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Atmospheric parameters strongly affect the performance of Free Space Optical
Communication system when the optical wave is propagating through the inhomogeneous
turbulence transmission medium. Developing models to get an accurate prediction of
turbulence strength (C,%) according to meteorological parameters becomes significant to
understand the behavior of channel in different seasons. A dedicated Free Space Optics
link for the range of 0.5 km at an altitude of 15.25 m is established and explained.
The power level and beam centroid information of the received signal with meteorological
parameters at the same time are continuously measured using the optoelectronic
assembly and developed weather station respectively and stored in a data logging
computer. The existing models selected, based on exhibiting relatively less prediction
error, for comparative analysis are briefed. Measured meteorological parameters
(asinput Factors) and C,% (asresponse Factor) of size [2000x4] are used for linear regression
analysis and to design the empirical models more suitable at the test field. Along with the
model formulation methodologies, contribution of input factors individual and combined
effects on the response surface and coefficient of determination (R?) estimated using
Analysis of Variable tools are presented. Model equation-V (R? = 98.93% ) is finalized for
predicting C,%. In addition, the prediction accuracy of the proposed and selected models
for different seasons in one year period are investigated and validated in terms of Sum of
Absolute Error (SAE). The average SAE of 0.000641x10~% m 2/3 for C2 is achieved using
the new model in longer range dynamic of meteorological parameters during different
local seasons.

Keywords: meteorological data, regressive model, model equation-V, scintillation,
beam wandering, and optical turbulence strength.

OCIS codes: 010.1330, 120.3940, 200.2605, 330.7326, 290.5930
Submitted 03.07.2014

1. Introduction

Free Space Optical Communication (FSOC) is
a potentially high capacity and cost effective tech-
nique that receives growing attention and com-
mercial interest. Free Space Optics (FSO) is an
age long technology that entails the transmission
of information laden optical radiation through the
atmosphere from one point to other. FSOC through
the atmosphere is important to commercial and
defense applications. Two of these applications
are last-mile links and mobile battlefield net-
works. The advantages of optical communications
through the atmosphere over radio communica-
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tions include increased security, unlicensed and
large bandwidth. Packet switching is also widely
employed in optical communications through the
atmospheric access network [1-3]. The limiting
factor in FSOC is intensity noise due to the fluc-
tuations of the atmospheric parameters, so called
capacity limiting factors, which depends on the
local meteorological conditions that cause the
propagating laser beam to be deflected and/or
scattered [4-7]. The scattering coefficient is de-
fined as the ratio of original light intensity (scene
irradiance) to attenuated scene intensity (irradi-
ance) [8-10]. While these deviations are small lo-
cally, the effects accumulate over the propagation
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path and can lead to scintillation, beam wander-
ing and wave front distortion that varies on tim-
escales typically in the order of a millisecond
or longer [3, 8, 10-13] which reduce the overall
system reliability. Hence, it is reasonable that,
in a real FSOC environment, optical channels will
appear to have randomly time varying character-
istics which are difficult to predict/simulate. Dif-
ferent weather conditions including dust, eddies
of air of various size and velocity, fog and smoke
are the sources that could potentially disrupt the
FSOC by attenuating (scintillating) the input opti-
cal signal to the receiving side [10, 14-16].

The disturbance of atmospheric turbulence
varies greatly with location and time and its
strength is usually greater near ground and falls-
off exponentially with increasing altitude due to
wind shear. As a result of the exponential distri-
bution, the effects of turbulence are much less
severing in near-vertical path than in horizontal
propagation path of comparable length [16, 17]. In
this point of view, real time experimental study
on the turbulence strength (C,%) as the function
of meteorological parameters are important to
understand the channel effects on the propagat-
ing optical beam to characterize the FSO channel
that the maximum data rate the system could be
able to operate at the test field. The Earth Obser-
vation Satellite (EOS) view of the experimenta-
tion field location representing the transmitter
and receiver established for this study is shown
in Fig. 1. The AC plant, Mechanical workshop,
Civil engineering block, playground and Agricul-
ture land are the terrain disturbance sources in
addition to the atmospheric changes to the optical
pathway. The transmitter lab is located on a tow-
er (lat. 10°38/46.7334” and long. 79°3/12.0774")
while the receiver is built on the rooftop of the
existing Information Technology (IT) block (lat.
10°38'52.8468" and long. 79°2'56.6268") of Kings
College of Engineering, Punalkulam, Tamil Nadu,
India as in Fig. 1. Meteorological sensors, as de-
scribed in paper [18], are deployed close to trans-
mitter, receiver and at the midway of the optical
link. The wireless data logging hardware circuits
are connected with the receiver unit and the mea-
sured weather data are recorded in the computer.
Dozen of models are available for predicting the
atmospheric turbulence strength. The sufficient
criticism on the existing models and the root-
cause for/of the new models can be found in sev-
eral recent publications including [6, 10-12, 15,
19]. These models are explicitly experimentally
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Fig. 1. Bird view (EOS) of optical propagation
path for atmospheric C,% field data measure-
ment. The receiver system is located on the buil-
ding at the left (1) and the transmitter system is
located on the tower at the right (2).

investigated to test the robustness at our test
field. The experimental outcomes clearly demon-
strate that in spite of significant number of in-
vestigations the prediction results of these mod-
els contradict among themselves when applied at
our atmosphere and exhibit less correlation with
the measurement data acquired for several days
in different seasons. Development of the accurate
and locally valid model to predict the C2 accord-
ing to local weather data becomes interesting and
important, which is the main contribution in this
paper, to design a suitable mitigation technique
to improve the overall performance of the FSOC
system [3, 20].

The rest of the paper is organized as follows:
section 2 presents the background and related
works, section 3 describes the transmitter and
receiver experimental setups and optoelectronic
assembly, section 4 reviews some of the existing
models selected for the comparative analysis, sec-
tion 5 demonstrates the development and valida-
tion of proposed models of C,f, section 6 discusses
the experimental results and data analysis and
section 7 draws some conclusions.

2. Background and Related Works

In the last few years, a lot of in situ field mea-
surements related to the modeling of C2 have been
remarkably carried out and can be found in the
literature. Some of the closely related works are
briefed below: W. Ni et al. have developed a RF-
FSO test link and studied the atmospheric turbu-
lence effects on these two links. The turbulence
strength is estimated using the Rytov variance
and Angle-of-Arrival (AoA) methods with the link
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range of 300 m between two buildings in Hama-
matsu Photonics K.K [4]. Vinicius N.H. Silva et
al. have used the beam wandering based tech-
nique (triangulation-like) to estimate the C,% using
21 cm optical link set-up. It is similar to the Opto-
electronic Position Detector (OPD) where the ra-
dial displacement is the principal component. The
optical beam tracking and simulation results for
various displacements are discussed [5]. Arnold
Tunick has briefed the geographical and terrain
location of the experimental setup. The method of
environmental and C2 data acquisition and analy-
sis are given. The data correlation and curve fit
equations are discussed. The influence of wind
vector is briefed [7]. Jaume Recolons et al. have
discussed various theoretical models on Root
Mean Square (RMS) of centroid displacement,
beam wander variance and spot size, hot spot dis-
placement, beam parameters, profile of untracked
and tracked beam, beam radius, mean irradi-
ance profile and scintillation index. The simula-
tion results are discussed [9]. Troy T. Leclerc et
al. have described the optical and meteorologi-
cal equipments used in the experimental setup.
Macro-meteorological models (as a function of
weather data) developed/modified by Bendersky,
Kopeika, and Blaunstein (BKB model) are given.
The BKB model utilized the —4/3 height scaling
power law introduced by Walters and Kunkel and
the experimental data corresponding to various
days are presented. The optical path distance of
65 m is used [11]. D. Sadot et al. have described
various methods of C2 prediction. The experimen-
tal setup and location (Tx and Rx) information
are detailed. A regression model is presented and
experimental data are analyzed. The predicted
values are validated against the measurement
data [12]. Yitzhak Yitzhaky et al. presented the
macro-meteorological model for predicting C,f and
aerosol modulation transfer function. The res-
torations of atmospherically blurred images are
the principal components. Image restoration and
C,% estimation results are reported in paper [14].
Sergey Bendersky et al. have clearly explained
the C,% experimental site, instrumentation and
measurement data. A detailed analysis of Monin-
Obuhkov similarity models is given. The statisti-
cal data corresponding to the deviations among
these models and against the measurement data
are explained [15]. Arun K. Majumdar et al. have
briefed the theoretical concepts of atmospheric
turbulence effects. Various atmospheric turbu-
lence models (as a function of altitude) for esti-
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mating turbulence strength, coherence strength,
isoplantic angle, Rytov variance and greenwood
frequency are explained. Experimental procedure
and data collected on different days are discussed
[17]. Arnold Tunick has described the optoelec-
tronics experimental setup configuration for the
optical turbulence measurement over a 2.33 km
free-space laser path. The Rytov variance ap-
proach is followed to measure the C2 and the val-
ues are compared against the scintillometer data
[21]. Steve Zamek et al. described the methods of
estimating AoA variance and spatial and tempo-
ral correlation properties. The C,% is estimated
from the blurred image and the results are pre-
sented [22].

3. Experimental setup at Punalkulam,
Tamil Nadu and Data Acquisition

Transmitter and receiver laboratories are es-
tablished for the link range of 0.5 km at an al-
titude of 15.25 m at Punalkulam, Tamil Nadu,
India exclusively for the studies on prediction
of atmospheric attenuation, as described in pa-
per [10], and C,% according to local weather data.
A semiconductor laser source, data generator (in
FPGA), optical modulator and transmitting op-
tics are the main optoelectronics devices at the
transmitter. The transmitting optics is used to
expand the incident beam of diameter 3 to 9 mm
to reduce the beam divergence at the aperture
of the receiving optics (telescope). The receiver
laboratory consists of telescope, Narrow Band In-
terference Optical Filter (NBIOF), variable beam
splitter, photodiode, OPD, Mono-Pulse Arithmetic
Circuit (MPAC), optical power meter, automated
Data Acquisition Card (DAC) Advantech ADAM
5000 series hardware and data logging computer
(PC). The optoelectronics equipments are assem-
bled such as to measure power fluctuation in mil-
liwatt and beam displacement in volt as suggested
in publications [23—25]. The telescope captures all
the photons and concentrate them to the NBIOF
which is used to permit only the 850 nm (center
wavelength) optical beam as well as to block the
other wavelengths.

The variable beam splitter divides the inci-
dent beam (output of the NBIOF) into two direc-
tions: reflecting and propagating beam. The re-
flected beam is made to fall on the OPD to mea-
sure the beam wandering information using the
MPAC computations as described in papers [3,
20, 25]. The propagating beam is made to fall
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on the photodiode and its output is connected to
the power meter. The schematic diagram of ex-
perimental setup is shown in Fig. 2 and all the op-
toelectronic devices are mounted on the vibration
damped optical breadboards as shown in Fig. 3.
A low cost and high accuracy integrated weather
station is built with specialized sensors to contin-
uously measure the wind speed (Ws), temperature
(T), relative humidity (RH) and pressure (P) as
described in paper [18].

The weather station is deployed at an altitude
of 15.25 m near to the transmitter, receiver and
at the mid-point (above civil block). The meteoro-
logical data were continuously acquired every sec-
ond during different outdoor environmental con-
ditions (local seasons) and the day-wise data are
averaged over 5 min period. A separate Graphical
User Interface (GUI) is developed using MATLAB
environment [26] for automated data acquisition
through RS232 communication port, data logging

Power :
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Data
l Generator
Data MP 40% DCi/p *
Acquisition < Arithmetic Circuit A
Optical
Variable Beam Modulator
f Splitter
PC Position 60% ¢
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Optics
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Fig. 2. Schematic diagram of Laser Communication Laboratory (LCL) experimental setup (optical
transmitter and receiver) with electrical data acquisition assembly.
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Fig. 3. Snapshot showing the optoelectronic components assembly on the vibration damped optical bread
board (a) transmitter and (b) receiver.
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Table 1. Experiment parameters of the optical
link

Parameter Value
Transmitter
laser diode peak wavelength, nm 850
maximum optical power, 10
mWw
beam size at aperture, 3
mm
beam divergence, mrad 3
laser beam propagation plane
model
transmitting |diameter, mm 3:9
optical
channel range, km 0.5
altitude, m 15.25
surface roughness 0.03
length, m
Receiver
telescope aperture, mm 330:9
type Newtonian
filter type NBIOF
CWL, nm 850
optical collimation ratio 9:3
collimator
beam splitter |type variable
splitting range, % 0-100
OPD error output, V +10
position sensitivity, mm +2
error computation MPAC
photodetector | active area, mm? 1
half angle field of view, +75
degree
spectral sensitivity, A/W 0.59
rise and fall time, ns 5
power meter |thorlabs — PM100D, nm 400-1100

and on/off line computations. The main optoelec-
tronics devices and their parameters are given
in Table 1.

The necessary parameters are extracted from
the measurement values and applied to the mod-
els to predict the C2 in m /3,

4. Review on existing models considered
for comparative analysis

The optical radiation traveling through the

atmospheric turbulent channel interacts with the
molecular constituents of the atmosphere and
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causes some of the photons extinguished. This
event ultimately results in power loss, temporal
and spatial distortion that strongly depends on
the local weather conditions/seasons [2, 3, 10-13,
15, 20, 27]. Although various wavelength inde-
pendent/dependent models are available, the mod-
els exhibiting relatively less SAE are considered
for the comparative analysis with the new models.
The selected models are reviewed in this section
with their backgrounds and limitations. The de-
tailed descriptions of the selected models can be
found in references. Most of the models found in
literature predict the C2 as a function of altitude
and their prediction results greatly defer from the
measurement data of horizontal path turbulence.
Furthermore, some of the models are developed
for specific locations like rocky terrain, Huf-
nagel-Valley (HV)-night time, Submarine Laser
Communication (SLC)-day, Greenwood and Gurv-
ich etc. The C2 not only varies as a function of al-
titude, but also according to local meteorological
conditions, geographic location, terrain type and
time of day [10, 13, 17, 27]. Therefore, the models
predicting the horizontal turbulence strength and
exhibiting less SAE are only considered for the
comparative analysis.

4.1. PAMELA model

According to PAMELA model, the turbu-
lence fluctuation in the surface boundary layer
is a function of altitude (%), local conditions (ter-
rain type), geographical location, cloud cover,
meteorological values (Ws, T, RH, P), latitude,
longitude, number of day in year, Greenwich
Mean Time (GMT), surface roughness length
and local time of day [11]. The PAMELA model
given in Eq. (1) provides C,ZL estimation within
the surface boundary layer and it accepts all the
above parameters of test field as the inputs. The
measured meteorological parameters [18] are
given to the model to estimate the turbulence
strength.

1 0.33
c2= 5.152(ph( ) x
" Om =6
_6 1\2 2
5 77.6x10°° P h_0'667 -H , 1)
T2 Copu*

where ¢, is temperature gradient, ¢,, is wind
shear estimated from the Ws, ( is eddy dissipation
rate, H is heat flux, Cp is specific heat, p is mass
density and u.. is friction velocity. As can be seen
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from Eq. (1), C2 — o as Ws — 0 [19, 27], therefore,
the minimum Ws is bounded away from zero i.e
0.27 ms™.

4.2. Hufnagel-Valley model

Hufnagel-Valley model predicts the C,f for in-
land sites and daytime viewing conditions since
it permits variations in altitude, Ws and near
ground turbulence levels. In this model, a sum
of three exponential decay terms correspond-
ing to a surface boundary layer, a strong layer
caused by the high-altitude jet stream and a
background tropopause layer are present [15] as
in Eq. (2)

C2(h) = Aexp(~h/100) + 5.94 x
x 107°3(v/27)2h'%exp(—h/1000) + 2.7 x

x 107 8exp(—h/1500), 2)

where A is the nominal value C2(0) of C2 in m /3

at the ground and v is the Root Mean Square
(RMS) Ws in ms™.

4.3. Beam Wandering model

The beam wander effect is related to the dis-
placement of the instantaneous center of the re-
ceiving beam: the point of maximum irradiance
of a traveling wave over the OPD plane. It is well
known that this phenomenon is caused by the
large-scale inhomogeneities due to their refrac-
tive effects [56, 9]. In the 2D Cartesian or polar co-

ordinate (x, y or r, 0) receiver plane, the stochas-
tic polar variable vy, (radial displacement) of the
beam center is computed by coordination trans-

formation as [5]
Yo =\* +u3, 3)

where x, and y, are the Cartesian coordinate
of the center of the Gaussian light spot on OPD
and used to track the beam wander with respect
to origin (0,0) mm as detailed in [3, 20, 25]. The
beam wander can be statistically characterized by
the variance of y, and related with the atmospheric
turbulence strength using the geometrical optics
approximation as [5, 7]

2
2 <Y°>
Cn= 311,-1/3° @
2.42R3wW YV

where W is beam waist (width) of the Gaussian
beam in mm and R is length of the optical link
in km.

4.4. Polynomial regression

This model is developed to obtain the best es-
timation of C2 according to the macroscale me-
teorological data in situ. The concept of tempo-
ral or solar hour is introduced. Temporal-hour at
Sun rise is 00:00, at noon is 06:00 and at sunset
is 12:00 in any day. Further, it is allowed to have
negative values. The polynomial regression model
is [11, 15]

C2=5.9%10 15W +1.6x101°T - 3.7x107°RH+6.7x10 1 "RHZ -
~3.9x10719RH3 -3.7x10 1°Ws+1.3x10 15Ws? —8.2x1071"Ws3 +
+2.8x10714SF-1.8x1071*TCSA+ 1.4 x107¥TCSAZ% ~3.9x10713, 5)

where W is temporal-hour weight values taken from [11] for computations, SF is solar flex (kWm 2) and
TCSA is Total Cross Section Area (cm?/m?). The TCSA can be determined by

TCSA =9.96x10 *RH-2.75x10°RH? + 4.86 x 10 'RH3-4.48 x10 "RH*+
+1.66x10 "1 'RH®-6.26x10 2 InRH-1.37x10"°SF* +7.30x1073. (6)

This model is best one especially in practical
manner since it requires only macroscale me-
teorological parameters which can be measured
directly by a suitable weather station as in work
[18]. The physical interpretation of this model can
be found in papers [12, 14, 15]. The limitations of
this model are Ws: 0 to 10 ms™, T": 9 to 35 °C and
RH: 14 to 92% [12].
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5. Model formulation and prediction
accuracy confirmatory test

Obviously, the model provides a basis for mak-
ing predictions about the outcomes of experi-
ments and/or measurements. The direct meth-
ods to practical atmospheric problems are usu-
ally thwarted by the sheer size and complexity of
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the atmosphere. Most of the existing models, as
pointed out by several authors, are derived from
the data corresponding to their local atmospher-
ic conditions; therefore, they failed to attain the
generalization on predicting the atmospheric tur-
bulence strength [9-12]. Furthermore, these mod-
els do not offer any suitable means to tune (adapt)
their parameters to fit to new test field [10, 13,
19]. Therefore, having a more accurate prediction
on local turbulence strength at place of experi-
mentation becomes significant which lead to pro-
pose the new model. The formulations of the pro-

(I) Model Equation-I

posed model are detailed in this section. The me-
teorological parameters and turbulence strength
are simultaneously measured as in the paper [18]
during different outdoor environmental seasons
and stored in the computer. These measured val-
ues of turbulence strength (C,ZL) are related to the
measured meteorological parameters using the
MINITAB software and the regression analysis
are performed. The data sets of size [2000x4] i.e.
three input factors (Ws, T, RH) and one response
factor (C,ZL) are used to formulate the regression
model as explained below:

CZ=ag+a,Ws—a,T —agRH-a,Ws® + asWsT — agWsRH + a, TRH + ag Ws® +

+agT3+ a;gTRH?+a;RH?, (7

(II) Model Equation-1I

C2=by - by Ws—byT —bg RH+ b, Ws®+ bsWsT + bgWsRH + b, TRH — b, Ws®+ by T +

+b1oTRHZ- by {RH3+ by s Ws— by s T4+ by ,RH?, 8)

(IIT) Model Equation-ITI

C,% =cg—¢;Ws—coT —cgRH+ c4Ws2 +cesWsT +cgWsRH+c;TRH - c8Ws3+c9T3 +c10TRH2 -

- C11RH3 + C12WS4 —C13WSZT2 - C14W82RH2 - CI5T4 —C16T2RH2 + C17RH, (9)

(IV) Model Equation-IV

C2 =dy+d;Ws—dyT —dsRH — d; Ws2 — ds WsT + dg WsRH — d; TRH + dg Ws®+

+dgT3 +dyoTRH2-dy ;RH3 + dy s Ws? — d) s Ws3T — d , Ws3RH + dy s Ws2T? —
—dygWs?RH2 —dy ;T* + dy s T?RH — dy g T*RH? — dygRH3Ws + do; RH3T + dyyRH?, (10

(V) Model Equation-V

C2 =1x10714(5360.63+21.0442Ws—281.763 T —963.5576RH —0.0431099Ws2—0.101587WsT —
~ 0.271695WsRH +2.19559TRH — 0.26449Ws® +0.199294T3 +0.0168798TRH? +
+0.000579369RH3-0.001449Ws* +0.0101365Ws3T +0.00092494WsRH - 0.00159949Ws>T2+
+0.000118693Ws?RH2 - 0.00265882 T*-0.000436822T3RH — 0.000335601T>RH2+
+17.60425x10 S RH3Ws - 6.82247x107° RH3T+1.65979><10‘6RH4). (11)

The individual and combined effects of the in-
put parameters on the performance measures are
analyzed and subsequently mathematical models
are formulated as in Egs. (7-11). The sensitivity
of the atmospheric parameters on the turbulence
strength is analyzed. The Analysis of Variable
(ANOVA) tools of MINITAB are used to analy-
ses the individual and combined effects of atmo-
spheric parameters on the turbulence strength.
Fig. 4 shows different possible combined effects
of Ws, T and RH on the C2.
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The computed ANOVA results are used to under-
stand the most dominating input factors on the re-
sponse surface and those combinations are only con-
sidered while optimizing the model. Other regres-
sors are insignificant and their contributions to the
model’s coefficient of determination (R?) are negligi-
ble. Utmost prediction accuracy is considered while
ignoring the less contributing combinations. Many
models (Egs. 7-11) were examined in order to find
a model more suitable for predicting the turbulence
strength as a function of meteorological parameters.
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Fig. 4. Illustrations of input-output response surface plots. (a) Turbulence strength (C,%) vs wind speed and
temperature, (b) Cf vs wind speed and relative humidity and (c) Cf vs temperature and relative humidity.
Note that the multiplication factor in the z-axis is 10714,

The computed R? values of proposed tur-
bulence strength prediction models are given
against the formulated models in Table. 2. Since,
the R? could not be computed from linear to lin-
ear + square + interaction + cubic models for
Cf, the model equation-I to model equation-V are
formulated. As in Table 2, the model equation-V,
Eq. (11), exhibits the greatest correlation with the
measurement values and hence, this model alone is

accuracy of proposed model and a portion of out-
comes of the confirmatory tests are given in Tab-
le 3. The percentage deviation (error) predicted by
the proposed model are calculated by [{Experimen-
tal value — Predicted value}/Predicted value]x100.

Table 3. Percentage deviations between
experimental and prediction values of the
proposed models for turbulence strength

considered for the practical implementation to pre- R o - e =
dict the turbulence strength according to the local @ gi i % CT; 2 45 2 °\i
meteorological data. A portion of the residual plots ~§ B 'S % < g § 'E T
obtained with the considered model, Eq. (11), for & %ND: £ W e
the turbulence strength is shown in Fig. 5. H
Confirmatory test experiments are conducted 1 0.039 0.038 2.63
using new set of input conditions to validate the 2 0.417 0.418 0.23
3 0.914 0.911 0.32
Table 2. R? value of Response Surface Model 4 0.249 0.243 2.46
(RSM) for turbulence strength prediction 5 0.192 0.191 0.52
Regression Model, % R? value of C2 6 0.078 0.075 4.00
Model Equation-I 78 7 0.179 0.176 1.70
Model Equation-II 82 8 0.731 0.733 0.27
Model Equation-III 89 9 0.831 0.831 0.00
Model Equation-IV 92 10 0.294 0.291 1.03
Model Equation-V 98 Mean of percentage deviation 1.32

99.0 (2)
99 r . —
£ o ¢ 3
g 50l g
o ]
0L e =
0.4
10 05 0.0 0.5 10
Residual Fitted Value Fig. 5. Residual plots of
(b) (d) developed regression mo-
B 30f - 10 del (Model Equation-V) for
g 20l = 05 turbulence strength pre-
% ol ‘g 00 diction. (a) Normal prob-
g o T /05 ability plot, (b) histogram,
60 -03 00 03 06 09 120 40 60 80 100 120 140 (c) versus fits, (d) versus
Residual Observation Order order.
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The individual and average percentage devia-
tion results confirm the suitability of the pro-
posed model at our test field.

6. Experimental results and data analysis

The measured meteorological data are applied
as the inputs to the models discussed in section
4 and 5 and the prediction accuracy are inten-
sively investigated. Some of the important data
experimentally acquired from the real FSO link
during different local seasons: pre-summer, sum-
mer, monsoon, rainy and winter at Punalkulam,
Tamil Nadu in one year period are presented and
from them the potential and feasibility of all
the selected and proposed models are evaluated.
The diurnal period performance of meteorologi-
cal parameter is studied in terms of minimum
and maximum (min-max) values and standard
deviation (Std). The outstanding performance of
the proposed model in predicting the turbulence
strength is assessed and the results are present-
ed in this section. The local meteorological data
and turbulence strength are measured as in paper
[18] for every second in the diurnal periods and
averaged data are recorded and the environmen-
tal changes are studied. The necessary data and
measured values of meteorological, beam centroid
information, temporal-hour weight, geographi-
cal, geometrical and received beam parameters
are substituted in Eqgs. (1-6, 11) as required and
prediction results are compared against the mea-
sured C,ZL [18]. The selected and proposed models
are implemented in MATLAB environment. The
accuracies of the prediction of the models are
carefully analyzed in terms of SAE. The profile
of recorded real time meteorological data and
prediction & measurement values of turbulence
strength are described below for five days chosen

T, degree

somewhat randomly in different local seasons,
since FSOC is mainly season dependent, in one
year period.

6.1 Data for 16" March 2013 — Pre-summer

The weather parameters variations from 0.27
to 6.18 ms™! with the Std of 1.50 ms™ for Ws,
25 to 36.11 °C with the Std of 3.60 °C for T,
30 to 83% with the Std of 14.64% for RH and
101.1 to 101.6 kPa with the Std of 0.14 kPa for P
are observed from Figs. 6 (a—d). The Std on the T
and RH are high; Ws and P are relatively low. The
different conditions of the atmosphere observed
on 16" March 2013 (Saturday) are partially
cloudy, hazy, scattered cloudy and mostly cloudy.
Uneven Ws and RH variations are observed as
in Fig. 6a and 6c¢ respectively.

Fig. 7a shows the experimental time series
plot of C,% predicted from local meteorological
data collected on 16" March 2013 and measured
values. The min-max values of measured C2 are
near 2.36x107* and 2.01x107'2 m%/2 about early
morning and noon (Nn) respectively with the Std
of 5.90x107* m?/3 when Ws, T are low: 0.27ms ™},
25 °C and RH is high: 83%.

The min-max values of C2 predicted by the
PAMELA model are 5.46x1072° and 2.23x1071°
m %2 about 5.30 p.m and 6.45 a.m when Ws, T
are high: 5.1 ms™, 85 °C; RH, P are low: 38%,
101.1 kPa and Ws, T, P are low: 0.2 ms™!, 25 °C,
101.2 kPa; RH is high: 80% respectively. Local
minima are seen in the early morning and late
evening at 7.14x10716 and 5.46x1072° m2/3 about
4.20 a.m, 5.30 p.m respectively. A greatly fluc-
tuating turbulence pattern is predicted by PA-
MELA model during 6.00 a.m to 6.45 p.m, since
the model keeps high sensitivity to Ws. The re-
sults yield less correlation with the measurements

6 1 35
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260, T

102
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1015 w

Fig. 6. Diurnal time series up-
dation of meteorological pa-
rameters-wind speed (a), tem-
perature (b), relative humidity
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(c) and barometric pressure
(d). t — local time (GMT + 5.30)
of the day.
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Fig. 7. Graphical comparison of time series updation of atmospheric turbulence strength (C,f) predic-
ted using selected and proposed models and measured from direct beam transmission system (a). Mo-
dels: 1 — PAMELA, 2 — Hufnagel-Valley, 3 — beam wandering, 4 — polynomial regression, 5 — proposed;
6 — measurement. Sum of absolute error value against the particular model (b). Models: A — PAMELA
(x =1, y = 0.7310 x 10™°), B — Hufnagel-Valley (x = 2, y = 1.0085 x 107!!), C — beam wandering (x = 3,

y = 9.5077 x 107'?), D - polynomial regression (x

=4, y = 3.1984 x 107'%), E — proposed (x = 5,

y =17.4059 x 10713), t — local time (GMT + 5.30) of the day.

almost all the time of the day except few instanc-
es at 3.32x107, 2.74x10714, 1.80x10713, 1.99x10~
13 and 4.751x107* m™%/® about around 3.00 a.m,
4.15 a.m, 11.15 a.m, 3.10 p.m and 8.00 p.m respec-
tively as shown in Fig. 7a. The maximum deviation
is 2.22x1071° m™2/3 and therefore, this model can-
not be used to get accurate prediction of the C,zl at
our test field. The min-max value of C2 predicted
by the Hufnagel-Valley model is 1.65x107* m2/3
with the Std of 1.9x102° m %3 i.e this model
yields a constant an (singularity) throughout the
day as in Fig. 7a with the maximum deviation of
1.67x107'3 m /3, This result clearly exhibits that
this model could not keep much dependency to the
Ws variations at the 15.25 m altitude and may
yield reasonable results as a function of higher al-
titude. This model shows somewhat good correla-
tion at 3.02x107* m %3 about 4.00 a.m in this sea-
son. However this model is unfit at our test field.
The min-max values of C2 predicted
based on beam wandering are 8.6x107'% and
4.29x107* m %3 respectively with the Std of
1.44x10°"* m23 about mid night (MN) and
2.30 p.m to 6.00 p.m when the Ws, T are low:
1.5 ms™, 26 °C; RH, P are high: 78%, 101.4 kPa
and Ws, T are high: 5.9 ms™, 35 °C; RH, P are
low: 44%, 101.1 kPa respectively. The model
predicts a smooth turbulence pattern roughly
similar to measurement with a maximum devia-
tion of 4.87x107* m™2/3 as in Fig. Ta. The results
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meet the measurements at 5.20x107* m=2/3 about

6.50 p.m, when Ws, T, P are normal: 4.5 ms™},
32 °C, 101.2 kPa and RH is low: 50%. This model
is unsuitable at our test field. The min-max values
of polynomial regression model are 2.03x1074 m2/3
and 2.03x107'3 m?/3 respectively with the Std
of 6.32x107* m %3 about MN and 11.00 a.m
to 4.00 p.m when Ws, T are low: 1.5 ms 1, 26 °C;
RH is high: 78% and Ws, T keep increasing while
RH decreases as in Figs. 6(a—c). This model exhibits
a good correlation throughout the day in this sea-
son as in Fig. Ta except few instances at 4.19x10714,
7.26x107, 1.05x107'® and 8.99x107* m%3
about 1.30 a.m, 7.45 a.m, 6.15 p.m and 11.05
p.-m respectively with the maximum deviation of
5.47x10* m ?/3, The min-max values of the pro-
posed model are 2.35x107* and 1.94x10713 m2/3
respectively with the std of 5.91x107* m %3 about
MN and 11.15 a.m to 3.50 p.m when the Ws, T
are low: 1.5 ms™, 26 °C; RH is high: 78% and
Ws, T keep increasing while RH decreases as in
Figs. 6(a—c) and Fig. 7a. The proposed model
yields a great correlation with the measure-
ments all the time of the day. The computed SAE
using the measured and predicted values are
shown in Fig. 7b against the respective model
and prove that the proposed model gives very
less SAE of 7.40x107'® m™2/3 whereas the oth-
er models are 0.7310x107°, 1x107'!, 9.50x107'2
and 3.19x1072 m%/3,
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6.2 Data for 31°* May 2013 — Summer

The weather parameters variations from 0.27
to 6.16 ms ! with the Std of 1.42 ms™ for Ws, 26
to 36 °C with the Std of 3 °C for T, 39 to 89% with
the Std of 14.54% for RH and 100.3 to 100.7 kPa
with the Std of 0.128 kPa for P are observed from
Figs. 8(a—d).

The Std of RH is significantly high while Ws,
T and P are low. The different conditions of the
atmosphere observed on 31%' May 2013 (Friday)
are mostly cloudy, hazy, scattered cloudy, partial
cloudy and light drizzle. The Ws oscillates ran-
domly around 2.59 ms™' in forenoon and 4.11ms™
in afternoon. Fig. 9a shows the experimental time
series plot of C,% predicted from local meteoro-
logical data collected on 315" May 2013 and mea-
sured values. The min-max values of measured
C? are near 1.85x1071* and 1.94x107'3 m /3 about

Ws, ms™! (€))

T, degree

MN and 10.00 a.m to 4.30 p.m respectively with
the Std of 5.61x1071* m™2/3 when Ws, T are low:
1.02 ms!, 27 °C; RH is high: 89% and Ws is nor-
mal: 3.08 ms™%; T is high: 37 °C; RH is low: 60%
as in Figs. 8(a—c). Sustained and smooth steady
variations are seen in the measured turbulence
pattern. In comparison of selected models: The
min-max values of C,ZL predicted by the PAMELA
model are 2.138x1071" and 2.178x1071° m %3 with
the Std of 4.27x107 m %3 about 5.05 p.m and
7.10 a.m & 1.13 p.m respectively. Local minima
existed in the early morning and late evening at
3.90x107Y" and 2.13x107" m 2?3 about 4.05 a.m
and 5.05 p.m respectively. A greatly sporadic Cf
pattern is predicted with the maximum devia-
tion of 1.21x107'3 m %/ since unrealistically fluc-
tuations are seen in the meteorological variations
(except pressure). The prediction results hold
poor correlation with the measurements in gener-
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Fig. 9. Same as Fig. 7 except on 31 May 2013. A - x =1, y=0.13 x 108, B-x =2, y=1.0937 x 1071,
C-x=3,y=1.1847x10", D-x=4,y=3.0763x 1012, E—x =5, y=6.989 x 1073,
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al and meet it randomly at 2.77x107, 2.37x10714,
1.92x10713, 9.75x107* and 1.55x107'3 m %3 about
2.45 a.m, 4.30 a.m, 1.00 p.m, 1.55 p.m and
5.00 p.mrespectively as in Figs. 8(a—d) and Fig. 9a.
A close correlation is seen from 8.45 p.m onwards
when the Ws is normal: 4 ms™!; T is low: 28 °C,
RH is high: 79% and P is high: 100.7 kPa.

The min-max values of Hufnagel-Valley model
is 1.65x10* m %3 with the Std of 1.9x1072° m /3
i.e. a constant C2 is predicted throughout the
day. This model exhibits a reasonable fit with the
measurements at 2.59x107* m?3 from MN to
5.05 a.m. The deflection began 5.05 a.m onwards
with the maximum value of 1.50x107!3 m /3, The
min-max values of beam wandering model are
2.60x107%6 and 2.84x107'* m %3 with the Std of
8.50x1071 m™2/2 about MN and 5.15 p.m respec-
tively. The prediction results always fall below
the measurements with the maximum deviation
of 1.46x107'® m 23, An oscillating pattern of C,%
is seen in forenoon due to the greatest fluctua-
tions in the Ws as in Fig. 9a and Fig. 8a. The de-
viation decreases in the afternoon and becomes
close to results predicted by the Hufnagel-Valley
model. The min-max values of polynomial regres-
sion model are 1.74x107* and 1.93x107'® m™2/3
with the Std of 6x107* m™%/3 respectively around
MN and 10.00 a.m to 2.00 p.m when Ws fluctu-
ates about 2.59 ms™, T increases: 30 to 36 °C
and RH decreases: 62 to 47% as in Figs. 8(a—c).
This model keeps a good track on measurements
from MN to 5.15 p.m and the deviation began
with the maximum deviation of 3.5x1071* m™2/3,
The min-max values of proposed model are
1.37x10* and 1.87x107'® m /3 with the Std of
5.64x10* m %2 about MN and 10.00 a.m to
2.10 p.m respectively. The proposed model exhib-
its a greater correlation with the measurements

T, degree

as shown in Fig. 9a. The SAE results shown in
Fig. 9b proves that the proposed model exhibits
a very less value of 6.98x107'® m™?/3 whereas oth-
er models are 0.134x10°%, 1.09107'%, 1.18x107'!
and 3.07x10712 m %/3,

6.3. Data for 14" June 2013 — Monsoon

The weather parameters variations from 4.11
to 10.82 ms ! with the Std of 2.09 ms™! for Ws, 28
to 36 °C with the Std of 2.73 °C for T, 25 to 62%
with the Std of 9.62% for RH and 100 to 100.4 kPa
with the Std of 0.11 kPa for P are observed from
Figs. 10(a—d). The Std on the RH is significantly
large while the Ws, T and P are very low. The dif-
ferent conditions in the atmosphere observed on
14" June 20183 (Friday) are light drizzle, drizzle
and hazy. Greatly uneven Ws variation is ob-
served as in Fig. 10a.

Fig.11a shows the experimental time series
plot of C,% predicted from local meteorological
data collected on 14*" June 2013 and measured
values. The min-max values of measured C2 are
near 3.63x107* and 1.87x107'® m2/3 about MN
and 11.00 a.m to 12.30 p.m respectively with
the Std of 4.50x107* m?/3 when the Ws, T, P
are low: 5.1 ms ™}, 29 °C, 100.1 kPa; RH is high:
62% and Ws, T, P are high: 10.82 ms, 85 °C,
100.34 kPa; RH is low: 39%. In comparison of
selected models: The min-max values of C2 pre-
dicted by the PAMELA model are 4.47x107'® and
3.21x10713 m %3 with the Std of 8.78x1071* m2/3 re-
spectively about 4.30 a.m and 11.50 p.m. Local min-
ima are obtained at 4.47x107'® and 8.39x1071® m2/3
about 4.20 a.m and 4.00 p.m respectively. The pre-
diction results fall below the measurements almost
all the time and fall above from 6.00 p.m to MN
with the maximum deviation of 1.49x107'3 m2/3,

(b)

"""""""""""" 36
1 34
32
6 1 30
28

100.5

100

MN 2 4 6 8 10 Nn 2 4 6 8 10
t, Hrs

84

995 Lu v v v v iy
MN 2 4 6 8 10 Nn 2 4 6 8 10

Fig. 10. Same as Fig. 6 except

¢, Hrs on 14" June 2013.
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Fig. 11. Same as Fig. 7 except on 14" June 2013. A—x=1,y=1.4378 x 10711, B—x =2,y =1.1546 x 1071},
C-—x=3,y=1.1724x101, D-x=4,y=3.3178x 10712, E— x =5, y = 6.9344 x 10713,

The results keep reasonable correlation around
1.30 a.m since Ws, T are low: 5.1 msfl, 29 °C
and RH, P are high: 62%, 100.3 kPa. The great
fluctuations in Ws yield the unrealistically large
sporadic C,% pattern in day time as in Figs. 10a
and 11a.

The min-max values of the C,% predicted by the
Hufnagel-Valley are 1.658x107* m2/3 with the
Std of 1.9x1072° m /3 i.e a constant C?2 is given
by the model throughout the day. The prediction
results are immaterial with measurements with
the maximum deviation of 1.65x10™* m %2 as in
Fig. 11a. The min-max values of the C2 predicted
by the beam wandering model are 7.36x10716 and
5.4x107* m /% with the Std of 1.66x107'* m /3
about MN and 4.15 p.m to 7.00 p.m. The results
very slowly increase to the maxima from MN to
6.40 p.m and decrease to minima. The results fall
below the measurements throughout the day with
the maximum deviation of 6.52x107* m%/3. The
correlation between prediction and measurement
are immaterial as in Fig. 11a.

The min-max values of Cs predicted by poly-
nomial regression model are 3.31x107* and
2x10713 m %3 with the Std of 5.51x1071* m™2/3
about MN and 11.00 a.m to 4.00 p.m respective-
ly when the Ws, T are low: 5.14 ms™!, 29 °C; RH
is high: 62% and Ws, T are high: 10.82 ms™,
36 °C; RH is low: 38%. The prediction results fail to
maintain good correlation with the measurements
throughout the day unlike its behavior in the previ-
ous seasons. The results appear above the measure-
ments from 7.00 a.m to 2.00 p.m with the maximum
deviation of 8.7x107* m3, However the results
fall below with the greater deviations during MN
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to 6.00 a.m and 3.00 p.m to MN as in Fig. 11a. The
min-max values of proposed model are 3.18x107
and 1.7x1013 m /3 with the Std of 4.46x104 m %3
about MN and 11.00 a.m to 3.30 p.m respec-
tively. The proposed model exhibits a greater
correlation with the measurements as in shown
Fig. 11a. The SAE results shown in Fig. 11b
proves that the proposed model exhibits a very
less value of 7.27x107'% m2/3 whereas other mo-
dels are 0.14x1071°, 8.77x107'2, 1.01x107!! and
5.28x10712 m?/3,

6.4. Data for 21% November 2013 —
Rainy

The weather parameters variations from 0.25
to 4.11 ms™ with the Std of 0.90 ms™ for Ws,
25.2 to 31.36 °C with the Std of 2.26 °C for T, 55
to 94% with the Std of 11.67% for RH and 100.5
to 101 kPa with the Std of 0.146 kPa for P are ob-
served from Figs. 12(a—d). The Std of the T and
RH are high while Ws and P are low. The dif-
ferent conditions of the atmosphere observed on
21%% November 2013 (Thursday) are hazy, scat-
tered cloudy, fogy and misty.

Fig. 13a shows the experimental time series
plot of C,% predicted from local meteorological
data collected on 215* November 2013 and mea-
sured values. The min-max values of measured C2
are approximately 3.43x107* and 1.40x10713 m2/3
about MN and 11.00 a.m to 4.00 p.m respectively
with the Std of 3.20x107* m2/3, In comparison
of selected models: The min-max values of C2
predicted by PAMELA model are 4.82x10717 and
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Fig. 13. Same as Fig. 7 except on 215 November 2013. A—x=1,y=0.81x 108, B-x=2,y=8.7721 x 107'2,
C-x=3,y=1.0164x10"", D-x=4,y=5.2832x 102, E-x =5,y ="7.2768 x 10713,

2.60x1071% m %3 with the Std of 1.05x1071% m™%/3
about 2.10 a.m and 5.10 a.m to 10.05 a.m respec-
tively. The prediction results are highly sporadic
as like the Ws in Fig. 12a.

Most of the time, the results fall above the
measurements as in Fig. 13a with the maximum
deviation of 2.56x1071° m /3, This model exhibits
local minima at 4.82x107Y" and 4.68x107'6 m2/3
about 2.05 a.m and 5.55 p.m respectively with
the reasonable correlation during 8.00 p.m to MN
since Ws is calm: 0.27 ms™, T is low: 26.21 °C,
RH is high: 90% and P is high: 100.9 kPa.
The min-max value of the C,f predicted by the
Hufnagel-Valley is 1.658x107* m %2 with the Std
of 1.9x1072° m 23 i.e. a constant C,% is given by
the model throughout the day and appears above
the measurements. The prediction results are im-
material with measurements with the maximum
deviation of 1.23x107'% m™2/3 as in Fig. 13a. The
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min-max values of C,% predicted by beam wan-
dering model are 6.13x107'6 and 1.94x107*4 m2/3
with Std of 5.60x107® m?3 about 4.10 a.m
and 5.05 p.m respectively. The prediction re-
sults appear below the measurements with the
maximum deviation of 5.32x107* m™%3. The
deviation decreases from 1.00 p.m onwards
and become close to the response of Hufnagel-
Valley model. However, the prediction results
are irrelevant to the measurements through-
out the diurnal period. The min-max values of
C,% predicted by polynomial regression model
are 3.98x107'® and 1.42x107'® m %3 with the Std
of 4.04x1071* m %3 about MN and 10.00 a.m to
4.00 p.m respectively. This model exhibits a rea-
sonable correlation with the measurements in
forenoon session from 7.00 a.m to 1.00 p.m and
apart, the deviation exists with the maximum
value of 4.62x107* m2/3 as its behavior in the
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previous season. The min-max values of proposed
model are 3.35x10 14 and 1.81x107'3 m?/3 with the
Std of 3.22x107 m™%/3 about MN and 10.30 a.m to
4.30 p.m respectively. The proposed model exhib-
its a greater correlation with the measurements
as shown in Fig. 13a. The SAE results shown in
Fig. 13b indicate that the proposed model exhibits
a very less value is 6.93x10712 m %2 whereas other
models are 0.81x1078, 1.15x107!%, 1.17x107!! and
3.31x10712 m%/3,

6.5. Data for 25" December 2013 —
Winter

The weather parameter variations from 2.05
to 7.19 ms! with the Std of 1.30 ms™ for Ws,
22.18 to 30.24 °C with the Std of 2.59 °C for T,
40 to 88% with the Std of 11.28% for RH and
101.3 to 101.8 kPa with the Std of 0.11 kPa for P

T, degree

are observed from Figs. 14(a—d). The Std of the T
and RH are high while Ws and P are low. The dif-
ferent conditions of the atmosphere observed on
25" December 2013 (Wednesday) are hazy, par-
tially cloudy, misty and scattered cloudy.

Fig. 15a shows the experimental time series
plot of C,% predicted from local meteorological
data collected on 25" December 2013 and mea-
sured values. The min-max values of measured C2
are approximately 1.13x10* and 8.34x10 74 m2/3
respectively about MN and 9.00 a.m to 4.00 p.m
with the Std of 2.06x107* m2?3 when Ws, T
are low: 2.5 ms!, 24.19 °C; RH, P are high:
78%, 101.6 kPa and Ws, T are high: 6.19ms !,
30.24 °C; RH, P are low: 50%, 101.2 kPa. The
larger fluctuations in the meteorological values
generate unrealistically large sporadic C,% val-
ues. In comparison of selected models: The min-
max values of C,% predicted by PAMELA model
are 3.68x10'" and 4.17x101% m?3 with the Std
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Fig. 15. Same as Fig. 7 except on 25 December 2013. A—x=1,y=9.3534x 1072, B—x =2,y =4.1733 x 10712,
C-x=3,y=5.0954x10"12, D-x=4,y=2.4641x 1072, E-x=5,y="7.3512x 10713,
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of 1.03x101® m??3 about 3.15 a.m and around
7.00 a.m respectively. The prediction results did
not match with the measurements and the maxi-
mum deviation is 4.00x107® m2/3, Two local
minima exist at 3.68x107" and 4.74x1071" m2/3
about 3.15 a.m and 6.00 p.m respectively as in
Fig. 15a. The prediction pattern approximately,
oscillates about the measurements. The C2 pat-
tern clearly exhibits the greatest dependency of
the PAMELA model to the Ws. The min-max val-
ues of the C,% predicted by the Hufnagel-Valley is
1.65x107* m™?3 with the Std of 1.9x1072% m™%/3
i.e. a flat behavior with a constant C,% is given by
the model throughout the day and appears below
the measurements. The prediction results are im-
material with measurements with the maximum
deviation of 5.35x10 ' m?/3 as in Fig. 15a.

The min-max values of Cf predicted by
beam wandering model are 8.69x107'% and
3.78x107 m %3 with the Std of 1.03x107* m /3
about MN and Nn respectively. A sustained and
steady increased and decreased C,% pattern is
seen throughout the diurnal period as in Fig.
15a. The result exhibits approximately the same
pattern as the measurements with a maximum
deviation of 3.14x107* m /3, However, the re-
sults fall below the measurements throughout the
day. The min-max values of C,f predicted by the
polynomial regression model are 1.38x107!° and
1.49x107% m™?3 about MN and 11.00 a.m to
1.30 p.m respectively. The prediction results
yield a reasonable correlation with the measure-
ments from MN to 9.00 a.m and 3.00 p.m to MN.
A greatest deviation existed around Nn with the
maximum deviation of 8.43x107* m™?/3, The re-
sults absolutely match the measurements only for
some instance at 2.19x10714, 1.29x10714, 7.49x10714,

5.83x1071* and 4.86x107* m2/3 about 2.00 a.m,
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6.05 a.m, 9.05 a.m, 3.45 p.m and 6.05 p.m respec-
tively as in Fig. 15a. The min-max values of pro-
posed model are 5.11x107'® and 7.58x107'% m2/3
with the Std of 2.05x107* m™/3 about MN and
10.00 a.m to 3.45 p.m respectively. The proposed
model exhibits a greater correlation with the mea-
surements as shown in Fig. 15a. The SAE results
shown in Fig. 15b evidence that the proposed mod-
el exhibits a very less value of 7.35x10713 m2/3
whereas other models are 0.93x10711, 4.17x10712,
5.09x107'2 and 2.46x10712 m /3,

7. Conclusions

The significance of model design for C,% pre-
diction is explained along with the measurement
technique and estimation of received beam cen-
troid information. The literature review results
of background and related works are presented.
The establishment of experimental setups (trans-
mitter and receiver) built for model development
and practical validation are explained. The mod-
els selected for comparative analysis are briefed.
The formulation of empirical model are detailed
and based on the results of coefficient of deter-
mination (R?) obtained from ANOVA tools, the
Eq. (11), R? = 98%, is finalized for turbulence
strength prediction. Average percentage devia-
tion of 1.32% is obtained for turbulence strength
from the confirmatory test. The seasonal aver-
age SAE of 7.40x107!3, 6.98x10713, 7.27x107'3,
6.93x10713, 7.35x107'3 m?/3 are achieved dur-
ing five different seasons: pre-summer, summer,
monsoon, rainy and winter respectively in one
year period. These results evidence the suitabil-
ity and feasibility of the proposed model to have
more accurate prediction results at our test field
throughout the duration of experimentations.
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