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ABSTRACT

Atmogpheric refractivity or radio refractive index(RRI)
plays an important role in microwave proﬁagation. This
refractivity is not a fixed faoﬁdr at a particular place ovér a
time. An extensive study is done in this thesis on radio
refrggtive index for thirty loestions of Bangladesh over four
seasons of = yeaf. Varistions of RRI st different plasces - of
Bangladesh over s year and also the distribution of RRI for some
places for a particular sesson sre shown. Maximum and minimum RRI
-of  each season over eleven vears for +thirty locstions sre
presented through bargraphs sand tables. Contours derRI sre drawn
as:RRI profiles for Banglsdesh for the mbnths of January; April,
July and October representing the four sessons using aversde RRI
of eleven vyears. RRI varistions with height from the esrths-’
surfesce 1is shown for the radiosonde stations 1like Dhaksa,
Chitteagong snd Bogra. Some empirical formalas of refractive index
for four seasons are developed here from whicﬁ refractivity
gradients for the first kilometer from earth surface are fouhd

out.

ii

T

e



A correlation between surface RRI and refractivity gradilent
for the first kilometer from earth =zurface 1is »also established
over a vyear. Such type of relations are also foundout for

Bangladesh for different seasons and for some places over a Year.

Finally, the bending of =a radio ray 1is caleculated nusing

surface refractivity and its gradients for different launching
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LI3T QF SYMBOLS AND ABBREVIATIOND

Radius of Earth

Effective Earth Radius

Specific heat of gas at constant pressure.

Specific heat of gas at constant volume

Distance between two points
Arc distance

Partial pressure due to water vapour

Pressure of water vapour which will saturate air at

given temperathure

Acceleation due to gravity.
Absolute humidity

Height

a/a

Modified Radio Refractive Index
Mass of dry air

Air mass

Dipole~moment of molecules of water

= 513 x 10"30 coloumb-neter.
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Radio Refractive Index or Refractivity.

Refractive Index
Atmospheric pressure {mbsar)

Radius of curvature of ray

Universsal gas constsant = 8.314 X 107 ergs/mole OK

Redisl distance from the centre of the earth

Relstive humidity

Specific ﬁumidity

Absolute temperature (®K)
Atmospheric tempersture (°C)

Volume of sir

ﬁatio. of reflecfed oscillation to

oscillation:

the

incident
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Lo
o = Relative phase shift gé
B = Phase of reflection
> S Angle at the esrth centre by the arc distance
o] = Path difference (between reflected and direct ray)

AR R NP

©

Number of fresnel zone

Elevation angle of ray

Wave length

Gas density

Hodulous of reflection Co-efficient
Amount of bending of radio ray

Angle of incident ray

Ny
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ABBREVIATIONS

LOS
RRT

BGR

BLA

BSL
CHL
CND

CTG

CXB~

DAK
DJP
FNI

FRD

Line of Sight
Radio Refractive
Bogrs

Bhols
Barissal
Comilla
Chandpur
Chittsgong
Cox—s—Bazar'
Dhaks ”
Dinajpur

Feni
Faridpur
Hatia
Ishurdi
Jessore
Khulna
Khepupars
Kutubdia
Hadsaripur

Mymensingh

Index

vii

AN



HZD
PTR
RNG
RJS
RHT
SLT
SHL
SKRP
STD
STR
TNF
JA
FB
MR
AP
MA
JU
JL
AG
SP
oC
NO

DC

Maizde Court
Patnakhali
Réngpur
Rajshahi
Rangamati
Sylhét
Shrimangal
Sandwip
Sitakundu
Satkhirs
Teknaf
Jenuary
February
Hareh
April

May

June

JPly

Angust

September

October
November.

December
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CHAPTER - 1
IRTRODUCTION

1.1 Introduction

A major task for the radioc commuanication system design  is
to be able to predict the behaviour of the radio signal from
the point of transmission to the receiving poiﬁt. Preliminary
calculations, before the system design is embarked upon,
invelve the signal strength expected at the recelving point,

its behavicur with time sand the probability of interference

between a2 given system and another system operating on the
same or adjacent frequency channel. The parameters involved
fall 1inte two categor;es. The first category 2are parameters
within the control of the design engineer, such as the

transmitter power, frequency, type of signal meodulaticon, type of
antenna structure and the sites of Lransmitter and
receliver. The second category arerpaQameters that are usually not
within the control of the designer such as the nature 6f the
terrain over which the propagsation is to be made and the
nature of the propsgation medium. A relisble communication
systgm can only be obtained after all relevant parameters .are

i |
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calculated and this, therefore, calls for proper preliminsry

survey of the propsagstion psth.

Communication links operating at frequencies within the

¥HF, UHF and upto_ microwaves ‘deperd very much on the

IR W

propagation conditions at the earth's 1lower atmosphere i.e. the.

tropusphere. The geometry of the path travelled by the radio.

wave depends mostly on the vertieal distribution of the
atmospheric refractive index. Standard field strength
prediction methods therefore depend on an accurate knowledge
of the time -~ and spatial vsariations in the value of this

refractive index.

'The radio refractivé index (RRI) is central to :gll
theories of radio wave . propagatiﬁn through the lower
atmosphere ie. the ‘troposphere. At' sh@rter distances fﬁe
propagation is controlled by the variability of the RRI of the
medium. It is not a fixed factor for the atmosphere i.e. this
refractivity wvalue is different at different plaées in

different seasons depending upon the weather condition_at that

location and time. The main weather constituents which

affect the atmospheric refractifity are the . atmospheric

pressure, temperature and humidity. Consequently the rsadio
2



refractive index <changes from season to sSeason and also the
wave propagation characteristics of the atmosphere. Thus for an
efficient communication link, a thorough knowledge of RRI of the

atmosphere 1s extremely important snd a detailed BRI profile 1is

usually available with CCIR for assisting the designer.

1.2 Necessity of Atmospheric Refractivity Studv for Bangladesh

In Bangladesh,telecommunicatilon links have been established
between inter-districts using Line-of-sight (LOB) microwave
communication system. The LO5S microwave communication tahkes place
through propagation within tropospﬂere, and thus the RRI of the

troposphere has a definite bearing on microwave transmission. The

conditions in the troposphere 1in the tropical countries varg%in

different ways over the vear. The changes 1n pressure,
temperature and relative humidity take place in different
seasons which directly affect the atmospheric refractivity.
This directlyA affects the microwave propsgation causing
serious signal fading or distortion. To eleminate the signal
distortion and to have a good and efficient '~ communication
link we should have a clear picture of the atmospheric

refraetivity and its varation over the vear, so that during the

design of s communicstion link we can easily calculate signal



variations due to the weather changes over the year and

preventive measures can be tsken to remove the microwave
communication difficulties and have an efficient coﬁmunication
linkF In most developed éountries atmospheric refraoti#ity
studies have already been dbﬁe and used for design of

microwave communication systems. In Bangladesh no such study was

carried'out before and as 'such the LOS microwave links have

been installed on the basis of general "thumb-rule’
atmospheric conditions. " In this thesis an extensive study has
been carried out to find out the atmospheric radio refractive

index and 1its varaiations over the yvear . for Bangladesh.

1.3 Brief Discussion on Relevant Studies

Evaluation of atmospheric refraction effects on VHF - UHF
radio propagation has long been accomplished with the
convenient four-thirds earth concept of Schelling, Burrows

and Ferrei tl]. This method has proven Qafticularly useful in

evaluating performance of point —to-point radio communication;

systems. However, relatively new long-range applications have
demanded a model of atmospheric radio . refractive index ' more

representitive of observed refractivé- index profiles +than the



simple linear decay inherent in the four-thirds earth
approach. Before that, however, Smyth and Trolese in 1947
investigated the effect of tropospheric layers on the
propagation of high frequency radiowaves and proposed a theory
which is in zgreement = wWith salient propagation
characterstics observed on a non optical link. Fields beyond
the optical horizon are governed by the layver height and the

refractive index change through the layer {2].

Schulkin in 1952 {[3] presented a scheme for calculating
atmospheric refraction of radio-frequency Tays numerically
from rsdiosonde data. He compunted ray bending for a ;ange
of climatological conditions for rays passing entirely
through the atmosphere and arriving or departing

tangentially at the earth’s surface.

Crain, Deam and Gerhardt [4] measured the fluctuations of
radioc refractive index with a direct reading microwave

refractometer over the Atlantic Ocean and coastal areas
near Lakehurst N.J. in April 1851 and over vicinity of
wright patterson Field, Dayton Ohio in June 1951 and

published profiles of these 1in 1953.



Smith and Weintranb in 1953 [{5] made improvement of
the constants of the rsdio refractive index equsation and

developed fhe most widely used equstion in their paper.

Bean and Meaney 1in 1955 [6] had found a consistent
correlation between the monthly median valnes of 100 nmc
transmission loss  and refractivity gradient, determined -

from standard radiosonde observations.

George H. Millman in 1958 showed [7] the effects of the
troposphere and ionosphere on the propagation of VHF and UHF
radio waves.' He presented tropospheric refractive index
profiles and ionospheric -electron density . nodels
representative of average atmospﬁeric condition and developed
mathematicsl relationship for <calculating refraction effects,
time delay, attennation experienced by radio waves

traversing the entire atmosphere.

In 1853, Bean and Thayer introduced f81] +two models of

atmospheric radiorefractive 1index which c¢an be used to
predict refraction effects from the value of the refractive
index at the transmitting point. Both nodels offer
considerable improvement over the four-thirds earth model,

particularly for applications at long distances and high



elevations in the atmosphere. Further, both models may be
adjusted to represent mean conditions at different tfimes of

year and in different geographical loecations.

Weisbrod and Anderson (9] developed some methods for
computing the bending of Radio waves due to atmospheric
refractivity assuming that - the refractive gradient is

radial and the refrsctive index profile was approximated by
) finite namber of 1linear segments whose thickness is

small compared with the earth’'s radius.

In 1962 Bean [10] reviewed the derivation of the classical

Debye expression for the radiorefractive index. Constants in
this expression were reviewed and made a conclusion that
differences between constants are small compared with the

error in using stsndard meterorological data in the formuls.

Kazsrisn, Gurvich, Manucharian and Vartanian [11] in 1970
developed an expression called “structure constant of the
refractive index” to characterise the turbulence -induced
fluctuations of the refractive 1index that plays an important
role in many problems related to propagation through the

atmosphere.



Robertshaw {123 c¢alculated the refraction of radio and
microwave propagation paths within 1 Km of the earth s
surface, using his effective earth radius model. With the
help of this model approximate determinations of grazing
angle, ground rangde and slant range for higher altitude
paths carn be done. KEolawole {131 showed radio
refractivity and stmospheric absorption of centimeter and
millimeter waves in different c¢limates of Africa. He’ also
explained seasonal variations of the surface refractivity
and developed a relation between surface refractivity and

refractivity gradient for that continent.

1.4 @Objective and Methodology of the Present Study

The objective of this study is to find out the radio

refractive index of lower atmosphere i.e troposphere for
Bangladesh in different time of the year and its
variations as wesather changes. The maximum and ninimum

values of radio refractive index at a particular place over

a month or the sverage value over the year as well as the



changing characterstic of it from season to season will

also be studied.

In additinn to the surface refracrtivity, the
refractivity at different heights from the earth surface
will also be caleulated. From these values of  Radio

Refractive Index (RRIY the refractivity gradient for the
first Kilometer from the earth sufface will be determined
to investigate if there exists any emperical relation
between the surface radio lrefractiva index and the
refractivity grasdient. If any relation is found out between
these two values then san empericasl egustion showing their
relationship wiil be developed for a8 particular place or
for whole of Bangladesh for a particular time of the vesr or

whole.

Finally, it will be investigated how the radio ray
refraction takes place due to the radio refractive index and

its wvariation at different places in Bsnglsdesh 1in different

Seasons.
The methods adopted here to find radio refractive
index, its varistions and its effects on microwave

communication is described c¢hronologically :-



For the <calculation of radio refractive index one requires
the values of pressure, temperature and relétive humidity at
different places and time. In this study the whole vear is
devided into four sSeasnns depending ~on the climatic
condition of Bangladesh: i) winter or north-east-monsoon (ii)
Summer or premcnsocon (iii) south-west monsoon or monsoon &nd
(iv) Autumn or post monsoon. The pressure, temperature and
relative humidity data is collected from Bangladesh
Heteorological Department for the months of January, April,
July and Qctober, representing the four seasons - winter,
summer, monsoon and auntumn respectively over a vear. The
data 1is collected over = period of eleven years. i.e from 1377
to 1987 as is avsilable at Bangladesh Meteorological Department
to have a wide distribution of radio refractive index. Thirty
locations of Bangladesh were selected depending on
availability of pressure, temperature and relative humidity
data to calculate-the radio refractive index distribuﬁion in
each season and yariation of maximum, minimum and average

radio refractive index over a month and a year.

After obtaining the necessary surface data, the surface

refractivity will be computed. The radiosonde data gives the

10



variation of pressure, temperature, relative humidity with the
height .Based on these values an empirical relation will be
established for the refractive gradient with the surface
refractivity for various places st different times of tThe vyear.

This would generate a refractivity profile of Bangladesh.

-

Summary

In chapter 2, of this thesis a brief description of the
atmosphere and its different layers is given. Also this chapter
shows how the atmospheric pressure, temperature and partisl

pressure due to water vapour change with heights.

Chapter 3 deals with propagation of radiowaves and their
classifications, also discussed about the attenuation of radiowave

by different constituents of atmospehre.

In chapter 4, a mathematical expression for the radio
refractive index is developed in terms of pressure, temperature
and water vapour pressure. A calculation is made to find the
amount of bending cof radio ray 1in terms of refractivity,

refractivity gradient and launching angle.

11
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In chapter 5, variation of radio refractive 1ndex is shown
by variation of pressure, temperature and relative humidity by

simulation method. Radio refractive index 1is calculated for

- different locations of Bangladesh using the pressure, temperature

and relative humidity data of different seasons and figures are

drawn to show variation of RRI.

In chapter 6, BRI is calculated from radiosonde data at
differenf heights from earth surface and several expressions are
developed using the surface RRI and refractivity gradient. Also

using these values amount of bending of radio wave is calculated.

Conclusions on the present work are presented in chapter T.

12
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-CHAPTER 2

STRUCTURE OF ATMOSPHERE AND VARIATIONS OF DIFFERENT

ATMOSPHERIC PARAMETERS
2.1 Introduction

This chapter deals Qith the structure of the atmosphere
and  its classification into different lavers and - their
compositions and properties. A detail description af the
lowest atmospheric layer i.e. troposphere is depicted in this
chapter. Through this layer microwave communicatioﬁ takes plsce
and our main goal 1is to find the refractivity of the
atmosphere for microwave propagstion. The pressure, tempersture
and relative hqmidity‘of the atmosphere aré related with the
atmospheric refractivity and thus their variaﬁiqns have definite

effect upon the refractivity of the atmosphere.

2.2 The Atmospheric Regions

In a general description of its physical Constitution
and chemical composition,’ the earth’s atmosphere may be
considered as a perfect das composed of molecules and atoms of

which only ;] small fraction 1is represented by‘_chargﬁd

.- ’:jnl
/o
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particles, ions and ‘electrons, influenced by the -geomsgnetic

field. This gaseous volume,fcalled_the atmospheré, is divided

into some regions sbout which a brief description is followed.

The ,lower region, called the troposphere (trops = turn
or change), can be defined- in a static satmosphere by the
pressure and tempersture if the moleculsr mass is assumed to
be constant. Heteorological"soundings (= typicai method fpf

measﬁrements) have shown that the temperature decreésses with

altituder in the troposphere, resching a tempersture of about’

200°K in the polar regions' and about 190°K st the equator.
The Eenersl properties of the troposphere will - be
discussed in detsils in the next sections and will be

shown how the pressure, temperature and humidity sffect the

microwave propagation in this region by wvarying the -

atmospheric - refractivity. The - lower limits of the

téhperature  of the tropospHEre are- representative of the
tropopause (pausis = end, cessation). The latter, however,
variesl in height as a fﬁnction of 1latitude, Ffrom below
13 km in the polar regions +to more than 15 km in the
equatorial belt. The varistions in the level of the
tropopause (about 5 km) in the middle latitudes show that

tﬁe changes in 1its strﬁcture are dependent = ‘on . such

14
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atmospheriec phenomena as high sand low pressures. One of the

essentisal charscters of the tfoposphere is that the
geographic equator is to a certain extent, a ‘barrier’
differentiating and separating the northern and southern
hemispheres. |

The . next region, called the stratosphere, is
essentislly that region where the 'femperature incresses or

at least' does not decrease with altitude. The stratosphere
extends from the tropopause to an sltitude of sbout 50

km (stratopause) where the tempersture reaches a pesk of

the order of 270°K.

The mesosphere (mesos.= middle) is a region situated above
the stratopause (50 t 5 km) where the temperature decreases

rapidly with altitude. The ‘temperature may reach a minimum, as

low as 150° % 10°K, at about 85 * 5 km, where the mesosphere

ends at a8 level called the mesopause. Photochemical action

plays san importent role in the mesosphere, where the chemical
A ' Y.

reactions affect minor constituents - in the sir.

- The wupper part of the atmosphere commonly caiied the

ionosphere, consists of seversl  ionized lsyers. Conventionsl

15
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definition of the ionosphere include that part qf fhe atmﬁsphere
which comprises the D,E and F regions, that is to ssy, roughly
the atmospheric region between 80 and 400 km. Accordingly,
ionospheric region starts from psrt of mesosphere and is spread
over upto major part of thermosphere. Above the mesopause there
is - a change in the composition snd the structure of the air
concurrent with the large height' gradient .of teﬁperature.
Because +the composition of'the.étmosphére' changes with  height,
this region 1s called :the heterosphere (heteros = cher).
This wvariation 1is due, first to the pértial dissocia£ion of

oxygen and second to diffusion.

If, however, the temperature, which is an important
parameter in this region is considered, then this region above
meSopause' “is called the ‘thermoéphere,lbecause the temperature
in the rthermosphefe increases with altitude. The height at which
this ~ temperature gradient should cease could Be cglled lthe

thermopause.

The outermost part of the atmosphere, which is almost fully

ionized and where protons are more sabundant than neutral

hydrogen, is called prbfdsphere. Originally this region was

called the exosphere (exo=outside) because it was thought that

16
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in this region the 1laws of gas kinetics can no longer be
applied. In fig(2.2.1) a qualitatiye graphicsl representation
is given showing the temperature gradients in the atmospheric

regions [14].

2.3 Composition and Structure of the Troposphere

The troposphere is the region of the atmésphere extending
from the surface of the earth upto a height of 8 to 10
kilometres st polar latitudes, 10 to 12 kilometres at the
moderate latitudes (mid‘latitudeS)_ and upto iB_to 18 kilometpes

at the eqﬁator.

In the troposphere, the bercentage of the gss coﬁponents
does not vary with height, remaining practically the same as it
is at the surface. The only exception is the water-vapour content
which--is strongly dependent on the weather conditions sharply

decreasing with height [15].

The thermal strurcture of the troposphere is important  not

only from considerations of atmoépheric dynamics and hest
exchsnge but also from radio propagation point of view. The
temperature 1in the troposphere graduslly decreases from ground

level upwards with height [16]. The average vertical temperature

{
1
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gradient of the troposphere is 8°C per kilometer‘(about 5°C per

kilometer in the lower stmosphere snd 7°C per kilometer in the

upper atmosphere). The annunal average temperature of the air in
the wpper troposphere is -55°C in the polar regions, and -80°C
at the eguator. The upper boundary of the troposphere is called
the tropopause which 1is =& NAarrow redion of constant

temperature.

The cause of the gradual decresse in the temperatﬁre of
air with height 1lies in the fact thﬁt the troposphere is
almost transparent to sun rays which, on psssing through it,
heat it very 1little, if at all. The bulk of the soclar energy is
absorbed by the earth’s surface. The heated earth surface is in

turn, a source of thermsl radistion which heats the

troposphere in . an upward direction. Convective ‘air‘ movements
also contribute to the heating of the troposphere-the ° air
adjacent to the ground rises in tempersture and moves upwards

to give way to s colder air which is in turn heated and moves
upwards and sc on. The non-uniform heasting of ground Aress
produces ascending and descending air currents which result

in +turbulences snd the mixing of air masses vertically, and
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this decides the'temperature conditions in the troposphere

(15].

There are a number of occasions when the standard
temperature lapse rate 1is modified in such a way that the
temperature increase with height. These are known as

temperature 1inversions which increase the stability of the
atmosphere and inhibit wvertical mixing. As a consequence air
pollution problems intensify; such inversions also modify radar-
ﬁnd radio communications in = -major way. Several situations may
cause témperature inversions, one of the most obvious being
radiation cooling. On a typical warm and cloudless day, the
ground cools rapidly after sunset, cooling the air in 1its
vicinity. The air higher up remains warm with consequent
positive temperature gradient. Yet another typical process is
advection, ﬁhich means the movement of a mass of air over
anofher mass of air. Hot dry-air from land, for example may blow

over cold wet ailr causing in temperature inversion ([16].

Although the . troposphere extends out +to a relatively lowi
height; it accounts for four fifths of the entire mass. The
average pressure at the earth’s surface is 1014 millibars (1

millibar=1/1000 th bar. 1 bar = 106 newtons per sqguare metre

20



= 1.019 kilograms per square centimetre, which is very close to
one atmosphere. 1 millimetre Hg = 1.332 millibars). At an
altitude of 5 kilometres, it 1is nearly halved, at 11
kilometres 1t 1is 225 millibars, while at an altitude of 17
kilometres (the upper boundary of the troposphere at the
equator), the atmospheric pressure is 3 mere 90 millibars

(15].

The ubiquitous water wvapour in the lower atmosphere plays
a very important role 1in mbdulating the thermal structure.
In the nost simple terms, the water vapour generated from
ocean surfaces, seas and other large bodies of water rises up
due to buoyancy and condenses due to cooling at some height
and releases the latent heat of evaporation and produces

local heating at different levels [18].

The troposphere over an ocean carries more moisture than
it does over = desert. The water-vapour content rapidly
decreases with height. At an altitude of 1.5 kilometres, the
water-vapor content is about one-half and at the upper
boundary of the troposphere it is a few thousandths of what it

is at the earth’s surface.

N
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The key characterstics of the troposphere are pressure
P(in millibars), sabsolute temperature T (in degrees Kelvin,
such that T = t° C+273), and sbsolute humidity H (also in
millibar). Sometimes, the water-vapour content of air is
expressed 1in terms of specific humidity § A(which.is the mass of
weter  vspour in grams per kilogram of air). or relative
humidity RH, expressed in percent. Absolute humidity H is

related to 5 and Ry as follows [15 1,

H = (Sg/kg Pnbar/B823 - 07377 Sg/kg) mb ! (2.3.1)
and e = (Ermbar Ry/100) mb _ (2.3.2)
where E. 1is the pressure, found . from charts, of water wvapour

which will saturate the air st s given tempersature.

2.4 VYariation of Pressure. Temperature and Partisl Pressure due

to water vapour

The troposphere is 'affected by the variastions'of pressure
(P), partisl pressure due té water wvapor (e) snd the absolute
temperature (T). These vsariations, However, can themselves -
display many forms, depending 1pon the .thermodynamic

conditions prevailing in the local asir mass.
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The particnlar atmospheric conditions with which we shall
deal sre those which characterize an air mass which has been
thoroughly mixed by convection, eddy turbulence and molecular
diffusion while tendiqg at all elevations fowards s state of
mechanical eqﬁillibrium iﬁdicative of a balance between
gravitational and buoysnt forces. This is the state toward which
we should expect an air mass to evolve 'when mixing is brought
about through convective forces resulting from sbsorption of hest
from the 'grdund by the air layers lying nearest to the ground.
An atmosphere 1in this stste is known as a well—mixed
atmosphere. The variation of P, e and T with elevation in " the
portion of a8 well-mixed atﬁbspﬁere . high enough above the
ground to be wunaffected by proximity of the ground is thé fact
thaet air 1s such a poor conductor of hest thﬁt we may redard
heat transfer between neighbouring parcels of  air 85
praétically nonexistent. We may thus regard a movement of air
parcel from one elevation to a slightly different eleQation as
an adiabatic process. From consideration of the . thermodynamics
of such a process, we shall now determine the desired

variations of P, e and ‘T with elevsation.
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2.4.1 Variation of Temperature With Elevation

Let a small parcel of air mass m be in mechsnical
equillibrium with neighbouring parcels in. 8 well-mixed
atmosphere, its elevation{above the gréund being lgreat enough
to prevent it from. exchanging - hesat with the ground at an
appreciable rate via radiation. Let its volume be v, its
total pressure sgainst its surrounding P and its

temperature T. To the extent that we can treat it as an ideal

gas, we can express its equation of state as [17],

’ s, ’ : . C
PV = (m/m_ ) = RT, v ‘ - (2.4.1)
in which R is the universal gas constant, with the same

numerical value 8.314 x 107 ergs/mole °k for sall gases, and
m?m; is g dimensionless ratio equal numerically +to the

effective moleculsr weight of the gas. If mn is expressed in

grams, for_example, the mé* is the gram moleculsr - weight.

Let us now suppose the gas parcel to be. displaced 'upward
thrﬁugh an infinitesimal distance 'dh, 8s might come about
through 8 raﬁdom convective. of turbulent process. The
pressure exerted on the gas parcel by the surrounding gases

in its new environment is less than that exerted by the
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gases 1in its original environment by an amount given by the

hydrostatic pressure relation

2

dp’ = - (m/v) g dh, ' o (2.4.2)

in which g is the acceleration due to gravity. This reduction
in pressure allows the gas parcel to expand, théreby allowing
thg pressure that it exerts agsinst the surrounding gases to
remain in balance with those exerted on it by thg surrounding

gases,

In expanding againsf the surrounding gases,  the gas
parcel expends an samount p'dv of energy in mechsanical work
against these gases, dv representing the change 1in volume of
the parcel. Since the expansion is essentially sadisbatic, this
energy must be supplied in its entirety from the internal
energy of the gas parcel, thereby resulting in a lowering of
its temperature. We can calculate the smount by which 1its
temperature ;is lowered from the first law of thermodynamics,

expressible : in general through the relation,

dd = m’C,dT + P'dv, (2.4.3)

. in which dQ is the amount of thermal energy absorbed by thefﬂ\
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gss psarcel from its surroundings in the course of an
‘expansion dv snd tempersfure increase dT. Cv’ denotes its
‘specific heat at constan£ volume. For -equation (2.4.3) to be
dimensionally correct with‘ P'in mechanical nnits, ﬁe must
also express both dd ﬁnd 03  in mechsnical units. That is if P’
and dv are in dynes/cm2 and cms, respectively, d must be

in erges and Cv in ergs/gm CK, sassuming n’ and dT to be in

grams and degrees kelvin, respectively.

Sinece we are concerned with an sdiabatic process, we set

d@=0, whereupon equation (2.4.3) yields
dT = - (pym Cyddv C(2.4.4)

To eliminate dv from equation (2.4.4) and introduce dh so
that we can find the functional relation between T and h
requires a certain amount of manipnlation among equation
(2.4.1), (2.4.2) snd (2.4.4) along with introduction of the
specific heat CE at cqnstant pressure. Details are given in
Apéendix ( A ); :The resulting :expression for T is simply

T =T, - (8/C)h, | | (2.4.5)

in which T0 is the temperature at the reference elevation froﬁ

which h is messured. Evidently, h=0 can be taken as ground.lével
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only if the mixing process is adiabatic 81l the way

ground level., Since radistive transfer

air and the ground is ususlly present near ground level, it is

seldom safe to fix h=¢ 8t ground

of hest

clevel [171].

2.4.2 Y¥Yariation of Pressure with Elevation -

Va
To obtain an expression for P as a function of h,

down to

between the

we can

substitute equation (2.4.5) in equation (2.4.1) and solving the

latter for v, substitute this expression ‘in equation

and then

straight forward and vields [171,

/

P’z P, {(1- g/C Ty) h)

in which P0 represents the

pressure

my Co/R

integrating eguation (2.4.2). The

elevation h=0.

(2.4.2)

integration 1is

(2.4.6)

2.4.3 VYariation of Partial Pressure Due to Water Vapour

1 + 1 -‘

In this case it will be

uséful to regard the air

—
r‘ﬂ?‘i‘

[

parcel

as containing a mass m of dry air with specific heat Cp and

effective molecular weight

water vapor with specific
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mw/mow. In terms of m/m_. and mw/m Wwe may express the

o ow’

equations of state of the dry air and of ﬁhe water vapor in the

air parcel as [17],

pV = (n/m) ‘RT - (2.4.7) %Eﬁ-

~and eV = (my/m,,)RT o (2.4.8)

respectively. It is also useful to introduce specific humidity

-8, defined as

S = my/(m + my) . - ' (2.4.9)

p
we can then calculate Cp, and m, interm of § from

Cp= (1 - 8)Cp+ 8 Cpy (2.4.10)
and my = 1/{(1-8)/my + (5/mg,)) (2.4.11)

derivation of which are given 1in Appendix' (B ).

Finally, dividing Equation (2.4.8) by equation (2.4.1),

'

substituting for my,

from equation (2.4.11),- replacing m’ by (m

+ my, ), and intfoducing S through eqguation (2.4.9) vyields

S} (2.4.12)

e = m, PIS/{mow'(l - §) + m,
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In evalusating e from equation (2.4.12) for sany given
elevation, we must substitute for P, from equatidn' (2.4.68)
and for S from equation (2.4.9). In wusing equation (2.4.6);

we must evaluste Cé throqgh usé of Equation (2.4.10).

In our next chapter we discuss the propagation properties of

radio waves,
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CHAPTER 3

PROPAGATIOH AND CLASSIFICATION OF RADIO WAVES AND

THEIR ATTENUATION DUE TO DIFFERENT FACTORS

3.1 Introduction

This chapter deals with the propagation of radio waves

and their classification. Depending on the mechanism of
propagation, the radio waves are classified as ground wave
space wave and sky wave. Different characterstics of these:

waves are discussed in details. Terrain effects on microwave

radio system which cause propagation loss (blockage of
microwave beam by hills, trees etc., beam reflection from
water or smeooth surface) are slso discussed in this
chapter.

The random fluctuation of radio signsl cﬁlled fading,

types of fading and the csuses of fading and =also the ways

by adopting which the fluctuation 1level of the signal

can be reduced is described in this chapter. The radio waves
while passing through +the  atmosphere =&are sattenusted by the

different constituents of the satmosphere. In the 1last portion

of this chapter, &attenustion of radio waves by Oxygen,

30
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Nitrogen, Hydrogen, Argon, water vapour and also by rainsg and

fogs are discussed briefly. ) | . '

3.2 p P F W { Their C1 i Ficati

The propagation of electromagnetic waves arcund the earth
is influenced by the properties of the earth and its
stmosphere, The atmosphere_ over the earth is a dynamic

medium; its properties .change with ;he variation of pressure,
temperature anq humidity as discussed earlier. When;:a ‘radio
wave is radisted from a transmitting santennsa it spreads
out in all directions, deéreasing in. amplitude with increasing
distance because of the spreading of the electromagnetic
energy through larger and larger snrface areass. The portion
of the energy arriving at a8 distant receiving antenna may
have travelled over any of the several possible propagation

paths designated by the terms' ground waves, sky waves and

_space or tropospheric waves.

At frequencies below sbout 30 megs hertz, where vertical
antennas erected are close to the surface of the esarth, the
transmission from transmitter Tl to R1 may be by mesns of =

ground wave or surface wave which is guided along the surface
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. Fig.3.2.1: Possible propagation paths from transmitter

to receiver.
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of +the earth (fig 3.2.1) [19]. Some portion of it (épecially
frequencies from 2 to 30 megahertz) may also.propagate by mesans
of a sky wave or space wave which is radiated up 1into space.
This is reflected back to the earth i1.e to the receiving antenna
from a layer of ions and electrons called the ionosphere. This

layer is about 80 km sbove the earth’s surface.

At higher frequencies,(VHF,UHF énd above) when elevated
antennas are used (indicated by T, and Ry as in fig (3.2.1)) the
space WwWave represents energy that travels from the trsnsmitting
to the receiving antenna in the earth’s troposphere or travels
straight into the deep space depending on the launching angle.
The Spac¢ wave commonly lconsists of at least two cohponents;

One of these is a ray 'that travels directly from - the

‘transmitter to the receiver, while the other is & ray that

reaches the receiver as a résult, of reflection from the surface
of the earth. Space-wave energy may also reach the receiver as a
result of reflection or refraction produced by variations in the

electrical characteristics of the troposphere and by diffraction

"around the curvature of thelearth, hills etc.

Which of the'several‘possible paths are operative in sany

particular instance depends upon the frequency, the sSeparation
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between transmitter and receiver, and the conditions of the
ionosphere =and troposphere. While there are cases where several
of these paths are operative simultaneousliy, it will wususally
be found that prbpagation is restricted  to only one or two
paths or at any rate, that the signal received over a
particular path is very much stronger than those received over

other paths [19].

We shall now discuss in details the various aspechts of

ground wave, sky wave and space wave here.

3.2.1 Ground Wave

A radio wave propagated close to the earth’'s surface and
partly following the curvature of the Z2lobe «dune to diffraction
is called a ground or surface wave {15].The surface wave -is
guided aiong and sround the surface of the earth somewhat as &
wave 1is guided along s transmission line. In this guiding process
voltages and currepts are induced in the ground, and energy 1is
abstracted from the wave. If the ground were a perfect conductor,
these ground currents could flow without any losses and the wave
could not be affected. However, the ground does have resistance,

or a finite conductivity, so the energy is required to make
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these ground currents flow and this energy is sbsorbed from the
wave, The-resuit is that tﬂe ground wave is thus attenuated or
decréased in sﬁrength. fThe amount by whiéh the wave 18
aftenuated due fo an imperfeptly conducting ground is important
in determining how far the wave will travel before the signal

becomes too wesk to be of any use.

The =attenuation caused by the ground depends both upon the
conductivity (or resistivity) ‘of the ground snd upon the
fregquency beipg. used. A hiéh—frequency wave is attennated much”
more than 8 low-frequency WQQe_oﬁer the same ground. Becanse’
the gronnd wave isg attenuéted so much at the .higher
frequenciés its chief usefulness lies in the long-wave (or lower
frequencies) and broadcast bands. Daytime reception of brosdcast

stations is entirely by means of the Eround wave.

The ground wave is slways vertically polarized -because any
horizontal component of electric field would be shorted out
by the ground. For this reason vertical antennas must be USed.for

ground-wave transmission.

35



—

3.2.2 Sky Wave

The ioﬁosphere consiéts'of several ionizéd layers. These
layers eﬁist at high altitudes, in the upper parts of the
earth’'s atmosphere, extending .out from 80 to 600 kiiometres.
Radio waves that strike these Ilsayers have their paths changed
while passing through the layers. Sometimes the waves penetrate
all the layers and are lost, but more often the waves are

bent in their paths so much that they return +to the esrth at

distant points. Hifh respect to radio wﬁveé, tHe layvers ack
8s imperfectly conducting _suffaces which reflect radio
wafes. The wave rediated in the difections above the
horizon will travel throngh space until it reaches the

ionized 1lsyers i.e.the ionosphere, then the path of the wave

will be bent earthward. This reflection from the ionosphere,
however happens only fq waveé ‘longer than 10 métres. In
.otherwords; the ionosphere is -qpaque'to waves longer than
about 10 metres and they cannot ordinarily leave the

atmosphere. To the shorter whves, including those in the radio-

optical band, the ionosphere is a transparent medium.

After =8 single reflection from the ionosphere, radio

waves | usually can- cover distances not exceeding 4000
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kilometres. However, the waves reflected from ‘the lonosphere

_can bouncé' off the impeffectly conducting surface of the

earth to be agaiﬁ reflected from the ionosphere. Owing to
these multiple reflections from the ionosphere - snd esrth,
radio waves can reach localities at any distance from the

transmitter and even girdle the earth more than once.

Apart from reflection, the ionosphere - can cause the
scattering of radio waves owing to minute inhomogeneities in

the layers. Furfher more, meteors impinging on the terrestrial

étmosphere produce meteor +trails which can also cause
scéttering '.of radio waves. lonospheriec and meteor-trail
scattering occur only to waves shorter +thasn 10 metres, thst
is, the waves which can not be reflected from the
iqnosphere in s, rggular fashion. On wave-lengths longer than

10 metres, the effgct of ionospheric and meteor-trail scattering

is masked by the fegular reflection from the ionosphere which

produces stronger fields at the point of reception [15].
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3.2.3 SD.B.QG_-..QI_TLQP_QSEIMJ.Q__H_M "

At radio frequencies sbove ab0ﬁ£ 30 MHz, the ionhsbhere is
not able to refract or reflect energy to earth, ﬁhile- the
ground wave attenuates to negligible amplitude in 3.
relatively few hundred feet. Useful propsgartion c¢an , however,

be achieved at these frequencies by means of the =pace wave

travelling  between eleﬁated transmitting  and receiving
antennas. a {
-
The atmosphére through which the space waﬁe. travels is
able to influence the propagation to a significant degree. This

arises from the fact that the presence of gas nolecules,
partienlarly of water vapor (which hsas ;1 high dielectric
constant), causes +the air of the +troposphere to have a

dielectric constant slightly greater ﬁhan unity {20].

The troposphere is an iﬁhomogeneous medium with time-varying
properties due to the weather conditions. Ifs'refractive index
gradually decreases with ‘height. Gradual variations in  the
refractive index resutls in a bending of paths taken by radio
waves. The curvature of bending depends on the type of
variations of the refractive indexi Changes lin temperature

and moisture content result in changesA_in the gradient nf
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the * index of refrasction. Conditions  may result in = an
incresse in index with height and a hending of rays aAwBYy

from the earth.

Sometimes meteorological conditions .can produce aress
having a steeper decrease of refractive index with height
in the lower troposphere such that the rays are bent toward the
earth morel strongly. This lcohdition srises when s body of ‘warm
air is over water, resulting in a high densit§ of water vaspour
over the surface. Under su@h conditioné the atmosphere forms a
duct or waveguide, that guideé the waves over the éurface.
Abnormally 1large ranges beyond the line of sight are then
obtained. The effect is significant 1in microwave fegion (In

previous chapter, the variations of RRI were discussed).

Diffefent types of bending of radio waves  due to the

variation of RRI will be discussed later elabdrately.

The troﬁosphere affects waves shorter than 10 metres, i.e,
only metrie, decimetric and centimetric' waves (popularly

known ss microwave) will be propsgated by the troposphere mode.
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3.3 Terrain Effects on Microwave Frequencies

Under normal stmospheric conditions, terrsin has two

effects on the propagstion loss of & microwave:

i) Trees, buildings, hills or the earth can bloek B
portion of the microwave besm to cause an obstruction

loss (in addtition to the free space attenuation).

i1) A very smooth section of terrain or water can
reflect a second signal Lo the receiving santenna.
The reflected signal may arrive out of phase with
lthe direct =~ signsl, resulting in additional

sttenuation from =ignel cancellation (interference).

3.3.1 MM&M&QJ&M&M&

The phenomens produced by ground interception of part of
t he direct radigtion, ~can be anslysed by applying the
notions ihtroduced by Fresﬁel in optics. Let 8 broad ridge be
situated =at distances dy and dg from the transmitter * T and
the receiver R, respectively at a height h below or above
the optical iine of sight as shown in figs.(S.S.l.la)  and

(3.3.1.1b) [21].
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Regions of  space corresponding to increased psath lengths
of N2, 2Af2., 3AF2 etc. with respect to TR = dy + dp = d,
are ellipsoids with foeci T and R. The uth Fresnel surface is
that for which the sum of distances between the transmitter
and receiver snd s point on the surface of the ellipsoid ot
revolntion (dotted line in fig. 3.3.1.1a) exceeds by 8 1i.e.

w{ 72 the distance between the transmitter and the receiver.

1,=(dy2+h® % =dy {1+ (h/dy 32 3%

= dy{ [ 1+ 1/2 (h/dp?) for h/dp < <L (3.3.1.2)
Similarly,

1, =d, [ 1+ 1/2 (h/dg)] | (3.3.1.3)

Hence, & = h/2 [1/dy + 1/dg] = A/2 (3.3.1.4)

It is customsry to express this resnlt in terms of Fresnel
zones. The necessary clearance for the first Fresnel-ilone 15

therefore given by

hy =0 2(1/dy + 1/dgy1* : (3.3.1.5)
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and generally the - clearances_ for the pth Fresnel.';one. are

given by
hu = fu A/(l/dy + 1/dy)] 1/2 . (3.3.1.6)

It is seen from analysis that when the ridge top is on the

‘line ‘of sight, there is a loss of 6 dB. As the ridge goes sabove

the line of sight, the loss increases rapidly; but ss the ridge
goes below tﬁe line of sight, the loss drops rapidly to =zero
and oscillafes about ‘£- l:dB.-Thé received Wave : hﬁs )
maénitude nearly equal to the free space value if the ridge is
below the line of sight by an smount such as 8/x> 0.5. Thus the

main feature is to put the transmitter and receiver at such

‘heights that there is =at least clearance for the first Fresnel

zZone.,

3.3.2 Ground Reflections

Reflections from the earth can canse very important effects
upon the received wave. The simplest case 1is the reflection
from s plane earth ﬁs shown in fig.(3.3.2.1). The resultant
wave a8t the receiver R consists of:the direct ray TR and the

treflected ray OR. Reflection causes attenuation and phase shift
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along the indirect ray, which may be accounted for by the
reflection co-efficient expressing the ratio of the reflected

oscillation to . the 1incident oscillation [21].

Z= P edp
where P” is the modulus of the reflection co-efficient
and 8 is the phase of the reflection. The path difference

between the reflected and the direct ray is given by
& = (TO + QR - TR

In practice, hl and h2 are small compared to d so thst
5 = d{[1+ 1/2 ((hy + hy)/d)?1- [1 + 1/2((hy-hy)/d)?1)

= 2hyhy/d | o | (3.3.2.1)

Thus the receiver recieves, 1in addition to the direct
wave, a reflected wave of the relstive amplitude F“ snd of
relative phase shift a which is the result of the delay dune to
the path difference & , Etogether with the psahse shift B due

to reflection. The total phase shift is thus
=B - 2n 8/x = B - drh;hy/ 2 d Co (3.3.2.2)

B ié' normally negative . and much less than '180°..- The

negative sign fdr the reflection co-efficient sccounts for the
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fact that s wave undergoes g 180° phase reversasl when

reflected.

It is well known [21] +that multipath transmission canses

amplitude and phase distortion in FM waves. The amplitude of

the resultant wave at the receiver input will vary, as either

hy or hp is varied, between 1-P and 1+P’.

If P’ is | near . unity, there may {be almost complete
cancellation of the direct wave by the reflected wave. By using
diversity reception on two antennas stepped in height, it is
rossible to obtain a suitable reception 1level on one of the

two antennas.

3.4 Fading

Radio fading refers to random fluctuation of radio signal
level. It is a fundamental problem in considering relisbility

of relevant radiopaths.

Radio signals on line of sight paths are stable under

normal refraction conditions. When sub-refraction ocenrs and

grows, direct ray gradually closes in upon the earth and

even be obstructed by it, giving rise to so-called diffraction
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fading. On the 'cbntrary, when super—refrﬁcfion‘ occurs’ and
grows, the direct rsy path will be fsr from the earth, the
effects of ground  reflection could emerge and as result of
interference between the two psaths, the received signsl could
change with .varyingi relative phésel shift between the paths,
forming ground reflection fading. Both difffaction fading
and ground reflection fading are caused by k-factor, and - is

known as k-type fading.

It 1is worth noting thsat refrsction froh layers = could
affect radio paths in the aspect of fading. A refracting
layer with a constant refractivity gradient abofe a radio
path could cause upto four multipaths between terminals,
depending on the héight, thickness and lapse of’ réfractivity
across the layer and the difference between the two antenns
heights. 1If the antennas are st the same height, the
multipath number is reduced to one or two. The layer-caused
fading 1is often called multipath fading. When k-type fsding is
limited to be negligible, multipsath fading could become s msin

threat [181].

So various types of disturbances to propagation may be

encountered. Almost invariably, these include 8 loss in
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received signal strength., Seversl " meehaniéms capable of

causing fading =are:

i) Decreased Fresnel-Zone <clesrsnce of the line of-sight
propagation psth over the terrain =as 8 resnlt of

reduced effective earth radins.

ii)y - interference 'beﬁﬁeen waves reaching the réceiving
antenna via two or more different paths, o
and
iii)- Deflection of radiation from the line of sight path
by a8 duct associated with =a région of témperature
inversion f177. Thrbulepde in thé troposphere causes
additional radiowave components whi@h under normal
conditions aré not strong enough to eliminafe the
direct ray component and hence, caﬁ only cause slight
fluctuation of radio level, i.e. scintillation, when
the direct rsy component is weakened to 8 certsain
extent, however, the turbulent components c¢can also

reinforce- radio . fading to be deep [16].

v

There is no commonly: accepted nomenclature .in use for
distinguishing between different types of fadiné phenomena.‘

Most .anthors use names based on the way in which the fading
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varies with +time. By far the most widespread usage is one
which classifies 3ll fading as fast fading and slow

fading, which are elaborately discussed below.

3.4.1 Slow Fsding

When the effective earth radius factor k is temporarily

smaller than = its standard value of 4/3 because of the

" presence of an unusually small vertical refractivity of gradient

along the propagation path, the wmicrowave path Jjoining the

"antennas possesses less curvature than normal. The normal

curvature c¢auses the path to be an arc of a circle convex

upward; reducing the ourvature of this arc allows its
clearance over the underlying terrain to become less than
normal. The Fresnel-zone clearnce of the path is thus

decreased. In an extreme case, the path may actually be
intercepted by the ground. The transmitting antenna becomes
no longer "visible" to the receiving antenna, and the received

signal may become too small to use.

This type of fading, developes slowly, and it subsides
slowly, for Zross <changes in the refractivity gradient can not

take place rapidly since they involve large—-scale
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modifications in the thermodynamic state of the atmosphere.
Becsuse of its slow time variation; it is called slow fading.
It typically developes .on = microwave psath which passes
relatively close +to the ground in & region whére the ground 1is
intensely heated byathe sun- 0 thét a regién is formed in
which rthe. Lemperature of the air decreases unusually rapidly
with elevation. The propsgation velocity of microwaves in this
region thus decreases more rapidly with.elevation that it does
in 3 well-mixed stmosphere in nentral mechanical equillibrium,
thereby 1leading to 3 change 1in path curvature of the type

described above,

" Slow fading islmost effectivg1y avoided by 1ﬁcatinga the
antennas so as to péovide more Fresnel-zone clesrance than is
needed for free space trénsmission under normal atmospheric
conditions. Adverse refractive conditions then need not reduce
the clearance to the point at which fading begins to Dbecone

appreciable [17].
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'3.4.2 Fast Fading

.Hhen. the atmospheré is turbulent snd not well-mixed, the
received signal is not & single rsy but a number of separate and
distinct rays, esch arriving via s slightly different path. Each
of these paths 1is continuslly changing 1its shape by smsll
amounts, but such chasnges csn correspond to many wavelengths =at
microwave frequencies. The result .is that the rays combine with
conétantly_changing phases; thereﬁy”leading th;ough égnstructive_
interference to large resulﬁant aﬁﬁlitudes st some instants and
through destructive interference to very small ones at others.
The fluctuations in the smplitude of the resultant occur at

random and are generally guite rapid.

At sny given wavelength, the most effective way to minimize
the effects due to this type of fading is to keep the effective
radisted power at the transmitting sntenna high enoughl and the
length 6f the transmission path to the receiving antenna short
enough to permit the received signal to ‘remsin of usable
magnitude in the presence of the most severe fade likely to
oceur and, in addition, te employ one or more of the methods of

diversity operation,
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A sceond type of fast fading 1is .anSed by multipath
interferencé} between_linejof-sight ray and & ray reflected from
the ground. This fast .fadiné takes rplace 0n1y|lwhen the
difference betweeh the lengths of these paths 1is changing, which
csn happen only in the presence of the mechanism responsible for
slow Fading. Thus, this type of fast fading always appears
superimposed upon a hackground of slow fading which, however,
nmay itself be of such slight magqitude s to .escape detection.
More . fregquently, fast and slow' fading are both ofjgsignificant
magnitude at the same time. Horeover, it often happens, ' that
fast fading increases 1in sevefity when a slow fade is deepening

sand vice versa. There are two reasons for this:

1) As the direct ray is deflected closer to the ground
during & deepening slow fade, it enters a region 1in
which the air is likely to be both inhomogeneous and
turbulent and tﬁerefore suffers increased multipath
fading;'

and

2y as 1its smplitude decreases due to loss of Fresnel-zone
clearance, the amplitude of the reflected wsve incresses
as its.incidence becomes more glancing, thereby causing

the direct and reflected waves to become more nesrly
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comparable in magnitude, so that their destructive
~interfence leads more neﬁrly to complete extinction

r173.
3.5 Attenuation of Microwave by Atmosphere

Tﬁe concept of free space transmission assumes that the
atmosphere is perfectly uniform and nonsbsorbing snd that the
earth is either infinitely fsr swsy or that its reflection co-
efficient is negligble. In a practical line-of-sight rmicrpanB
communication system, the réceiqbd signal will be near the free
space vﬁlue. When the ﬁavé is prapagated in the satmosphere and
near the ground, lthe‘ free space transmission équivalent is
modified dﬁe o various causes such as atmoéphefic refraction,
reflection etc. It is observed that the received signal level
flnetuates with time and sometimes undergoes fade-onts. This
condition of course, depeﬁds on the carrier frequgncy snd certain
meteorological conditions, both seasonal and local. These
phenoména rconstitute fading, the intensity of which ﬁgeﬁerallﬁ
increases with the carrier frequency and with the length of pﬁth,

which 1is discussed elsborately in the previous section.
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Atmospheric absorption msy also cause sttenuation, especially 1in

the case of very short wavelengths {21].

Each constituent of the atmosphere is capable of
interfering, either by sbsorption or scat;ering, with the

propagation of microwaves.

At sea level in the absence of moisture,. the atmosphere has
the composition of Nitrogen, Oxygen, Argon, Carbondioxide, Neon,
Helium, Methsne, Krypton, Nitrous Oxide, Xenon and Hydrogen ([17].
Nitrecgen, .Oxygen snd Argon are by far its most important
constituents. These ¢gases are primarily regponsiblé for any
microwave absorpticon that can occur ih the dry satmosphere, st
léast to the extent +that their molecules possess mechanisms for
absorbing microwave. Water . vapour 1is salso .an important
constituent of the atmosphere. We shall discuss the attenustion

Lo microwave propagation due to these atmospheric constituents.

3.5.1 HNitrogen

Although comprising close to 80 percent of +the entire

atmosphere, nitrogen plays .-neo part at all in sbsorption of

microwsves, for +the nitrogen molecule possesses no permanent

dipole moment, either electric or magnetic.
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3.5.2 Oxygen

Since oxygen possesses no permanent electric mement, Oxygen
is incapsable of responding in any way to the electric component
of 8 microwave field. On the other hsnd, it possesses s small
magnetic moment which enables it to display a group of weak
absorption lines between 54 GHz and 120 GHz. They consist of a
group’ of 11nes 1y1ng befween 54 and 86 GHz -together with one
iSOIated line st 120 GHz. Due to collisiens between oxygen
molecules, the lines clustered around 60 GHé sre quite brosd,
their "wings" extending to low enough frequencies to cause
significant sbsorption in the frequency range from 2 to 13 GHz .
Oxygen sabsorption in thig range incresses slowly with frequency

due to presence of these wings.

In addition to the resonant sbsorptlon, oxygen also dlsplays
e non-resonant absorptlon exfendlng contlnuously throughout the
entire spectrum. In the frequency range from 2 to 13 @GHz, this
absorption 1is practically independent of frequency. Although it
accounts for mere than 80 percent of the total absorption due to
OXYgen in this range, the small increase in absorption that' may
be observed with incrasing frequency is due almost entirely to

the resonant component .
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A plot of the absorption characterstic for oxygen between 2
sand 13 GHz appears in Fig.(3.5.1), which is adapted from a curve

computed from quantum-mechanical theory.

3.5.3 Argon

Since argon possesses no detectable sbsorption st 9.4 GHz.
we "can reasonably surmisé that. it would exhibit negligible
absorption at any other frequenecy in the 2 to 13 GHz range, since
lines with  frequencies in or nesr this range should be
sufficiently wide due to collision - broadening that their wings

would be at least detectsble at 9.4 GHz.

3.5.4 Trace Gases

With atmospheric sbundance less than 0.1 percent, gases such
as carbondioxide, Heon, Helium, Methane Krypton, Xenon, Hydrogen
and Nitrousoxide can not produce appreciable absorption since the

absorption capability of any gas is proportional to its density.
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3.5.5 Hoisture

In both géseous and drdplef form, moisture possesses
significant sabsorption capabiljty throughout the 2 to 13 GH=z
band. The mechanisms and the characterstics of the absorption
they produce  sre sufficiently digsimilar that we .must discuss

water vapour and water droplets separately.

a) Hater Vapour

Water vapour is a moleculsr gss and absorbs microwaves in

the same manner sas does oxygen,that is through transitions

between different moleculsr energy stﬁte. Since, unlike oxygen,
it"s molecule possesses 8 permanent electric dipole moment; it
is more responsive to excitation by an electromagnetic field than
is oxygen. Thus, it sbsorbs relatively heavily in the atmosphere
even at quite low concentrations. Its sbsorption in the microwave
range is due to transitiqns with resonant frequencies at and

above 22 GH=z.

i

A plot of the absorption predicted by theory 1in the
frequency reasnge from 2 rto 13 GHz due to water vapour in an

‘

atmosphere in which water molecules comprise one percent of 211
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gas molecnles present'is shown in fig.(3.5.1). Althongh the cnrve
shounld be drawn concﬁve upward to conform rigorously to thedry,
the indicated attenustion at 10 GHz being lowered from  Q.040
dB/mi to more nesrly 0.037 dB/mi, the error dne to plotting it.as
a straight 1line 1is negligible compared to that which must
evidently be assigned to the theory itself changing the
concentration changes the widths of the absorption lines in =

manner rnot ecslculsble from theor& and not deducible from the

. 8vailable experimentsl dats.

b) ¥ater Droplet

Water droplets cause sttenuation of microwsve fields through
both absorption and scsttering. Since water droplets sre small
compared to the radiation wavelength when the latter is in the 2
to 13 GHz band of frequencies,‘the Rayleigh fourth power law df
scattering is'applicable [17]. In accordance with this law, the
power density in the scstterd radiation field wvaries, for
scattering particles of given size, as the fourth powef of the
frequency. Thus, the attenuation in decibels at 13 GHz due to
scattering is more than 1700 times the corresponding sattenusation
at 2 GHz, all other conditions remaining the ssme. On the other

hand, the attenuation in decibels due to sbsorption within 'water
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droplets has bheen found to vary linesarly with}‘the .square of
frequency. The sctusl vsristion with'frequency'th%refore debends
upon how the attenustion is devided between that caused by
scattering snd that csused by sabsorption. We may distinguish two
separate cases, depending upon whether sbsorption is or is not
the dominant process., One case concerns clouds and fogs; the

other concerns r=ains.

‘C)C_lsiuds_.a.nd_j'_oga

For the very small droplets which comprise clouds and fogs,
absorption is dominsnt. Under this condition, the attenuation 1is
independent of droplet size as long as the total mass of water
droplets in a given volume of the stmosphere is fixed. With the
attenuation in decibels then varying linesrly with the square of
frequecny as well as with the mass of water droplets .per unit
voluome, we must expect logwlog. plots. of attenuation _ in
decibels/mile against frequency in clouds snd fogs of various
densities to vield straight lines with slopes of 2.

Fig.(3.5.2).
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d) . . . .’I

Even in 1light drizzles, the droplets are large enough so
that the contribufion due to sesttering is no longer negligible,
and a different form of attenuation characterstic results.
Séveral attenustion curves obtained theoretically snd practically

are shown in fig.(3.3.3) by solid and dotted lines respectively.
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CHAPTER 4

ATHOSPHERIC REFRACTIVITY AHD ITS EFFECT ON
TROPOSPHERIC RADIO WAVE PROPAGATION

4.1 Introduction

A brief discussion of the' radio refractive index (RRI) is
given at the begining of this chapter an@-an'equation for rsdio
refractive index is developgd in terms of three parsmeters i.e.
atmospheric pressure . (p), temperature (T) and water vapour
pressure(e). The way in which the refraction of s radio ray takes
place due to the variation of refractivity is shown in this
chapter and the concept of effective earth radius factor(k) is
int?oduced in this chspter. Different ‘types of radio ray
refraction takes place due to non-uniform radio refrasctive index
Qariatidh withlheight for the ?afious-meteorological conditions
in the atmosphere. Some special type of low loss propsgation of
radio ray over long distances called ducting is discussed here.
Radio ray bending occurs while transmitted wave reaches +the
receiving station. A mathemsticsl tresatment is presented here
calculating the amount of bending of radio ray in- terﬁs of

refractivity of the atmosphere, the refractivity gradient snd the
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angle a8t which it is radiated (lsunched) from the transmitting
antenna,
4.2 Radio Refractive Index(RRI) in the Tropesphere
Propsgstion .of radio ‘waves in VHF, UHF and SHF (microwave)
bands are effected by meteorological conditions in the
troposphere. The refrsctive index which affects the microwave
communication in the +troposphere depends wupon the pressure,
temberature and water vapour pressure in the stmosphere. For all
practical purposes, the atmosphere msy be considered to consist
of dry sir  and water vapour from i;efractive index
considersations. Holecules of'dry air do not have a8 significant
permanent dipole moment, that 1is the displacement between the
effective positive and negative charges in the molecule is
essentislly =zero. However, under the influence of an externsl
electromagnetic field {(due to s passing: radiowave) s small
: i
dipole moment is induced. The net effect of 21l such induced
dipoles in the sphere of influence of radio waves is to incresse
the dielectric permittivity'of the medivm and hence the radio
refractive index {5]. Since thé density of 9 gas 1is directly
proportionsl to- its psrtial pressure and 1inversely to its

temperature, the radio refractive index contribntion of any gas
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is proportional to its partial pressure divided‘ by its
temperature. Water vapour in the étﬁosphere profoundly influences
the tropdspheric radio refractive index. The water molecule
possesses a8 permanent dipole moment and these permanent dipoles
normaily are randomly distributed. However, in response to the
magnetic field associated witb 8 passing radiowave, the bermanent
' dip01es (water vapour moleéules) partiéily slign with such
magnetic field &s8dding to the polarizaﬁion of the medium. This
effect iz obviously prOportibnal to the number density of water
molecules. But with incressing tempersture, the random thermal
motions make it difficult to discipline the dipoles to fall in
line with the imposed maénetic field, thus the polarization 1is
inversely proportionsl to tempersture. A clesr description of the
dry and wet-parté of thefrefractivity with the help of radio

refractive index expression is given in the next section.

4.3 Radio Refractive Index Eaquation

In wave propagsation the rsdio refractive index plays a vitsal
rble. The bending of porpsgating wave, fading factors, scatter
angle, scatter volume all these factors are effected by the

change of refractive. index:. In designing a communication systenm
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the study and calculstion of radioc refractive index 1s thus of

prime importance.

.

The refractive index n of the troposphere at the surface of
the earth 1is only 0.000325 percent greater than unity [15]; it.is
more convenient to refer to variations in the refractive index 1in
N units

N = (n-1) x 108 : (4.3.1)

where N is the excess index of refrsction. It is the excess
over .unity of the refractive index, expressed 1in millionths.
Thus , at the surface, where n=1.000325, there is a value of 325

N units.

The excess refractive index is known as Radio Refractive

Index or Refractivitity.

From the view-point of the refractive index, the troposphere
may be trested as a mixture of dry sair and water vapour. The
refractive index of the mixture can therefore be found from the
known water-vapour conktent in the atmosphere,the partial pressure
Pd of dry air, and the partial pressure ¢ 6f water vapour,
knowing that the refractivity of a mixture is the sum of the

refractivities of the parts.

87



From physies it is known that the réfractive index of a gas
f15] is

n=1+P(A+B/T) (4.3.2)

where P is the gas density in kilograms per cubic meter, A
is the constant (expreséed in cubic metres per kilogram}
depéndent on the polarization;of the gss5 molecules in an external
field, s&and B 1is the constantf(expressed in cubic metres X
degrees per kilogram) decided by the permsnent molecular dipole

moment.

Since, by Clapeyrons’'s law, the density of a gas is directly
proportional to its partial pressure and inversely proportional

to its temperature in degrees absolute,
equation (4.3.2) may be re-written
as N = (Cp part/T)(A+B/T) (4.3.3)

where € is the proportionality fsasctor, expressed 1in kilograms-

degrees per cubic metres-millibars.

The gases making up dry air do not possess a 'permanent‘
dipole moment. In contrast, the molecunles of water vapouf have =&
10“30

permanent dipole moment, m"=6.13 x coulombs-metre. The

68



total refrsctivity is the sum of the refractivities of the parts,
and thus the excess refractive index for moist sir may be wriktten

853
N = (C/T) By Py +(Co/TH(A, + By/T) (4.3.4)

where Ad is the respective constant for dry air, while A, and

Bw are the constants for water vapour.

From experiments it is known that for dry =ir the product
CAy 1s 77.8 degdrees per millibar. This seems to be true slso of
the product CA,, for water vapour. The ratio B /A, has been
measured fairly accurately and is assumed Lo be 4810,

Substituting the numerical values of CAd and Bw/Aw in equation

{d4.3.4) gives {15],

-
1]

(CA4/TY(Py + & + B_e/A,T)

it

7.8/ Tqeg (Ppp + 4810 epp/Tyey) (4.3.5)

where P is the total atmospheric pressure in millibars, T is
the sbsolute temperature in degrees kelvin (such that T=t%c+273)
and e is the (absolute humidity) partial pressure of water

vapour. Sometimes, the water-vapour content of air is expressed
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in terms of specific humidity S (which is the mass of water
vapour in grams per kilogram of =air) or relative humidity Ry

expressed 1n percent.
Absolute humidity H is related to S and Ry as follows

H = (Sg kg Pmbar)/(623-0.377 §) - (4.3.6)

and H =(E. ppap Ry/100) mb | o (4.3.7)

where Er is the pressure found frem charts of water vsapour

which will saturate the air at a given Lemperature.

It is obvious from the equation (4.3.4) that the water
vapour plays = ddmiﬁant‘rolé inléroposphéric refractifﬁty.' It
should be ﬁoted howévér that with increasing,temperatures the wet
part of refractivity steeply increases becsuse for a given
relati;e humidity, the wafer vapour pressure incrases rapidly
with 1incresasing temperature. The portion by volume of water
vapour at ground level varies from near zero levels at the poles
to more than 8% in the tropics. It is'also interesting to note
that the mass of waﬁer vapoﬁr in tropics ma& exceed 30 grams per
cubic meter whiié even‘dufing torfedtial rgins the atmosphere has

less than 10 grsms cof liquid water per cubic meter.
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The watéer vapour distfibution especially in tropics, assumes
great significance because of its role in modifying turbulence-
related refractivity fluctuations, in causing atfenuatiqﬁ at
frequencies above i5 GHz and in producing large refractivity
gradients leading to sanomslous propagation conditionsl [161].

Different types of snomalous propagation will be discussed later.

4.4 WJMW
Troposphere ' N
In the troposphere, becsuse of the inhomogeneity of

refractive index, radio phase velocity vasries with position and
different portions of a wave front pass through paths of

different length during s period, forming & new and tilted wave

front i.e. the radio propagation direction chenges. This phenomena

is known ss atmospheric refraction [18].

Inhomogeneities in the troposphere have a dffect bearing on
thg  atm0sphericIrefracti5n. Athospheric refraétion consiskts in
that ﬁ ray of light (and, similarly radib ray) encounters
variations in the atmospheric refractive 1index along its

!

trajectory that cause the ray path to become curved.
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We derive an expression for the radius of curvature of
the ray path in the troposphere. For simplicity, we neglect thel
effect of the curvature of the earth’s surface and sassume that
the troposphere consists . of strata, or planes, esach with s
constant value of N and parallel to the flat earth. We consider
two such planés (Fig.4.4.1) sﬁaced st a distance dh spart. The
refractive index bf_the iower ﬁlane or surfsce is n and that of

the upper surface, n+dn.

A ray, incident upon the lower surface at an angle ¢ and
refracted along the distance dh, will fall upon the upper surface
at an angle g+dg. Since at point b the element of the ray path is
turned through the angle dg relative to the element of fhel ray
path at point &, the same anglé is obiained between the normals
to these pafh elements, that is, the angle at the centre 0 of

the curavature.
The sought radius of curavature R is given [15] by

R = (ﬁbfdﬁ) m : . , (4.4.l)
From the triangle abq we gét" |

-ab = dh/cos (g+dg) = Qh/cosﬁ n
whence, ' -

R = dh/cos gdg m (d.4.2)
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b,//////// : n +dn=Const

6+dd

- n= Const

0

Pig.4.4.1: Determining the,:adiué of curvature of
' the wave path.
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In media with a gradually varying refractive index the law
of refraction must hold at any point slong the propsgation psath

including points & and b in our example. Therefore, we may write
n sing = (n +dn)sin (g+dg).

Writing out the right hand side snd negleecting the ' second
nrder infinitesimals, we get
n sing = n sing + n cos¢g dé¢ + sing dn

or, cosg dg = - sing dn/n

substituting it in equation (4.4.2) gives
R = n/sing(-dn/dh) m | (4.4.3)

In thé esrth’s atmosphere, n only differs from unity by a
few parts in 10,000. However, we usually-ﬁlways deal with links
between points at altitude which are much smaller than the length
of the trajectory [22]. The electromagnetic raﬁs following this
trajectory are only slightly inclined to +the horizon. Thus
without any detriment to the accuracy of calculastion, we may set

n = 1 and

sing = 1

i

very nearly in the expression (4.4.3) just derived.
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As =& result, the expression for the radius of curvature of

the ray path may be fufther simplifed as follows
R = 1/-dn/dh  =¢108/dM/sdny - . . (4.4.4)

From (4.4.4) it is seen that in the lower Lroposphere fhe
radins of curvsture of the ray path is decided by the lapse rate
of refractive index with height and not by its absolute valne.
The minus sign of the dérivative implies that the radius of
curvature will Ee positive, i.e. the propsgation path will be
convex only when the refrzsctive index decresases with height [1537.
Different types of refraction ‘may . sccur depending. on the

d1fferent refractive index grsdient which is discussed later.

4.5 Ef.f_e.QIJ.xg_Ea.r_trL_s_Rmnuﬂ

In the microwave frequency range, ‘transmission is-

accomplished iargely over optical distances by the direct and
grouﬁd reflected waves. Transmission occurs almost exclusively
within the troposphere. The troposphere is not homogeneous and
thus due to the variations, as discussed earlier, the troposphere
causes =& very gentle refraction of the direct wave. To s small

extent, the wave follows the curvature of the esrth and calses
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transmission - to occur over'.larger @istaﬁces than would be
predicted by ordinary line Ef sight calculations. Caiculations of
station coverage are usually and more easily; made by assuming
straight line transmission. The effect of atmospheric refraction
iz then s&ccounted for by assuming the earth to have & larger
radius than it actuslly does. The specification of this effectivee

radius depends upon the character of the troposphere.

Assuming a standard atmosphere the fictitious radihs'af the
earth is selected in such a way that the straigﬁt line drawn from
the transmitper is tangent to this hypothetical earth at the same
distance from the transmitter as the actusl refracted signsal is

tangent to the actual esrth.

Fig.(4.5.1a) and (4.5.1b) shdw the relstionship between the
sctusl curved ray over the true earth snd the assumed straight

line over the fictitious earth.

In fig (4.5.1b) an earth appropriately larger than the
actual earth is assumed so that the curvature of the ;radio ray
may be absorbed in the curvature of the effective earth, thus
leaving the relative curvature of the two the same and allowing
radio rays tb be drawn as straight lines over this effective

esrth rather than curved linés nver the trué earth.
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Fig.4.5.1a: Curved ray over actual earth.

<

Fig.4.5.1b:Assumed straight ray over fictitous earth.
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In analytical geometry, the relative curvature 1s defined ss

the difference i/8 - 1/R.

Equdting the relative'curvatures for the situations shoun 1in
fig. (4.5.18) snd (4.5.1b), we get

l/a—l/é = 1/4 - 1/m
whence the effective earth radius is

2’ = a/(l-a/R)m (4.5.1)

Substituting equation (4.5.1) in equsation (4.4.4) gives
2’ = a/ {1+ a(dN/dh)107%} m , (4.5.2)

The effective earth’s radius factor k, which is defined as
the ratio of the effective earth’s radius to the true earth’s
radius, is given by

k = a"/a = 1/{1 + a (dN/dn>10° %3 : (4.5.3)

For standard atmospheric refraction, dN/dh = - 4 x 102 m“l.
Substituting it and the numericsl vslue of the true earth’s

radius [15]

8
a” = 8500 Km

k = 4/3
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6.37 x 10s in eguation (4.5.2) and equation (4.5.3) gives



A strong ‘tendency is seen for k-value to 1lie in ;fhe
neighborhood of 1.3 or 1.4 over much-of the country, particulérly
during the winter months. k can assume nnmerical values covering

a considerable range [173.

A great variability is observed in the median value of k
nesar the egquator. For example median values of k in the range
1.3 - 1.8 have been observed in the equétorial region of Indis
tlﬁ]. and a mean vslue of k=1.5 has been observed for tﬁe
equstorial region of Africs. Kolswole and Owonubi {16] also found
mean k= 1.43 and 1.22 for the rainy and dry seasons of +tropical

Africa respectively and k=1.20 for the desert.

From equation (4.5.3), we compute some of the typical values
of k for different values of refractivity gradient dN/dh, shown in

table ¢(4.5.1) and this variation is plotted in Fig.(4.5.2).
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- Flg 4,5,2:Variation of effective earth's radius factor
'K' with refract1v1t3 gradient.
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Values of K for different refrsctivity gradients.

TABLE (4.5.1)

Bo.of . -dli/dh K(=a78.) a a
obs (in N¥/Km) ' km km
1 20 1.1486 7300
2 25 1.1894 7577
3 30 1.238 7875
4 35 1.287 8198
5 40 1.342 8548
6 45 1.402 8930 6370
7 50 1.4867 9347
8 55 1.54 9805
9 80 1.62 10310
10 685 1.707 10871
11 70 1.805 11496

Where,
Earth Radius, a=6370 km

Refrsctivity Gradient,

Effective Earth Radius, &=8500 km

This shows the great importance of having clesr knowledge of

refractivity of troposphere over a particular region for various

(dN/dh)=-40 N/KM (STANDARD)

periods of the vear. Without this, the design of s microwave link

would not be true to the amctusl scenario.
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4.8 F_Qms..gf_Amea_lmc_Bgfmg_tm

Heteorologicall condition in fhe atmosphere may lead to s
refractive index distribution with height materially differing
ffom that of standard atmospheric state. Obviﬁusly the effect of
refraction will _1ikewise be different. Severél: forms of
refraction will be cansidered here based on the equations for N,
dN/dh, R, a ‘and k. For convenience, three of fhese equsations

are written sgain;

R = 10%/(-dN/dh) in metre (4.4.4)
8’ = 8/(1-a/R) = a/{1+a(dN/dh)107%)} in metres (4.5.1) & (4.5.2)
K = a/a b o ‘ : (4.5.3)

Above =all, atmospheric refraction may be5negative, Zero or

positive.

For each of these three forms, Table (4.6.1) gives either
numerical values of dN/dh, R,'a and k or their limits {15]. The
last. but one coiumn presents sKetches of ray path for the various
forms of refraction and théjlast‘column illustrates prbpdgation
over the effective earth (that is over the 4/3 earth). In the

lastter case, the ray psths sre straight line segments.
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Table: 4.6.1: Various forms gf_é%mospﬁeric refraction.

23

—

Form of an_ -1 . 1 eial o . '
refraction dn * ¢ ‘R,m a. . m k Actual path | Egulvaleét path
Negative >0 <0 <6.37_X'106 <1

ad<a
6 ' / /
Zero 0 6.3%37X10 1 : >
Positive | ﬁﬁzzz777722377> - d'=a ,
Sub-refrac— |0 to 0.04|wto 2.5 | 6.37%10° |1 to a
tion /

X 10 to 8.5 X |4/3 —

6
W%\
. Y4 !

© 4/3 \a a =

) L 4 e
64/5_ /_\\

Augmented  |-0.04 to | 2.5 X 107 8.5 X 10

I~

Standard ~0.04 - | 2.5% 107 8.5 % 10

Ry

-0.157  |to 5.5Zx £0 =< 0o W 77777 77777777777
10 ’

qQ =eC

Critical -0.157 6.37 X o< e

10°
Super-refracs <~0.157 <6.37 X <0 <0
tion 6

10




N : e racti

Refraction 1is referred to as négative when dH/dh >Q, that
iz, when iﬁstead of decreasing, N incresses with Iheight. As
follows from equation (4.4.4) in this case R<0, that is the ray
paths sare curved upwards. In other words, the.radio wave MNOVES
away from the earth’s surface and the line-of-sight range and the
range of probggation decreases accordingiy. Negapive refraction

is an infrequent occurrence,.

Sometimes weather conditions msy be such that N will remsain
fixed in an intervsl of altitudes hence dN/dh = 0. This will be

zero refrsction, dealt with in the second line of Table (4.8.1)

Refraction is referred to as positive when dH/dh <O, that is
when N decresses with height. The ray psths sre now curved toward

the earth and there is sn increase in the range of propagation.

B4



Positive refraction may be devided into -

- Subrefraction (when the bending of rays is smaller than
in standard refrsction.?}

- Standard refraction {(already discussed) and described in
line C2 of the table (4.8.1)

- Augmented (In which the bending of rays is greater
than 1in standard refraction, but stops short of the
critical one).

- Critical refraction (In which the radius of curyature

of the ray psth is equal to the earth’'s radius).

By definition, with critical refraction BR=a, substituting
the numericsl value of the earth’'s radius for H in equstion

R = 105%/-dlN/dh gives

dR/dh = —108f6.37 x 10% = —0.157 ! (Line C4 1in table (4.6.1

it follows from the eguation (4.5.1) that the effective esrth’s
radius takes infinitely large values, that is, the earth reduces
to a plane. Under condition of critiecal refraction -1
horizontally directed ray will be propagated at a fixed height
above thg earth’s surface. That is, it will travel all the way

around it.
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- Superrefraction (in which the bending of rays is wmore

pronounced than in critiecal refraction}.

With super-refraction, the radius of curvature of the ray
path is smaller than the earth’s radins, and the rays leaving the
transmitting =erial at small angles of elevation will undergo
total internal reflection in the troposphere and return to the
earth at some distance from the transmitper { C5 1in table
4.6.1). On reaching the earth’s surface and being reflected from
it, the waves can skip large dﬁstances, thereby giving sbnormally
large range béyond the line of sight due to multiple reflectlons.
It 1is interesting to-consider the respective ray path over the
4,3 éarth. According to equation (4.5.1), when R<a, the effective’
earth’s radins is a negative quantity. That is, the earth must.be
approximated by 8 concave surface. It 1s seen from the last
heading of 1line C5 in Table (4.8.1), the straight rays, after
nultiple reflections from a concave surfsce, may reach extremely

remote points.

Super—reffaction may occur in a limited height interval in

the troposphere where

dN/dh <-0.157 m~ !

86



With super-refraction, the refrsctive index decreases at a

rate which is four times the lspse rate of standard refraction.

Let us consider the weather conditions thast are condncive
to super-refraction. By differentiating equation'(4.3.5) for

N with respect to height we get,

dN/dh = 77.6 ([1/T dP/dh - (P/T? +9620e/T9) dT/dh + 4810/T2

de/dh] m™1 - (4.6.1)

From the above equation, it follows’ that’ the vertical
gradient of refrasctive index, dN/dh af & height h and the lﬁpse
-rate of this gradient, aretmainly determined by the gradients of
pressure, temperatﬁre and humidity. Although P,T ‘and e‘vary with
height,-fheir numericsl values have a much smsller effect on the

gradient of refrsctive index.

The pressure of the air decreases with heigﬁt always, and
its graﬁient:is dependent on weather conditions only slightly.
Therefore, the first term in eqﬁation {(4.6.1) is nearly constsnt
and always negative. In contrast, the gradients of temperatnre
and humidity sre subject to strong variation - fhey are markedly

dependeﬁt on weather conditions and may even change sign. In the
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standard atmosphere the temperature and huﬁidity always decresse
with height, for which reason the two derivatives dT/dhl and
de/dh are negative. Therefore, the absolute value of dN/dh, which
always tskes a minus sign, is obtsined by snbtrscting the
absolute value of the second term from the sum of the sbsolute

values of the first and third terms in the ( - ) - (=) + (=)

- Bequence. -

Obviously, with temperature inversion, dT/dh > 0, and the
second term in equstion (4.6.1) taskes a minus sign. Now the
absolute value of dlN/dh is obtained by sadding together three

negative terms in the (-)-(+)+(-) sequence.

Thus, among the conditions conducive to super-refraction,
that 1is abnormally high qegative values of dH/dh, sre sbove all
température inversions ana aplextremeiy' high lapse rste of
humidity with height. Of fhe’two factors, temperature. inversion
is the decisive one. Temperature inversions may be csused by
advéctidn process, cooling of +the earth’s surface through

radiation and compression of air masses [157.
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4.7 Ducting

In metecorological conditions where over a large horizontal
srea the atmospheriec refractive index decreases sharply with
height, radiowaves can be traspped and ‘experience low-loss

propagation over long distances. This condition is known as

tropospheric ducting. Although it is s freguent phenomens in

some places snd under certsin meteorological conditions, it is
not sufficiently reliable mode for communication purpose. However
it can cause strong interference fields well beyond the horizon

snd can also cause severe fading on line of sight paths {24].

The first necessary condition. for a duct to oceur is that

‘the radio refractive index gradient shali.be equal to or more

negative than %157 B/Km. This csuses the rays to reamin close to
the earth’s surface beyond the normal horizon (even if the radio
refractive index gradient is not quite sufficiently negative to
produce a duct, some radio energy will pass beyond the normal

radio. horizon).

The second necessary-condition is that the gradient .should

be masintained over a height of many wavelengths [Z24].
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To understand ducting, the concept of modified- fadio
refractive index M, when the refractivity gradient is no longer

constant with height is introdiiced here.

The actual refrsctive index in terms of s modified radio

refractive index M is defined by the relation

M= (n -1+ hs/a) x 10° (4.7.1)
where, n . = refractive index
h = height above gronnd _
“a = radivs of earth = 8.37 x 106 m
M = (M + h/s x 10%) (4.7.2)

The saspect of M that is of importance in radio 'propagation

is the variation dM/dh of M with height [20].
Then dM/dh = dN/dh + 157  H/Km | (4.7.3)

i.e. dM/dh is positive for H-gradients less negative than -157
N/Em, for which rays sre refracted away from the flat earth, and
negative for N gradients more negative thpn -157 N/Km, for which

refraction - is towards the flat earth and which can therefore
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cause ducting. The gradient of M 1s consequently a useful .

indicstor ss to whether ducting may occur f24].

When n is independent of height, ss is always.the. case st
quite'high_aititudesrfhen M iﬁcreases by 0.048 unit per feet i.e.
157 HN/Em. However near the surface of the earth n over land
usually decreases linesarly with increasing height. The value of K
near the earth’s surface then increases linearly at a8 constant
rate thst 1is less than 0.048 units per feet. For typical
conditions of this type the value of dd/dh spproximstes - 0.036
units per feet;this condition is termed the standard atmosphere

and result in ¥ curve shown in Fig. (4.7.1=m).

‘Hhen air msasses that differ in temperature and moisture
cbntent overlay each other, the M curve will no longer vary
linearly with height. Various types of situations tﬁat msy result
are illustrated in Fig.(4.7.1c) & (4.7.1 d). However, at heights
much greatér than in Fig. (4.7.1) the M curve will settle down in
all 'cases (including) to s steady incresse of 0.048 unit per

feet. -

When the decrease to refrasctive index with height is st such
8. rate that ¥ remsins unchsnged with height ss in Fig. (4.7.1b)

then the curvasture of the ray is the ssme as that of the earth.
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On the other hand, if n increases with height the ray path will

be bent away from the earth.

An M curve of the'type illustrated in fig.(4.7.1.c) occurs
when the moisture content of the sair at the surface of the ground
is ve?y high but decreases rapidly with increasing height. In the
region where dH/dh is negative as 1n Fig.(4.7.1 c¢) the curvature
of ° the rays passing through the atmosphere is greater than that
of the earth. As a result,lenergy originating in fhis region and
initially directed spproximstely parallel to the éarth's surface,
tends to be trépped and to propsgate around the curved surface of
the éarth in 18 series of hops involﬁing successive earth

reflection as illustrated in fig.( 4.7.2) by rays a,b .and c.

When duct Vprbpagation exists, energy wili travel great
distances ardund +the cur?ature of the earth with‘-reiative low
attenuation. Here the enéféy represented by rays a, b & ¢ lying
" within the angulsar range v about the horizontal is trapped
within the duct, while rays such as d and e that are outside of
this angular range nltimately pass out of the duct to the space

above.
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RS

(a) Standard atmesphere  (b)Refraction at lower heights {c) Simple surface duct (d) Elevated duct
equals earth’s curvature

Fig.4.7.1:Variation of modified refractive index M with height for
typical cases. The examples shown are for conditions near
the surface of the earth, at great heights the M curve

always assumes a slope of 0.048 units per feet, corresponding
to a constant refractive index.-
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Fig.4.7.2: Ray concept of duct propation.
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Under certsain meteorologic&l‘conditions the M curve will
hsve the charscter as in fig.(4.7.1d). This results 1in the
fornation of an glevated dict. When the transmlttlng antenna is
such‘as to place it within such a duct, energy will propagatP in
the duct tn points well beyond ther normal horizon with
surprigingly 1ow- attenuation. By locsting a receiving antenna
within the duct, it is then possible to obtsin a strong signal at
distances such that the received field would be extremely wesk in

the sbsence of the duct [20].

Some charts show1ng anomalous radio proPEEation due to

different meteorologlcal condltlons are shown in Appendlx (C).

4.8

When a radio wave passes through the different 1layers of
atmosPherP it experiences s bending due to the variastion of
refractive 1ndex at different height from the esarth surface Most
of the bending of a radio ray fakes place at low elevatlons To
cselculsate the_ bending of ray transmitted from point{l) and
passing through thé atmospnere to the point (2) we have the

geometry as in Fig.(4.8.1). If it is assumed that the refractive
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Fig.4.8.1: Géometry of radio ray refraction.
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index ié spherically strstified with respect to the earth, then
Snell s law may be expressed in cylindrical co-ordisntes as {2];
nr oosHo =Ny Ty, coseo = Constant.

or, (1+N x 10“6}(a¥h) cosB

= (1+ Ng x 107%) ( a+hy) cose, (4.8.1)

wheré the radial distance from the centre of the earth r
equals (a+h). The zero or s subscript refer to the initisl values
at the earth’s surfsce. Equaticn (4.8.1) may be used to calculate
the lécal elevation angle, 8 at any point along the ray and thus

affords a complete desc:iption of the ray path..

In fig (4.8.1) aréldistange7d1’2 sqbtends an angle¥ st tﬁe
earth’s centre. The ray;makes'aﬁ angle 81 with tﬁe horizontal at
one end and'another angle 82 of the horizontal at the other end,
bending through an angle Ty,2.- Ifrwe denote by nq and Mg the
values of the refractive indexes corfesponding to rq and r; and
hy and hy the heights abo%e ses lévels, reépectivély, we have

nzré cos8, = nqrq cosfy |

and
nz =.np *An

ro = rl-+Ar'
and 82 = 81+A8

where An, Ar andA 8 are infinitesimals.
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Then nqry 00581: (nl + n)(ry * T cos(el + B

and in the limit 2as r approaches Zero, this becomes

nq{ry coselz(nl +dn)(r1+dr}(cosel—de sinel}

Expanding the sbove equation and omitting the products of

differential we get -
n4tg coselz nqry cosel+n1drcosel+rl dn cosel—nlrl d8 sin 84

nlrldB sin@lz ny dr cose+r1 dn cosel
nlride tan61= nldr + ¥y dn

tanaldBZdr/ri + dn/ny
Finsliy we have the differential equation

tan 9 dB=dn/n+dr/r

de=(dn/n)cotB+{dr/r’ cotd

Hoting that dr coitB /r = rd /r = d and, from geometry, d6=

d4 - dr, the expression for the bending of a radioc ray
dt = - (dn/n) cot®
_ nz , ‘ g
or, Tqp = ~ I cotd dn/n {4.8.29
ny
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Equation (4.8.2) defines downward bending as a8 positive

qunatit?.

This equsation (4.3.2) érovides 8 convenienf means for
caelculating the bending of a radie rasy that is simply the angle
formed By the intersection of the tangents te the ray at the two
points being considered. The bending of radio rays is obtained

by numericsl evalustion of egustion (4.8.2),

‘In the next chapter we obtain the surface refractivity for
different periods of the year'i.e. winter, pre-monsoon, mMonsoon

and autumnffor different regions of Bangladesh.
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CHAPTER 5

ATHOSPHERIC REFRACTIVITY OF BANGLADESH IN DIFFERENT
SEASONS AND ITS VARIATIONS

5..1 _Im:.adus:_tinn

This chapter éeals with radio refractive indices for fegions
of Bangladesh and its varistions during different sessons.
Different types of' variations of Radio Refractive Index is
considered here and these variatiohs are shown by graphical
representstions over different seasons at different places. The
meximum snd minimum‘RRI ié shown in .the form of bar-graph over

eleven vears i.e. from 1977 to 1987 for the months of January,

- April, July and October.

9.2 Change of Radio Refractive Index With Varistions of

p 7 ! | Relative Hupidi

To find +the change of theoreticai values of thé radio

refractive index for, different combinstions of pressure,

temperature and relativé humidity, we use the generally accepted

relationship - o . : (ﬁ

% —::
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B = 97.8/T (P + 4810e/T C5.2.1}

where
P = Atmospheric pressure (mb)
T = Atmospheric tempersture (°k)

e = Water vapour pressure (mb)

For _c&lculating the radio refractive index by wusing this
formala, +there are three varisbles as mentioned sbove. So the
radio refractive index is calenlated here in different ways
keeping one variable constant and varying the second wvarisable
rapidly for each step up value of the +third wvariable. Again
keeping the first variasble cosntant +the next two variables are
varied by interchanging their positions i.e. one of these two
variable which was varied rapidly, it is now varied step by step
and for the third variable it's rapid variation 1is considered.
For each set of combinations the figures are drawn showing the
variation of refractivity in relation to the rapid changing
variable. Different cases are considered for different

combinations of these three varisbles below -
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CASE - 1: Temperature Constant

Here, the atmospheric temperature is kept <c¢onstant at an
aversage value 20°C and by rapid variation of relative humidity

and pressure two sets of curves are drawn.

For the rapid variation of one parameter (say, atmospheric
pressure) the other parameter {relative hﬁmidity) is varied step
by step. One set of curves (Fig. {(5.2.1a)) for refractivity 1s
obtained with this variation. Similarly varying relative humidity
rapidly and the atmospheric pressure step by step, another set of

curves (Fig. (5.2.1b)) for refractivity is obtained.

From the first set of curves it 1is seen that the
refractivity varies linearly with the varistion of pressure for =
fixed value of relative humidity. Similar type of variation 1is
observed from the second set of curves when the relative humidity

is varied rapidly with a fixed value of pressure.

CASE - IT: Relstive Humidity Constant

Here the relative humidity is kept constant at an average
value of 70% and pressure and temperature are varied rapidly
increasing temperature and pressure step by step respectively.

Two cases considered here shows very interesting resultits.
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Fig.5.2.1a:Calculated values of RRI plotted against atmospheric
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Fig.5.2.1b: Calculated values'of RRI plotted against relative

humidity at different atmospheric pressure.
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When the temperature is increased by 10°C at each step and

be)

for each step of temperature increment, the pressure i5 varied
rapidly; the ploting of the refractivity obtained here
(Fig.(5.2.2a)) shows a linear wvariation of refractivity. Also the
spacing between the linear curves increases more and more for the
same increment of temperature {10°C) step by step; though it
seems that the curves should have equal spacing for -egual
inerement of temperature at each step. The reason behind this 1is
as the temperature incresses linearly the saturated vapour
éressure inoresses more repidly and the increment becomes more
prominent as the temperature 1lncreases. So s the tfemperature
incresses linesarly thei; corresponding saturated vapour pressure
increases rapidly and it has the dominating effect npon

temperature.

Again, when the pressure 1S varied step by step (10 mb) by
keeping the relative humidity constant the refractivity increases

rapldiy as the temperature,increéses linearly as in Fig (5.2.2.b)

Also, for the increase of pressure step by step the curves

.are shifted upwards and are almost equally spaced for egual

increment of pressure.
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CASE - III: Atmospheric Pressure Constant

Here,the atmospheric pressure is kept. constant at an average
value of 1010.0 mb snd the temperature and relative humidity are
varied rapidly for the step by step increase of relative humidity
and temperature respectively. Here also two interesting cases

accur.

For step. by step increase of relative humidity, the
temperature is varied rapdgdly and the refractivity also increase
rapidly. For the same increment of temperature the vsriation of
refrgctivity is smaller at low temperature =zone than that at high
temperature zone as Seen 1n Fig. (5.2.3a).This is due to the fact
that as the temperature increases, the corresponding increase 1in
the saturated vapour pressur is more Wwhich cause the rapid
increase in the radio refractive index in the higher temperature
zone. Again when the temperature is varied step by step hy 10°C
keeping pressure (1010.0 mb) constant, the refractivity wvaried
linearly as in Fig. (5.2.2.b). But an interesting phenomenon
occurs at lower relative humidity describéd below. Above 20%
relative humidity as the relative humidity 1increases, the

refractivity alsc increases linearly and at high temperature it
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incresses more as hthe saturated vspour pressure is larger st

higher temperature.

At sbout 20% below the relative humidity, the refractivity
is more at lower temperasture than st higher temperature fbr the
same relative humidity. Thié i an exceptional case, becasue
normally at higher tempersture the refractivity is higher. To
understand this anomaloﬁs behaviour, first we consider the
behsviour of the +two terms of the radio ref

expression i.e. N = (77.6 P/T) + 3.73 x 10° e/T

The terms 77.6P/T and 3.73 x 10° efTZ are sometimes referred
to as Ndry and Nwet respectively and the refrsctivity N 1s the
summation of the two sabove terms and thelr wvariation with
temperature and relative humidity is given 1in Fiz.(5.2.4) for an

atmospheric pressure of 1010 mb. At very low temperatures. N

Q
et

W

becomes very small even for saturated air and so N 1is salmost

independent of relative humidity i.e. N thus M consists

wet®

mainly of Ndry which is higher st lower tLemperature and vVice
verss. As the temperature rises, there is a slow decresse in

Ndry but a rapid increase in the value of N At high

wet

temperatures N can become somewhat larger than Ndry and N

wet

varies considerably with relstive humidity. At high temperature
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and high relative humidity, N is very sensitive to smsll changes
in temperature and relstive humidity. Consequently, the
variability of refractivity in tropical areas is greater than

that of cold climates.

When the relative humidity is zero then the only dry part
'(TT.BP/T} of the refractivity exists and the wet part (3.73 x
105 X e/Tz} of the refractivity rednces to zero. So at zero
relative humidity, as the tempersture increases the refractivity
decreases. As the relative humidify incEeases>slowly then the wet
terms of radio refractive comes iﬁté effect and -increases the
reffactivity. As fhe fempérature increases the saturated vapour
"pressure increases and ultimately at high tempersture =snd high

relative humidity the refractivity is also higher.

9.3 Seasons of Bangladesh

Based on pressure, rainfall and temperature the climate of
Bangladesh can be described (accofding to Bangladesh
Meteorological Department (BMD) Annusl Weatﬁer Réport) under the

following four seasons -

1) Winter or north-east monsoon: December, Janusry and

February.
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2 Summer or pre-monsoorn: March, April and HMay

3% South-west monscon or monseooeon: June, July, August and
September
g4 Aptumn or postmonsoon: October and November.

5.3.1 Hinter Season

The winter season is characterised maiﬁly by an anticyclonic
pressure system dominating the country except in Februsary when a
shallow trough of low makes its appearance over the northern
districts. During this season, Very light northerly winds, mild
temperature and dry weather with clear to occassionally cloudy

shies prevail over the country.

The mean temperature 1s in the range of 18°C té 21°C in the
northern and the central districts. The lowest temperature at
times comes down occassionally *to 4%: to 5% over these
distriets. In the south-western and the coastal districts the

mean temperature ranges between 22% to 23% with its lowest

"ranging between 8%¢ to 10%c.

The prevailing air mass is dry as will be evident from the

low humidities during 08900 to 1500 hours local time. The dryness
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of =8ir 18 not evident from the morning and lste afternocon
humidity htrends. This ‘is due to the 'resson that continuons
evapofatiqn takes plﬁce from numerons rifgrs, lskes .and Hatural,
water-sheds during clear sunny day and the evaporated moiéture
showes uap in the. form of high humidity dﬁring the cool hours of
late evening and morning. This ultimately helps in the formation
of mists/fods during late night and early morning. The effect is
more pronounced in the gangetic centrsl districts and the coastsal

districts.

Rainfall over the counfry during winter is very scanty. The
driest month of the season is December when the northern and fhe
western districts get hardly 3-10 mm of rainfall, the coastal
districts of Barisal, Noakhali, Chiftagong and Chittasdong Hill
tracts get 15-30 mm of rain. With the progress of the season thé

rainfall incresses over the whole of the country.

5.3.2 Summer Season(Pre-monscon):
The winter anticyclonic pressure regime starts chasnging to
8 summer hest low from March onwards. The heat low develops over

Behar and the sdjoining centrsal Indis when the pressure systenm

over Bangladesh forms part of the resultant trough. In the
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_northern and the central districts the surface wind changes from

northerly in winter to southwesterly and it becomes southerly

sonth~easterly over rest of the sress.

The mesn tempersture during Summer months remsins within

23% to 30%. April and May sre the hottest months. The highest

temperature ranging from 44°% to 45% is attained in the northern

and north-western districts. Over rest of the country it ranges

from 41%¢c to 43%c..-

The southerly low level circnlation brings in considersable
moistnre from the Bay of Bengsal over the region causing sultry
weather towards aftgrnqon and evening. Such in flow of moisture
gives rise tp local thunderstorms in the Iate afternoon snd early
night. These local severe étofﬁs nre usuallylcalled: nor ‘westers
as because they move across the country mainly from the no:th—
westerly. to northerly‘direétion. The nor westers aré locally
known as Kalbaishakhis after the name of the :Bengali month,
"Baishakh” in which they occur frequently. These stroms are often

associated with strong sguslls and occsassionally with hailstorms.

These local severe storms are however, responsible for the

welcome rain over the country that lies perdhid nnder the hot

summey  san. In march the rainfell is 20-40 mm in the <districts
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west of QQ0°E longitude‘énd slso over South—eastern tip;i Cox’s
Bszar and Teknaf._Over rest of the.coﬁntr#,, the rsinfall is
between 40-80 mm with the progress of the sesason the rainfall
incresses and in May it is 150-300 mm excepf in the disgfict of
S?lhet where the amount is sbout 600 mm. There are on the average
2.5 to 3.5 days of rainfsll in March throughont the country,
inecreasing to 10 to 1? days iq May over most parts of the country
except the western'districts i.e. Dinajpur, Rajshahi, - Pabnsa,
Jessore and Khulna-where'there?are 6.5 to 9 fainy days. .In the

district of Sylhet the number of réiny deys iz 21 in May.

5.3.3 Honsoon Season

The summer low over the north-west India and Pakistan
intensifies in June and extends its trough to Bangladesh gnd
adjoining MNorth ‘Bay. Thq surface wind ‘changes toc southerly
directioﬁ over the southern and the central districts and to
sonth-essterly over.the.northern districts of thg country, wind

speed is light to moderate.

Hoﬁsoon normally reaches the ¢oastal districts of the
country by the 1lsst week of May to first week of June and

progressively engulfs the whole country through June. Genersally
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hesvy to very heavy rain with overecast skies charascterizes  the
season. On  the average there are_20—25 rainy days per month
during June to August, decressing to 12-15 days | in September.
Hore‘ than 75 _percent of the totsl annuai rainfall 1is grester
over the nortﬁ—eastern, the :sohthefﬁ and the southeastern
districts than over the cenfral," western ana north-western
districts. During the first two months gf the sesson the rainfall
is between 450-800 mm per month over the northern snd the
southern-districts and it is 700-850 mm per month over the
 district of Sylhet and the South-eastern districts of Chittagong
and Chittagong Hiil Tracts. Over the cental districts, the
rainfsll is 250-380 mm per month in thése two monthsj As  the
~ season advances, the rainfsall over the. country decresses -
genersally. fn September .the rainfsll is 200-250 mm over the
country except in the districts af Sylhet and the coastal
districts of Barisal, Noskhsli, Chittagong énd Chittsgong Hill

Tracts, where the rain-fall is 300-450 mm.

‘ With the advent of monsoon the summer extreme temperstures
fall sappreciably throughout fhe country. Although +the mear
temperatufe falls hardly by one degregw fhe maximﬁm tempersture
falls by 2%-5% over most of the country except the cosstsl

districts where the fall is by 5°c-6%c¢.
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5.3.4 Pogst-Honsoon Season

This is the transitionsal season from summer monsoon Lo the
winter.
South~-west monsoon starts to withdraw in early October sand

its withdrswsl from the country is complete through October.

There is generslly rise of pressure and the monsoon pressure
structure bresks down over the country. The monscon low over the
central India weakens and shifts towards the Bay of Bengsal with

its trough extending over the coastal Bangladesh.

Rainfall decreases considerably in October and in HNovember
the dry period stsrts setting in over the country. The district
of Sylhet gets 200-250 mm of rain in October and the rest of +the
country gets about 100-170 mm. In November the smount of rainfall
over the south-eastern  coastal districts amount to 25-65 mm
whereas_thenrest of tﬁe country gets only about 10-20 mm of rain
in October there are 4-10 days of rainfall over the country and
only 1-3 Adays in the month of Hovember. ;The mean tempersature

fzlls from 28°¢-29%°c in September to 26%¢c-27°c in October and to

" 23% to 25°C in Hovember. The highest maximum temperature hardly

exceeds 29% snd the lowest minimum does not fall below 10%

throughout the country. Meansea level pressure, temperature and
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The radio refractive index is central to all theofies of
radio propagation +through the lower atmosphere. At shorter
distances, hﬁwevér, the propagation is mainly through the
troposphere. The propagation is controlled by the varisbility of
the radio refractive index of the tropospheric medinm. So to
design s communication system we should Have the knowledge shout

1

the radio refractive index.

‘To find the radio refractive index at different places in
Bangladesh we chose thirty locations or sf&tions where the
parameters 1.e. pressure, temperature snd relstive humidity which
are needéd for caleculating the radio' refractive index are

availsble. These selected stations are Dhaka, - Rajshshi,
. . P

ti, e~

Chittagong, Khulnsa, Rangpuf, Mymensingh, Sylhet, Comills,
Dinajpur, Ishurdi, Satkhirs, Madaripnr, Pstunakhsli, Khepupara,
Srimsngal, Chandpur, Masizde conrt, Feni, Bhols, Hatis, Sandwip,

Sitskunds, Rangamati, EKuntnbdisa, Cox 's-Bazar, Barisal, Bogpa?
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Jessore, Faridpur and Teknsf. The dsts of‘pressure, temperature
and relative humidity for these plsces were collected for eleven
vears, from 1977 to 1987. But these dats for some places were not
available over few vears for some stations. .The dsta were

collected from Bangladesh Heteorological Department" . : The

climatological dats collected were for the months January, April,

July and October in each yeaf.; In these months, the pressure,
témperature and relative humidity daﬁa in three Ifofms were
availsble. These are the highest value of pressure and
temperature in each month also the lowest value of pressure snd
temperature in every month and the average relstive humidity. For
some places the annual. sverage :of pressure, pemperature and
relstive humidity were also ﬁvailablé. The maximqm, minimum or

aversage .value of pressure, tempersture and relstive humidity ss

that of previous years were not available. But the raw daté of

these three parameters were svasilsble for the considered stations,

during the years 1986 snd 1987. From these raw dats the value of
pressure, tempersture and relative homidity were tsaken 85
réguired for caleulation of radio refractive index for the vyears

1986 and 1987.

Refractiver index st different locations are computed from

these data usihg the radio refractive index evalunsticn formuls -
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77.6P 4810 e
Nz ——— 4+ oo (5.4.1)
T T2
For three different form of data (maximum, minimum and
aversde) three different forms of radio refractive index are
found out forlthe four months of January, Aprii, July and October
in each yvesar for the considered stations. These three forms are
{iy The monthly maximum radic refractive index calcnlated wusing
monthly maximum pressure, msximam temperstnre and the aversage
relative humidity {11} The monthly minimam radioc refractive
index calculated using wmontly minimum pressure, minimam
temperature and the aversge relative humidity. iii} The monthly
averagde radio refractive index calculated wusing the monthly

average value of atmospheric pressure, temperature and relative

humidity.

Here average relative humidity was used for calculating the
maximum and minimam radio refractive index instesd of maximum and
minimue relative humidity as these were not svailable in
Bangladesh Meteorologicsal Department except Lhe monthly average

relative humidity.
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The monthly maximum, minimum and average radio ~refractive
index calcuiated for every stations considered from moﬁthfy dats
are plotted and described for some iyportant places;later.i These
curves show the varistion of radic refrsctive index over the yesr

i

at those stations.

To see the typiecal vsriation of radio refractive index over
8. vyear, the aﬁerage;values of the pressure, temperature and
relastive humiditf were considered for the twelve moﬁths iﬁ 2 year
of the four divisionai—stations i.e. Dhaks, Chittagong, Khulns
and Rajshahi for computing radic refractive index for the vyears

1978 and 19886.

From the plottings Fig. (5.4.1) of these radio refrasctive
index it 1is seen that the shapes of the curves for the four
places sre almost same though they vary iﬁ their maxima and
minima. The lowest refractivity oéburs in the month of January
and incresses in vaiue as thé month passses and the highest vslue
of radio refractivexindex is found in Jhiy over a year. After
July refractivity Begins to reduce and gradually decreases upto

month of January. The underlying fact of this charscteristic is

described below.
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Tempersture is the most governing fsctor among the three
parameters 1i.e. pressure, temperature ﬁnd relative humidity
contributing to the radic refractive index. Az the temperasture
increasés,corresponding saturatéd vapour pressure 8lso incresses.
The iricrement o¢f saturated vapour pressure_is :reiatively mere
than the increment of temperature and uitimately fhe radio

refractive index increases.

From the dats it is seen that the averasge tempersture and
relative humidity sre the loﬁest in the month of Jsnuary. So the
lowest value of radio refractive index occurs in the month of

January.

 In-the month of April the température is higher than thst in
Januﬁry but lower than that.bf July. Again the relstive humidity
is slightly larger than that éf January but the stmospheric
pfessure is lower. The wvsriation of pressure effects the
refractivity expression 1little than the cther two factors ie
tempersture and relative humidity. So in April the radio
refractive index is larger than that in Janusry but lower +than

that of July.

The average temperature and relative humidity have the

highest value in the month of July than those of any other month

125



in'the vear bunt on the other hand the lowest atmospheric pressure
occurs in this month. As the effect of temperature and relafive
humidity is pronounced on the radio refrsctivity expression. 5o
it, 1is obvious that the largest vaiue of radio refractive index

ocenrs in the month of July.

In the month of October, the temperature and relative
humidity reduces to a smaller value than those of July but still
higher than those of April. The atmospheric pressure is very nesar
to that in April. As the temperature'and relative hﬁmidity are
higher than those in April, the radio refractive index in Dctober

is larger than in April but smaller than that of July.

Finally, we can say that the 1largest value of radioc
refractive index occurs in the month of July, next in Qctober and

April and the smallest value occurs in January.

Hardly, it is seen that the radio refractive index in April
and October is greater than that of July. This is an exceptional
case and may occur due to the anomalous change of temperature or

relative humidity.
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5.5 BL&l_Qums_Qicu_X_e_ﬁr_ﬂzr_D_iﬁtﬂﬁn_t_ﬂlﬁc_ea

Three forms of RRI i.e. maximum, minimum snd aversge RRI
were cslcnlated for thirty different locatiﬁns for different time
as previonsly described. To find the trend of varistion of RRI in
Bangladesh, these three forms -of RRI were plotted for the places
Rangpur, Mymensingh, Comilla, Sylhet, Jessoré, Ishurdi, faridpur,
Teknaf, Cox 's-Bazzar, Hatia, Kutubdia, Sandwip; Rangamati,

Sitakundn sand Feni for twe different vears in Fig. (5.5.1).

It ié clearly observed from Fig. (5.5.1) that the msximum
and. ﬁinimum RRI over the yesar cccurs in the months of July sand
,January-respectively st slmost sll the stations considered here.
" Again the maximum or minimuﬁlRRI cbserved in;the month of October
is slightly greater than that of April. The nature of varistion
of RRI «can be described as the lowest RRI is observed in the
month of Jsnusry snd it begins to increase as the time passes.In
July RRI attsins the highest value snd then it begins fd decrease
,towards:the end of the year. This is the nofmalﬂRRI variation for
Bangl%desh. The maximum'and minimum curves differs from each

other by sbout 40 units of RRI as observed from the Fig. (5.5.1).

Again some deviation is observed from the curves plotted ss

#ﬂescribed above. HNormally the RRI in the month of October is’
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smaller than that' of July but at some places over somektime

opposite picture is .observed. Mainly such tipe of "abnormsl

situation 1is found at the coastal ares such as Cox’s—Baza#.

Kutubdis =and Ssndwip. The reason of this phenoménon is thsat tge
weather at the coastal zone may deviate from that of normsl
places. As westher at any place may differ from year to year %t
the same season of the yesr this slso causes sbnormsl variatioh
of RRI. As is seen for soﬁetimes the. RRI in the months of Aprih‘
;and “October is higher than that of July, thoﬁgh nofmally thg

highest RRI occurs in the month of July st almost every places iL

|

l

|

5.6 RRI_Distribution for a Particular Month at _a Particular
Place over Several Years '

.Radic Refractive index were calculated for the thirty locstions

Bangladesh.

over the eleven years from 1977Ito 1987 as data available. Three

. | .
forms of RRI ie msximum, minimum snd sverasge RRI for the four\
Distriets, Dhaka, Chittagong, Rajshshi and Khulna among the\

thirty locations sre plotted here to find the trend of variation\

8s time passes by in Fig. (5.6.1). |
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From Fig (5.68.1)the curves of Dhaks district for the months
of January, April, July snd October Maximum R.R.I were 388 in

1987; 410 in 1980; 418 én 1987 and 410 in 1978 respectively.

‘Again the ﬁinimum R.R.I observed"from'the ¢urves over vears 1977

to 1987 were 308 in 1980, 340 in 1977; 375 in 1978 and 353 in
1981 in the above four months‘resﬁe,tively. The averagerRRI‘éurve
of any month though varies but average RRI is almost constant
over years with little varistions. The aversge RRI for Dhsksa for
the four ponths are respeclkively 335, 3?0, 395 sand 380. The

highest. ayefage value of RRI is observed iﬁ the month of July,

.then in Cctober and next:to'October is in-April snd the lowest

value 1is in Janusry. Also the maximum and minimum RRI for Dhaka
follows the same trend as avarage RRI value. The maximum andr the
minimum BRI curves for Dhaka for the four months differs by sbont
40 units RRI as isg observed from plotting of RRI over eleven

years.

Frbm Fig(S.S.l) thelcdrves of Chittagong district fbr' the
months of Janusry, April, Jdly and October mgximum RRI weré 370
in 1987, 406 in 1985, 413 in 1984 snd 412 iﬁ 1978 respectively.
Agsin the minimum RRI observed from the curves over the yesrs

1977 to 1987 were 306 in 1977, 348 in 1978,361 in 1983 and 358 in

_1980 sbove four months respectively. The averrage RRI curve of
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any month though varies but average RRI is almost constant over
vears with little varaitions. The average RRI for Chittagong for
the four months are respectively 340, 375, 385 and 380. The
highest aversge value of R.R.I is observed in the month of July,
then in October and next to October is in April and .the lowest
value in January. Also the' maximum s=nd -minimum_ R.R.I for
Chittagﬁng =“‘r‘cnllcnws the same trend sas aﬁerﬁée‘value. The maximum
_and tﬁe minimum R.R.I curﬁes for Chittagong for the four months
differs by about 44 units RRI as is observéd from plottings of

RRI over eleven years.

From Fig (5.6.1) the curves of Rajshahi district for the
months of,January; April, Juiy and Octﬁbef;maximum E.R.I were 366
in 1985, 425 in 1986; 428 in 1987 =and 42011n 1987 _respectively.
Also the minimum RRI observed from the curves Qvef year ‘1977 to
1987 were 315 in 1978,' 314 in 1982, 374 in 1982 and 340 in 19886
in the above four months reépectivly. The maximum, minimum and
average RRI curves for Rajshshi show anomalons behaviour in the
month of April. RRI decreases from the values it has in 1977 as
tEMB pﬁsse5~aﬁd inl1982.,RRI drops suddenly toithe lowest value
than 1t has:in anyiother years during 1977 to 1987, and starts
incrasing as vear pésées afterr1982 and attain the maximpm value

4

Y\

g
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in ¥988.and s decrasing tendency is observed in 1987 in April.On
the cther hand.the-average RRI in the months of Janusary, July and
October is almest constant though s small variation is observed
and the vslues sre 335, 398 and 380 respectively. The highest
average valne is observed in July and the lowest averasge vaslue in
the month of January andﬁtﬁe maXximum ana ‘minimum RRI - curves
differs by sbont 44lunits over these three months though a slight

snomaly is found in the month of Qctober.

From Fig (5.8.1) the curves of Khulna district for the
months of January, April, July snd QOctober maximum RRI observed
were 380 in 1985, 440 in 1886, 427 in 1983 and 422 in 1984
respective;y; Also the miniﬁuﬁ RRI observed from the cnrves over
‘the years from 1877 to 1987 were 314 in 1977, 336 in 1987, 308 in
1886 and 352 in 1982 in tﬁe abo&é fpur months'respectively.' The
maximuam, minimﬁm and avérége RRi curves for Khulna show anomalons
béhaviour in the month of Aﬁfil. RRI curves for the month of

April show sudden increase and decrease over the years from 1977

to 1987,

On the other hand the average RRI in the months of _January,
Jnly and October is slmost cohstant‘though a3 smiall variatidn is
observed and the aversge values ~asre 340, 400 ahd 385

. A 1 }
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‘fespectivelyl The higheét average valﬁe is observed in July “and
the }oweét value in the: month of. Junuary and the .ﬁaximum ~and
minimum RRI curves differs by =about 42 units over these :three
months though & slight snomaly is observed 1in the .month of

October.

Radio Refractive index were calculated for thirty locstions

8BS desﬁribed previousl& fof the months: of January, April, Jnly
and QOctober. To find.tﬁé trehdjof variation of RRI ovér a long
time for a‘barticulaf place in a barticular season, avefage RRI
was plotted sas in Fig (5.7.1) for the places Barisal,Chandpur,
Bogra, Bhola, Dinsjpur, Chittasgong, Dhaks, Khulna, Srimangal and
Pqtuakhali of the months of January, April, July and October of

eﬁelen vears from 1977 t6'1987 a5 deats was svsilable.

From Fig (5.7.1) it isfseén that the'maximum RRI occurs in
the month of July snd the lowest RRI occurs in the month of
January nofmally in-eaCh vear st the cohsidered 10Cation during

eleven vears. The average RRI for the month of October is higher

than that of April but the difference is very small.
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Nepending on westher conditicn RRI at a loestion may deviste
from the normal variation as 1s observed in the other years. This
tyPe of éhénomeﬁon is observed for the RRI distribution over the
,month of Aprillat Chsndpur, Bogra and Srimangalsduring the period
1983 to 1987. Again though the aversge RRL in the month of
October is normally higher than that of April but opposite
rhenomena 1s observed ‘for éome coastal places 1i.e. Bhols,
Chittagong. and Khulna some time during the period considered.
This may oceur due to the fact that the wesather at the coastal
areé may vary markedly from the other places causing to asbnormsal

variation at that time for these plsces.

Radio Refractive Index (RRI) were caslculsted for the thirty

lbgations in Bangladesh over the eleven years from:1977 to 19837
as< diséussed Vpreviously for fhe four months ie’ Janunary, April
July and October over a yesr. To have an idea about fhervariafion
of RRI for a particular 1ocaﬁién.over a month, the calculated RRI
were investigated to find out the maximum and minimum RRI over

these eleven years. The found RRI of esch month sre represented
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here in the form of bar-grsph in fig (5.8.1) fof different
. ..'L \I

locations Also the numerical values are presented in table form;
b

in Appendix-E. The varistions of RRI at any locations over any\.
.

month c¢an be determined easily i.e. the bar-graph depicts a clear}

picture of the RRI variations over eleven vears from 1877 to 1987 ;
it

for the thirty locations. From the bar-graph it 1s seen that the Ey

highest RRI occurs in the month of July of each of the thirty
stations and it is in the range of 375 to 430. Again lowest RRI
is observed in the month of January for the thirty 1ocations.
considered snd it is situsted in the range 325 to 370. Again the
RRI observed in the months of April and October is almost the
same though RRI in October is slightly higher than that in April
but the value for both of these months is between the values of
January and July. An approximste range of RRI for the months of
April and October can be considered as 340 to 400 and 339 to 410

respectly for each ststion over eleven vears from 1877 to 1987.

On the whole, we can say the bar-graph represents s quicker
means to find the variation of RRI for the thirty stations
considered here over the months of January, April, Jualy and

October.
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5.9 RRI Profiles for Bamgladesh

The refractivity profile of Bangladesh 1is shown throngh some
refractivity contours as shown in f£fig (5.9.1).The variation of
radio refractive index over whole of Bangladesh is depicted 1n
these contour maps. Using the average radio reffactive index of
eleven vears (1877 to 1987} four refractivity profiles are drawn
to see the variation of BRI over the months January, April, July
snd October 1i.e. over the four seasons. Profiles are drawn by
joining the places having zlmost equal refractivity. In four
seasons, the refractivity profiles for the coastal area sare
similar. But for other parts of Bangladeéh the refractivity

profiles are different in different seasons.
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CHAPTER 6

RADIO REFRACTIVE INDEX AND ITS GRADIENT FRON RADIOSONDE
DATA AND THEIR BFFECT ON RADIO WAVE PROPAGATION

6.1 Introduction

In this chapter we describe the radio-sonde data of
temperature, pressure apd relative humidity as collected by the
Bangladesh Hetedrologicai Department (BMD)., The RRI is calculaped
froﬁ. these dataﬁ _These RRI values show their variation with
height. From fhese values of RRI we calculate the- refractivity
éradient and. an effort is made here to derive an emperical
formulas to show a relationship between the surfsce RRI and
refractivity gradient for Bangladesh as s whole snd alsoc for some
places considering'separately. The variation of rgfractivity with
height affecté propagsation of waves which causes bending of wave
path as discusded earlisr. In this. chapter we cslculate the

bending of waves with the help of refractivity and its grsdient.
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6.2 Radio Refractive Index from Radiesonde Data

The radisonde dats are obtainéd from the monthly climatic
data for 'the regions Dhaka, Chittagong s&snd Bogrs only sas
available from Bangladesh Meteorological Department. The dats
includes 'ﬁhe atmopsheric pressure, temperature_ snd dew point
temperature which sre measured at different héights "from the-
earth surface by sending meteorologiesl balloonsi Relative
humidity is calculated from this dew point temperature. Thus
using these atmosphéric pressure, ‘temperature and relstive
humidity the radic refractive index is calculated at different
heights from the esrth surface and the radioc refractive index
profile (Radio refractive 1index vs height) is drawn. for the
regions"Dhaka, Chittagong ana‘Bogra for the months of January,
April, July and October showing vériation of réfractivity with

heights in Figs.(6.Z2.1a,b and c).

From these profile it is seen that hoth +the surface
refresctivity together with the slope of the refrsctivity profile
for different regions vary és a fonection of time or season. In
January thelsurface refractivity is low, sbout 340 snd aslsc the
change in radid-refractive index for the firét kilometer i.e. the

radio refractive index gradient is low and sbout -45/km.
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In April as the tempefature increases slightly the surfsce
refractivity increases by sbout 30 ynit than that of January and
also the gradient of radio refractive index increases by 10 units

than the gradient in the month of Janusry.

In the month of July the highest température oceurs  in
Bangladesh and the'relative humidity increases due to the rainy-
season. Both these conditions are favourable t& increase the
radio refractive index. Also Ehe highést surface fadio refractive
index is- observed from Figs.(6.2.1) and the value is about 400
units. But the radio refractive index gradient is smaller than

that in April.

In October the temperature 1is reduced than that of July
which csuses a decrease in the radio 'refrsctive 1index. The
decrease in radio refractive index is about: ~15 unit from the
values of the radio refr;ctive index in July. The surface rsdio
refractive index 1in October is sbout 385 unit. But the radio
refractive index gradient in the month of October is higher than

that in any other month in the year.

On the whole we can say that the temperature st the esrth
surface is high and it decresses with increasingu height. Again

the quantity of water vapour present in the atmosphere is highly
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variable. This is important since the permanent dipole moment of
the molecules of water vapour causes it to be very significant
contributor to the variability of the atmospheric radioc

refractive index.

lAt about 40,000 feet elevation the dew point tempersature is
not available, so0 the measurement of relative humidity is not
possible above +this height. The relative humidity decreases
rapidly with height and is highly dependent on local air
temperature. Atmospheric temperature decresases with height and at
about 18000 feet it becomes negative. Also the atmospheric

pressure decreases with height.

So the three parameters 1i.e. atmospheric pressure,
temperature and relative humidity decreases with height and
ultimately the radio refractive index of the atmosphere decreases

Wwith increasing height from the earth surface.

6.3 MNariability of Radio Refractive Index with Height,

One of the most significent parameters in the influence of
the troposphere on radio wave propegation 1is the lsrge-scsale

variation of rsdio refrsctive index with height. With the
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increase of height the afmospehric,pressure and the water vapour
content in the atmosphere decresses. But these two factors sare
directly  relsted to the stmospheric refractive index.
Temperature also decresses with increasing height snd it appears
in- the denumerator of the radio refractive = index expression
which seems to incresase the_radio refractive index. But the water
vapour content has the more proﬁounoed efféct than the
temperature. Ultimstely, the radio refractive index decresses

with increasing height.

The expression for the refractive index at different levels
in atmosphere in terms of height from the earth surface snd the
mean surface refractivity is given as [8].

n(h) = 1 + N, exp (-bh) x 1075 (6.3.1)

Here suffix S refers to earth surface, h is in km and b 1isg

determined by the relstion
exp (-b) = 1 + AN/NS (6.3.2)

where AN is the difference in N values at a height of 1 km
above the earth éurface and N at the surfsce of the earth. AN is
8 negative quantity becsuse it decresses with height. _AN ‘ié

.called the refrsctivity gradient.
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The wvaristions of refractivity with height sre determined
for few places of Banglsdesh. The surfsce refractivity Ng and
the gradient AN for the first kilometer are found out for the

. stations Dhaka, Chittagong and Bogra for the months ‘of January
April, July and October from radiosonde  data using westher
balloon with ftransceiver that mohitors temperature, pressure and
humidity =2t different heights from the surface and sends bsck
the - data to the surface stations. Using these data the average
surface refractivity Ny and the average refractivity gradient

AN for the first kilometer are found out forl the months of
£ January, April, July and OCtobe;. By nsing these values, the

| ref:aotive index 'expressibh in terms of height i.e. n(h)

expressions are found out for these months.

6.3.1 Refractivity Gradient of Janusry

In the month of January the Aversge value of Ng is 337 and
- average value of AN= - 44 .5/km in Bangladesh.Putting these
' values in the eqUation (6.3.2), the value of the constant b is
found out and it is equﬁl to 0.1418 1i.e. b=0.14186 (Aﬁpendix

F.1). Then the expression (6:3.1) for refractive index in terms

of height becomes:
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nch) = 14N exp(-0.1416h) x 1075 (6.3.3)
1

From this expression, the refractive ‘indices at different

heights for the month of Jsnuary is Ffound as (Using , NS = 337)
h = 1 km, n(1)=1.000292 i.e. N(1)=292 |
h .= 2 km, n(2)=1.000253 i.e. N(2)=253

h = 3 km, n(3)=1.000220 i.e. N(3)=220

h = 4 km, n(4)=1.000191 i.e. N(4)=191

h o = 5 kn,- n(ﬁ):iaooo1eé i.e. N(5)=166

and the average radio refractive index gradient in the month of

January for the firsf kilometer is - (337-292) = -45/km.

8.3.2 BgfxnQLixitz_ﬁxﬁdigni_ginﬁpxil

In the month of April the

Average value of Ns 371

Average value of AN = -57

Putting these values in equation (6.322), the value of constant b
is f0und out and b=0.1668 (Appendix F.2).
VT
VAL TS

So the expression (6.3.1) for refractive index interms of heigh%{}

becomes-
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n(h) = 1 + Ny exp (-0.1668 h) x 1078 (6.3.4)

From this expression; the refractive index at different heights i

for the month of April are found as (Using , Ng = 371)

h = 1 km, n(1)-1.00031d°i.e. N¢1)=314
h = 2 kn, -6(2)213000265I£.e.'N(E):ZSS
h = 3 km, n(3)=1.000224 i.e. N(3)=224 .
h = 4 km, n(4)=1.000190 i.e. N(4)=190
h

= 9 km, n(5)=1.000181 i.e. N(5)=181

and the radio refractive index gradient in the month of April for

the first kilometer is - (371-314) = -57

6.3.3 Refractivity Gradient of July

The average surface radio refractive index Ns = 392.5 and
the saverage radio refractive index gradient for the first

kilometer from the earth surface is AN=-51.5

The #alue of constant b is found ocut from the expression
(6.3.2) by wusing sbove values and it is '0.1406 i.e.

b=0.14068 (Appendix F.3).
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So the expression (6.3.1) for refractive index in terms of

height beccomes-
n(h) = 1 + NS exp(-0.1406 h) x 10;6 (6.3.5)

From this expression the refractive index at different

heights from earth surface ih the month of July are found as

(Using, N, = 392.3)

= 1 km, n(1)=1.000341 i.e. N(1)=341
- 2 km, n(2)=1.000296 i.e. N(2)=298
km, n{3)=1.000257 i.e. N(3)=257

km, n(4)=1.000223 i.e. N(4)=223

b= = = 2
H

{
s W

km, n(5)=1.000184 i.e. N(5)=194

.and the rsdio refractive index gradient for the first Lkilometer

for the month of July in Banglsdesh is -51.5.

6.3.4 Refractivity Gradient of October

For the month of October, the average value of surfsce radio
refractive index HS = 383.25 snd the avefage refractive index

gradient for the first kilometer is AN=-866."
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Now putting these values in the. express=sion (6.3.2) the value
of the constant b is found out and it is 0.1889 1.e. b=0.1889

(Appendix F.4),.

NHow the expression. (6.3.1) of refractive index for the month

of October 1in ‘Bangladesh in terms of height is given by
n(h) = 1+N_ exp (-0.1889 h) x 107° (6.3.6)

From the expression the refractive index at different height frem

the earth surface are given as (Using , N_. = 383.25)

s
h = 1 km, n(1)=1:000317 i.e. N(1)=317
h = 2 km, n(2)=1.000282 i.e. N(2)=282
h = 3 km, n(3)=1.000217 i.e. N(3)=217
h = 4 km, n(4)=1.000180 i.e. N(4)=180

h = 5 km, n(5)=1.000149 i.e. N(5)=149

and the radic refractive index gradient in the menth of October

for Bangladesh is given by AN=-66 for the first kilometer.

5.3.5 W@MMLDA&L&BM&M&

For the months of January, April,July and October four

expressions for refractivity index in terms of height from the
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earth surface are found out and at different . heights the
refractivities calculated from these four expressions : are

plotted with respect to height in Fig.(6.3.5.1).

From Fig.(8.3.5.1) of radio refractive index vs height,
plotted from the genersted expressions of n(h) for different

months of January, April, July snd October representing four

seasons, it is seen that msximam RRI occurs in the month of July

and minimum RRI occurs in the monfh of Jan@ar&. These two maximum
ancd minimum RRI curﬁes-are separsted by abou£~45 units H. The RRI
curves for the months of October and April lie between these two
curves snd RRI in October is higher than that in April thouéh
some sanomalous behaviour is observed at about 3 or 4 km height.
It is clear from fhe curves as the height from the earth surface
incrases the RRI decrégées. These curves sre almost similar with

the ‘curves drawn from actually obtained daﬁa-aS'in Fig. (6.2.1).

Vo
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6.4 §:ergrla£ign.9f_ﬂﬁl_(imd3.ﬂnj;' _ (AN) with the Surfas ce RRI (N.)

The correlatian between the méén refractivity grsadient AN
i.e. the decresse in refractivity N for the first kilometer and
the surface refractivity Ng was first investigsated by Bean and
Thayer [81. Similsr analysis have since been carried out for

different regions of the world.

In different regibns Of.the world, the corrglation between
AN and Ng had been investigated, aﬁd an exponential relationship

between NS and AN of the form below

AN = - A exp (BN ' (6.4.1)
was obtained where the values of the parameters A sand B vary
with the climate. It must be pointed out that in order to derive
the prédiotion formula from Eguation (8.4,1) ﬁ necessary
condition is that the meteorological data should span a fairly
wide geographical region, thus takiﬁg into account the spatisl
variation of the surface refractivity. .in | addition, the
determination of realistic values of A and B is inextricsbly
bound up with good correlation between 1ln{(- AHN) and Ngy. If over a
particuiar geographical region there is pdorrcqrrelation between
In(- AN) ‘and Ng; it becomes unrealistic to derive a prediction

formuls. 7 ;
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Several studies have shown AN to bé inversely corrletated

with B, and the general form {241 is

AN = - A& exp (BHY)

where

2.1 < A < 9.3 and
0.0045 < B < 0.0094

according to climate.

For Bangladesh such type 6f relations between AN snd N, are
found - out herel with the help of radiosonde daﬁa lwhich_ Was
obtained for the districts Dhaka, Chittagong and Bogra in
different months of the vear. For Bsngladesh to establish
rélatiohships for specific months of January, April, July  and
.October, the constsants A snd B are calcuiated by using the vslues
of AN and HS of the three radiosonde stations (Appendix G) are

given in table (6.4.1). .
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Table (6.4.1)
Values of Constants A sand B on the basis of refrsctivity and

retractivity gradient of Bsngladesh.

A B MONTH REGION
2.65  0.008333 JANUARY ~ BANGLADESH
9.11 0.005 - APRIL BANGLADESH
2.147 0.008 - . . JULY  BANGLADESH
2.4878 0.008571 . OCTOBER  BANGLADESH

With the help of the radiosonde data the finsl relation between
the sverage refractivity gradient AN and the surface
refractivity NS over a - yesr for Bangladesh is fopnd 85

(Appendix-G)-

AN = -4.572 exp (0.006666 N )

Agﬁin the relationships between N, and AN are found from
the data for the stations Dhaka, Chittagong and Bogrsa -over the
whole vyear which show the varistion of AN all over the year
for these three stations individuslly (Appendix -G). The valﬁes

cf the constsnts A and B sre given in the Table (6.4.2) for

these stations-
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Table - (6.4,2)

Values of- constants A and B on thé basis of retractivity and

refractivity gradient of different loecstions.

A B STATION
6;014 0.00588 DHAKA
2.405 | 0.008823 CHITTAGONG
4.461 = 0.006818 | BOGRA
" The correlation Co-efficients between In(~ AN) and N

5
determined for different sets of monthly values of AN and NS
from the three radiosonde stations in Bangladesh are within the
ranges 2.1 <A<9.3 and 0.0045 <B<0.0094 as is suggested by

several studies in (24].

Expressions showing ' relaticnships between NS and AN for
Bangladesh and other parts of the world and also the AN velues
obtained from these expressions and graphs are presented for

comparison in Table B8.4.3.

189



Table 6.4, 3

Comparision of refractivity gradient for different regions of the
world calculated on the basis of surface refractivity.

{all sradients expressed here are negative quantities)

Sta- Year Honth Surfalikmaw:-7.¢3 aK:-9,11 oK1, 1y ONZ-7.48 oN:-6.014aN:-2.405 N4 4] 2AN-1,31 alz-9.3 EXDANI-3.9500:-3,47 al=-].,

tion -ace From Exp £xp Exp Exp Exp Exp Exp Exp {0.008565  Exp Exp Exp
R Graph (0.00833 (0.005 (9,008 (000857} {0.0058 {p.00887% {0.006818 {0.005577 M, 10.0072 {0.007576 {0.00%

Hsi Hs}__ HSJ HSJ HS) "s? NSP Nsl Nest Nsi HS} NSJ
Jamwary  fpril July October  Dhaka Chittagong Bogra [} Germany ¥, dapan Afric

umhﬁﬂsmﬂﬂahhmhmmﬁmmw%h

Ohaka 1987 Jan- 340 i 5 50 31 i 44 i8 - i5 i 1| §6 i5 §3
uary
April 376 57 t0.8 60 - i . LY} 35 13 5 60 §2 59 by 59
1988 July 394 51 Hj 05 50 13 51 i8 65 6 5 61 . 1 67
Oct- 384 bl 65 42 113 bl 8 H 60 61 54 &1 - b} 63
ober )
1989 Jan- 33 il i? i8 M i [} 45 i3 4 i 11 4 il
vary
. b .
Bograld8! April 366 51 56 3t 40 §1 52 ol 3 56 {9 93 59 54
July 391 LY ¥ bt 51 Iy 67 80 1) T . 51 6% b9 10
1988 Juiy 91 56 n 1) 51 15 61 80 6 o 61 51 69 b7, 1
Oct- 304 b1 65 62 it b7 48 i 60 bZ N b3 t} [N
ber '
Chitt-1958 duly 382 I3 bd 6i 45 1) 8 0 60 62 53 67 67 62
agong
Oct- 384 | ()] 62 i 67 58 H| 60 6l 4 63 63 63
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6.5

For computing the refraction of radio frequenéy rﬁys through
an atmosphere of known refractive-index distribﬁtibn, assumptions
are that surfsces of equsl index sre spheriecsl and concentric
with the earth. The expression for the refraction T1,2 of a2 ray
as in Fig.(6.5.1) below bet#een heights hl and h2 and msking

an  angle 8 with the spherical-refraCting surface at the height

h is given by [3]

n
T1’2 = f 2 COte

---- dn . (6.5.1)
nl' n '
Since n-varies from at most 1.0004 st the earth’s surface
to unity at the top of the atmosphere the fasctor 1{n msy be tsken

as unity'-with an error of less than 4 parts in 1DQOO in the

computed refraction. So the above equation is reduced to

Ty,2 = - fz Cot8 dn | (6.5.2)

Another form of the expression is

ns
Ty,2 = - I cot8 An

n
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Fig.6.5.1: Propagation of a radio ray
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s E

= (Cot8); 5 (Any- Any) in radians (6.5.3)

where, ‘An is (n-1) and ( Cot8)1,2 is the mean value of
the constant function over the interval Aty ,Aniy . Here 8 iﬁt 8.
function of both An and h snd An is only knownlempirioallyl as\A
8 function of h snd is given_by a table of values computed
from radiosonde data. According to Snell’s 1aw. The ‘angle @
for a ray path through concentric spherical refracting surfaces
are determined from the formuls |

nr CosB = n_r Cos8_. = Constant (6.5.4)
o o o] )

where r = a + h is the radius of spherical refracting surfasce
at elevation h, a is the earth’s radius and the suvubscript “zero”

refers to the ground level.

At small elevation angles, 8, < 10° and neglecting
quantities of second snd higher order terms equstion (6.5.4)
transformsz into |
829 2

e = Anth/a ) - An0+h0/a0) (6.5.58)
2 : .

solving for @

8 =(0,% + 2 (&n + h/s) - 2 (An, + h, /8, 01% (6.5.8)
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where ho is the station elevation shove mean sea level. The

angle 8 at any elevation may then be calculated for each station
from = table of values of An against h, as is done later for the

data obtained for Dhaks, Bogra, Chittagong.

It can be shown that Cot8 = 1/8 where O is the

m hid

arithmatical mean of 8 over an intervsl and for the interval

(Anl,Ang),
g4+8
o, = Z1c2 , ) . (6.5.7)
2 ' ) )

Substituting +this approximation into equation (6.5.3) with

8y, in radians, 'results |

<10° ) (6.5.8)

T4,2 = =mom-o-e- radian (8° <80

Paiae N
1

Above 18 km, the contribution to the total refrsction is small

and may be shown to be approximately as

T1g = nyg Cot 84g - (6.5.9)

where the subscripts refers to the values of the quantities at~
18 Km. ’
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For angles of arrival or departure, 8 greater thsn 10

o

degrees the total refraction through the entire stmosphere is

.émali snd may be spproximated by the first term -of the

expression obtained by integrating (8.5.2)fby parts -

1
T = - f Cot8 dn
ny
cot8 _
(no—l) Cot 60 - I n d{(Cot 8) (6.5.10%)
o)
Here refraction Bas been computed from the actusl

refractive-index structure of the-atmospheré 85 obtained from
average meteorological data for locations, Dhéka, Chittagbng and
Bogra. for arrival angle 80200,50 and 10° as shown in Appendix-H.
The assumption is made, as is nusually done_that the stmosphere is
horizontally homogeneous. The results have been plotted as the
Figs.(6.5.2a, 6.5.2b,6.5.2c, and 6.5.2d). These figures (6.5.2)

represents the actusl variation of refraction with height.

For Dhaka station refraction is cslculated for the monthsi
of January, 1987, July 1988 and October, 1988 using the availsble

dats. From the Fig. (6.5.28) curves we see that the refraction of

<1
[

. . . . !
rsdio-rays increases gradually sas the height incresses. But most, F
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of the refrsction i.e. bending of the rays occurs below the
height 1.5 RKm. Above 1.5 Km height the increase in refraction
QOCU%E élowly.From the refraction calculation:table in Appendix-H
we Lcan say that the refractive index decreases ss the height
increasses from the earth surface and the largest vslue of
refrﬁctive index occurs on the earth surface. The rate of change
of refractive index graduslly incresses ss the height incresses
upto 1.5 Km. And above 1.5 Km the rsate of change of refractive
index decreases. The fate of change of refractive index plays an
important role in the rayrbénding i.e refraction. Thus it is
clear that ss the change of refractive index increases' upfo
height 1.5 KEm consgquently the refraction of rays is large upto
this .height i.e. most of the bending of thé ray tskes plsce
within +this height. On the other hand the change of refractive
index diminished sbove 1.5 Km. So the refraction of ray is
relatiﬁely small. Above 2.5 Km the refraction is almost constﬁnt
84S wWe see froﬁ-thé figures (8.5.2) shouing réfraction with

height .

Agsin from the Fig. (6.5.2.8) we see for the Dhaka station
for different months for the angle of srrival 0°, lowest

refraction occurs in the month of Janusry, 1987. In Jaly, 1988
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refraction is larger than that in Janwary but lower than that of
October, =also the largest‘ refraétion oéCUrs in the month of
October 1988, This is becuase the chﬁnge of refractive index for
particular levels is different for different months. The change
in refractive index is largest for the month of October than
that of any other months:as seen from‘tablerin Ap;endik;H. ‘Also
the change in refractive indeﬁ in the month of July is larger

than that of the moﬁth of January.

Thus.we can conclude frém above analysis that tle change of
refractive index of the atmospheric lavers will determine the
refraction of ray, which will be large for large chsnge of
refractive index i.e. (Ani.— Ani_l) and smalllfor smal]l chsnge or
refractive  index. Again, observing the Fig. (6.5.2a) and Fig.
(6.3.2b) .for the different stations in Bﬁnéladesh_ ié Dhaks,
Chittagong sand Bogras at an arrival angle 85 DO,_the nature of
bending of ray is similar for these three locations. Most of +the
refraction of the ray occurs below height 1.5 Km and above this
height rate of refraction is poor. The ray bends more than sany
other stations in Bogra as seen from the Fig.(8.5.2b) drawn for
the month of October.The refraction is almost same at the

stations Dhska snd Chittagong; though the refraction at Dhgka is

slightly larger than that of Chittsgong. From the refrsction
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calculation Table in Appendix-~H. we csn e35ily see the reason of

‘largest refraction of rsy st Bogra_and the lowest refrsction of

ray at Chittagong: The éhange of refractive index between
Atmospheric laver 1increases from the surface upto s height 1.5
Km and decreases above 1.5 Km. This change in refractivej index
is_ more pronounced for Bogra than any other stations ie. 'Dhaka
and Chittagong. For the three stations it can be said that the
most of the refraction occurs below 1.5 Km and sbove this height
refriction is " almost constant though slight) increase in

refraction is observed.
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CHAPTER 7

CONCLUSIONS

7.1 Copclusions

in this thesis we concentrated on the study of the
atmospheric radio refractive index and its variation at different
places of Bangladesh for the féur seasons, winter or north-east-
monsoon, Summer or premonsoon, south-west monsoon or . momsoon and
Autumn or postmonsoon and also how it affects the radio ray
propagation. Surface radio refractive index were calculated from
the atmospheric pressure, Lemperature and relstive humidity data
for the thirty 1locations in Bangladesh for the above four
considered seasons for the eleven years (from 1877 to 1887) on
the basis of availability of data. Also the radio refractive
indices ‘were calculated at different heights from the earih
surface using radiosonde data for threé places 1i.e. Dhaka,
Chittagong‘ and Bogra as data were availasble, only for these

stations.

In course of study of radio refractive index at different
places it is seen from the plots of radio refractive index over &

year the trend of variation is slmost similar for the thirty



locstion though the numerical values are different at differnt

u

locations. The minimum value of radio refractive index occurs in
the month of Jasnuary over a year and increases 8S time passes and
fhe naximum value occurs normally in the month of July and tLhen
it begins to decrease. The RRI observed in the months of April
and October is higher than that of Jsnusry but lower than that of
July. Also in some yesars RRI in April =snd October was not between
the values of January and July due to the abnormal weather
condition. Again from the plots of RRI for a particular month at
a psarticular place for severai vears it is seen that the RRI
varies from vesr to vear as the weather changes from vear *to
year. Hormally the maximum RRI occurs in the month of July and
the wminimum RRI oceurs in the month of January and the maximum
and minimum curves are separated by sbout 40 units RRI. Also the

varistions of RRI at the coastal areas are different from other

places due to the difference in weather.

Some refractivity profiles are drawn for four seasons using
the average RRI of eleven vesrs (1977-1987); which show the
varistion of RRI over Bangladesh in each season. Variation of RRI
at coastal areas are similar in four seasons and are different at
the other places of Bangladesh. From the plottings of atmospheric

refraetivity obtained from the radiosonde data it is seen that
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therRRI decreases with increasing héight from the earth surface
for 8ll the radiosonde stations. This is becsuse as the height
increases from earth surface, atmospheric pressure, temperature
and humidity decrease, which cause ultimately decresment of RRI.

Refractivity gradients are different in different sessons.

Four expressions were developed in terms of average surface
RRI and height from earth surface using the refrasctivity
gradient‘and average RRI for calculating the refractive index at
different height 1in four seasons for Bangladesh. Curves draun
from these four expressions for Bangladesh are slmost similar to
those curves of other locations drawn from actual data. Also some
ekprpssionérare developed,heré calculating refractivity gradient
inr tefms of surface refractivity for Bangladesh and for the

places Dhska, Chittagong:and Bbgra separtely.

Again using the RRI st differEnt height the bending of =
radio ray is calculasted for different sngles of incident. From
these refraction curves it is seen that most of +the refraction

occurs below 1.5 km and above this refraction rate is low.
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7.2 Suggestions for Further Work
A number of useful extensions of the works desceribed in this
thesis are possible, They sare . discussed in the following

paragraph.

Radiosonde data was avasilable only for +three places ie
Dhaka, Chittagong and Bogrs. So radio rafractive index st
different height was obtained only for the three places in
Bangladesh. If it is‘possible to collect radiosonde data for
other 1ocatioﬁs in Bangdladesh then it would be possible to see

the varistion of RRI with height for Bangladesh.

Again some expressions were developed for refractivity
gfadient using sverade RRI obtained from radiosonde data only
for the above three locations. But for this case we need a fairly
wide range of data. So by using s large number of dats for other
locations, the obtsined expressions can be reviewed snd sunch type

of expressions for these locations can be developed.

Again using the RRI for these three locsitons refractions of
radio ray were calculsted only for these stations for different
incident =angles due to the unavailsbility of rsdiosonde data.
Such type of refrsction can be calculsted if a large number of.
radiosornde data are available for different locations in”‘

} k3
'Bangladesh. )
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Differentiating egquation (2.4.1) yields [17]

P dv = (a/mg) K dT - vde’ (4.1)

. .
substituting this expression for P dv into eguation

(2.4.4) and solving for dT vields

Vd e -
dT = -v dp/{mcl, + (n/w R} (A.2)
To convert this resnlt into the desired form shown in
equation (2.4.95), we must establish a relation beftween *the
specific heats c; and c;. We may do this through equation

(2.4.1) and (2.4.3) along with the definttion

C;:(&Q/ﬁT}p (A.

[y

‘}‘

for specific heat at constant pressure.’ Differentiating

equation (2.4.3) at constant pressure and using equation (A.3)

vields
rd ., )
ﬁ'd; = m”cp + B (8v/6T)p , N (A.4)
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while differntiating equation (2.4.1} at constant pressure
vields

P’ (6v/6T)p = m/m), R’ (A.5)
Substituting this expression into equation (A.4) and substituting
the result into equation {A.2) snd integrating the latter vyields

equation (2.4.5) [17]
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AEPENDIX-B

Derivations of the expression for effective specific heat and

] 3 g} r . .

To raise the temperature of the air parcel one degree kelvin
at constant pressiare reguires the addition of an amount m U
of heat to the parcel. On the other hand, the amount of hes

absorbed by the water vapour is mn and that absorbed by

-
W 1uPW’

sll other gsases in the parcel is m Cp {171.

Thus,.

/7 " .
me = me + my Coy A (B.1)

-

Dividing by m  and substituting from eguation (2.4.7) &
{2.4.8) and
E=m+omy | (8.2)

vields equation (2.4.10). Combining eqgustions (2.4.7), (2.4.3)

and using

s

P = Pre - (B.3)
yields
PV = (m/m, + my/mg,) KT (B.4)

which, upon comparison with equation (2.4.1) vields
E/m) = m/mg + W/ Mgy (B.5)
Substitution from equstion (2.4.8) and (B.2) and solution for

mg vields equsation (2.4.11) t17]
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Appendix - C

SOME METEOCROLOGICAL CONDITIONS FAVORABLE FOR ANOMALOUS RADIO PROPAGATION
ChartI Surface Superrefractive Layers (AN/Ah <-100 N-units/km) (Reference-27)

CAUSATIVE PROCESS

N-Prafile

DESCRIPTION

T-Profile RH-Profile

OCCURRENCE

A I DYECTIOMN

{1) Over large bodias of water such as lakes, bays,
gulls and sess; parliculary along deser! coastal

Horlrontsl molion of werm dry alr 7';,‘
scrons 5 cool molst surface {ses 5 2001 regions s.g., In the Madiisranesn snd Red vess, the
or malsi ground). - Guif of Arabia or In the English Channel during
The warmer and drier the alr, the E 100 summers). The laysrs have been ohserved 16 extend up
stronger the gradient e 10 70 meters above the sas surfece and oul to 20 km
) from the shors. :
30 310 {2) Over coot imigatnd valleys, balow hot dry
N-tUnits mouniain slopes, just after sunsst
B} QUAS-ADVECTION = 100 .
" Horrontsl motion of eood alr 5 {1} Cver tha poleward portions of temperate zone
#CIONE & Warm molsl surface (ses s B o888 in |he winter {s.g.. the North Atlantic)
or molst grognd). E . (2} Ovet molst land arens near the tropice. {s.g.,
The stronger the wind, the £ g Florida) during warty winter,
stronger the gradient. ' 0 {n temperate-rones following a cokd front
. passage.
LT[ 1.1 warm sea 25 30 60 B0 100
N-tnits T{*C) % RH
POR, 200 -
c EVAPORATION —_ ( {1) Qvor land In moisi froples! regions, particularty
Evaporation from wet surfaces d with yegetation and iollage cover and more commaonly
{sea or molst ground) ta sir at the v 100+ _{ 1 inthe deytime.
e oF highes lemperatures, E N . “,l':l.' ,lf (@) Cwer iha sea when the alr ¢ ss warm as or
| The less the wind speed, the - : Jr‘-h:;',;'.',”“;’.,,',J Ji warmer than the sas and In the absance of strong
stronger the gradient. The wanmer = ,m,,,,,,,m““.':',’”.",“” ) winds. .
the sk, tha weaker the gradient, 3;0 l;iﬁﬂ YT 25 10 Elﬂ ﬂlﬂ T {3) Over the sea in the iradewind regions ss a "semi
N-Units Tecy e RH permansnt” layer axlending up 1o & to 20 meters.
<tni i
D| FAONTAL WEATHER PROCESSES Iser ]
The advance of cool sir slong the - ot 4
surface, HHing & stable warm sl 4
masa. a . Cver (and in the near ricinity of the front {the
E 50 1 | Junction of the two air massas sl the surdsce}
=
310 320 330 15 20 40 60 40
N-Units T{*C} % RH
E | RADMTION 200 N Clear skles and light suriace winds, at night. resuti
- . In conaidersble cocling of the serth causing the
The rdiation of heat from the E formation of 4 temperature inversion (an Incresss of
warmar ground to the colder sky, * 100 N temperature with height)
E Qf major importancs In ihe polsr regions and during
: Lhe winter at tamperete tatitudes whers solar hesting
s confined to a limlind surises depih, Probably
790 300 310 A ITFT S TR o Y 10 15 20 2040 §0 | vrususl In tropical reglona or in humid reglons during
N-Units T(*C) . RH the summer.
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SOME METEOROLOGICAL CONDITIONS FAVORABLE FOR ANOMALOUS RADIO PROPAGATION
Chart I Elevated Superfractive Layers (AN/Ah<-100 N-Units/km) (Reference-27)

CAUSATIVE PROCESS

N-Profile

DESCRIPTION
T-Profile RH-Profile

OCCURRENCE

A| ADVECTION

Horlrontal motlon of dry a over
moist alr.

himeters)

2000

1500

8

260 210 280 290
N-Units

dry air
mo-st oir

mms' air

l 'Y
|0 40 50 80
T{*C ) “%RH

!nnd o sea

Over land and water near the coasl,the subsidence
of the dry lang alr over moisl saa alr may ocgur,
Daytime solar hbeating of land surfaces counes a rising
ol warm dry sir near the land sand s horlzontal motion
of malsl sir from ses 1o land (ses breaze).

B| SURSIDENCE

The flow of air from a high
pressure call such that hot, dry
al'fiows out {(subsiding) over cool
moist ale.

himeters)

1800

160

260 280 300 320

N-Units

hol drycnr

lnversmn

moist cool air

N

20 25
T{*C)

40 60 50
“Y%RH

* gubsides over motat cool alf owver the sea.

Over watet roughly batween 3* and 25° Morth and
South Istituds, slevsted laysrs occur which are known
aa the Tradewind Imesralon. Thess e dus 1o
subsidence of dry abr from high altitudes which

Over land, the subsidance can cccur due 10 8 lerge
slow moving high pressure system associated with the
siore-meniloned ovsf-water highs.

C | ADVECTIVE INTRUSION

The hortrontsl motion of air,such
that one sir mass intrudes into
another, can produce multiple
slevated tayers.

h(meters)

1800
1600

250 260 270
N-Units

cool dry

worm moist
L air

)

" ground 10 15
T(*C)

coal dry

10 &0
% RH

WARM MOIST INTRUSION

A tongue of warm moist alr intruding into & cool dry
als mass results In the combination of &
superreiractire layer positioned sbove a subreiraciive
Inyer. Observed malnly aver Land In the tempaerate
rone, Fally common occurance.

COOL MOIST INTRUSION

A tongue of cool molst eir Intruding into warm dry
alr produces a similar superfaud type of N proille.
Uncommon sxcept possibly In some warm deserl
arsss Neer cotd water coasta

himeters)

1800
1600
1400

warm maist

< co'ol. dry air

worm maist i
] i i | IO SR

20 M0 %
N -Units

T ety ™7 1§ 20 40 £0 80
ground T°C)  %RH

COOL DRY INTRUSION

A tongue of coc! dry alr Intrxding In1o & warm moist
slr mass results In the combinailon of s subrefractive
|layer positioned above a supemreiractive layer,
Cbservad mainly over land In the temperats rone.
Falrty common,

WARM DRY INTRUSION

A torngue of warm dry slf Intruding Into a cooler molsl !
skt meas produces the same sub/super N prodibe.
Commuon in {roplcal and sublropic aress. i

!



Appendix - D
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BANGLADESH

MEAN SEA- LEVEL PRESSURE
1951- 80
JULY

SCALE-1"= 3IBMILE /64 KM
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Fig.D-1: Contours of mean sea level préésure for the month of

July of Bangladesh.
(Annual weathe: report,BMD).
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BANGLADESH

MEAN TEMPERATURE °¢

1951- 80
JULY
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Fig.D-2:Contours of mean temperature
of Bangladesh.
(Annual weather report,BMD)
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Fig.D-3; Contours of mean relative humidity for the month of
July of Bangladesh. o
(Annual weather report, BMD).
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Appendix E
Table E

Haximum and minimum Radio Refractive Indices of all stations of

four sesasons.

Ti

\\\\\\ﬂngf\\' January April July October
station
Nmax Nmin Nmax Nmin Nmax Nmin Nmax Nmi
Rangpur 370 324 384 340 412 376 400 356
Patuskhsli 360 322 410 380 410 375 410 370
Srimangsl 380 334 420 340 430 372 415 355
Hymensingh 355 320 390 335 410 375 400 355
Rajshahi 358 320 385. 330 420 378 405 356
Satkhirs 360 320 400 345 415 378 405 380
Feni 362 320 400 350 415 377 410 362
Ishurdi 358 318 393 332 410 370 400 350
Jessote 360 320 400 340 420 376 405 355
Khulna 367 322 420 355 422 380 410 364
Sylhet 355 320 390 342 410 375 405 358
Madaripur . 360 320 3385 346 410 372 400 350
M.Court 360 320 400 352 410 370 405 365
‘Rhepupara 352 320 400 358  41p 376 405 . 387
213 {3



Month January April July October
Station ' '

Nnax Nmin Nrax Min Nnax Noin Nhax Nnin
Dhaka 358 320 400 364 412 377 404 360
Comilla 360 320 400 342 410 365 405 360
Chittagong 362 323 400 352 408 370 402 360
Dinajpur 352 315 1370 320 408 | 370 +390 345
Bhols 367 322 410 360 414 378 408 382
Bogra 362 320 - 390 335 417 378 - 4086 360
Chandpur 360 320 403 7350 410 377 408 .385
Barisal 365 320 410 355 415 378 410 370
Faridpar 7357 317 400 340 415 375 410 360
Teknaf ‘ 360 320 395 350 405 37Q 400 355

Cox’s Bazar 360 320 410 360 410 375_ 400 360

Hatia 358 320. 400 357 410 377 405 361
Kutubdisg 363 325 405 365 410 370 403 1380
Sandwip 365 325 410 360 412 380 400 360
. Rangamati 362 322 400 345 405 367 400 363
K Sitakunda 355 315 390 3950 405 375 400 360
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dppendix - F

Determination of empirical formula for the

varistico

of

: . . nd :th heigl
Appendix F.1

a(h) = 1 + Ny exp (-bh) x 107°
where h in km.
b is determined from

N

exp {(-b} =1+ --—-

NS

For Bangladesh. Month Janusry

340 + 334
Average, Ns = ———--m—-- = 337
' 2
42 + 47
Average, N = = —————=- - -~ 44.5
2
a4 .5
exp (~b) = 1 - ----
337
exp (-by = 0.8679
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- b = - 0.1418
b = 0.1416
H Ng = 337
nCh) = 1 +H_ exp (-0.1416 h) x 107°

s

n(l) = 1.000292
n(2) = 1.000253
n(3) = 1.000220
n(4) = 1.000181

n(5) = 1.000168

376+3686 7
Average N = ~wren = 371
2

Average AN = - . = =57

o exp (-b}

3]
e
I

exp (-b} 0.848

- b= - 0.1668

i

b = 0.1668

n(h) =1 + N, exp (-0.1668 h) x 1070
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N. = 371

n(l) 1.000314

n(2) 1.000285

n{3) 1.000224

n(4) 1.000190

n{a) 1.000161

EQL_&an&lﬁdiahJ_MgnML

394 + 397 + 397 + 382

exp (-b) = 0.86878
- b

tl

- 0.1406
b

0.14086

nCh) exp (-~ 0.1406 h) x 10°6

I
b

+ N
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1.000341

n(l) =

n(2) = 1.0002396
n(3) = 1.000257
n(4) = 1.000223
n(5) = 1.000194
Appendix F.4

Aversge Ns =

AyerageAN —_
exp(-b) = 1

- b = -

b =20

nih) =1 + NS exp

384 + 385 + 380 + 384

4
61 + 56 + 76 + 71
4
66
- - = 0.8278
383,25
0.1889
1889

(- 0.1889 h) x 1078
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N, = 383.25

n(l) = 1.000317
n(2) = 1.000282
n(3) = 1.000217
n(4) = 1.000180
n(5) = 1.000149

~d
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Appendix G
I ) .

In this section subscript '1° is used after AN to indicsate
refractivity gradient for first kilometer from earth surface.
Appendix G.1

th- . e
AN =-A exp(BN)
So In(-~ AHl):BN%+1n(A)
A snd B are constants. They are to be foundﬁ
From graph - G1.
Ng=339=x 3 Ng=387=x4 | .
In(- AN{)=3.8=y, In(- ANp)=4.2=y,

So the egquation of this straight line is-

. 17y2 .
Y-¥q= e K= X 1 )
' X=X 2
3.8-4.2
So, ¥v-3.8% o (X-339)
339-387

So y=0.008333x+0.275
S0,B=0.008333 and 1n(A)=0.975
A=2.65

AN;=-2.65 exp(0.008333 Ng)
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Ale—A exp(BNS)

So 1n(- AN;y)=BN_+1n(A)

A & B are constant. They sre to be found.

From graph - G2:
NS=338=x1 . : NS:378=x2

In(- AN{)=3.9=y, In(- AN{)=4.1=y,

50 the equation of the straight line is

Y172
b - v 1 = . ( =X 1 )
X1~%Xg
3.8-4.1 |
S0, v-3.9% e X~ 338)
338-378 -

So, ¥=0.005x+2.21
So, Bz0.005 and ln(A)=2.21
A=9.11

ANy=-9.11 exp (0.005 Ng).
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Honth-July (Bangladesh)

ANy=-A exp(BHNg)
So 1n{- ARq)=BN +1n{A)
A & B sre constant
We have to find A & B
From graph - G3:
N =342=y4 N =387=y,

In (- AN{)=3.8=y4 In(- AN{)=3.7=y,

So the eguation of the straight line 1i1s -

y17Y2
LA A (x-x 1 h)
X17%2
3.5-3.7
SO0 ¥-3.52 i X—342)
342-38B7 -

- So V—3.5;0.008(x—342)
So y=0.008x+0.764
So B=0.008 and 1ﬁ(A):O.764
. A=2.147

AN=-2.147 exp(0.008 N)
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Apvpendix G.4
Month-October., (Bangladesh)

ANy=-A exp(BNg)

‘So In(- ANl)ZBHS+1n(A)
A and B are constants.They are to be found.
From graph - G4:

NS=337:x1 ~Also, NS:372=x2

In(~ AN{)=3.8=y, In(- AN{)=4.1=y,

S¢ the equation of this straight line is

Y17v2
y—ylz ................... (x_xl)
X17X2
3.8-4.1
S0, y-3.82 e x-337)
337-372

So y=0.008571x+0.9114
B=0.008571 and In(A)=0.8114

A=2.4878

AN;{=-2.4878 exp (0.008571 Ny)
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Appendix G.5

¥hole vesr (Jsp.App. July. Oct) (Bangladesh)

AN1:~A exp(BNS)
Soe In(- ANl):BNS+1n(A)

A and B sare constsnt. We hve to find A snd B.

From graph - G5
NS:342:x1 also NS:372:x2
In(- AN1)23.8=y1 In(- ANI):4.0:y2

So eguation of this straight line is -~

¥1-¥2
y-y 1 = — ( X-X 1 )
X17X3
3.8-4
$0 y-3.8= corn( x-342)
42-372

So y=0.008666x+1.52
So B=0.006666  and  In(A)=1.52
A=4.572

A Ny{=-4.572 exp (0.006666 N.)

224



Appendix G.6
Dhaks (over vesr)

ANi{=-A exp (BN, )

So In(- AN;)=1n(A)+BNg

A snd B are constant. We have to find A and B.
From graph - GB:

Ng=341=xy also N5:375§x2

In(- AN;)=3.8=y;  In(- AN;)=4=y,

- 50 equsation of the straight line is -
-

yim¥2
-~ Y-V 1 = [ ( X—-X 1 )
iﬁ X17X2
4

3.8-4
50 y-3.8= o (x-341)
341-375

So y=0.00588x+1.794
So B=0.00588 and in(A)=1.7984
A=6.014

AN;=-6.014 exp (0.00588 N)
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Appendix G.7

Chitt |

ANI:—A exp(BNS)

So 1n(- ANl):ln(A)+BHS

A and B are constant. We have to find A and B.
From graph - G7:

In(- AN;)=3.7=y, In(- AN{)=4=y,

N =338=xq Ny=372=x5

So equation of this straight line is -

¥1°Y2
Y-Y1= e (X-X1q)
X17%2
3.7-4
So y-3.7% (X~ 338)
338-372

So y=0.008823x+0.7178
So B=0.008823 and In(A)=0.7176

A=2.405

ANj=-2.405 exp (0.008823 N_)
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Appendix G.8
Bogra(over year)

AN1=—A exp(BNS)

].l'l(',' AN]_ )ZBNS‘F]_I'I(A)

A and B are constant. We have to find A and B.

From graph - (8:
N =338 also N4=382

In(- AN1)=3.8  and In(- AN{)=4.1

So eguation of this straight line ig-

¥1-¥2
VoY1= e (%-%4)
*17%2
3.8-4.1
So y-3.82 (%~ 338)
' 338-382 :

So y=0.006818x+1.,4954
50 B=0.006818 and In(A)=1.4954

A=4.481

ANy=-4.461 exp (0.006818 K. )
1 LT S
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Appendix -~ H

Determination of #tadio Hay Bending

Table H.1

Refraction Calculation
of Dhaka for
when 60=00

July 1988

! 61 T I 21 f b ) ! 7
h | hx107{Anx| M=@n+| M-M, | 8i% 1 8; | 8 1+8; [ (An; _-1ATE (ZA
| —  j10Yj h/a) =0i%/2 {(mr)%] - mr | jAn) | | mr
km | a J ] 10 j j |2 | x10° |mr |

l . | | | l (|

i i i i i i 1 1 i
0.0152  2.38 394 396.38 O 0 0 0 0 0 0
0.0304 4.77 393 397.77 1.39 2.78 1.667 0.833 1 1.1995 1.1995
0.0609  9.56 392 403.46 7.08 14.17 3.765 2.7159 1 0.368 1.5676
0.152  23.86 387 410.86 14.48 28,96 5.38 4.519 5 1.106 2.673
0.3048 47.8 379 426.8 30.42 60.84 7.8  6.59 10 1.517  4.1904
0.6096 95.7 363 458.7 62.32 124.64 11.164 9.482 16 1.687 - 5.877
0.914 ~143.5 346 489.5 93.12 186.24 13.464 12.405 17 1.37 . 7.248
1.1148 175 331 506 109.62 219.2  14.81 14.226 15 1.054  8.3023
1.3935 218.8 314 532.8 136,42 272.84 16,517 15,66 17 1.085  9.387
1.672 262.5 298 560.5 164,12 328.24 18,117 17.317 16 0.923 10.3109
1.954 306.32 282 588.32 191.94 383.88 19.59 18.854 16 0.848 11.159
2.229 349.97 268 617.97 221.59 443.18 21.05 20.32 14 0.6889 11.847
2.508 393.78 255 648.78 252.4 504.8 22,487 21.75 13 0.597 12.444
2.787 437.5 245 682.5 286.12 572.24 23.92 23.19 10 0.431 12.875
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Hefraction calculation
of bhaka for July 1988

l'able H.2

when, 80=5°=0.0872~radian

] ~ ] T T ! T 1 I T 1
Y o] , . .2 . _ . !
ho | bx107[Anxj M=(Ant+| M-M, | 0i% | 8; | 6;_;+0,|(An;_,-[ATK [FAT
. — i10°] h/a) g=y¢say1[=z§+ i mr | ————-m¢Ani;6 ¥ j mr
km | a |1 10® j8,% | P2 | x10° jmr |
J | ! i ! | | | l |
i i 1 1 i 1 1 L i i
0.0152 2.38 394 396.38 0  0.0076 0.0872 0.0436 0 0 0
0.0304 4.77 393 397,77 1.39 2,787 1.6696 0.878 1 1.138 1,138
0.0609 9.56 392 403.46 7.08 14.16 3.7639 2.716 1 0.368 1.506
0.152 23.86 387 410.86 14.48 28,96 5.38 4,573 5 1.093 2.599,
0.3048 47.8 379 426.8 30.42° 60,847 7.8. 6.59 10 1.517 4,116
00,6096 95.7 363 458.7 62.32 124,64 11.164 9.48 16 1.887 5.803
0.914 143.5 346 489.5 93.12 186.24 13.647 12.405 17 1.37 7.173
1.2192 175 331 506 109.62 219.24 14.807 14,227 15 1.054 g.227
1.5240 218.8 314 532.8 136.42 272.84 16.518 15.66 17 1.085 9.312
1.828 262.5 298 560.5 164.12 328.24 18.117 17.317 16 0.923 10.235
2.13360 306.32 282 588.32 192.59 385.18 19.626 18.87 16 0.847 11.082
2.438 349.97 268 617.97 éz1.59‘443,13 21,05 20.339 14 0.688 11.77
2.743 393.78 255 648.78 252.4 504.8 22.467 21.758 13 0.597 12.367
3.048  437.5 245 682.5 286 572 23.916 23.191 10 ©.431 12.798
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Table H.3

Refraction calculation
of Dhaka for July 1988
_wnen 60=100=0.745 radian

! 1 } ! I !
h | hx107|Anx| M=(An+}{ M | 8i% | -84 | 6, ;+0, |(An -1 1A11|2A1'

. . i 1 i-

b {107 h/a) |= Y(sav [=3§+ ]  mr | u——~—m~ﬁA1} | | mr
km  j oa ] 10% je % | iz | x10%  |mr |

l oo | | | | | I

i i I 1 1 i t i i !
0.0152 2.38 394 396,38 0 0.03046 0.174 0.0872 0 0 0
0.0304 4.77 393 397.77 1.39 2,81 1.676 0.925 1 1.080 . 1.080
0.0609 Y.56 392 403.46 7.08 14.19 3.767 2.72 1 0.367 1,447
0.152 23.86 387 410.86 14.48 28.99 5.384 4.575 5 1.092 2.539
0.3048  47.8 379 426.8 30.42 60.87 7.801 6.59 10 1.516 4.055
0.6096  95.7 363 458.7 62.32 124.67 11.165 9.483 16 1.687 5.74%
0.914  143.5 346 489.5 93.12 186.27 13.648 12.406 17 1.37 7.112
1.1148 175 331 506 109.62 219.27 14.807 14.227 15 1.054 8.166
1.3935 218.8 314 532.8 136.42 272.87 16.518 15.66 17 '1.137  9.303
1.672  262.5 298 560.5 164.12 328.2 18.118 17.318 16 0.923 10.226
1.951  306.32 282 588.32 192.59 385.2  19.626 18.87 16 0.847 11.073
¢.229  349.97 268 617.97 221.59 443.21 21.052 20.339 14 0.688 11.76
2.508  393.78 255 648,78 252.4 504.83 22.468 21.76 13 0.597 12.357
2.787  437.5 245 682.5 286 572.03 23,917 0.431 12.788

23.19 10
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Table H.4

Refraction calculation
of Dhaka for October 1988

S .0
when UO—U

235

! ST I T P I 1 S A
h J hxlUbiAnxi M={An+| M-M i Bid_i e, j 6, _ +B,i(An,_1—iATilfA1'
! by e 2 i i-1""i i : ;
[ e 1107] h/a)  [=61°/2 jimr)°] mr I-wwwwwwﬂAnjlﬁ i | mr
km | a i 1o ; i ; |z Pox10°% e |
| L f | | | ! L
i i i i i 1 IS S i o i, -
0.0304 4.77 382 386,77 0 0 0 0 0 U
0.060Y 9.56 380 389.56 2.79 b.58 2,36 1.18 2 1.632 1.692
0.152 23.86 372 395.86 9.095 18.19 4.26 3.31. 8 2.41 4,107
0.3048 17.8 364 411.8 25.1 h(. 2 i.08 bh.67 8 1.41 H.b17
U.6096 95.7 346 441,7 54.94 109.88 10,48 8.78 18 2,049 .06
0.914 143.5 326 469.5 82.73 165.4 1Z.86 11.67 20 1.71 9.27
1.1148 175 307 482 95.26 190.5 13.80 26.68 19 0,712 9.98
1.3935 218.8 287 505.79 119 238 15.43 14.6 200 1,3685 11.34
1l.072 26Z2.5 270 532.5 145.75 291.5 17.07 16.25 17 1.046 12.386
1.951 306.32 254 560.3 173.55-347.1. 18.63 17.85 16 0.89Y6 13.28
2.229 349.97 242 591.9 205.2 410.4 20.245 19.44 12 0.6l 13.897
2.508 393.78 229 622,78 236 472 21.72 20.98 13 0.619 14,516
2.787 437.5 220 657.58 270.8 541.6 23.27 22,49 9 0.4 14.916
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Table H.7
Refraction calculation
of Bogra for Uctober 1988
when 8 _=0°

1 ! T J { ! ! J !
h | hx10%Anx| M=(An+| M-M_ | 8i% | 6. | 6. .+6.|(An,_,-| ATi| SAT
R _ 20 ) 2 1 i-1" 71 i-1
I |10} h/a) [=6i7/2 [(mr)®| mr | —-~—~—Wlﬂnil6 | j mr
km | a l ] 10 i | | J 2 b x107  |mr |
i | | | | [ | I l l
i i i i i ] | | 1 |
0.0152 2.38 385 387.38 . 0 0 Y 0 0 0 0
0.0304 4,77 384 388,77 1.39 2.78 1.667  0.833 1 1.199 1.199
0.0609 9.56 380 389.56 2.18 4.35  2.088 1.877 4 2,13 3.329
0.152 23.86 371 394.86 7.48 14.96  3.867 2,977 9 3,022 6.351

0.,3048 47.8 356 403.6 16.42 - 32.84 5.7306 4.798 15 3.125 9.476
0.6096 956.7 333 428.7 41;32 82.64 9.09 7.410 23 3,103 12.579
0.914 143.5 314 457.5 70.12 140.24 11.84 10.466 19 1.815 14,394

“1.1148 175 298 473 85.62 171.24 13.085 1 1.283 15.6717

oo
(N
(o r]
f—
=]

1.3935 218.8 283 501.3 114.42 228.84 15.127 14,106 15 1.063 16.74

1.672 2

=3
[n~]
[&)]

270 532.5 145.12 290.24 17.036 16,081 13 0.808 17.548
1.951 305.32 260 565.32'177.94 355,88 18.864 17.95 10 0.557 18.105
2.229 349.97 250 599.97 212.55 425.18 20.619 19.74 - 10 0.506 18.611
2.508 393.78 241 634.78 247.1 494.8 22,24 21.43 | 9 0.419 19.031

2.787 437.5 233 670 283.12 566.24 23.795 23.017 8 0.347 19.378

238



Table H.8
Refraction calculation
of Bogra for October 1985
when 8_=0°=0,087266 radian

f I I - 1 ] !
- : . .2
h | hxio® IAnﬁj M=(Ant| MM | ei i85 ] 6, ,+8; |(An1 1~ AT EAY
] — {10°} 'h/a) |=Y(say)|=2Y+ | nmr j | } g | mr
kmooa ) ope® J6,% | 2] x10% jmr
] L | | | l | I
" 1 i i i i i 1 i I |
0.0152 2,38 385 387,35 0 0.0076  0.087  0.043 o o
0.0304  4.77 384 388.77 1.39 3.7a7 1.669  0.878 1 1,138 1.138
0.0609  9.56 380 389.56 z.18 4.357 4 089  1.879 4 2,127 3.265
U-152  23.86 371 394.86° 7.48 14,967 3.868 2,979 9 3.¢0z20 6.285
0.3048 47.8 356 403 16.22 32.447  5.696 4.783 15 3.i36 9.422
V.-6096  95.7 333 428.7 41.32 g3.547 9.091  7.393 23 3.11 12.533
0.914 143.5 314 457.5  79.12 140.247 11.84  10.466 19 1.815 14.348
1.1148 175 298 473 85.62 171.247 13.086 12.463 16 1.283 15.63
1.9935 218.8 283 501.3 113.92 227.84 15.094 14.090 15 1.064 16.694
1.672 262.5 270 532.5 145.12 290.24 17.036  16.065 13 0.809 17.503
1.951  305.32 260 565.32 177.94 355.g8 18.864 17.95 10 0.557  18.06
2:229  349.97 250 599.97 212.59 425,187 20.62 19.742 10 0.506 18.566
£.508  393.78 241 634.78 247.4 494,38 22.24 21.432 9 0.419 18,985
4-T87, 437.5 233 670.5 283.12 566.24 23.795 23.017 8 0.347  19.332
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lTable H.9
Hefraction calculation
of Bogra for UOctober 1988
when BO=50=0.1745 Radian

]

I R i
h | hx10® IAnhj M= n+| M=M_ ] i’ P 0 19,1 An; -] AT 2AT
o IlU | h/a) ["Y(savli—£Y+ ] mr | —————-jAn, | j mr
km | a | 10% jo ¢ | |z j x10° jmr |

| P | ] | | | I

1 i I 1 i i i | | i
0.0152  2.38 385 387.38 0.03046 0,1745 0.087 0 0 0
0.0304 4,77 384 388.77 1.39 2.81 1.676 0.925 1 1.0805  1.080
0.0609  9.56 380 389.56 2.18 4.39 2.095 1.885 4 z.121 3.201
0.152  23.86 371 394.86 7.48 14.99 3.89 2,983 9 3.016 6.218
0.3048 47.8 356 403.6 16,22 32.47 5.698 4.784 15 3.135 9.353
0.6096 95.7 333 428.7 41.32 82.67 9.092 7.395 23 3.11 12.463
U.914  143.5 314 457.5  70.12 140.27 11.84 10.467 19 1.815 14.278
1.1148 1756 298 473 85.62 171.27 13,087 12.46 16 1.283  15.56
1.3935 218.8 283 501.3 113.92 227.87 15.095 14.091 15 1.064  16.624
1.672 262.5 270 532.5 145.12 290.27  17.037 16.066 13 0.809  17.433
1.951 305.32 260 565.32 177.94 355.91  18.865 17.951 10 0.557 17.99
2.229 349,97 250 599.97 212.59 425.21  20.62 19.742 10 0.506 18.498
2,508 393.78 241 634.78 247,4 494.83  22.24 21.43 9 0.419  18.915
2,787 437.5 233 670.5 283.12 566.27  23.796 23.018 8 0.347  19.262

\ a
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