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Abstract— This paper describes different mathematical
algorithms used in the determination of mixed layer height
(MLH) from the laser radar (lidar) signals. These methods are
successfully applied to the indigenously developed portable lidar
signals for retrieval of the depth of pollutants mixing in the lower
atmosphere. The study also includes intercomparison between
the methods.
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l. INTRODUCTION

The Atmospheric boundary layer (ABL) is the lowest layer
(1-3 km) of the atmosphere that is directly affected by
interactions at the Earth’s surface. Reference [1] defined the
boundary layer as the lowest part of the atmosphere that is
directly influenced by the presence of the Earth’s surface, and
responds to surface forcings with a timescale of about an hour
or less. The ABL height plays a crucial role in the transport
and diffusion of pollutants in the lower atmosphere. The ABL
thickness is quite variable in space and time, ranging from
hundreds of meters to a few thousand meters. It is practice in
air pollution meteorology to use the term mixed layer (ML)
since pollutants that are emitted into the ABL become
gradually dispersed and mixed through the action of
turbulence. The mixed layer depth (MLD) is the height of the
top of the ML and is an important parameter to characterize
the ABL and its structure. Measurements, parameterizations
and predictions of the MLD have many theoretical and
practical applications such as the prediction of pollutant
concentrations, in numerical weather prediction and climate
modeling [2,3] and the study of turbulence in ABL.

The optical power measured by laser radar is
proportional to the particle content (aerosol content) of the
atmosphere within boundary layer (BL). The lidar signal
shows a strong backscattering within the BL, which decreases
through a transition zone and becomes weak in the free
troposphere (FT). By using aerosols as the tracers of
atmospheric dynamics, laser radar can identify several
dynamical parameters of the atmospheric boundary layer
(ABL) such as boundary layer top and entrainment zone depth
[4-9] in real-time with high temporal and spatial resolutions.

ISSN : 0975-3397

Il.  PORTABLE LASER RADAR

A portable laser radar system was successfully developed and
made operational at the National Atmospheric Research
Laboratory (NARL), an autonomous research institution under
Department of Space, in 2004 for monitoring the boundary
layer aerosol particles as the tracers of atmospheric dynamics
[10]. The lidar system was developed under a project titled
boundary layer lidar (BLL). The location of lidar site is
Gadanki (13.5°N, 79.2°E; 375 m above mean sea level)
situated close to Tirupati, a famous temple town, in the
southern part of India.

Fig.1 The portable laser radar system at NARL site

The portable laser radar employs a diode-pumped Nd-
YAG laser system, a co-axial transceiver for transmitting the
laser pulses and detecting the collected photons, a dedicated
data acquisition system, and a computer control and interface
system (See Fig. 1). Pulses of light energy are transmitted
from the telescope into the atmosphere. As the pulse
propagates, part of it is scattered by molecules, water droplets,
ice crystals, dust and haze aerosol in the atmosphere. A small
portion of the light that scattered back is collected by the
telescope and then detected. The distance to the particle layers

2059



Dr. Y. Bhavani Kumar et. al. / (IJCSE) International Journal on Computer Science and Engineering

is inferred based on the time delay between each outgoing
transmitted pulse and the backscattered signal. The detected
signal is stored in bins according to how long it has been since
the pulse was transmitted, which is directly related to how far
away the backscatter occurred. The collection of bins for each
pulse is called a profile. These lidars are smaller in size,
reliable, and simple, coupled with its autonomous, eye-safe
operation, save research money through simpler setup and
reduced personnel needs, while producing higher quality data.

IIl.  DETERMINATION OF ABL HEIGHT

The use of the laser radar technique for ranging the BL
depends on the altitude resolved measurement of atmospheric
backscatter intensity from outgoing laser radiation. The
functional expression [11] that relates outgoing laser energy
(E,)and the backscattered signal P(z) is given as

- ()

K represents lidar system

P(z) = KEOO(Z)’BTZi(ZZ)T *(2)+P,

where E, laser pulse energy,
constant, O(z) represents the overlap function (for potable

lidar system, O(z)=1 for heights above 200 m AGL). Here

AGL stands for above ground level. In the atmosphere, two
types of optical scattering takes place, scattering by the air
molecules and solid particles or liquid droplets suspended in
the air. The received laser radiation measured by lidar is
proportional to the effective backscattering from particles and
molecules present in the atmosphere. The term T (Z) refers to

the transmittance offered by the atmospheric path to the laser
photons traveling from the ground to a given distance Z .

The term B, relates to the sky background contributed

as noise to the signal counts. It is the number of photons
detected from the background including any light sources
other than the emitted laser light such as airglow emission, star
light, and photodetector dark counts. The dark count is caused
by spontaneous emission of photoelectrons from the cathode
in the PMT. It may be mentioned here that the return signals,
from ranges much above the signal range, where the count
level was stable and constant over the integration period are
considered as background. In this work, the background is
determined by utilizing the signal returns in heights above 30
km. The lidar signal is need to be background corrected and
transformed into a variable that removes the range square

dependence, X (z) [12] or its logarithm, S(z)[13].
X(z) =[P(z) - R,1z* ~(2)
S(z) = In[X(2)] —(3)

A. Threshold method

The boundary layer (BL) height from lidar profiles is
defined differently by numerous researchers. Reference [14]
identified the BL height as the height where the signal
backscatter begins to decrease from a relatively higher value to
lower region. References [14] and [15] used simple signal
threshold values. A number of threshold methods have been
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proposed to determine the BL height from lidar signal profiles.
One such method that involves a direct comparison of lidar

backscatter signal, P(z), with a fitted Rayleigh molecular

backscatter profile is shown in Fig.2. The boundary layer
height can be defined as the first altitude point for which the
measured backscatter profile exceeds the Rayleigh model
profile by some fixed amount, ¢. Following reference [15], ¢ is
chosen to be 25%, although it is noted that the boundary layer
height retrieved by this method is not particularly sensitive to
reasonable values ofg. Reference [16] has also employed this
method to estimate the BL height from the lidar backscatter.
However, in practice, threshold methods will often misidentify
particulate layers above or below BL as the top of the BL and
are thus not recommended [17].

1.0x10°

Date : 06.01.2005

Time : 08:51 - 08:53 LT

— o= Lidar signal
—u=—Fitted Rayleigh model

8.0x10° 4

6.0x10" 4

4.0x10" 4

Backscatter signal (arb. units)

2.0x10"

Height (km)
Fig.2 A lidar backscatter profile recorded at 08:51 LT on 06 January 2005.
The Rayleigh model is fitted between the indicated altitudes.

B. Derivative methods

In this method of BL determination, the derivative of the
signal will exhibit a strong negative peak. The BL height can
be identified by the absolute minimum. Under derivative
methods, gradient (GM), double gradient (DGM) and
logarithmic gradient (LGM) are generally employed to
determine the BL height from the lidar profiles.

1) Gradient Method

The lidar signal exhibits a strong backscattering within the
BL, which decreases through a transition zone and becomes
weak in the free troposphere (FT). This is explicitly clear for
range corrected signal, X (z), shown as a typical example in
Fig.3(a). The data presented is obtained from the lidar system
on 11 January 2005 at 22:00 LT. One can see an abrupt drop in
backscatter intensity at the top of the BL, which can be
considered as a gradient in the range corrected signal that
appears to be a good option for determination of BL height.

The GM method looks for the altitude (hGM ) of the absolute
negative minimum of the first derivative of the X (z)

hew = min{d[x(z)]}
dz

)

The application of gradient method to the lidar data is
shown in Fig. 3(b). The estimated height hg,, is obtained as

800m in this case. In late seventies, reference [18] described
BL height as the height at which a maximum negative gradient
of laser backscatter in vertical direction occurs. Reference [14]
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identified the BL height as the height where the signal
backscatter begins to decrease from a relatively higher value to
lower region. Reference [19] also mentioned the BL height as a
zone of minimum in the vertical gradient of the backscatter as
defined by [18]. A number of researchers have calculated the
gradient of the signal with height and used the change in
gradient as an indicator of the BL height [20, 21]. However,
some times complex profiles show several minima exist over
an extended height range and the absolute minimum does not
always give the BL height. As the range corrected signal

X(z) is noisy, at heights near BL top, derivative of the

X (2) can present several small negative peaks and there will

be a difficulty to determine the lowest negative peak. The
effect of presence of several negative peaks has been discussed

by [1].
2) Double gradient method (DGM)

Another mathematically similar method uses the minimum of
the second order derivative of the range corrected signal,
which is location of the inflection point, as the height. This
method is known as the inflection point (IPM) or double
gradient method (DGM).

Noow = min{—d Z[X (z)]}
dz’

Reference [22] used the absolute minimum of the second
derivative that corresponds to the minimum of the second

derivative of the range corrected signal X (Z)located just

- (5)

below hg,, . Limitations of IPM are found in the presence of

elevated humid aerosol-laden layers whenever the inversion
capping the mixed layer is weak [22]. Fig.3(c) shows the

application of method to the lidar signal X (Z) . The estimated
height hpgy, is obtained as 750m in this case.

3) Logarithmic gradient method (LGM)

A variant method that uses the location of the maximum value
of the logarithmic derivative of the range corrected signal is
employed by [23] as the criteria for the BL height

determination. The derivative of the logarithm of S(z) is

proportional to the aerosol extinction gradient and therefore it
can also be used to detect the largest negative gradient. The
logarithm gradient method (LGM) consists in finding the

altitude, h,,, , at which the minimum of the first derivative
of the logarithm of S(z) is reached [24].

hiow = min{d[s(z)]} - (6)
dz
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Fig.3 Application of derivative methods for determination of BL height (a)
range corrected lidar signal (b) gradient method (c) double gradient method
and (d) logarithmic gradient

Fig.3 (d) shows the use LGM to the lidar data. The
calculated h, s, height in this case study is 800 m. In general,

inflection point or maximum derivative methods have the
advantage of being independent of any arbitrary threshold
values and show good accuracy when turbulent fluctuations are
present [22]. However, as a practical matter, running
derivatives are difficult to calculate in the presence of noisy
data, particularly at longer ranges. Thus some type of spatial/or
temporal averaging is required [17].

C. Variance method

Date : 05.01.2005
Time : 02:30-03:00 LT
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Fig.4. Plot showing several lidar range corrected signal profiles and the
corresponding variance method output

The backscatter signal, in the BL, is the culmination of
scattering from aerosols and molecules within the BL. At any
given height, there is much greater variability in the aerosol

distribution in the BL. Therefore, it is possible to use variance,

o? ,of the backscattered signal to measure the BL height

[25,26]. This method is also called the variance centroid
method (VCM). In this method, the standard deviation is
calculated from the temporal fluctuations of the range squared

signal X (2) at each altitude, as follows

2061



Dr. Y. Bhavani Kumar et. al. / (IJCSE) International Journal on Computer Science and Engineering

Tx =[¢§N[xi(z)—x D = (7)

where N corresponds to the number of profiles. The
determination of BL height by this method is illustrated in
Fig.4. The limitations of VCM are most obvious in the
atmosphere, where shear-induced presence of turbulence within
the residual layer [27] is responsible for false detections near
the ABL.

IV. INTERCOMPARISON BETWEEN METHODS
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Fig. 5 Correlation plotted between inflexion point and variance methods in
estimation of BL height from lidar data. The comparison of correlation was
carried out for the lidar data collected between 3 January 2005 and 31 March
2005 taken at mid-night hours

Lidar signals, S(z), measured within 5 min integration
are sufficient to determine the ABL height with the GM, LGM
and IPM methods. However, the variance method requires
averaging of signal profiles over 5 to 60 minutes time frame. It
was observed that both the GM and LGM retrieve higher
MLD than compared to the IPM method. This is normal since
the inflexion point of the first derivative appears just below the
GM derivative minimum. A good agreement was found
among the different BL determination methods with
correlation coefficient larger than 0.96. Fig.5 shows an
excellent agreement between IPM and variance lidar analysis
methods for the lidar data collected between 3 January 2005
and 31 March 2005. The correlation comparison was carried
out for the lidar data taken at midnight hours during cloud free
nights of 2005 winter period.

The results of application of GM, IPM and variance
methods to Diurnal variation of lidar data, S(z), are shown in
Fig.6. The study was carried out on lidar data collected on 7
February 2005. Computational results from different methods
show that there is a fine agreement observed between gradient
and IPM methods, where as the outcome of variance method
with 5 min variability differs from other methods during RL
presence. However, it was observed that after execution of
higher time integration, the variance method meets the result
of other methods.
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Fig.6 ABL top heights determined using the gradient, IPM, and variance
methods shown at 3 hour interval for clarity sake. The lidar data shown was a
diurnal data collected on 7 February 2005 at Gadanki site.

Near simultaneous MLD comparisons were carried out at
Gadanki site in year 2007 and 2008 using the BLL system and
the regular GPS radiosonde soundings. The GPS
radiosoundings performed at 12:00 GMT time on regular basis
at Gadanki site have been used for the comparison study.
Relative humidity values from GPS radiosondes correlate very
well with the layers detected by the lidar. Humidity effects can
be important on the lidar data through a swelling of the
aerosols and an increase of its effective cross section. MLD
estimated from lidar using different analytical methods agrees
reasonably well with those expected from radiosonde
temperature and relative humidity profiles. The outcome of the
mixer layer depth (MLD) comparisons between lidar (IPM and
variance methods) and radiosoundings are shown in Fig.7 for a
part of the study period conducted in January 2008.

L 1 1P M msthod
. o noe method

BL Height ()

0.5

0.0 -
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Fig.7 Comparison of lidar methods of MLD estimation (IPM and VCM) and
the MLD retrieved from radiosoundings. The study was carried out using the
near coincident lidar and GPS radiosonde data obtained during the
measurement period January 2008
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