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Abstract—The atmospheric boundary layer (ABL), the lowest layer of the atmosphere, is a highly
dynamic layer that is influenced byseveral parameters such as surface heating, turbulence, moisture
transport etc.,,. The detection of the height of ABL plays a crucial role in aviation, pollution
monitoring,meteorology and agriculture sectors. At present, several methods are available to identify the
height of the boundary layer (BL), however with coarse temporal and spatial resolutions. LIDAR offers
high resolution measurements oncontinuous basis. LIDAR is one of the active remote sensors of
atmosphere works on the principle of radar but employs laser with fine pulse widths. LIDAR technique
has been employed to study the altitude profiles of aerosols, clouds, windstemperature and humidity
layers in the atmosphere. In this paper, we show a signal processing methodology to derive the ABL
height from LIDAR signals. The signal processing methodology uses different analytical techniques such
as Gradient, IPM, LGM, Variance and Wavelet as its modules to derive the height of ABL on an
automatic basis. The automatic detection of ABL height from LIDAR signals employs an algorithm that
employs a correlation process that works on inter-comparison results between different analytical
methods. All these processes undergo in a systematic manner to present the ABL height detection
automatically over a period of time frame set. The minimum time period required for detection of ABL
height on automatic basis needs half-hour time period. In this presentation, we show the results of LIDAR
measur ements cor responds to convective period and present the detection of ABL height using the above
signal processing algorithm.
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1. INTRODUCTION

ABL is a thin dusty layer that exists near the earth’s surface. This layer contains a large part of particulate matter
(PM) and other pollutants. Everyday several tons of PM is injected into the ABL by natural and manmade
sources exist on the Earth’s surface. Differential heating of landmasses generates winds in this layer. Winds play
a key role in the transport and mixing of PM. The vertical column of PMchanges during the ABL evaluation.
The ABL thickness varies with time and location on land surfaces. The thickness of ABL depends on the solar
energy reaching the earth’s surface. Land areas associated with strong convection and large winds mark deep
ABL [1]. Shallow ABL exists over low temperate zones. This dusty layer acts as a dynamical fluid and the top
portion of the layer undergo severe fluctuations during convective periods. Determination of ABL thickness
during convective periods is difficult. In-situ and remote sensing methods are available to estimate ABL
thickness. The atmospheric parameter, ABL thickness, is required for agriculture, meteorology, and aviation
sectors. Radiosondes connected to Hydrogen filled balloons provide the in-situ or direct measurements of ABL
thickness [2],[3].These units equipped with sensors for measurement of pressure, temperature, and humidity
parameters of the atmosphere. The pressure of Hydrogen inside balloon decides the ascent rate of the balloon
that provides the height resolution of parameter measurement. The sondes provide parameter data on 400 MHz
radio frequency to ground station. The ABL thickness over a particular location provided by this method is not
accurate due to theinfluence of local winds on balloon trajectory [3]. However, remote sensing methods provide
measurements over a particular location. Remote sensing measurements provide indirect measurements of ABL
thickness from different platforms such as satellite [4]-[6], airborne [7] and ground based instruments [8],[9].
Ground based LIDARs provide high resolution measurements of ABL thickness or height and have been
compared with other operational methods [10].
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In this paper, we present a signal processing algorithm that identifies the ABL thickness or height
automatically from LIDAR signals. The algorithm uses several analytical methods such as gradient, variance
and wavelet methods and utilizes a correlation matrix for auto detection of ABL height. The auto-detection
process performs inter-comparison between outcomes of different analytical methods mentioned above.
Thecommon higher correlative method is selected using correlation matrix and the outcome of the ABL
thickness or height from that method is considered. The algorithm was developed in MATLAB platform and
was subjected to LIDAR signals that collected at different timings.

II. LIDAR SYSTEM AND SIGNAL DETAILS
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The signals used in this paper taken from a LIDAR system. The LIDAR system used in this experiment
consistsof atransmitter, light collector unit, detector, signal acquisitionsubsystem and processing computer [8]as
shownin Fig.1. The transmitter unit fires pulses of the laserinto the atmosphere. In this work, we employed a
532nm laser of 5ns pulse width withrepetition rate of 20Hz and beam width of 700 micro radians. In this
LIDAR design, no beam expander was employed. Usually, telescopes are employed as light collectors that
collect backscattered laser light from the atmosphere. A 150mmdia telescope was employed as the light collator
in this LIDAR. Our LIDAR system uses a photo-multiplier tube (PMT) as a light detector. This pmt was
maintained at room temperatures during the LIDAR operation. A transient recorder system employs 12 bit ADC
used as signal acquisition unit. The transient recorder was operated at a sampling frequency of 20 MHz which
can provide basic time resolution as 50nsec. The time resolution 50nsec corresponds to a range resolution of 7.5
meters. The transient recorder can be set to operate at different time integration periods. In this work, time
integration of one minute or 60 seconds is considered for basic LIDAR signal generation. The LIDAR signal
averaged over 60 seconds or 1200 laser pulses produced by transient recorder as a basic raw signal. These raw
signals with time and date tagged are stored in the memory of processing computer automatically using software
that controls the transient recorder system. Such raw signals collected over a period of 26 hours on a continuous
basis, which isstored in a separate folder are employed in this work for analysis and examination. Fig.2
illustrates the signature of typical LIDAR raw signal collected at 1000 LT on 21 October 2009. One can see the
LIDAR detected aerosol layers. This is illustrated in Fig.2. A distant aerosol layer transported from long range is
also shown in Fig.2.

III. METHOD OF DATA ANALYSIS

LIDAR operation involves sending of laser pulses into the atmosphere and collecting the backscattered
laser radiation at the ground. In this process, the LIDAR signal suffers from extinction posed by the
presence of particles and molecules in the path of the laser propagation through the atmosphere. Hence the
collected signal at the ground needs a correction from the above process before utilization. The signal
collected at ground is represented as indicated, which is given by [11],
P(r) = LT 4 p, (1)
where, P(r)=Signal received at ground
P, =Background noise
C=Lidar system constant

,8(7‘) = ,Ba(r) + B (1)
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B(r) = Total backscattrered coefficient
Pa(r)=Aerosoles backscattered coefficient
Pn(r)=Molecularbackscattered coefficient

T? = exp (—ZJ- a dr)
0

T = The atmospheric transmittance experienced by the laser photons while propagation in the atmosphere

The LIDAR collects backscattered signals at the ground in raw form. The raw form LIDAR signal is such
that its structure contains both header and data. The header is in American Standard Code for Information
Interchange (ASCII) form but the data is in binary form. The data is first converted into ACII form using a
code developed in MATLAB and then the pre-processing works like denoising , range correction and
normalization were carried out as shown in equations 2 to4.

Equation 2 represents denoised signal

P(r) -, = LT @)
Equation 3 represents range corrected signal(RCS)
[P(r) — By]r? = CR(D)T? ©)
Equation 4 represents noramlization of Range corrected signal
p(r)T? = O TelC )

IV. ANALYTICAL METHODS AND SIGNAL PROCESSING METHODS TO FIND ABL HEIGHT

There are several methods developed to find ABL height from LIDAR signals. Mainly we divide these into
three categories. They come under differential, statistical and wavelet based techniques [12].

A. DIFFERENTIAL METHODS:
The differential method uses three different types of differentiation to find out the ABL height. These

methods are given briefly here.

1)  Gradient method:The gradient method is one of the mathematical methods, gives a mean of deriving
boundary layer height by performing the first derivative of normalized range corrected signal [13]-[15].
It was explained mathematically by equation 5.

. a[x
hGM = min {—[dir)]} (5)

where x(r) is normalised range corrected signal(NRCS). The NRCS data and corresponding height is given by
the gradient method were shown in Fig.3.
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Fig.3 Gradient method utilized to estimate ABL height

2) Double Gradient Method: This method has beendeveloped to find out the inflection point at the top of
the boundary layer [16], [17].It is explained by the equation 6.

. (d?[x
hlPM = min {M} (6)

dr?

where x(r) is normalised range corrected signal(NRCS). The NRCS data and corresponding height given by the
IPM method were shown in Fig.4.
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Fig.4 ABL height derived using the inflection point method

3) Logarithmic Gradient Method: This method uses application of logarithm to the NRCS data. Later we
apply gradient to the signals to obtain the first derivative. The first derivative provides the height of the
ABL [18], [19]. However, this method fails to describe small structural changes in atmosphere. The
equation 7gives the full mathematical idea about logarithmic gradient.

. (d[In(X(r))]
hi ey = min {%} (7

where x(r) is normalised range corrected siganal(NRCS). The NRCS data and corresponding height given by the
LGM method were shown in Fig.5.
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Fig.5Application of logarithmic gradient method to LIDAR signals

B. VARIANCE METHOD
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Fig.6 Statistical variance method used for estimation of ABL top

The most skilled or versatile statistical method to find ABL height is variance method in this method we select
one profile as the centroid and above centroid and below centroid,we select 15 profiles.equation8 provides the
variance of the backscattered lidar signals at the top of the boundary layer. the drawback of this method is ,it
requires large averaging of signals hence lose the temporal resolution of the signal.

Ox(r) = %Zli\l:l [X;(r) - XT]? 3

where N represents the no of profiles. Fig.6 represents the variance for 15 profiles of lidar signals and shown
abl height given by variance method [20], [21].
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C. WAVELET COVARIANCE TRANSFORM METHOD
When temporal periods are very small or short the above analytical methods are not sufficiently detect
theABL height. Hence, an advanced signalprocessingmethodis required. This method can use HAAR or
COVARIANCE transform (WCT) method to identify the ABL height. Recently it is found that WCT is a
most preferable method to find ABL top because it is very fast and the lack of prior knowledge to use it
effectively. The math under consideration describes the wavelet equation given at 9 and10.

+1 : b—%Sr<b

-b
() =1-1 :b<r<b+t ©
0 : otherwise
we(a,b) == [ X()h(=2) (10)

where, x(r) is normalized range corrected signal, r is the range,b is the centre of the haar function also known as
the translation valueand a is dilation of the function. for detecting atmospheric height find the sharp changes in
the signal,it basically a combination of haar transform with translator function. Here we took translation value
from previous methods heights. The drawback of this method is the selection of translation value is more
difficult. The Fig.7 shows ABL height using WCT method [22]-[24].
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Fig.7 Wavelet based technique to estimate the ABL top

V. OPTIMAL METHOD OF FINDING ABL HEIGHT

The gradient, statistical and wavelet methods explained above have been applied to LIDAR signals to derive
the ABL height. Since these methods differ from each other the detected ABL height using these methods is
different. In order to find out consistence and reliable method, we utilized the outcome of all the above
methods into a matrix. This is a matrix of the order 5x5. This matrix row and columns represents the outcome
of correlative output of the methods compared. The obtained correlation matrix is shown in Fig.8. In this
matrix the maximum value is given by unity. This matrix’ principle diagonal represents the location of
maximum correlation given by unity. It is observed that the WCT method is reaching the better correlation
among the methods compared. The process of executing correlation matrix and identification of common
method is done an automatic basis using a code written in MATLAB. The sequence of algorithm shown by
the code is presented in Fig.9. The auto detection of ABL height needs atleast half an hour integration time of
LIDAR signals.
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Fig.8 DerivedCorrelation Matrix for detecting optimal ABL height
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Fig.9 Flowchart showing the process of developed algorithm

VI. CONCLUSION

In this paper we developed a new algorithm to find out optimalheight of ABL automatically with the help of
5 methods and correlation technique from the backscattered signals of LIDAR. Finally we concluded that WCT
gives best results comparing to remaining methods. Here we used MATLAB software to develop this proposed
algorithm. It was checked by applying the different LIDAR profiles and gives good results. Finally we
concluded that this algorithm worked efficiently to find ABL height at different situations of atmosphere.
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