an appropriate attribution
technique is chosen [21,24], LiDAR-ceilometer retrieval results in a correct estimate of z; an
uncertainty of around 15-30 m exists due to sampling of aerosol signal at different heights depending
on range resolutions in the data.

4.2. Tower-Based Trace Gas Concentration Profile and LiDAR Measurements

The depth of the ABL plays an important role in controlling the concentration of GHGs and other
tracers like aerosols due to the ABL dilution effect, often referred to as vertical mixing term in a mass
budget (e.g., [2,39]). There is compelling evidence that ABL dilutes the surface CO; flux during both
night and day as well as during different seasons in a year (e.g., [77-79]). In general and on a daily
basis, during the nighttime, RL CO, is sampled at the upper part of a tall tower on flat terrains, while at
the lower levels a relatively higher concentration of CO; is observed (Figure 3). In the present context,
we refer to towers with heights of around 100 m or more for monitoring GHGs and meteorological
variables as tall towers (e.g., [78-82]). The CO, concentrations at lower levels are affected by
nocturnal accumulation, creating a gradient at the upper level of the tower [79]. The diurnal variability
of the CO, mixing ratio on flat, homogeneous terrain is mainly determined by the surface CO; flux,
CO; advection, and the volume of air in which the CO, is mixed. It thus depends on the depths of the
ABL both during day and night. The NBL depth can be derived from vertical profiles of the CO, mixing
ratio since CO; is an excellent indicator of stratification. Yi et al. [83] determined the entire diurnal cycle of
z; by combining the measurements from 915-MHz boundary layer profiling radar and CO, concentrations
obtained at six levels on a 447-m tall tower. They used a tower-based CO; profile to determine both the
SBL depths in the night and the low CBL depths during morning. Following Yi et al. [80], they defined
the top of the SBL at which CO; gradients first become very small. Finally, they complemented these
measurements with the profiler measurements. The working principle of z; retrieval using wind
profilers lies in the determination of the location of the peak reflectivity caused by turbulence acting on
a gradient of humidity at z; ([27]). In Yi et al. [83], the profiler measurements were not able to
define ABL shallower than 400 m. Under similar assumptions, Denning ef al. [81] derived the entire
diurnal cycle of z; by combining radar reflectivity and vertical profiles of CO, made on a tall tower in
northern Wisconsin.

Recently, Schmidt ez al. [79] illustrated that during the nighttime the vertical profiles of CO, mole
fraction at the four sampling heights on the 180-m tall Trainou tower usually exhibited strong gradients
within the NBL, while Pal et al. [50] found that the aerosol LiDAR at the same site was not able to
accurately detect the boundary layer aerosol structures and associated mixing processes taking place in
the NBL due to the partial overlap effect. Following the previous studies illustrating the combination
of radar/wind profiler and tower-based CO, profile measurements, we suggest that by combining
LiDAR and tower-based CO; profiles one can also monitor the entire diurnal cycle of ABL depths:
LiDAR for daytime CBL depths and tower-based CO, profiles for NBL depths. Hence, the issues
related to the partial overlap could be resolved. It should be noted, however, that the NBL depths
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derived with the CO, profile-based approach would be based on coarse resolution (30 to 50 m or
higher depending on the sampling heights) unlike high-resolution LiDAR measurements (15 m or
lower). Thus, some sort of interpolation would be required in the CO, profiles and should be carefully
handled before this gradient-based approach is applied. Some sensitivity tests are highly recommended
for the choice of the interpolation scheme as was performed in Yi ef al. [83]. One should note that
applications of the CO,-profile based approach will most likely fail to determine NBL depths over
mountainous regions, and in particular at ridge-top sites since orographically-induced flow
(e.g., upslope flow) will often affect the patterns of the diurnal cycle of CO, or any other tracers in
these regions [84,85].

It should be noted here that while exploring six years of trace gas measurements on 180 m tall
tower in Trainou (France), Schmidt et al. [79] found that tracers other than CO, like methane (CHy,),
sulfur hexafluoride (SFs), molecular hydrogen (H,), nitrous oxide (N,O), and carbon monoxide (CO)
show nocturnal gradient similar to those found for CO,. Therefore, we consider that when using the
gradient-based approach, tower-based profiles of these tracers could be also used for routine
monitoring of NBL depths over flat terrain. The main drawback of the proposed approach is that the
installation of tall towers are more expensive than simply acquiring a ceilometer, since towers
hundreds of meters tall always require considerably more maintenance. However, for the experimental
sites within different networks (e.g., ICOS, AmeriFlux, NOAA tall tower network, etc.) where
tall-tower measurements already exist, the trace gas profile-based approach could be applied as a
parallel approach to determine low ABL depths to complement LiDAR measurements that are affected
by partial overlap effect. An uncertainty of around 50 m in the z; arises if an appropriate gradient is not
chosen during the sensitivity analyses of choosing the correct inflection point.

4.3. ?’Ru tracer method and LiDAR-Derived Results

The naturally occurring, radioactive noble gas radon (**Rn) is an ideal passive tracer for

22Rn is an inert

investigating atmospheric transport and mixing processes within the ABL (e.g., [86]).
gas emanating from soils and rocks containing *%Ra. Since its half-life (3.83 days) is much longer than
the timescales of turbulence in a CBL (<1 h), it is considered as a conservative tracer for mixing in the
ABL; it is also a useful timescale for determining rates of soil-atmosphere gas exchange [87-90].
Additionally, its half-life is sufficiently short to ensure that typical concentrations in the FA are orders
of magnitude lower than within the ABL. Williams et al. [91] while investigating vertical profiles
of **’Rn, found a marked drop in concentrations from high values within the ABL (typically around
4 + 3 Bq'm ) to near-zero values in the FA (around 0.5 + 0.4 Bq'm ). We consider that due to the
simplicity of the processes affecting radon concentration in the ABL (e.g., half-life of 3.83 d, contrasts
in ABL-FA, radioactive decay as the only sink, etc.), with a few assumptions it is straightforward to
derive z; from a time series of “*?Rn concentrations for NBL regime (i.e., from time of sunset to the
time when CBL starts developing after next day’s sunrise).

Assuming horizontal homogeneity, the time series of ***Rn concentrations can be inverted to
determine an effective mixing height (e.g., [92]). This method is appropriate for NBL regimes

222

(Figure 3). Duenas and Fernandez [93] illustrated that temporal variability in the “““Rn concentration

due to changes in the exhalations rate is of second order compared to vertical turbulent mixing
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mechanism, except in very prolonged periods of heavy precipitation, or when the surface is covered by
snow or ice. A mass balance approach illustrates that in a non-divergent flow field and in the absence

22Rn mean concentration in the CBL, is

of horizontal advection of ***Rn, the temporal variation in the
driven by the sum of the surface emissions, radioactive decay, and vertical mixing (dilution) within the

ABL (e.g., [39,92]). The corresponding relationship can be expressed as:

dc, F
a g AP @)

1

where A (2.09822 x 10°° s7") is the **’Rn decay constant, F is the radon emissions (constant in time),
and D is the dilution (also called vertical mixing term), which can be expressed as (adapted from

Griffiths et al., [92]):
C, -C, (dz
D= —BL uL | Y94;
z. ( dt j (3)

1

222
where Cgr, CyL are the

Rn mean concentration within the boundary layer and in the layer above,
respectively. The term (dzi/dt)accounts for vertical velocity induced by subsidence and entrainment
at z;; thus, D considers the effects of the entrainment processes at z; and thus vertical mixing with the
upper layer, either the RL or the FA. Additionally, D also considers the ABL “volume effect” since the
value of Cp| is governed by z; following:

Zi

Cy = Z%}[C(z,t)dz 4)
The rectifier forcing considers that vertical mixing (here, D) is the main parameter in governing the
concentration variation within the ABL [39]. The diurnal rectifier effect in this context refers to the
temporal co-variations between atmospheric transport and surface gas fluxes (e.g., [35,80-82]).
The radon concentration variability depends upon z; in two ways: the volume within which radon is
mixed (z;)) and the growth rate of z (i.e., dzi/dt). For nighttime stable and stationary conditions,
boundary layer growth rate could be approximated to zero. Thus, the dilution term D Equation (3)
becomes zero so that Equation (2) could be expressed as:

dCy _F

dt . —ACy %)
On the other hand, following Lopez et al. [94], one can apply a first-order approximation
dgf L >> A Cp, for NBL regimes, so that the NBL depth could be estimated from Equation (5) as:
.= F
YdCy,, (6)
dt

Using radon-based z; estimations, numerous researchers estimated trace gas fluxes (e.g., N,O)
during nocturnal inversions or SBL regimes or synoptic events (e.g., [94-96]). In addition, following a
similar approach, Griffiths et al. [92] derived an improved mixing height retrieval algorithm where the
key focus was to improve the attribution technique when LiDAR signals encounter multiple aerosol
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layers. This technique can be used for shallower SBL or for the periods when the z; measurements are
affected due to the partial overlap effect. Thus, this technique could potentially complement LiDAR
measurements below the full-overlap height if a reliable attribution technique is applied for the LiDAR
measurements collected over the height of full-overlap during the daytime [13,34,50]. However,
during the morning transition period with slow growth of CBL, the radon-based tracer method would
not be applicable for obtaining low z; below the height of full overlap. However, for the CBL regime
with rapid growth rate (say 200-300 m/h), z; quickly reaches beyond the height of full overlap so that
LiDAR becomes useful.

It should be noted that the application of the radon-based approach requires the knowledge of the
rate of emission of radon gas from the soil and information about the footprint of the radon
concentrations measured at a site, which are site-specific. In general, radon flux F in Equation (6) is
directly measured with flux chambers at various sites where tower-based radon measurements are
available. There is ongoing effort to estimate radon flux using maps of soil composition, soil uranium
content and soil moisture ([97]). Additionally, when advection dominates the measurements and soils
are covered with snow or ice, the radon-based approach is not considered to be a very useful approach
(e.g., [92]). An uncertainty of around 30-50 m arises if the measurements of radon flux are not
available and theoretical estimations are used.

4.4. Encroachment Model and LiDAR-Derived Results

Near-surface thermodynamics and micrometeorological features during the morning transition
period play an important role in governing the development of the CBL throughout the morning until
the time when the CBL height reaches a quasi-stationary regime (e.g., [98,99]). Following an
encroachment model introduced by Tennekes [98], a simple hypothesis has been developed to detect
only the low CBL top rising from below the full overlap height during the early morning transition
period. According to this assumption, the z; starts growing immediately after crossover (when the heat
flux changes sign from negative to positive) followed by sunrise.

Following the encroachment model introduced by Tennekes [98], one can relate the changes in the
ABL depths during morning transition period as:

z, =z + L dt
2 ! FpCle ()

where z; and z; are the ABL heights at time steps 77 and 7, respectively (with 7, > T}), H is sensible
heat flux, p is density of air, C, is specific heat capacity of air, /" is potential temperature lapse rate,
and d¢ is change in time between time steps 1 and 2.

Using LiDAR -measured z; above the height of full-overlap one can determine z, using any of the
gradient-based techniques discussed above. To determine z;, one can use Equation (7) going
backwards in time until the time of crossover (dt = T, — T; with T, > T}) [21]. Using this method one
cannot determine the NBL depths for the entire nighttime period. However, determination of growth
rate of ABL is possible with this approach. As explained previously, this determination is very
important in studying the dilution of pollutants and other tracers in the atmosphere during the
morning transition period. Using this approach, one can also determine dz;/dt experimentally using
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LiDAR-measured z; after the height of full overlap. Finally, a comparison could be done with dz;/dt for
the period before the time when z; reaches the full-overlap. Corresponding results will definitely help
understand in detail the transition from SBL (or NBL) to CBL (or shallow CBL) during the morning
transition period. It should be mentioned that this method would work for the LIDAR measurements
on days when well-mixed CBL development takes place, likely during fair weather, anti-cyclonic
conditions without the presence of optically thick clouds in the boundary layer and large scale
subsidence (e.g., [1,50]).

5. Summary and Conclusions

Ground-based single-channel aerosol LiDAR systems have attracted much attention in recent decades.
The availability of automated and robust aerosol LiDAR systems around the world have made LiDAR
remote sensing of boundary layer processes more versatile than ever before. Routine monitoring of the
entire diurnal cycle of atmospheric boundary layer depths is an important but a challenging task. Within
numerous research projects and networks around the world (e.g., EU COST Action ES0702,
EG-CLIMET, ARM, ICOS, GALION, MPL-NET, efc.) ground-based vertically-pointing aerosol
LiDARs are found to be useful research tools for routine monitoring of atmospheric boundary
layerheight, z; [31]. Therefore, it is important to address in detail the current knowledge and remaining
gaps in the z; retrieval algorithms. This paper presents a long-standing problem of most standard
ground-based vertically-pointing aerosol LiDAR systems in the retrieval of z; when ABL is shallow,
typically at night or during very cold days. This problem is inherently related to the incomplete overlap
function of the LiDAR transceiver.

The purpose of this review is to present a comprehensive overview of different complementary
approaches that could be used to close the gap in the time series of z; so that the entire diurnal cycle of
atmospheric boundary layer height could be derived. We conclude that the incomplete overlap between
the laser beam and the receiver field of view significantly affects LIDAR observations in the near-field
range and ultimately poses a critical challenge to retrieve low ABL depths using LiDAR
measurements. In general, the lack of information on the aerosol stratification and the variability of
low z; lying below the overlap region during the morning transition period make it difficult and often
impossible to study dispersion of tracers in the lower troposphere. A detailed review of previous works
focusing on four different approaches was conducted to discuss the advances in retrieving low ABL
depths that cannot be performed by LiDAR measurements alone. The measurement principle, temporal
and spatial resolution, and the advantages and limitations of each approach are summarized in Table 1.

It should be noted, however, that transitioning between two methods in any of the combined
approach is dependent on the prevailing near-surface meteorological conditions at the measurement
site. The onset of CBL eroding the nocturnal inversion during the morning transition period and the
onset of NBL/SBL during the evening transition period were discussed in detail in past studies
(e.g., [21,42,44,45,99,100]). It has been found that the onset of CBL in the morning, starting after
sunrise and crossover (i.e., when sensible heat flux becomes positive), can go through two phases:
(1) NBL to shallow CBL with slow growth rate; and (2) shallow CBL to a rapidly growing CBL.
On the other hand, during evening transition, in absence of subsidence, NBL starts developing after
sunset and crossover (i.e., sensible heat flux becomes negative). For the LiDAR-ceilometer
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combination, transitioning between the two methods is straightforward, since ceilometers can
accurately determine the onset of CBL in the morning and NBL in the evening, and yield z; till the
height of full overlap of the LIDAR system without any ambiguity. Thus, after ceilometer-derived z;
crosses the height of full overlap of the collocated LiDAR, z; measurements obtained with LiDAR
should be used. For the LiDAR and tower-based profile approach, knowledge of the times of both
crossovers is similarly important. Additionally, trace gas measurement at the top of the tower often
remain in the RL after the evening transition period, as discussed earlier. This event could be also used as
a proxy for transitioning between the two methods during the evening transition period. However, in
situations when a tower-based profile is not able to find an appropriate inversion corresponding to the
NBL z;, LiDAR-derived measurements need to be used, provided LiDAR-derived z; is higher than the
height of full overlap; otherwise, no value should be reported. For the LIDAR and the radon-tracer
combination, both the periods of morning and the evening transitions need to be investigated as the
applicability of the radon tracer method is valid for the period between two crossovers (after sunset to
next day sunrise). For a more detailed description of the radon tracer method, readers are referred to
Griffiths er al. [92]. However, as mentioned in Table 1, transitioning between two methods for
LiDAR-radon combination remains a challenge for both morning and evening transition periods.
Notwithstanding, the detection of boundary layer transitions, and in particular the evening transition
period, is indeed a challenging topic for the atmospheric science community, as has been recently
elucidated in the Boundary-Layer Late Afternoon and Sunset Turbulence (BLLAST) project
(e.g., [101-103]). For the LiDAR and encroachment model combination, the transitioning between two
methods depends on time of the heat flux crossover in the morning transition period. Additionally, site
specific meteorological conditions and temporal variability in micrometeorological variables would
provide detailed information (e.g., inflection point in the temperature rise, mixing ratio variability, efc.)
about the morning transition period. As mentioned before, the encroachment model based approach
provides only z; variability from the time of crossover to the time when CBL crosses the height of full
overlap (e.g., [21,45]).

Having identified gaps in knowledge about the partial overlap effect of LiDAR systems for
monitoring low ABL depths, key findings from different approaches were discussed and some
recommendations were made. A brief review is presented here focusing on the possibilities of
overcoming the partial overlap effect of a LiDAR transceiver system to determine z; below the height
of the full overlap. In particular, four different approaches were explored with an aim to complement
LiDAR measurements for monitoring z; during entire diurnal cycle. There are many different
technical/instrumental approaches and analytical methods to solve the partial overlap of the LiDAR
transceiver. These methods are usually limited due to the complexity in the system configuration, the
requirement of a scanning measurement facility, the need for improvement of the LiDAR system
configuration, the use of two-telescope receiver configuration, the requirement of different
deployments or platforms, or the application of some experimental/theoretical approaches. None of the
methods are straightforward for the purpose of routine monitoring of the z; and they often demand
considerable time and significant improvement in the system set up. Thus, it is important to note that
supplementary techniques are indeed useful to obtain low z; lying below the height of full overlap of
the LiDAR-receiver unit so that entire diurnal cycle of z; is achieved. Some remarks on the possibilities
of automated recognition of ABL height from LiDAR signals are also included.
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Table 1. Advantages and limitations of the instruments

low ABL depths on routine basis.

8483

and the methods to estimate the

Temporal
Variable or Method of z;
Instrument/Method and Spatial Merits Limitations
Profile Detection
Resolutions
e  Comparable
temporal and spatial
resolution like
LiDAR
e Daytime measurements
e  Full overlap at very
are often degraded due
low height assisting
to low SNR
monitoring depths of
e  Measurements are
shallow ABL
affected by washout
e  Captures major
immediately after
portion of z;
Gradient-based rain event
variability in the
approach on e  Multiple aerosol layers in
Backscatter NBL
profiles of aerosol the daytime CBL results
signal from 10-300 s e Detection of z;
Ceilometer backscatter to in false attribution in
clouds and 1545 m during transition
detect the determining z;
aerosols between SBL and
inflection point in e Bad quality data during
CBL at sunrise and
the profiles fog, rain,
vice versa at sunset
low clouds
e  Similar measurement
e  Simultaneous LiDAR
principle like LIDAR
and ceilometer profiles
e Easily retrieves
over a site would be
cloud base height
required for monitoring
e Relatively cheap,
entire diurnal cycle of z;
robust system, easily
transportable and
deployable, and
quick maintenance
e  Both temporal and
spatial resolutions
e Simple gradient-
are coarser than LIDAR
15-30 min based approach is
CO, which generate poor
30-50 m depending applicable for
concentration temporal resolution in
on the sampling determining NBL z;.
NBL z;

Tower-based profile profile between

ground and the

tall tower top

Gradient in the

CO, mixing ratio

heights of the
measurements on

the tower

e Different other
e Highly expensive,

tracers (e.g., CHa,
and requires significant

CO, H, efc.) are also
amount of maintenance

applicable
e Needs some sensitivity

tests on the profiles
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Table 1. Cont.

Temporal
Instrument/ Method of z;
Variable or Profile and Spatial Merits Limitations
Method Detection
Resolutions
e  Requires an estimation
of radon flux at the site
e Needs knowledge of
footprint of the radon
e Due to simplicity of the
concentrations for
processes affecting radon
better estimation
concentration in the ABL, few
e Relatively lower
assumptions are involved.
temporal resolution in
Radon mass e Straightforward calculation of z;
Time series of *?Rn 15-30 min z; time series compared
budget approach based on “*Rn concentration
concentration at a Height to LiIDAR
Radon tracer considering no variability
certain height closed resolution: e Very expensive
growth in z; in the and flux.
to the surface NA e Not applicable during
NBL e Except in very prolonged periods
daytime since dzi/dt in
of heavy rain, or when the
CBL is not negligible.
surface is covered by snow or
e Due to simplicity in
ice, application of this method is
the assumptions, z;
valid during all seasons.
detection during
morning transition
period remains
challenging
e Only considers
Time series of Relationship 10 minutes or near-surface
. Simple analytical model
sensible heat flux, between dz;/dt and more thermodynamics
Encroachm- . Help understand the growth
potential sensible heat flux Height and neglects
ent model of the CBL and erosion of nocturnal
temperature and during CBL resolution: entrainment processes
inversion
lapse rate growth NA e Only valid for fair

weather situations

Seibert et al. [9] provided some useful insights into the research for determining ABL height from
profilers like radiosonde, LiDAR, radar, sodar efc. where they clearly mentioned “Under stable
conditions, the inherent difficulties call for a combination of several methods...”. They made an
assessment of different methods to determine the ABL height illustrating LiDARs are not capable of
determining low SBL and partly capable to determine low ABL height (100500 m AGL). However,
they did not discuss in detail the limitation of LiDAR systems pertaining to the partial overlap of the
transceiver and the possibilities of overcoming via different experimental/theoretical approaches and
limitations of those techniques. In addition, after Seibert et al. published their findings in 2000,
numerous automated ground-based LiDARs were deployed within various research programs around
the world where ABL depth determination using long-term continuous measurements became high
priority within the community. Thus, we believe that the advantages and limitations of four different
methods discussed in this review are of great importance for the community involved in LiDAR
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development and applications for ABL research. Additionally, in early 2000, state-of-the-art of LIDAR
technology was not so far as they are now so that operational monitoring of ABL depths by integrated
networks of ceilometers and LiDARs was not of high priority as they are now within many networks
around the world (SPALnet, MPL-Net, EUMETNET, ICOS, GAW, GALION, EARLINET, EG-
CLIMET, AD-Net (Asian dust and aerosol LiDAR observation network), efc.). For instance, in early
2000, ceilometers were used to be applied to determine cloud base heights (e.g., CT12K by National
Weather Service in the US) while a considerable progress has been made recently in the ceilometer
technology. Additionally, tower-based CO, and CO profiles were not as common as they are now
and the radon-based tracer approach has been found applicable monitor NBL depths only recently
(e.g., [92]).

Among the four parallel approaches discussed here, we conclude that the LiDAR-ceilometer
combination to be the most appropriate one since similar instruments and determination techniques
(gradient-based algorithm) are involved under similar hypothesis using aerosol as tracers for boundary
layer mixing processes. Additionally, this approach includes fewer assumptions than the other methods
discussed in this article. It might be the case for some days or atmospheric situation on a day that
ceilometer may be useful for some regimes of the daytime CBL and LiDARs are also useful for NBL,
especially over urban region in spring and summer (e.g., nighttime urban boundary layer depths).
However, the methods we discussed in this article illustrate possibility of determining entire diurnal
cycle of z; on routine basis. However, it should be mentioned here that an error analysis for the
retrieval of z; using single LiDAR/ceilometer profile is still an emerging issue in the LiDAR/ceilometer
remote sensing technique for monitoring ABL (e.g., [21,24]). One can consider the differences
observed between the mean boundary depth obtained by variance-based [21] analysis and hourly mean
of the finally attributed instantaneous z; as most probable uncertainty estimates. In addition, the finally
attributed z; could be compared with the collocated (or from nearby meteorological stations)
radiosonde profile derived z; and resultant difference would serve then an estimate of error in the z;
measured by LiDAR and ceilometer. The review presented here not only shows the potential of
different approaches to determine low ABL depths, but it also outlines some important boundary layer
processes (e.g., vertical mixing, growth rates, transition from NBL to CBL, and mass-balance for
radon and CO, in well-mixed CBL) involved in the routine monitoring of the ABL depths from
ground-based measurements.
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