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ABSTRACT

The total atmospheric absorption due to oxygen and water vapour in the frequency

range, 1O-350GHz was evaluated employing Liebe's empirical model. The basic

data include monthly mean meteorological parameters of pressure, temperature and

relative humidity obtained from four tropical sites, namely Akure

(Lat.07°1TN,Long.05°14'E),Kano(Lat.03°12'N, Long.08° 32'E), Lagos (Lat. 06°

N, Long.03° 21 'E) and Minna (Lat. 09°5TN, Long.06° 32'E). All the four stations

are in Nigeria.

The specific attenuations by oxygen and water vapour are presented together with

the graphical illustrations of the results for the two principal seasons in Nigeria,

dry and wet seasons The wet season has a greater attenuation than the dry season.

An exception to this takes place at Akure site in 1991 when the attenuation during

the dry season exceeds that of wet season. In addition to this seasonal variation, the

specific attenuation also exhibits geographical variations. Lagos, a coastal station,

has the highest attenuation; Kano a far inland station, has the least attenuation

value. The water vapour three resonant absorption lines are obtained at 22,184 and

326GHz. The weakest spectrum line being at 22GHz,while the strongest is at

326GHz. Oxygen has an isolated resonant absorption at 118GHz and a series of

close lines at 54-66GHz, the peak of this is at 60GHz.

Using typical International Telecommunication Union (lTU) temperate climatic

parameters of pressure, temperature and water vapour pressure, the specific

attenuation for a temperate region is computed which, in turn, is compared with

those from tropical sites. Attenuation is higher in the tropical sites than in the

temperate zone. The tropical sites attenuation at 326GHz for wet season is about

two times the attenuation for the temperate region.
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CHAPTER ONE

1.0 INTRODUCTION

1. 1 MICROWAVES

Electromagnetic waves cover a very broad spectrum of wavelengths and frequencies.

Included in the spectrum ,as shown in figure (1.1), are microwave, radio and television

bands.

wavelengths (m)

/0 10-.3 lo~if JO-c' 10-& ro-l2. 10-13 IO...../~ '0-:;'0

---I__ 'U_------'-I-----L-I __ I_t'---_'_~I I r--

.fRadio,TV-') "'" Infrared+s- ~ X-rays~

~microwave-> Visible light oE-ultraviolet~~-rays~ ~photons--+ ~osmic ray->

I LLi.
rOl:.l. 10" ,J:;

Frequencies (Hz)

Figure (1.1) : ELECTROMAGNETIC SPECTRUM

Radiowaves, according to the International Telecommunication Union ITU, are

electromagnetic waves with frequencies lower than 3000 GHz. Part of the radio spectrum

is shown in Table (1.1).
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Table( 1.1): A PORTION OF THE ELECTROMAGNETIC SPECTRUM

FREQUENCY BAND WAVELENGTH DESCRIPTIVE DESIGNATION

30-300 Hz 10000-1000 km ELF

3-30 kHz 100-10 km Myriametric waves VLF

30-300 kHz 10-1 km Ki lometrie waves LF

300-3000 kHz 1000-100 m Heetometrie waves MF

3-30 MHz 100- 10 II Deeallletrie waves HF

30-300 MHz 10-1 11 Metric waves VHF

300-3000 MHz 100-10 ell Decimetrie waves UHF

3-30 GHz 10-1 cm Centimetric waves SHF

30-300 GHz 10-1 mm Millimetric waves EHF

300-3000 GHz 1-0.1 mm Submi 11 imetric waves

Source: Hall,M.P.M (1989).
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Microwaves are very short waves. The shortest wavelengths of the radio spectrum are in the

microwaves' region but the boundaries are not well defined. The ultra-high frequency, UHF

and Super-high-frequency, SHF constitute the microwave frequency range with wavelengths

extending from 1 to 100 cm.[Table 1.2]. The microwave band was put into extensive use

following the invention of the magnetron in 1940. The second world war further witnessed

rapid advancement in the applications of microwaves both theoretically and practically. The

mostly used microwave frequencies are those below 10 GHz.

With the growing use of this frequency band for military ,commercial and experimental

purposes, it soon became overcrowded; thus necessitating the use of higher frequency bands.

The uses of the frequency band include line-of -sight microwave relay systems and earth-

space communications. Satellites as well as terrestrial links, for instance, make use of the

frequency bandsll-18 GHz and 35-50 GHz . Besides, microwaves are utilised in radio

astronomy, microwave oven and radar.

Microwaves are highly indispensable in modern communication systems. The broad use to

which microwaves are put is due to a good number of reasons. First, in the microwave

frequency range, large numbers of wideband of channels can be accommodated . Apart

from enhanced bandwidth, there is the advantage of improved directivity with an antenna

array. At the microwaves frequencies, directivity can be substantially boosted by using an

array of dipoles or by using a reflector at focal plane.

In the microwave bands, there is reduced fading since radiation transmission is by line-of

-sight propagation. Receptions of signals are greatly enhanced with increasing frequency in

the microwaves ranges. Foggy weather has little effects on propagation in this frequency

3



band. In addition to the reliability of microwave bands, the power requirement of both

transmitter and receiver is very small. As a result of the use of microwaves our understanding

and knowledge of the solar system and,celestial bodies are enhanced.

While it is enough to use waveguides or coaxial cables for short distances, microwave

transmission through the atmosphere over very long distances requires the use of several

repeaters.

1.2CLASSIFICATION OF THE MICROWAVE SPECTRUM

The microwave spectrum classification dated back to the second world war. The world war

II radar security subdivided microwave spectrum into bands. This designation never received

official sanction from any quarter [Samuel, 1989]. 'It was in August 1969 that the new

microwave band became operational by the United States Department of Defence [see Table

1.2]. This classification was short-lived as it was replaced with another one on May 24,1970

[see Table1.3].

The current microwave band designation in Table [1.4] came as a result of the

recommendations of the Institute of Electrical Electronics Engineers [IEEE].

4
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Table ( 1.2) 1969 US Military microwave Band .

Band .Frequency (GHz)

p 0.225-0.390

L 0.390-1.550

S 1.550-3.900

C 3.900-6.200

X 6.200-10.900

K 10.900-36.000

Q 36.000-46.000

V 46.000- 56.000

W 56.000-100.00

5
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Table (1.3) : 1970 US Military microwave Bands

Band . Frequency Range

(GHz)

6
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Table (1.4) IEEE microwave Bands.

Band Frequency Range (GHz)

HF 0.003-0.030

VHF 0.030-0.300

UHF 0.300-1.000

L 1.000-2.000

S 2.000-4.000

C 4.000-8.000

X 8.000-12.000

KU 12.000-18.000

K 18.000-27.000

Ka 27.000-40.000

Millimeter 40.000-300.000

Submillimeter > 300.000

7



1.3 ATTENUATION OF MICROWAVES

Attenuation is the reduction in intensity or flux density quantity passing through a given

medium, resulting from absorption and/or scattering of the transmitted radiations. It is not

only a function of distance but also of frequencies and climatic conditions.

In the practical operation of radio links, it has been observed that radio waves shorter than

10 em do experience appreciable attenuation that may cause serious impairment to radio

signals. However, radiowaves longer than 10 em do not experience marked attenuation.

Radiowaves propagating in the millimeter and submillimeter ranges through the troposphere

are attenuated by absorption and dispersion. The dispersion may be caused by hydrometeors

and molecules. Also atmospheric absorption may result due to solids ,such as dust and

smoke, which are present in the troposphere as dry haze. Precipitation particles like rain,

fog, hail and snow, apart from molecules of various gases equally cause absorption . Water

vapour and oxygen, for instance, are two major absorbers of radiation in the troposphere.

The absorptive effect of trace gases , however, becomes significant above a certain

frequency. Indeed, both the dispersive and absorptive effects of the atmosphere are as a

result of the changes in tropospheric pressure ,temperature and relative humidity and, in

turn , the refractive index of the troposphere.

1.4 PHYSICAL PROPERTIES OF THE ATMOSPHERE

The atmosphere consists of different particles. The principal constituents of the atmosphere

and their percentage composition by volume are: Nitrogen, 78.09% , Oxygen, 20.95% ,

8



Argon , 0.93%. Present also in the atmosphere are several measurable trace gases like

Carbon-monoxide, Nitrous oxide, Nitric oxide and Sulphur dioxide. The percentage

composition of the dry air does not vary with height but remains practically the same as it

is at the surface. Moreso, the gases do not have permanent electric dipole moment.

Hence, they exhibit no resonant absorption. Oxygen, however, shows resonant absorption

at certain frequencies because of its paramagnetic nature with magnetic dipole moment.

Another significant but highly varying constituent of the atmosphere is water vapour

Besides, there are suspended particles or impurities such as sodium ,chloride, smoke

particles, dust, pollens, fungus spores and so on in the atmosphere. Their presence is due to

large-scale vertical mixing process that transports them to the various layers of the

atmosphere.

The atmosphere is divided into several distinct regions starting from the earth's surface. As

in figure (1.2),these regions, going by the recommendations of International Union of

Geodesy and Geophysics of 1951, are: the troposphere ,the stratosphere ,the mesosphere and

the thermosphere. The neutral region of the atmosphere is the troposphere where microwaves

propagation takes place.

9
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1.4.1 THE TROPOSPHERE

The troposphere is that part of the atmosphere where practically all weather phenomena

occur. It extends from the surface of the earth up to a height of 8 to 10 km at polar latitudes,

10 to 12 km at the moderate latitudes, and 16 to 18 km at the equator [Bean and

Dutton, 1968].

One of the primary characteristics of the troposphere is that the temperature of the

troposphere, like that of the mesosphere, decreases with height. This decline with increasing

altitude is due to the fact that the troposphere is almost transparent to sun rays and also due

to the uneven heating of the earth's surface. When temperature decreases with height, a

positive lapse rate condition occurs.( Lapse rate is the decrease of an atmospheric variable

with height, the variable being temperature unless otherwise specified). There is an average

lapse rate of 6.5 Kkm' in the troposphere with an exception near the winter pole where a

strong surface inversion extends to several kilometres. The infrared radiation exchanges in

the troposphere slightly modify the temperature lapse rate

Another property of the troposphere is that there is large-scale vertical mixing caused by

convection currents. Consequently transportation of particles and gaseous products to the top

of the troposphere is actualised within a short period of time. This atmospheric circulation

is enhanced by frictional effects induced by surface irregularities within 1.5 to 2 km of the

atmosphere. In the absence of large-scale vertical mixing ,diffusive equilibrium occurs, that

is, lighter gases would be present in greater ratio at higher altitudes and heavier gases at

lower altitudes; and the molecular weight would decrease with height. Again, when there is

11
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no large-scale vertical mixing, the partial pressure, p (in kPa) of each constituent gas

decreases at a separate rate according to the hydrostatic equation

IIp(ap/8z)=-gM/R*T (1.1)

where ap / 8z is the vertical pressure gradient, M is the molecular weight, R* is the universal

gas constant, T is the temperature, g is the acceleration due to gravity.

1.5 REVIEW OF PREVIOUS WORK

This section deals with the review of some relevant work done elsewhere. In the literature,

it has been established that at the centimetre and millimetre wavelengths, water vapour and

oxygen are the principal absorbers of radiation ,and that above 70 GHz and in the absence

of water vapour, trace gases absorption becomes significant.

1.5.1RESONANT ABSORPTION OF OXYGEN

Oxygen ,a diatomic molecule, is electrically non-polar. Therefore, oxygen molecules do

not interact with the applied field. Therefore, no absorption occurs due to electric dipole

resonance. However, oxygen, being a paramagnetic molecule possesses a permanent

magnetic moment that causes resonant absorption at particular frequencies.

It has been well established that oxygen has an isolated absorption line at 118.74 GHz and

a host of very close lines between about 50 and 70 GHz [ Ajayi et. al. (1996)], Brussard et.

al. (1995) ] . These series of lines act as a continuous absorption band in the lower

altitudes. Upwards of 15 km above the sea-level, the spectral lines are resolvable as the

pressure is reduced.

12



Themagnetic moment of the oxygen also produces a line at zero frequency in the absorption

spectrum. This non-resonant or Debye spectrum accounts for practically all of the dry air

attenuationat 1GHz, about 9% at 10 GHz, falling to less than 1% above 30 GHz . Moreover,

thereare higher frequency absorption lines at 367 GHz and above. At the sea-level, pressure

collision-induced nitrogen absorption becomes noticeable at frequency above about 150

GHz[ ITU-R 719-3, (1990)].

Barbaliscia et. al. (1994 ) evaluated the absorption of oxygen and water vapour for clear

atmosphere with a large data-base of meteorological parameters for the Italian climatology.

The computed oxygen effects using radiosonde profile of temperature and pressure and /

or ITU algorithms shows that oxygen presents a complex resonance centred at 60 GHz.

Apart from an isolated weaker line at 118.8 GHz, several resonant spectral lines surfaced

between the frequency range 50 GHz and 69 GHz. Due to its constant concentration in the

atmosphere ,oxygen shows low absorption up to 40 GHz, far away from the resonant lines.

Relatively high specific attenuation values of 2dB and 5dB for 50 GHz and 53 GHz

respectively were reported.

The resonant absorption by oxygen is relatively constant because the atmospheric

temperature profiles are slowly changing with altitude. Ajayi and Kolawole [1984] have

shown that there exist 'windows' in the troposphere which are transparent to radio waves.

In the window regions, w,,-w
3

they unveiled that molecular absorption is pronounced at

lower angles of elevation (23°) than at higher elevation angles (55°). Thus very small

absorption occurs at zenith path as against the marked absorption at the slant path. Further,

the total atmospheric

13
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attenuation of oxygen and water-vapour in comparison with rainfall attenuation up to about

150 GHz is negligible, but above 190 GHz their contributions become significant.

Bean and Dutton [1968] ,found that the resonant absorption of oxygen at millimetre wave

band occurs at 60GHz and118 GHz .Thev, like Ajayi and Kolawole, (loc.cit.)

reported that the resonant absorption by oxygen is relatively constant.The reason being that

the atmospheric temperature profile are slowly changing with altitude. A peak attenuation

of 15dB/km has been reported for oxygen absorption at60 GHz ;while at 118.74 GHzit is

1.4dB/km.

1.5.2 WATER-VAPOUR ABSORPTION

Water, and hence water vapour ,is a polar molecule with a permanent dipole moment.

Therefore, water vapour molecules interact with the applied electric field and so absorption

occurs due to electric dipole resonance at critical frequencies

Water vapour has three resonant absorption lines. There is a weak absorption peak due to a

rotational spectral line at about 22.3 GHz, and a much stronger line at 183.3GHz and 325

GHz. Most of the transitions occur in the infrared region with very large number of lines

whose low-frequency pressure-broadened wings combine to produce a substantial

contribution to the absorption at millimetre frequency [Barbaliscia et al, 1994; Westwater

et. al, 1994; ITU-R 719-3,1990; Watson,1989; McEwan,1989].

The resonant absorption of water vapour varies tremendously owing to the variation in the

distribution of water vapour in the atmosphere both in time and space. Water vapour shows

a strong seasonal variation, reaching maximum values in summer time but without particular

14



diurnalvariation. This non-diurnal variation implies that the total water content does not depend

onadiurnal-cycle time. But the total content always exhibits monthly variations ranging from

0.4to 3.5cm, with the peak value reached at summer. [Westwater et al ,1994]. The evaluated

specificattenuation at 22.3 GHz is less than 0.2 dB/km. While at 183.3 and 325.8 GHz ,the

attenuationsare approximately 40 and 50 dB/km respectively.

Thereis a resonant absorption of water vapour at wavelengths of 1.35 em, 1.5 mrn and 0.75 mrn.

Thedaily variation of water vapour depends strongly the humidity of the air [Bean and

Dutton,1968] .

1.6THE SCOPE OF THE PRESENT WORK

Oneof the parameters of interest to the system designers is specific absorption. It determines the

extentof the distortion to propagating signals. This parameter also determines the transmitted

powerand antenna gains.

Not much has been done in the developing countries to determine the absorption effects of

oxygen,water vapour and other atmospheric gases on microwaves. Therefore, there is insufficient

information available to the system designers. Hitherto, radio meteorological data derived from

temperate climates were used in planning radio services for Africa. Optimised planning in Africa

,would definitely require data which take account of the peculiar climatic conditions in Africa.

For effective, efficient and meaningful designing and operating of radio equipment in Africa,

African-based data, reflecting performance-influencing meteorological factors, need to be acquired

and utilised. The ITU fortunately has started off with 'Radio -wavepropagation

15



measurement campaign for Africa'in 1984. This campaign kicked off with two successful

experiments, namely, VHF field strength measurements and refractivity measurements in the

clear atmosphere in Burkina Faso.

The current work addresses the molecular absorption by atmospheric gases in the frequency

range of 10 to 350 GHz . It evaluates the specific attenuation by oxygen and water vapour,

using meteorological input parameters of pressure ,temperature and relative humidity from

four tropical meteorological stations in Nigeria. The stations are Akure, Lagos, Kano and

Minna. The computed results are compared with previous ones from both tropical and

temperate regions. The study is thus significant in providing information and data on tropical

specific attenuation .The information and data can be employed by system designers in

designing microwaves communication systems. The study ,no doubt, will provide a partial

solution to the problem of dearth of information and data on radio wave propagation in Africa

particularly in a tropical region like Nigeria.
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CHAPTER TWO

2.0 RELEVANT THEORY

2.1 ELECTRIC FIELD APPLICATIONS

When an asymmetrical molecule is subjected to an electric field ,it is said to be polar with

orientation in the direction of the imposed field .The polarisation of a molecule is the relative

displacement of the positive and negative charges of the molecule, caused by an applied

electric field, E. A plane radio wave propagating the distance r can be described by

E(r, t) = E 0 exp[ -j (2n f Ic) r.n] (2.1)

where j is given by square root of -1 . The complex refractive index,

(2.2)

is responsible for electromagnetic wave absorption and bending of the electromagnetic rays.

The index is a function of frequency, f .The imaginary partntr reduces the initial amplitude

Eo, while the real part n' causes the slowing of the propagating velocity to values less than

the speed of light in vacuum, c.

17
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At high altitude the refractive index is unity. But in the neutral tropospheric medium, it is

greater than unity,typical value being 1.0003. This thus necessitated the use of a practical

quantity, N to characterise the atmosphere. The complex refractivity, N (in units of ppm) ,

is therefore, the practical measure of the atmosphere and is related to refractive index by

N =(n-1) 106 (2.3)

and to the meteorological parameters of pressure, temperature and relative humidity is given

by Smith and Weintraub [1953].

N = 77.6/T (P + 4810 e/T) = 77.6 PIT + 3.73 X 105 e/T2 (2.4)

The electric polarisation, p is directly proportional to both the applied field, E and the

electric susceptibility.xs and is given by

p. = Xe ssE (2.5)

where co is the permittivity of free space. The induced polarisationPi of the molecules, M

per unit volume is given by

(2.6)

where g- is the ratio between the local electric field.E», acting on the molecule, and the

applied electric field E; and it is given by g.=(2+ cr )/3. The molecular polarisability,yl

(Fm2) is given by
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(2.7)

with Y
c
equal to the 'electronic' part, caused by the shift of the electron cloud in each atom

relative to its positive nucleus; Y
jj

is the 'ionic' part, caused by the displacement of positive

and negative ions from their neutral positions while Y
d
is the'dipole' part, caused by permanent

dipole moments of each molecule. The applied electric field tends to align these permanent

dipoles against the randomising forces of molecular collision. This effect is strongly dependent

on temperature because as the temperature increases so does the random motion.[ Brossard

et ai, 1995]. While the frequency response of Y
d

is given by

Yd = p} I 3kT (1+jw'C,) (2.8)

that of Yc and Yjj is of the form

(2.9)

where ~j measures the strength of thei" resonance with damping constantrj ;P, is the permanent

dipole moment, k ,Boltzmann's constant, and1", is the relaxation time,which is the time for the

polarisation to fall to lie of the original value if the applied field is removed. The angular

velocity, w is related to frequency ,v by

v = wi 2n: (2.10)

The angular velocity is related to the wavenumber, k" and the speed oflight, c by

w=k c
II

(2.11 )
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k ,inturn, is related to the wavelength by
n

k =2n/ A
n

(2.12)

Therelationship between molecular polarizability and permittivities is given by Clausius-

Mossottirelation

(2.13)

Thisrelation turns out to be Debye equation when the frequency effects in 1
t
are included. For a

non-polarmolecule the electric dipole moment due to polarisation is

(2.14)

2.2ABSORPTION MECHANISM

Astheelectromagnetic wave is propagated through the atmosphere, there exists interaction between

the electric field,E and the atmospheric molecules, thereby inducing resonances. Molecular

absorption of spectral lines takes place in the absence of precipitation particles and it depends

verystrongly on the permanent dipole moments of individual molecules. Atoms and molecules

havedipole moments with a non-zero alignment. In the absence of a permanent dipole molecule,

there is no interaction between molecules and radiation, hence no absorption of radiation.

Unlike water molecules, molecules of dry air gases, like oxygen and nitrogen, do not have a

permanent dipole moment. Thus in the microwave region, non-polar nitrogen exhibits no resonance

absorption, although it contributes to the refractivity of the air. On the other hand,
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oxygen being a paramagnetic molecule has a permanent magnetic moment responsible for

resonant absorption at certain frequencies. Water and water vapour with electric dipole

moment exhibit resonant absorption.

It should be noted that as the electromagnetic wave progresses through the linear, isotropic

and lossy dielectric medium, its energy is either dispersed or absorbed by the atmospheric

molecules. Upon acquiring thermal energy, the molecules and atoms are excited from a

lower energy level to a higher energy level. The resultant effects of this transition is a

selective absorption of radiation.

2.3 QUANTUM NUMBERS

Essentially, there are four quantum numbers that govern the energy, size and shape of

orbitals. They also determine the electronic and spin angular momentum of atoms as well as

the behaviour of electrons in a magnetic field. These quantum numbers are:

2.3.1 Principal quantum number.

It is designated by letter n-, and the variable that led to its existence is r. This quantum

number determines the complete energy and size of orbital angular momentum. Its allowed

valuesare 1.2.3.4 ; it is not limited by selection rules. When its value is greater than

unity different quantum states with same energy result. This occurrence is referred to as

~generate states.
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2.3.2 Orbital angular momentum quantum number

It is denoted by lettert and the variable resulting in its appearance is 8. Not only does it

determine the shape of the orbital, it also decides the angular momentum of the electron as

it revolves around the nucleus in its orbital. The permitted values of the quantum number,

~are given by n-l, n-2, O. Hence it is always less than principal quantum number.

The quantum number is an integer, positive or zero, representing the state of an electron in

an atom. The magnitude and z-component of ~ are quantised according to these relations.

~ = ."j [~( ~+I)]i1 (2.15)

tl = m z·11 (2.16)

where 11 =h / 2rc (2.17)

2.3.3 Magnetic quantum number

It is also called azimuthal quantum number ,or the component of orbital angular momentum.

It is identified by the symbol rru.and its appearance is by the variable<j) • Magnetic quantum

number specifies the direction of a particular orbital and gives the behaviour of electrons in

orbital when the atom is placed in a magnetic field. Its allowed values are given by± I ,

± (t -I ) -------0. For a given value of I, there are (2~+ 1 ) possible values of m, . Like

orbital quantum number it is limited by selection rules.
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2.3.4 Spin quantum number.

This quantum number is denoted by letter s for electron spin quantum number or I for

nuclear spin quantum number. Many atomic nuclei spin about an axis resulting in nuclear

spin. The nuclear spin quantum number depends on the nucleus of the atom and its permitted

values are zero, integer or half-integer. Its quanti sed magnitude is expressed by

I = -V ll( I+l)],il (2.18)

The quantum number determines spin angular momentum and nuclear angular momentum

possessed by electron either in an atom or molecule in free space. The electron spin quantum

number may take integral or half integral values. The magnitude and z-component of s are

quantised and these are given by

s = -V [s(s + 1)]11 (2.19)

(2.20)

2.4 ENERGY TRANSITION

An atom or molecule in the field of electromagnetic radiation experiences magnetic and

electric interactions. The interactions between magnetic moment and the magnetic field are

entirely negligible compared to the interactions between the electric charges and the electric

field, E of the atom or molecule.
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The electric field vector is independent of position. Subject to the field of the radiation, the

atom or molecule will undergo quantum jump from eithera lower energy level to a higher

energy state in which case quantum absorption takes place or from a higher energy state to

a lower energy level with stimulated or induced emission occurring. Spontaneous transition,

in the absence of any external field, from an excited state to a state of lower energy may

occur with the emission of photons. The resulting spectral lines due to the transitions vary

greatly in intensity.

The important properties of spectral transition are intensity, line width and position given in

terms of its frequency and wavelength or wave number.

2.4.1 THE TRANSITION RATE FOR ABSORPTION, STIMULATION AND

SPONTANEOUS EMISSIONS

Assuming a non -degenerate stationary states, transition from one state of energy to another

will be accompanied by the emission or absorption of radiation of frequency

Vmn = (Em - En )/11 (2.21)

The probability per unit time that an atom or molecule from a lower energy level is found

in a higher energy level is referred to as transition rate for absorption. The transition rate,

.
Rmn is directly proportional to the average energy density P(Vmn ) of the atom or molecule,

and is given by the relation

RITUl = BnUl P (Vmn ) (2.22)
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The Einstein's coefficient of absorption, Bmnis given by

(2.23)

The terms in the bracket is the electric dipole matrix elements for x,y and z components;their

complex conjugates are indicated by*.

While the average energy density f'is the time average of the energy content per unit volume

of the electromagnetic radiation . The density is proportional to the average value of the

square of the electric field strength, E2 ; and for unit dielectric constant and magnetic

permeability it is given by this expression

P (VI11ll) = (l/4n) E2 (2.24)

The transition rate for stimulated emission is, on the other hand, the probability per unit time

that an atom or molecule in a higher energy state Emwill undergo a quantum jump to a lower

energy level En.It is not inherent in the atom, but is induced by the application of

electromagnetic radiations. All the expressions given for the transition rate for absorption

apply to induced emission with the modification that all the subscripts have to be reversed

except for Vmn.

The transition rate for stimulated emission is equal to the transition rate for absorption.

Accordingly their Einstein's coefficients are equal, that is

Bmn= BlUn (2.25)
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The transition rate for spontaneous emission is an inherent property of the atom which is not

influenced by electromagnetic radiation or by the environment where the atom is placed. It

is proportional to the electric dipole matrix element as well as the cube of the frequency or

cube of the energy of the emitted photon, and is given by

.
J..L zmn J..LZllU1] (2.26)

The transition rate for spontaneous emission is related to stimulated emission by the relation

Anm = (8rch Vmn
3

Bnm ) Ic3 (2.27)

where AlUn is the Einstein's coefficient for spontaneous emission which is equal to the

transition rate for spontaneous emission. That is

Anm = Sllm (2.28)

From equation(26), we see that the transition rate for spontaneous emission is also related

to transition rate for absorption.

2.4.2 THE INTENSITY OF SPECTRAL LINES

The intensity of spectral line is the average rate of energy flow through unit cross-sectional

area normal to the direction of propagation of radiation . Three parameters are of basic

interest in determining the intensity of spectral lines. These are: the transition probability,

the population states and the concentration or path length of the sample.
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(i) THE TRANSITION PROBABILITY

Theprobability of an atom radiating a quantum depends on what the atom does in the initial

energylevel before radiating and on its future behaviour in the final energy level after radiation.

This is because when the atom radiates it is neither in the initial energy level nor the final state

but in some linear combination of the two states.

The transition probability is the probability that an atom in one state of quantum energy will be

found in another state. During atomic or molecular transition, radiation will be absorbed or

emitted The probability that an atom will make a transition from an initial state of energyEn to a

higher energy level,;' is given by

p ~ 11h2 j.l. P (v )2 t
XIllII xmn J...lxmll x mil

(2.29)

The electric dipole matrix element of the x componentII is expressed by
"""'xml1

II = f\jl· Lex. \jI dr
"""xITIn In J n

(2.30)

its complex conjugate isII· ,III is a wavefunction and the complex conjugate of wave function
r xITIn 't'll ~

\jfll is v', ' dr is the volume element.

SELECTION RULE:

If the electric dipole matrix element,II vanishes, no transition from initial to final state occurs"""'xlnn •

That is, for j.l = 0, transition is said to be forbidden. But ifII '* 0 transition is allowed. The
~Il r~1l '

set of rules that governs whether or not the matrix element is zero are known as selection rules.

The selection rules are a set of conditions on the quantum numbers
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oftheeigenfunction of the initial and final states such that the electric dipole matrix elements are

zerowhencalculated with a pair of eigenfunctions whose quantum number violate these conditions.

Theset of electric dipole selection rules are

111 =±l (2.31 )

111 :;t 1 (2.32)

11m = 0 or ±l (2.33)

11n = anything (2.34)

Thereis no selection rule limiting the principal quantum number.n ;the spectrum consists of all

frequencies. The magnetic quantum number,m changes by unity or zero. For the orbital quantum

number, 1 it changes by unity. Transitions, generally are forbidden between even and even or

odd and odd states. This is because the matrix elements are zero. The existence of forbidden

transitions is indicated by observed faint spectral lines. Indeed, transitions with the emission or

absorption of dipole radiation are allowed only between even and odd states. Odd number of

electrons in orbitals with orbital quantum number, I odd, lead to odd states, otherwise to even

states.

Selection rules never indicate that they represent the only transition permitted. They only indicate

the most favoured ones ..
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(ii) THEPOPULATION OF STATES

Thepopulation of state refers to the number of atoms or molecules initially in the state from which the

transition occurs. SupposeNk is the total number of atoms or molecules in the lower energy level. The

totalnumber oftransitions per unit time from a lower energy level Ento a higher energy state Emequal

thetotal number oftransition in the reverse direction. This relation gives the required expression:

N = N B p(v )mn n mn mn
(2.35)

Again, ifNm is the total number of atoms of molecules in the higher energy state. The total number of

transitions per unit time from the higher energy level to the lower energy level is given by

. I(2.36)

At equilibrium when the temperature is T, the probability that an atom will have energy Enand Emis

directly proportional to exp( -En / kT) and exp( -Em / kT) respectively. This is the Boltzmann

distribution law, with k as Boltzmann's constant and its value is 1.38 x10-23 JK"' .

The ratio of the number of atoms with Enand Emis given by

Nn / Nm = exp[(Em - E" ) / kT] exp(hvmn/ kT) (2.37)

where E -E = hv .This is the Einstein's relation between the frequency v and the energy of the
m n mil mn

quantum absorbed in the transition. After excitation of an atom from one energy level to another, the

number of atoms remaining in the initial state decreases exponentially from the original value N(O)

according to the relation
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N(t) = N(O) exp(-Ap t) . (2.38)

At time t= 1 / Ap ,the rest number of the atoms is reduced by a factor e' . For a population of

N atoms, the mean radiated power is given by

(2.39)

The intensity, It for a given volume, v is proportional to the number of photons N(Vrnn ) by the

relation

(2.40) .It = p(Vrnn ) C = h Vrnn N (Vrnn )c / v

2.4.3 LIFETIMES AND SPECTRAL LINE WIDTH

2.4.3.1 LIFETIMES

The lifetime or half-life of an atom is the average time the atom spend in its initial state

before making a transition. This is expressed by

1: =[fooo t N(t) dt] / [fooo N(t) dt] = 1 / Ap = [I s.,r1 (2.41)

where Ap is the probability per unit time that one of the atoms in the higher energy stateEm

wi 11under go a quantum jump to any of the states of lower energy, sayEn . Snm is the sum

of the spontaneous emission for all n for whichEn < Em .The life time of an excited.
electronic state is of the order of10-8 S.
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2.4.3.2 SPECTRAL LINE WIDTH

The inevitable consequence of molecular or atomic transition from one energy state to

another is the production of spectral lines. Spectral lines are not perfectly sharp .They have

measurable finite width. The observed spectral line width usually have greater width than

the natural line width. The reason for this is because the mechanical slits in spectrometers

are not infinitely narrow. As a result it permits a range of frequency instead of a single

frequency, to fall on the detector, hence blurring the pattern. Therefore the radiating atoms

involving in the chaotic thermal agitation travel at velocities that differ both in magnitude and

direction from the measuring instrument.

Another reason is that the energy states of atomic and molecular systems are not exactly

determined. They possess certain imprecision as a result of collision broadening, Doppler

broadening and Heisenberg uncertainty principle[Bandwell , 1972 , Eiseberg , 1961 ].

2.5 LINE BROADENlNG MECHANISMS

Numerous spectral line widths exist, each with attributed physical cause. The line shapes can

be classified according to their origins and assign different values characteristic of their

physical causes. Some of this spectral lines are:

2.5.1 NATURAL LINE WIDTH

The natural Iine width is the frequency broadening due to uncertainty in the energy of an

excited quantum level. If a system exists in an energy state for a limited time ~t seconds,

then the energy of that state, according to Heisenberg uncertainty principle, must be

uncertain by an amount ~E, where
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LlE . Llt -111 1: (2.42)

For a time comparable to the lifetime tof the excited state, the principle can have any value

within the range

~E - 11 / t (2.43)

The corresponding uncertaintyfrequency,.1u is given by

~"\1= ~E /11 - h / ht =1 /27t1: (2.44)

The accompanied spectral line will have a corresponding width. The transition rate R for

absorption, according to quantum theory, to a certain state depends on the energy ~v of the

quantum according to the relation

R (hv) a 1 / [(hv - hvs )2 + ( r /2)2 ] (2.45)

where hv, is the mean energy of the state andr is the full width at half maximum and is

expressed by

(2.46)

The full width is related to the life time;t by

(2.47)

The intrinsic width, r of a spectral line is the same for both initial state and final state of

much narrower width.

32



-- -
-------- ~~- -- - ---

The frequency broadening associated with Heisenberg uncertainty principle is not considered

in the computation of microwaves absorption due to its minute value [Brussaard et al,1991].

2.5.2 DOPPLER BROADENING

This is a frequency shift in the radiation received from a moving source. When a source

emitting monochromatic radiation at frequency moves towards an observer, the emitted

wave trains arrive at a higher frequency. This also affects the radiowave frequency, subject

to absorption and dispersion by a gas molecule which is in a thermal motion. The more

intensive the thermal agitation, the more the lines are broadened. The Doppler half-width is

given by

~fd = 3.581 x lO" f --J[ (T 1m)] (2.48)

where m is the molecular weight (u) of the gas,T the absolute temperature(K) .Under

conditions of gas discharges, Doppler broadening is greatest for light atoms. For visible

light, it is of the order of1010 to 1011 s' or 0.01 to 0.1A .Doppler effect is more pronounced

in gases than in liquids. [Brussaard et ai, 1991,Yavorsky Band Detlaf, 1975, Banwell].

2.5.3 COLLISION OR PRESSURE BROADENING

At high pressures, the time between collisions of the emitting atom with other atoms becomes

smaller than the lifetime of the excited state. As a result, it is no linger possible to carry out

an undisturbed measurement for a time comparable to the lifetime. The width of the line will

be larger than its natural width. This effect is called collision broadening or pressure

broadening [Eisberg,1961]. Among others,this effect depends on the type of interaction of
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the particles and their concentration .As the lifetime decreases the uncertainty collisional

frequency ~fd . C I herei . I . f f I for evaluatiincreases. urrent y t ereIS no sing e saus actory ormu a or eva uanon

collision uncertainty frequency ~fd b he rnost oooularj bei h . b, ut t e most popu ar10 use eing t at given y

Rosenkrantz [1975].

~fp = 1. 16 X 10-3 P(300 /T)o.85 (2.49)

2.5.4 ZEEMAN BROADENING [Liebe, 1981].

The magnetic field influence on an atom or a molecule causes the splitting of the quantum

energy levels. This effect is called Zeeman effect. Now the z-component,J, of the rotational

quantum momentum,J becomes essential in the energy quantum level computation.

The atmosphere, under the influence of weak earth's magnetic field, is capable of generating

a splitting. Oxygen molecular level, for instance, characterised by a givenJ value results in

(2J + 1) sublevels splitting. The separation energy between such levels is very small

(corresponding to 1-2 MHz )and does not affect the microwave region.

The splitting, all the same, causes a sort of broadening of the original unperturbed level

known as Zeeman broadening. For all absorption lines we have

~fz ~ 25.2H (2.50)

where H is the earth's magnetic field strength (T)

The combined effects of the total broadening is given by [Liebe, 1975,1977]
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(2.51)

2.6GASEOUS ATTENUATION MODELS

Incomputing the specific attenuation for oxygen and water vapour we can employ the services

of:

J The ITU semi-empirical model, (formerly CCIR Semi-empirical model)

2 Liebe's semi-empirical model, and

3 Otto-Thomson model

2.6.1 THE ITU SEMI-EMPIRICAL MODELS

For practical applications,this model,as adopted in the ITU-R 719 [1990], uses an approximate

technique based on the VanVleck Weisskopfline shapes. The input spectroscopic coefficients

are adjusted to fit the results of computer calculations on available measurements [Liebe, 1985].

The model only evaluates the attenuation effects of oxygen and water vapour for frequency

range up to 350 GHz and within a pressure range of 1013± 50 h.Pa.
1

The total gaseous absorption in the atmosphere.A, (dB),over a path length ro(km) is given

by

A = r a (r) dr
c 0 c

(dB) (2.52)

where a
c

=ao (r) + a
w

(r) (dB/km) (2.53)
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ac is the specific attenuation and ao ,aware the dry air and water vapour contribution

respectively. The specific attenuation for oxygen at ground level pressure 1013 mb and at

a temperature of 15°e is given by [Gibbins, 1986a]

ao = {7.19x 10-3 + 6.091 ( f + 0.227) + 4.811 [ (f-57)2 + 1.50]}f x l.O" (2.54)

for f < 57 GHz

ao={ 3.79 x 10-7 f + 0.265 1 [(f-63)2 +1.59] + 0.0281 [(f-118f + 1.47]}(f + 198)2X 10-3

for f >63 GHz (2.55)

The specific attenuation at sea-level for water vapour,also by Gibbins,at a temperature of

IYe,and including the effects of the quadratic dependence on water vapour density, is given

by

aw ={ 0.050 + 0.OO21p + 3.001 [(f -22.2)2 + 8.5] + 10.61 [(f-183.3)2 +9.0] + 8.91

(f-325.4)2 +26.3]}f P 10-4 dB 1 km (2.56)

with f, being the frequency in GHz, and p, the water density in g/m' .We see from equations

(55) , (56) and (57) that the absorption lines of oxygen and water vapour are modelled as

poles in denominators. Besides, the far wing effects of absorption peaks at higher frequencies

and various continuous spectra are modelled as constants and factors.
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Fortemperature in excess of 15°C, temperature correction of -1.0% per "C from 15°C for dry air

and-0.6% per "C from 15°C for water vapour, valid over the range -20°C to 40°C, is taken into

account .This temperature correction has been confirmed in a field experiment as frequency depen-

dencenear resonance lines [Manabe et al .,1987].

2.6.1.1MODEL MERITS

l.The ITU model requires no detail information about radio meteorological data, such as pressure,

temperature and relative humidity.

2.1tpermits a rough, fast computation of specific attenuation.

2.6.1.2 MODEL DEMERITS

1.The evaluated attenuation by the model is not as accurate as that obtained from Liebe's model or

Otto-Thomson model.

2. It cannot be used for frequency above 350 GHz.

2.6.2 LIEBE'S SEMI-EMPIRICAL MODEL

This model is also referred to as millimetre wave propagation model [MPM] or Line -by -line

method of gaseous attenuation .The specific attenuation is determined by Liebe model when the input

parameters ·are known to a high degree of accuracy. This procedure uses areduced line basefor

frequencies up to 350 GHz, and above this frequency,full line baseis utilised [Liebe, 1985].
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The atmospheric propagation medium is expressed in measurable quantities in the form of

a complex refractivity, N expressed by

N(O = No + N
l
(0 + jNH (0 ppm (2.57)

The frequency independent part,No is given by [Liebe ,19Hl; Hill et al ., 19H2J

No = (2.588p + 41.6et + 2.3ge)t ppm (2.58)

The real frequency dependent partNi (0 is the cause of dispersive effects; the imaginary part

Nil (0 causes absorption. As recommended by the commissionF working party of the

international Union of Radio science (URSI), the specific gaseous attenuation is given by

i~

ac = 0.1820f N (0 dB/km (2.59)

The frequency dependence of the absorptive termIS

(2.60)

Where the summation is over all absorption lines,S: (KHz) is the strength of the ith line,

F, (GHz-1
) is the line shape factor;NDI\ (0 and Nwll-(O are dry and wet continuum spectra.

The complex line shape factor for both oxygen and water vapour is given by

Fi = f / fi {[y -(fi "-0 Ii ] / [(fi _f)2 + y?] + [(Yi -(fi +0 Ii] / [(fi +02 + y? ]) (2.61)
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Where f is the resonance frequency,Yi (GHz) is the line width in GHz andI. is the

interference coefficient which arises owing to the interference effects in the oxygen lines

[Rosenkranz,1975] .

The dependence of oxygen and water vapour on pressure, temperature and relative humidity

is given by six spectroscopic coefficients each. For oxygen, the coefficients are a. to a6;while

b: to bs are for water vapour,as shown in table (2.1) and table (2.2).They are expressed thus

for oxygen:

(2.62)

yi = as (p t (0.8 - a4) + 1. let) 10-3 (2.63)

(2.64)

For water vapour,

(2.65)

(2.66)

L=O (2.67)

P is the-dry air pressure; e is the water vapour partial pressure both in mb. The measurable

total barometric pressure,Ps and the relative inverse temperature, t are given by

Ps = P + e (2.68)
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t =300 / T (2.69)

The relative humidity, rh(%) is related to vapour concentration, v (g/m' )and water vapour

pressure, e by

v = 7.223et = 1.739.109 rh t5 exp( -22.64t) (2.70)

The relative humidity is the percentage ratio of water vapour pressure to water vapour

saturation pressure, es . That is,

Rh = (e/es )100 :::;100 (2.71)

The dry air continuum ND \I arises from Debye spectrum of oxygen below 10GHz and a

pressure-induced nitrogen attenuation above 100GHz. The nonresonant dry spectrum makes

a small contribution at ground level and is expressed by

U 2ND (f) = Sa f / yo [1 + (f / yo) ] + ap f p2e·5 (2.72)

where Oebye strength and width are

Sd = 6.14.10.4 p e (2.73)

yo=5.6.10·3 (p +LIe) t (2.72)

The nitrogen coefficient is expressed by

(2.74)
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Table(2.1): SPECTROSCOPICCOEFFICIENTSFOROXYGEN
---------------------------------------------------------------------

fi a1 a2 a3 a4 a5 a6
---------------------------------------------------------------------

50.474238 0.94 9.694 8.60 0 1.600 5.520
50.987749 2.46 8.694 8.70 0 1.400 5.520
51.503350 6.08 7.744 8.90 0 1.165 5.520
52.021410 14.14 6.844 9.20 0 0.883 5.520
52.542394 31.02 6.004 9.40 0 0.579 5.520
53.066907 64.10 5.224 9.70 0 0.252 5.520
53.595749 124.70 4.484 10.00 0 -0.066 5.520
54.130000 228.00 3.814 10.20 0 -0.314 5.520
54.671159 391. 80 3.194 10.50 0 -0.706 5.520
55.221367 631. 60 2.624 10.79 0 -1.151 5.514
55.783802 953.50 2.119 11.10 0 -0.920 5.025
56.264775 548.90 0.015 16.46 0 2.881 -0.069
56.363389 1344.00 1.660 11.44 0 -0.596 4.750
56.968206 1763.00 1.260 11.81 0 -0.556 4.104
57.612484 2141.00 0.915 12.21 0 -2.414 3.536
58.323877 2386.00 0.626 12.66 0 -2.635 2.686
58.446590 1457.00 0.084 14.49 0 6.848 -0.647
59.164207 2404.00 0.391 13.19 0 -6.032 1.858
59.590983 2112.00 0.212 13.60 0 8.266 -1.413
60.306061 2124.00 0.212 13.82 0 -7.170 0.916
60.434776 2461.00 0.391 12.97 0 5.664 -2.323
61.150560 2504.00 0.626 12.48 0 1.131 -3.039
61.800154 2298.00 0.915 12.07 0 1.738 -3.797
62.411215 1933.00 1.260 11.71 0 -0.048 -4.277
62.486260 1517.00 0.083 14.68 0 -4.290 0.238
62.997977 1503.00 1.665 11.39 0 O. 134 -4.860
63.568518 1087.00 2.115 11.08 0 0.541 -5.079
64.127767 733.50 2.620 10.78 0 0.814 -5.525
64.678903 463.50 3.195 10.50 0 0.415 -5.520
65.224071 274.80 3.815 10.20 0 0.069 -5.520
65.764772 153.00 4.485 10.00 0 -0.143 -5.520
66.302091 80.09 5.225 9.70 0 -0.428 -5.520
66.836830 39.46 6.005 9.40 0 -0.726 -5.520
67.369598 18.32 6.845 9.20 0 -1.002 -5.520
67.900867 8.01 7.745 8.90 0 -1.255 -5.520
68.431005 3.30 8.695 8.70 0 -1.500 -5.520
68.960311 1.28 9.695 8.60 0 -1.100 -5.520

118.750343 945.00 0.009 16.30 0 -0.247 0.003
368.498350 67.90 0.049 19.20 0.6 0 0
424.763124 638.00 0.044 19.16 0.6 0 0
487.249370 235.00 0.049 19.20 0.6 0 0
715.393150 99.60 0.145 18.10 0.6 0 0
773.839675 671.00 0.130 18.10 0.6 0 0
834.145330 180.00 0.147 18.10 0.6 0 0

---------------------------------------------------------------------
Source: Liebe,H. (1989).

41



Table(2.2): SPECTROSCOPICCOEFFICIENTSFORWATERVAPOUR

-------------------------------------------------------------------
f i bl b2 b3 b4 b5 b6

-------------------------------------------------------------------

22.235080 0.1090 2.143 28.10 0.69 4.80 1.00
67.813960 0.0011 8.735 28.58 0.69 4.93 0.82

119.995940 0.0007 8.356 29.48 0.70 4.78 0.79
183.310074 2.3000 0.668 28.13 0.64 5.30 0.85
321.225644 0.0464 6.181 23.03 0.67 4.69 0.54
325.152919 1.5400 1.540 27.83 0.68 4.85 0.74
336.187000 0.0010 9.829 26.93 0.69 4.74 0.61
380.197372 11.9000 1.048 28.73 0.69 5.38 0.84
390.134508 0.0044 7.350 21.52 0.63 4.81 0.55
437.346667 0.0637 5.050 18.45 0.60 4.23 0.48
439.150812 0.9210 3.596 21.00 0.63 4.29 0.52
443.018295 0.1940 5.050 18.60 0.60 4.23 0.50
448.001075 10.6000 1.405 26.32 0.66 4.84 0.67
470.888947 0.3300 3.599 21.52 0.66 4.57 0.65
474.689127 1.2800 2.381 23.55 0.65 4.65 0.64
488.491133 0.2530 2.853 26.02 0.69 5.04 0.72
503.568532 0.0374 6.733 16.12 0.61 3.98 0.43
504.482692 0.0125 6.733 16.12 0.61 4.01 0.45
556.936002 510.0000 0.159 32.10 0.69 4.11 1.00
620.700807 5.0900 2.200 24.38 0.71 4.68 0.68
658.015000 0.2740 7.820 32.10 0.69 4.14 1.00
752.033227 250.0000 0.396 30.60 0.68 4.09 0.84
841.073593 0.0130 8.180 15.90 0.33 5.76 0.45
859.865000 0.1330 7.989 30.60 0.68 4.09 0.84
899.407000 0.0550 7.917 29.85 0.68 4.53 0.90
902.555000 0.0380 8.432 28.65 0.70 5.10 0.95
906.205524 0.1830 5.111 24.08 0.70 4.70 0.53
916.171582 8.5600 1.442 26.70 0.70 4.78 0.78
970.315022 9.1600 1.920 25.50 0.64 4.94 0.67
987.926764 138.0000 0.258 29.85 0.68 4.55 0.90

-------------------------------------------------------------------
Source: Liebe,H.(1989).
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The wet continuum is included to take care of the measurements of water vapour attenuation

in excess of those predicted. It is expressed by this formula

Nw" (f) = f( b, e + br p )10-5 e e
where

(2.75)

b, = 3.57{5
(2.76)

, br =0.113
(2.77)

The b. - term is insensitive to specific shape function. Also the wet spectrum termb, lacks

satisfactory theoretical explanation. Attempt to explain its origin from far wing and water

dimers, according to Liebe, is inconclusive. Therefore,the wet spectrum is still a major

source of uncertainty in evaluating millimeter wave attenuation rates, especially in the four

window ranges [waters, 1976; Rice and Ade, 1979; Emery et al ,1980; Liebe ,1983].

2.6.2.1 SIGNIFICANCE OF THE MODEL

Among the merits of this model are the following:

1.The model reduces complicated microphysical methodology to simple radio engineering

terms.

2.lt takes into consideration all performance influencing factors of the atmosphere.

3. It provides therefore a cost effective means of predicting system performance.

4. Unlike the ITU model, it can be used above 350 GHz frequency range.
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2.6.2.2 MODEL LIMIT ATIONS

The accuracy of this model is limited by a number of factors. Some of these factors are:

1. Lack of exact measurements of the atmospheric input parameters-temperature, pressure

and relative humidity. There is marked spatial and time invariability observed for these

quantities. Thus, the models often use averaged quantities as a practical step to providing

answers for system designers.

2. The model fails to account convincingly for the empirical water continuum absorption,

especially the e2 -term of the water.continuurn. Thus modelling errors can be introduced

when predicting transmission characteristic in atmospheric window ranges .

3. The model requires a great deal of computational time and efforts for each input

parameter. Thus it is prone to error.

2.6.3 OTTO -THOMSON MODEL

This model treated the absorption spectrum of oxygen as a continuum due to the collision

broadening mechanism. According to the model, the specific attenuation is given by

A = (-w Ic) (s I y)(1 I (l + Z2) )(p I 1013.25 )(3001 T)2 (20 logic e) x 10-19 (2.78)

withz=fo-f/y (2.79)

The line width, y is the frequency difference for which the attenuation is maximum and half

its maximum. Also fo and f are the line center frequency and the frequency of radiowave

respectively. P is the pressure, T the temperature,S the line strength, w is the angular

frequency and c is the velocity of light.
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2.6.3.1 MERITS OF THE MODEL

1.Unlike Liebe's semi-empirical model, this model eliminates tedious computations involved

in the evaluation of the interference for 44 individual resonance lines at low altitudes.

2. It is therefore less prone to error and not time consuming.

3.The model takes account of all the system performance influencing factors of the

atmosphere. Hence, provides cost effectiveness for predicting system performance.

2.7 SUMMARY OF THE VARIABLES USED

SIN SYMBOLS MEANINGS

1. ap Nitrogen coefficient.

2. al-a6 Spectroscopic coefficients for oxygen.

3. Ac Total gaseous absorption :n .the atmosphere in dB.

4. Allm Einstein coefficient for spontaneous emission.

5. bi-bs Spectroscopic coefficients for water vapour.

6. Bmll Einstein coefficient of absorption.

7. ! c Velocity of light in vacuum;valueis 3.0x108 mls

8. ! e Water vapour presure in kPa.
I

9. ! es Water vapour saturation presure in kPa.,
j

10. I E Applied electric field invim.
I

11. I Eloc Local electric field invim.

I12. Em Higher energy level of molecule.I
I
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13. En Lower energy level of molecule.

14. tlE Uncertainty energy of an atom,

15. f,V,VmJ1 Frequency in Hz or GI{z

16. fi,fo Resonance or center line frequency in GHz .

17. Fi Line shape factor in (GHzr1
•

18. tlfd Doppler half width.19

19. tlfp Presssure or collision Uncertainty frequency.

20. tlfz Zeeman broadening frequency in GHz.

21. tlf Total broadening frequency in GHz.

22. g Acceleration due to gravity.g=v.Srn/s? .

23. gr Ratio beween local electric field and appliec electric field.

24. h Planck's constant, value is 6.63 x 10.34 Js.

25. Nuclear spin quantum number.

26. It Intensity in NC1
•

27. Ii Interference coefficient of oxygen line.

28. k Boltzmann's constant,value is 1.38xlO·23J/k.

29. k,t Wave number.

30. ~ Orbital angular momentum quantum number.

31. ~z Quantised z-component of orbitalquantum number.

32. M Molecular weight.

33. m~ Magnetic quantum number

34. n Complex refractive index;typical valueis 1.0003.

35. N Complex refractivity in ppm.
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36. nr Principal quantum number.

37. N(t) Number of atoms at time, t.

38. N(O) Number of atoms at time,t= O.

39. N(llmn) Number of photons .

40.
tI,

Dry air continuum.ND

41. Nwu Wet continuum.

42. No Frequency independent refractivity in ppm.

43. p Pressure in kPa.

44. pi Induced polarisation.

45. pe Electric polarisation.

46. pd Permanent dipole moment.

47. pnm Non-polar electric dipole moment.

48. pxmll Probability of higher energy level.

49. pmr Mean radiated power.

50. pb Total barometric pressure in kPa.

51. ro Path length in km.

52. Rmn Transition rate of absorption.

53. rh Relative humidity in%.

54. S Spin quantum number.

55. Sj Line strength in kHz.

56. Sz Quantised z-component of spin quantum number.

57. s., Spontaneous emission transition rate.

58. Sd Debye strength.

59. T ,t Temperature, relative inverse temperature in K.
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60 ~t Uncertainty time of an atom.

61. Time in s.

62. v Vapour concentration in g/rn'.

63. tw Uncertainty, frequency.

64. w Angular frequency or angular velocity.

65. £0 Permittivity of free space ,value is 8.85xlO-12F/m.

66 £r Relative permittivity.

67. yt Molecular polarisability in Fm2.

68. Xe Electric susceptibility.

69. "Cr Relaxation time.

70. Lifetime or half-life of an atom.

71. yi ,Y Line width in GHz.

72. ye Electron part of Yt .

73. yii Ionic part of Yt .

,

74 yd Dipole part of }'to

75 yo Debye width.

76. r, Damping constant.

77 r Full width at half maximum.

78. ~xmll Electric dipole matrix element for x-component.

79.
.

Complex conjugate of I-'xmn •~xmll

80. Llyrnn Electric dipole matrix element for y-component.

81
.

Complex conjugate of
-

~ymll /Lymn ",

82 ~Z!TUl Electric dipole matrix element for z-component.
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83. ~zmn Complex conjugate of /J-zmn •

84. \.f'n Wave function.

85. 'f' n* Complex conjugate of Wave function'\'n.

86. '"A Wavelength in m.

87. '"Ap Probability per unit time.

88. a Specific attenuation in dB/km.

89. an Specific attenuation for oxygen in dB/km.

90 .. aw Specific attenuation for water vapour in dB/km.



CHAPTER THREE

3.0 RESEARCH METHODOLOGY

3.1 DATABASE

The study used monthly mean meteorological parameters of pressure, temperature and relative

humidity collected from the meteorological station, Oshodi, Lagos for three meteorological

sites in Nigeria. These meteorological stations are Lagos (Lat. 06° 32'N, Long. 03°21'), in

the Southern Nigeria, Kano (Lat. 03°12'N, Long. 08°32'E) and Minna (Lat.09°5TN, Long.

06°32E), both situated in Northern Nigeria. However, data are collected directly from

Akure (FUTA) Lat. 07° 1TN, Long. 05°14E), a station in the Southern Nigeria, as shown in

figure (3.1).

For Akure site data are collected for 5 years: 1990-1993 and 1995; for Minna 1981 to 1983,

1975 and 1990; Kano 1981-1983, 1985 and 1989 and Lagos 1966, 1968-1969 and 1990-

1991. Typical values of the data used are shown in Table (3.1). The data values appear to

increase with each successive year. All the data are for 1200 GMT and for peak dry and

wet seasons. Nigeria has two principal seasons: dry and wet seasons. In the south, the dry

season starts October and ends February, while the wet season commences and ends in

March and September respectively. On the other hand, October and March mark the beginning

and end of dry season in the North; wet season starts April and ends September. The typical

representative months thus for dry and wet seasons are January and July respectively, being

the peak dry and wet seasons.

3.2 DATA ANALYSIS

In anal ysing the data a FORTRAN 77 program was developed for the Liebe's semi -emprical

model of section (2.6.2). There are two FORTRAN 77 programs employed. The first

program, cheer.For, did the entire calculations and output the results. This program
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requested the user to specify the range of frequency to use. The range employed throughout

in this work for each site is 1O-350GHz. The line centre ,frequency ,fi and permanent

spectroscopic coefficients: 44 for oxygen al-a6 and 30 for water vapour bi-bs are stored in

two files. These parameters are inherent to the Liebe's model as already pointed out in

section (2.6.2).The program reads the two files: Gen2, for oxygen coefficients and Watv2,

for water vapour coefficients and performs the computations. The results are stored in

another file:Temm.dat.

The second program, cheer2.For, reads the results and output them in the required

form for plot. A sample of the computed program is shown in the appendix 1.

To plot graphs, a Grapher package was utilized.
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Fig 3.1 Location of the Staticns In Nigeria
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------------------------------------------
TABLE (3.11: A TYPICAL VALUES OF DATA USED
------------------------------------------

DRY WET

P T R~ P T RH
------------------------------------------

959 29.2 16 959 28.4 66

981 31.6 23 984 28.5 72

982 34.0 26 984 27. 1 78

958 28.9 22 959 31.0 54

956 31.6 38 957 30. 7 59

1013 26. 5 83 1013 24.5 82

1013 25.9 81 1013 24.0 76

1013 24.0 28 1013 22. 9 75

1013 28.8 34 1013 25. 1 81

1013 24.0 31 1013 24.9 82
------------------------------------------



CHAPTER FOUR

4.0 RESULTS AND DISCUSSIONS

4.1 ANALYSIS AND RESULTS

Thespecific attenuation for each of the four tropical sites was evaluated by employing Liebe's

semi-empirical model given in section (2.6.2). The accuracy of the results is closely tied to the

inputelements that vary both in time and space.

Tables (4.1) to (4.4) show typical evaluated attenuation values for oxygen and water vapour

(Moistair), while Tables (4.5) to (4.9) display typical attenuation values for oxygen (Dry air),and

water vapour. The specific attenuation is higher in wet season than in dry season. The observed

highvalues can be accounted for by high relative humidity and pressure that characterised the wet

season.

Temperature is higher in dry season than in wet season. This fact underscores the low attenuation

obtained during the dry season.
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An obvious departure from the uniform trend of wet season attenuation being greater than that of dry

season is noticed at Akure site for 1990 and 1991 for moist air. During this period attenuation is

more for dry season. Observations show (See Table 4.1) that temperature and relative humidity for

dry season exceed that of wet season. Since attenuation decreases with increasing temperature,

one expects that temperature will offset the extra humidity of dry season, so as to bring the attenuation

value low. But this is not the case. The clear indication therefore, is that attenuation has stronger

dependence on relative humidity than on temperature.
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This,in turn, indicates the variability of water vapour, not only in space, but also in time. The

graphicalillustrations of these results are presented in figures (4.1) to (4.13) for moist air.

The peaks of these graphs indicate the peak of the resonant absorption. Water vapour shows

resonantabsorption at 22GHz, 184 GHz and 326 GHz. There is a maximum oxygen absorption

at60 and series of resonant absorptions occur between 54-66 GHz. The isolated oxygen

absorptionbecomes observable at 118 GHz.

Thecomputed specific attenuation shows both geographical and seasonal variations. Figures

(4.14)and (4.15) depict the geographical variation of the attenuation. Lagos, a coastal station,

hasthe highest attenuation values, while Kano, a far inland site, scores the least values. These

differences in results are due to the variation in the atmospheric water vapour content. For the

same reason , there are wide differences in the values of attenuation noticed at 22 GHz ,

184GHz and 326 GHz.

In contrast, attenuation varies only slightly at 60 GHz and 118 GHz owing to the constant

concentration of oxygen in the atmosphere.
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Table(4.1): A TYPICAL COMPUTED ATTENUATION FOR HOIST AIR FOR DRY AND WET
SEASONS AT AKURE

-------------------------------------------------------------------------------
FREQ (GHzj 22 60 118 184 326
-------------------------------------------------------------------------------

YEAR Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet
-------------------------------------------------------------------------------

1990 .46 .41 14.31 14.48 2.96 2.71 70.26 62.94 96.99 85.91

1991 .44 .37 14.34 14.49 2.83 2.50 66.72 57.19 91. 66 77.52

1992 .15 .35 14.29 14.59 1.48 2.38 22.06 53.39 28.86 71.93

1993 .23 .42 13.80 14.42 1.71 2.74 34.17 64.12 45.67 87.73

1995 .16 .42 14.30 14.44 1.53 2.75 24.35 64.21 31.92 87.83
-------------------------------------------------------------------------------

Table(4.2): A TYPICAL COMPUTED ATTENUATION FOR MOIST AIR FOR DRY AND WET
SEASONS AT KANO

-------------------------------------------------------------------------------
FREQ (GHz) 22 60 118 184 326

-------------------------------------------------------------------------------

YEAR Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet
-------------------------------------------------------------------------------

1981 .12 .42 13.16 13.49 1.28 2.55 17.45 64.47 22.73 87.71

1982 .19 .46 13.21 13.83 1.49 2.80 27.52 68.87 36.57 94.78

1983 .24 .46 13.00 13.99 1.63 2.84 34.78 69.27 46.76 95.13

1985 .16 .40 13.20 13.18 1.40 2.37 23.42 60.72 30.66 82.70

1989 .31 .43 12.99 13.22 1.88 2.52 45.21 65.02 60.68 88.83

-------------------------------------------------------------------------------
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------------------------------------------------------------------------------
Table (4.3): A TYPICAL COMPUTED ATTENUATION FOR MOIST AIR FOR DRY AND WET

SEASONS AT MINNA
------------------------------------------------------------------------------

FREQ (GHz) 22 60 118 184 326
------------------------------------------------------------------------------
YEAR Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet
------------------------------------------------------------------------------

1981 .31 .46 12.49 13.83 1.83 2.80 44.97 68.87 61.69 94.78

1982 .19 .47 13.21 14.07 1.49 2.93 27.52 71.21 36.57 97.89

1983 .24 .46 13.00 13.99 1.63 2.84 34.78 69.27 46.76 95.13

1975 .16 .43 13.35 14.12 1.42 2.75 23.47 66.20 30.99 90.40

1990 .22 .44 13.03 13.98 1.59 2.78 32.87 67.64 44.07 92.74
------------------------------------------------------------------------------

------------------------------------------------------------------------------

Table (4.4): A TYPICAL COMPUTED ATTENUATION FOR MOIST AIR FOR DRY AND WET
SEASONS AT LAGOS

------------------------------------------------------------------------------
FREQ (GHz) 22 60 118 184 326

------------------------------------------------------------------------------
YEAR Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet
------------------------------------------------------------------------------

1966 .44 .47 13.95 14.36 2.72 3.04 65.61 71.59 90.79 99.27

1968 .44 .47 14.04 14.40 2.77 3.05 66.41 71.62 91.89 99.32

1969 .45 .51 13.98 13.98 2.78 3.14 67.14 75.94 93.03 106.33

1990 .49 .45 13.94 14.37 3.03 2.89 73.39 68.00 102.74 93.97

1991 .45 .45 13.91 14.33 2.76 2.92 66.78 68.81 92.67 95.28
------------------------------------------------------------------------------



FREQ (6Hz) 60 118 22 184 326

la~le(+5): A lYPICkL COKPUm ATTENUATION FOR OXYGEN AND WATER VAPOUR
FOR DRY AHO WET SEASONS AT A~URE

OXYGEN WATER VAPOUR

YEAR Dry Wet Dry Wet Dry Wet Dry Net Dry ht

1990 13.5114.05 1.011.00 .45 .40 70.24 62.42 96.96 85.88

1991 13.8814.12 1.041.06 .43 .36 66.70 S7.li 91.63 77.49

1992 14.19 14.25 1.0i L07 .l~ .33 22.05 53,37 28.83 71.90

1993 1U2 !3.98 1.02 1.05 .22 .H 34.16 64.11 45.64 87.70

1995 lU8 14.00 1.07U~ .15 .41 24.34 64.19 31.8987.80

Tauie('H,): A TYPICAL COHPUTED ATTENUATION FOR OXYGEN AND WATER VAPOUR
FOR DRY AND NET SEASONS AT KANO

OXYGEN WATER VAPOUR

FREQ (SH1) 60 118 22 181

YEAR Dry Wet Dry Net Dry Wet Dry Net Dry Vet

1981 13.09 13.09 1.01 1.00 .11 .41 17,43 64.45 22.11 87,68

1982 13.08 13.36 0.99 1.01 .18 .44 27.51 68.86 36.54 94.76

1983 12.8313.52 0.97 U2 .23 .44 34.77 69.2540.74 95.10

1985 13.10 12.82 1.C1 0.98 .15 .39 23.41 bO.n 30.63 82.67

1989 12.76 12.82 0.98 0.98 .29 .42 45.20 65.00 60.66 88.81

-------.------------------------~-------------------------------
;"

/
I
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YEAR Dry Wet Dry W~t Ory Vet Ury ~et Dry ~et

Table (f,7): A TYPICAL COtiPUTfO mmmOH fOR OXYGEN AND VATER VAPOUR
- fOR DRY AND m SEASONS AT HIHMA

~ater Vlyovr

Fm (SHz) ~~ 22 lS~

1981 12.26 13.36 0.93 1.01 .30 .44 44096 68.80 61.67 94.76

1982 13.08 13.58 J.99 1.02 .18 .46 27.51 ;Li9 36.54 97.8~

1983 12.83 l3.52 0,97 1.02 .23 .44 34.17 6US 46.74 95.10

1m 13.2Q lU8 1.01 l.U3 .15 .42 23.46 66.19 30.96 90.3]

19';0 12.37 13.52 0.97 1.02 .21 .43 32.85 67.63 44.05 92.71
. ... ...- ..... -_ ........ ---- ... -- - .......•... --_ ... --- ..- ...... -- -----------_ ..- --------------------_ ....

..~•..~---...•.•-, ...------ .._---------------- ------_ ..... _ .._-- ......•. -_ .._------- ....__ ...... _ ....

fatl;! 4-81: A TYPIC~L COmTEO ATTEHUATION FOR mm AND VATER VAPOUR
FOR DRY AHD lEi SEASONS AT ~A60}

-.~--------...._--------------------------------------------_. __..-------
Oxygen hter vapour

Fm (6Hz) 60 118 22 184 m
--~.---------------------------------------_ ....... --- .•.-- ---_ .•.--- _ ....-..- .•.-----

Yt~R Dry Wet Dry ~et Dry wet Dry W~t Dry Wet

-- -.----_ •.- ----------_ .•_------------ ---------_ ...._--_ .•.... __ ...__.•__ ...•..._--------

1906 lUl13.84 1.01 1.03 .43 .46 65.60 71.57 90.76 H.24

1%8 1J.58 13.88 1.01 !.O3 .43 .46 66.39 71.61 91.86 99.29

iloY l:i.52 13.42 1.01 UO ,44 .50 67.12 75.93 93.00 106.30

1990 11.4113.&8 LOf) 1.03 .~e .44 73.37 67.98 102.71 93.93

1991 13.45 13.84 LOO 1.03 .43 .44 66.76 68.80 92.64 95.25
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Table (4.9):A TYPICAL COMPUTED SPECIFIC ATTENUATION VALUE FOR MOIST AIR

- - -- - -.
LOCATIONS AKURE( 1991) KANO(1981 ) LAGOS(1966) HINNA( 1981)

FREQUENCY(GHz) DRY WET DRY WET DRY WET DRY WET

10 .03 .02 .01 .02 .02 .03 .02 .02
11 .03 .03 .01 .03 .03 .03 .02 .03
12 .04 .03 .01 .03 .03 .04 .02 .04
13 .05 .04 .01 .04 .04 .05 .03 .04
14 .06 .05 .02 .05 .05 .06 .03 .05
15 .07 .06 .02 .06 .06 .07 .04 .06
16 .09 .08 .02 .07 .08 .09 .05 .08
17 .11 .10 .03 .09 .10 .12 .06 .11
18 .15 .13 .03 .13 .14 .15 .09 .14
19 .20 .18 .05 .17 .19 .21 .12 .19
20 .28 .25 .07 .25 .26 .29 .18 .27
21 .38 .33 .09 .34 .36 .39 .25 .37
22 .46 .41 .12 .42 .44 .47 .31 .46
23 .48 .43 .12 .44 .46 .50 .32 .48
24 .44 .39 .11 .40 .42 .46 .28 .43
25 .38 .34 .09 .34 .36 .40 .24 .37
26 .33 .29 .07 .29 .31 .34 .20 .32
27 .29 .26 .07 .25 .27 .31 .17 .28
28 .27 .24 .06 .23 .25 .28 .15 .25
29 .25 .22 .06 .21 .23 .26 .14 .24
30 .24 .21 .05 .20 .22 .25 .13 .23
31 .24 .21 .05 .20 .22 .25 .13 .22
32 .24 .21 .05 .20 .22 .25 .13 .22
33 .24 .21 .05 .20 .22 .25 .13 .22
34 .24 .21 .06 .20 .22 .25 .13 .23
35 .25 .22 .06 .20 .23 .26 .13 .23
36 .26 .22 .06 .21 .23 .27 .14 .24
37 .26 .23 .06 .22 .24 .27 .14 .25
38 .27 .24 .07 .23 .25 .28 .15 .26
39 .29 .25 .07 .23 .26 .30 .15 .27
40 .30 .26 .08 .24 .27 .31 .16 .28
41 .31 .28 .08 .26 .28 .32 .17 .29
42 .33 .29 .09 .27 .30 .34 .18 .31
43 .35 .31 .10 .28 .31 .36 .19 .32
44 .37 .33 .11 .30 .33 .38 .20 .34
45 .39 .35 .12 .32 .35 .40 .22 .36
46 .42 .37 .13 .34 .38 ,43 ,23 .39
47 .45 .40 .15 .37 .41 .46 .26 .42
48 .49 .44 .18 .41 .45 ,50 .29 .45
49 .54 .49 .22 .45 .50 .56 .33 .50
50 .61 .57 .27 .52 .57 .63 .39 .58
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51 .74 .69 .37 .63 .69 .76 .49 .69
52 .97 .92 .57 .84 .93 1.00 .71 .92
53 1.46 1.41 1.02 1.30 1.41 1.49 1.16 1.39

54 2.46 2.41 1. 94 2.24 2.40 2.50 2.09 2.36
55 4.23 4.20 3.62 3.93 4.16 4.28 3.73 4.09
56 6.81 6.82 6.10 6.40 6.69 6.87 6.07 6.61
57 9.60 9.66 8.76 9.06 9.41 9.66 8.52 9.31
58 11.82 11.94 10.85 11.16 11.56 11.88 10.40 11.45

59 13.24 13.41 12.16 12.49 12.93 13.31 11.57 12.81
60 14.29 14.48 13.16 13.49 13.95 14.36 12.49 13.83
61 14.54 14.71 13.40 13.73 14.21 14.61 12.78 14.07
62 13.41 13.53 12.37 12.70 13.14 13.48 11.92 13.01
63 10.37 10.42 9.42 9.79 10.18 10.44 9.25 10.07
64 6.76 6.74 5.90 6.31 6.65 6.84 5.99 6.55
65 4.10 4.04 3.34 3.77 4.02 4.16 3.54 3.96
66 2.48 2.41 1.79 2.23 2.41 2.53 2.02 2.38
67 1.64 1.56 .99 1.44 1.57 1. 68 1. 22 1.56

68 1.25 1.16 .61 1. 07 1. 17 1.28 .84 1.17

69 1.07 .98 .44 .90 .99 1.10 .66 1.00

70 .98 .88 .35 .81 .90 1.01 .57 .91
71 .93 .83 .30 .77 .85 .96 .52 .87
72 .91 .81 .26 .74 .82 .94 .49 .84
73 .89 .79 .24 .73 .81 .92 .47 .83
74 .89 .78 .22 .72 .80 .92 .46 .83

108 1. 64 1.42 .27 1.32 1.46 1.71 .78 1.52

109 1.68 1.45 .28 1.35 1.49 1.74 .80 1.56

110 1.72 1.48 .29 1.38 1.53 1.79 .82 1.59

111 1.76 1. 52 .30 1.42 1.57 1.83 .84 1. 63

112 1.81 1.57 .32 1.46 1. 61 1.88 .87 1. 68

113 1. 87 1. 62 .35 1.51 1.67 1. 94 .91 1.73

114 1.94 1. 69 .39 1.57 1.73 2.01 .95 1.80

115 2.04 1.79 .46 1. 66 1.83 2.12 1.03 1.90

116 2.20 1.95 .58 1.81 1.99 2.28 1. 15 2.05
117 2.49 2.24 .83 2.08 2.26 2.57 1.40 2.33
118 2.96 2.71 1.28 2.55 2.72 3.04 1.83 2.80
119 3.18 2.92 1.49 2.77 2.93 3.25 2.03 3.01
120 2.81 2.54 1.05 2.38 2.56 2.89 1. 64 2.64
121 2.50 2.22 .71 2.06 2.26 2.58 1.34 2.33
122 2.35 2.06 .54 1. 92 2.11 2.44 1.20 2.18
123 2.29 2.00 .46 1.86 2.05 2.38 1.13 2.13
124 2.28 1.98 .42 1. 84 2.03 2.36 1. 11 2.11
163 4.94 4.27 .78 4.00 4.43 5.13 2.41 4.60
179 27. 91 24.59 5.59 23.84 25.73 28.79 15.78 26.58
180 36.66 32.42 7.69 31.79 33.90 37.70 21.32 35.13
181 48.60 43.18 10.84 43.02 45.11 49.79 29.29 46.95
182 62.29 55.62 14.91 56.45 58.03 63.55 39.07 60.74
183 71.86 64.38 18.06 66.16 67.10 73.11 46.28 70.51
184 70.31 62.94 17.45 64.47 65.61 71.59 44.97 68.87
185 59.30 52.86 13.83 53.27 55.17 60.60 36.64 57. 63

186 46.36 41.11 10.09 40.70 42.97 47.57 27.54 44.64



199 8.77 7.60 1.43 7.14 7.90 9.11 4.37 8.17
200 8.49 7.35 1. 37 6.90 7. 64 8.81 4.20 7.91
201 8.26 7.15 1.33 6.71 7.42 8.58 4.07 7.69
202 8.07 6.98 1.29 6.55 7.25 8.38 3.96 7.51
203 7.92 6.85 1.25 6.42 7.11 8.23 3.87 7. 37
204 7.79 6.74 1.23 6.31 6.99 8.10 3.80 7.25
205 7.69 6.65 1.21 6.23 6.90 8.00 3.74 7.16
206 7.61 6.58 1. 19 6.16 6.82 7.91 3.69 7.08
207 7.55 6.52 1.17 6.11 6.76 7.85 3.65 7. 02
208 7.50 6.48 1.16 6.06 6.71 7.80 3.62 6.97
209 7.47 6.44 1.15 6.03 6.68 7.76 3.59 6.94
210 7.44 6.42 1.14 6.01 6.65 7.73 3.57 6.91
211 7.43 6.40 1.14 5.99 6.63 7.72 3.56 6.90
212 7.42 6.40 1.13 5.99 6.62 7.71 3.55 6.89
213 7.42 6.40 1.13 5.98 6.62 7.71 3.54 6.89
227 7.86 6.77 1.18 6.32 7.00 8.17 3.71 7.29
228 7.91 6.81 1.18 6.37 7.04 8.22 3.74 7.33
229 7.96 6.86 1.19 6.41 7.09 8.28 3.76 7.38
230 8.02 6.90 1.20 6.45 7.14 8.34 3.79 7.43
231 8.07 6.95 1.21 6.50 7.19 8.39 3.81 7.49
232 8.13 7.00 1.21 6.54 7.24 8.45 3.84 7.54
233 8.19 7.05 1.22 6.59 7.29 8.52 3.87 7.60
234 8.25 7.11 1.23 6.64 7.35 8.58 3.89 7.65
235 8.32 7.16 1. 24 6.69 7.40 8.64 3.92 7.71
236 8.38 7.21 1.25 6.74 7.46 8.71 3.95 7.77
237 8.44 7.27 1.26 6.79 7.52 8.78 3.98 7.83
238 8.51 7.33 1.27 6.85 7.58 8.85 4.01 7.89
239 8.58 7.38 1.28 6.90 7.63 8.92 4.04 7.95
240 8.65 7.44 1. 29 6.96 7.70 8.99 4.08 8.02
241 8.72 7.50 1.30 7.01 7.76 9.06 4.11 8.08
242 8.79 7.56 1.31 7.07 7.82 9.13 4.14 8.15
243 8.86 7.63 1.32 7.13 7.88 9.21 4.18 8.21
244 8.93 7.69 1.33 7.19 7.95 9.29 4.21 8.28
245 9.01 7.75 1.34 7.24 8.02 9.36 4.24 8.35
246 9.08 7.82 1.35 7.31 8.08 9.44 4.28 8.42
247 9.16 7.88 1.36 7.37 8.15 9.52 4.32 8.49
248 9.23 7.95 1.38 7.43 8.22 9.60 4.35 8.56
249 9.31 8.02 1.39 7.49 8.29 9.68 4.39 8.63
250 9.39 8.09 1.40 7.56 8.36 9.76 4.43 8.71
251 9.47 8.15 1.41 7.62 8.43 9.85 4.47 8.78
252 9.55 8.22 1.42 7.69 8.50 9.93 4.50 8.86
253 9.64 8.30 1.44 7.75 8.58 10.02 4.54 8.93
254 9.72 8.37 1.45 7.82 8.65 10.10 4.58 9.01
255 9.80 8.44 1.46 7.89 8.73 10.19 4.62 9.09
256 9.89 8.51 1. 48 7.96 8.80 10.28 4.67 9.17
257 9.98 8.59 1.49 8.03 8.88 10.37 4.71 9.25
258 10.06 8.66 1. 50 8.10 8.96 10.46 4.75 9.33
259 10.15 8.74 1.52 8.17 9.04 10.55 4.79 9.41
260 10.24 8.82 1.53 8.24 9.12 10.65 4.84 9.50
261 10.33 8.90 1.54 8.32 9.20 10.74 4.88 9.58
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264 9.16 3.63 1.12 .17 1. 05 .17 10.52 3.63 13.52 4.74
265 9.25 3.68 1.14 .17 1. 06 .17 10.63 3.69 13.66 4.81
266 9.35 3.73 1.15 .18 1. 07 .18 10.74 3.74 13.79 4.87
267 9.44 3.79 1.16 .18 1. 08 .18 10.85 3.79 13.93 4.94
268 9.54 3.84 1.18 .19 1. 09 .19 10.96 3.85 14.07 5.01
269 9.64 3.90 1.19 .19 1.11 .19 11. 07 3.90 14.21 5.08
270 9.74 3.96 1. 20 .20 1.12 .20 11.18 3.96 14.35 5.15
271 9.84 4.01 1. 22 .20 1.13 .20 11. 29 4.02 14.49 5.22
272 9.94 4.07 1.23 .21 1.14 .21 11. 41 4. 08 14.63 5.29
273 10.05 4.13 1.25 .21 1.16 .21 11. 53 4.14 14.78 5.37
274 10.15 4.20 1. 26 .22 1.17 .22 11. 64 4. 20 14.93 5.44
275 10.26 4.26 1. 28 .22 1.19 .22 11. 76 4.26 15.08 5.52
276 10.36 4.32 1.29 .23 1. 20 .23 11.88 4. 33 15.23 5.60
277 10.47 4. 39 1. 31 .24 1.22 .24 12.01 4. 39 15.38 5.68
278 10.58 4.45 1.33 .24 1.23 .24 12.13 4.46 15.53 5.76
279 10.69 4,52 1.34 .25 1. 25 .25 12.25 4. 53 15.68 5.84
280 10.81 4.59 1. 36 .26 1. 26 .26 12.38 4.59 15.84 5.92
281 10.92 4.66 1.38 .27 1. 28 .27 12.51 4.66 16.00 6.00
282 11. 03 4.73 1. 40 .28 1. 30 .28 12.63 4.73 16.16 6.09
283 11.15 4.80 1.42 .29 1. 32 .29 12.76 4. 81 16.32 6.18
284 11. 27 4.87 1.44 .30 1. 33 .30 12.90 4.88 16.48 6.26
285 11.39 4. 95 1. 46 .31 1. 35 .31 13.03 4. 95 16.65 6.35
286 11. 51 5.02 1. 48 .32 1.37 .32 13.16 5.03 16.81 6.44
287 11.63 5.10 1. 50 .33 1.39 .33 13.30 5.10 16.98 6.54
288 11.75 5.17 1. 52 .34 1. 41 .34 13.44 5.18 17.15 6.63
289 11.87 5.25 1. 54 .35 1. 43 .35 13.57 5.26 17.32 6.72
290 12.00 5.33 1. 57 .36 1. 46 .36 13.71 5.34 17.49 6.82
291 12.13 5.41 1. 59 .38 1. 48 .38 13.86 5.42 17.67 6.92
292 12.25 5.50 1.62 .39 1. 50 .39 14.00 5.50 17. 84 7.02
293 12.38 5.58 1. 64 .41 1. 53 .41 14.14 5.59 18.02 7.12
294 12.51 5.66 1.67 .42 1. 55 .42 14.29 5.67 18.20 7.22
295 12.64 5.75 1. 70 .44 1. 58 .44 14.43 5.76 18.38 7.32
296 12.78 5.84 1.72 .46 1. 60 .46 14.58 5.84 18.56 7.42
297 12.91 5.92 1. 75 .47 1. 63 .47 14. 73 5.93 18.75 7. 53
298 13.05 6.01 1. 78 .49 1. 66 .49 14. 88 6.02 18.93 7.64
299 13 .19 6.10 1.81 .51 1. 69 .51 15.04 6.11 19.12 7.75
300 13.32 6.20 1. 84 .53 1. 72 .53 15.19 6.21 19.31 7.86
301 13.46 6.29 1. 88 .56 1.75 .56 15.35 6.30 19.50 7.97
302 13.61 6.38 1. 91 .58 1. 78 .58 15.51 6.39 19.70 8.08
303 13.75 6.48 1. 94 .60 1. 81 .60 15.66 6.49 19.89 8.19
304 13.89 6.58 1. 98 .63 1. 84 .63 15.83 6.59 20.09 8.31
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313 15.25 7.50 2.33 .91 2.18 .91 17.34 7.51 21. 94 9.42
314 15.41 7. 61 2.37 .94 2.22 .94 17.51 7.62 22.16 9.55
315 15.57 7.72 2.41 .98 2.26 .98 17.69 7.73 22.38 9.68
316 15.73 7.83 2.45 1. 02 2.30 1. 02 17.87 7.84 22.60 9.81
317 15.89 7.94 2.49 1. 05 2.34 1. 05 18.05 7.95 22.82 9.95
318 16.05 8.05 2.53 1. 08 2.38 1. 08 18.23 8.07 23.04 10.09
319 16.22 8.17 2.57 1.12 2.41 1.12 18.41 8.18 23.26 10.22
320 16.38 8.28 2.61 1.15 2.45 1.15 18.60 8.30 23.49 10.36
321 16.55 8.40 2.64 1.18 2.48 1.18 18.79 8.41 23.72 10.50
322 16.72 8.52 2.68 1. 21 2.52 1. 21 18.97 8.53 23.95 10.65
323 16.89 8.64 2.71 1.23 2.55 1. 23 19.16 8.65 24.18 10.79
324 17.06 8.76 2.74 1.25 2.58 1. 25 19.35 8.77 24.42 10.94
325 17. 24 8.88 2.77 1.27 2.60 1. 27 19.55 8.89 24. 66 11. 09
326 17.41 9.01 2.79 1.29 2.63 1. 29 19.74 9.02 24.90 11.24
327 17.59 9.13 2.82 1.30 2.65 1. 30 19.94 9.14 25.14 11. 39
328 17.76 9.26 2.84 1.31 2.67 1. 31 20.14 9.27 25.38 11. 54
329 17.94 9.38 2.86 1.31 2.69 1. 31 20.34 9.40 25.63 11. 69
330 18.13 9.51 2.88 1. 31 2.71 1. 31 20.54 9.53 25.87 11. 85
331 18.31 9.64 2.90 1. 31 2.72 1. 31 20.74 9.66 26.12 12.01
332 18.49 9.78 2.91 1. 31 2.73 1. 31 20.95 9.79 26.38 12.17
333 18.68 9.91 2.92 1. 31 2.75 1. 31 21.16 9.92 26.63 12.33
334 18.87 10.05 2.94 1. 30 2.75 1. 30 21. 37 10.06 26.89 12.49
335 19.05 10.18 2.95 1.29 2.76 1. 29 21.58 10.20 27.14 12.66
336 19.25 10.32 2.96 1. 28 2.77 1. 28 21.79 10.33 27.40 12.83
337 19.44 10.46 2.97 1. 27 2.78 1. 27 22.00 10.47 27.67 13.00
338 19.63 10.60 2.98 1. 26 2.78 1. 26 22.22 10.62 27.93 13 .17
339 19.83 10.75 2.98 1.25 2.79 1. 25 22.44 10.76 28.20 13.34
340 20.03 10.89 2.99 1. 24 2.80 1. 24 22.66 10.90 28.47 13.52
341 20.23 11. 04 3.00 1. 23 2.80 1. 23 22.88 11. 05 28.74 13.69
342 20.43 11.19 3.01 1. 22 2.81 1.22 23.11 11. 20 29.01 13.87
343 20.63 11. 34 3.02 1. 21 2.81 1. 21 23.33 11. 35 29.29 14.05
344 20.84 11.49 3.03 1. 20 2.82 1. 20 23.56 11. 51 29.57 14.24
345 21.05 11. 65 3.04 1.19 2.83 1.19 23.79 11. 66 29.85 14042
346 21. 26 11.80 3.05 1.18 2.84 1.18 24.03 11. 82 30.13 14.61
347 21.47 11. 96 3.06 1.18 2.85 1.17 24. 26 11. 98 30.42 14.80
348 21.68 12.12 3.08 1.17 2.86 1.17 24.50 12.14 30.70 lU9
349 21.90 12.28 3.09 1.17 2.87 1.17 24. 73 12.30 30.99 15.18
350 22.12 12.45 3.11 1.17 2.89 1.16 24.98 12.46 31. 28 15.38
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4.2 COMPARATIVE ANALYSIS

A typical ITU meteorological parameters of pressure (l01.3 hPa), temperature (20.00 C )

and water vapour pressure (lOmb) for temperate climate were employed to compute specific

attenuation. Graphical presentations of this together with that from the tropical sites are

shown in figures (4.16) and (4.17). From these graphs, one can see the atmospheric window

ranges, Wl-W4. Tables (4.10) depicts the specific attenuation at the nearly transparent bands

for both the tropical sites and temperate climate. The window regions frequency find use for

most practical applications in the operation of ground -based systems. Generally, for wet

season, attenuation at 326 GHz in the tropical sites is twice that from temperate region. This

is so because of uneven concentration of water vapour in the atmosphere. Observations show

also that the tropical sites enjoy higher water vapour pressure than the temperate climate.



AKURE
TROPICAL

LAGOS MINNA
TEMPERATE

------------------------------------------------------------------------------
TABLE (4.10) : RANGES OF SPECIFIC ATTENUATION AT THE WINDOWS
------------------------------------------------------------------------------

WINDOW WINDOW RANGE
FREQUENCY (GHz)

ATTENUATION RANGE
(dB/KIl)

------------------------------------------------------------------------------

KANO

------------------------------------------------------------------------------
Wl 24-52 0.44-0.99 0.47-0.99 0.20-0.69 0.21-0.70 0.18-0.71

W2 68-116 1.27-2.22 1.28-2.29 0.78-0.93 0.80-0.97 0.80-0.91

W3 122-180 2.37-36.69 2.45-38.68 0.93-15.36 0.98-16.31 0.89-13.24

W4 192-316 14.33-25.98 15.09-27.46 5.39-9.49 5.75-10.14 4.71-8.15

W5 336-350 28.74-29.6030.31-31.14 10.40-28.40 11.12-11.29 9.01-9.23
------------------------------------------------------------------------------
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4.3 : DISCUSSIONS AND CONCLUSIONS

4.3.1 OXYGEN ABSORPTION

The absorption of oxygen up to 52 GHz is small. This is due to the constant concentration of

oxygen in the atmosphere. This observation is in agreement with what was obtained for the

Italian climate by Barbaliscia et.al. (1994).

Between 54 GHz and 66 GHz there are series of resonant absorption lines which can guarantee

frequency reuse beyond a few kilometres without the risk of co-channel interference. The observed

isolated absorption of oxygen at 118 GHz (0.93-1.03dB/km) agrees perfectly with Liebe's (1989)

and McEwan's (1989) results. The result obtained by other authors are in line with the current

evaluation. [Brussard, et.al.(1995) Barbaliscia et.al. (1994) , Watson, (1989) , ITU-R,719-3

(1990)]. Moreso, the peak oxygen attenuation at 60GHz corresponds to approximately 13- 14

dB/km.

At 50 GHz the attenuation is approximately 0.3 dB/km . This value is smaller than that obtained

by Barbaliscia et.al.(1994) as a result of the differences in climatic conditions of pressure and

temperature on which oxygen attenuation depends.

At 60 GHz the temperate climatic attenuation is approximately the same for the tropical sites

since the atmospheric concentration of oxygen is more or less constant.
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4.3.2 : WATER-VAPOUR ABSORPTION

There are water vapour resonant absorption lines at 22 GHz ,184 GHz ,326 GHz . The first of

these has the weakest absorption spectrum ranges between 0.11dB/km and 0.48dB/km, 0.41dB/

km and 0.50dB/lan for dry and wet seasons respectively. Water vapour presents a weaker

spectrum at 184 GHz. At this frequency the dispersion is about 17-73 dB/lan for dry season

and 64 -76 dB/lan for wet season. The strongest line at 326 GHz exhibits variations between

23- 94 dB/km and 88 -106 dB/lan for both dry and wet seasons respectively.

For the temperate climate, specific attenuation is 0.18 dB/lan at 22 GHz, while at 184GHz and

326 GHz it is respectively about 27dBIkm and 36 dB/km. Therefore it is concluded that tropical

attenuation is greater than that of typical ITU temperate climate.

Water vapour spectrum has been reported at 325GHz ,183 GHz, 183.3 GHz and 22.3 GHz.

[Ajayi, et.al., 1996, Liebe, 1989, Barbaliscia et.al. ,1994, McEwan, 1989, Brussard, et.al., 1995

, Westwater, 1994].

Specific attenuation at 183.3,325 and 22.3 GHz has been found to correspond to 40 dB/km, 50

dB/lan and to less than 0.2 dB/km in that order. Any differences in results, however, could be

blamed on the variability of atmospheric water vapour content.
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CHAPTER FIVE

5.1 SUMlVIARY

The main results from the present work are as follows:

* Oxygen has an isolated resonant absorption line at 118 GHz together with series of

absorption spectral lines between 54-66 GHz, the peak of this is at 60 GHz.

* Attenuation by oxygen varies slightly consequent upon constant concentration of oxygen

in the atmosphere.

* Water vapour has three resonant absorption lines; these are 22,184,326 GHz . The weakest

and the strongest lines are 22 GHz and 326 GHz respectively.

* Attenuation during wet season is higher than that of the dry season. This is largely due to

the strong dependence of attenuation on humidity.

* Attenuation at tropical latitudes is generally higher than ,at temperate latitudes. For the wet

season, at 326 GHz, attenuation is two times smaller in the temperate region than in the

tropical sites.

* Attenuation exhibits direct dependence on relative humidity ,pressure and frequency, while

it shows an inverse relationship with temperature.

5.2 CONCLUSION

The knowledge of gaseous attenuation engendered by oxygen and water vapour is of ultimate

importance in planning and predicting transmission and reception of radiowave signals. The



results of the present study indicate the significance of local climatic influences on

microwave signals.

For a complete characterisation of atmospheric attenuation, however" there is the need to

know the influence of cloud and rain on transmitted signals. This is a fertile area of research

work in the tropical region yet to receive adequate research attention.
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APPENDiCES

APPENDIX A

ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc
c c
c CHEER. FOR: A PROGRAM TO COMPUTE SPECIFIC ATTENUATION c
c c
c AUTHOR: ADENUGBA,DAVID c
c c
c PURPOSE: THIS PROGRAM COMPUTES AND OUTPUTS SPECIFIC ATTENUATION c
c c
c FI LE FORMAT: c
c GEN2=OXYGEN SPECTROSCOPY c
c WATV2=WATER VAPOUR SPECTROSCOPY c
c TEMII.DAT=METEOROLOGY PARAMETER OF PRESSURE,TEMPERATURE c
c AND RELATIVE HUMIDITY c
c HMM. DAT=OUTPUT FILE c
c VARIABLES USED: The~e a~e ~ome ob the Lmpo~tant va~Lable~ u~ed. c
c ~=Une St~ength 6o~ Oxygen,KHz. c
c D=P~e~~u~e.~Pa c
c xt2=Tempuatuu,oC c
c ~h=RetatLve HumLdHy, % c
c ~w= Une Stungth ho~ wate~ vapou~ c
c wl=LLne wLdth 6o~ wate~ vapou~ c
c ey=watu vapou~ putLa.t p.te.~~u.te., I!Pa e
c vcon=vapou~ concent~atLon c
c xul=Line width 6o~ Oxygen c
c x61 & x62=Cent~e line 6~equency c
c xnt=Inte~6e~ence 6o~ Oxygen c
c xnp=Dlty aiit contLnuum c
c xne=Wet continuum c
c xt3=RelatLve Inveit~e Tempeitatu~e,K c
c p~o=Speci6ic AttenuatLon,dB/l!m c
c zd=Speci6Lc attenuation 6o~ dlty ailt,dB/em c
c zw=Speci6Lc attenuatLon 60lt wate~ vapouit,dB/em c
c za=Speci6Lc attenuation nO~ moi~t aL~,dB/em c
c all-n66=Peltmanent ~pect~o~copLc coen6icient 60lt Oxygen c
c bll-b66=Pe~manent ~pect~o~copLc coe6fiLcient b04 watelt vapouit c
c c
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc

~eal ~ho,~hl ,~h2,ul ,u2,u3,u4
Lnhin~ic exn

dLmen~Lon ~144J ,~wI30 J,xuI144/ ,wI130/ ,x61144J ,x62130J ,xntl44J
dLmen~Lon all144J,n22144J,a33144J,n44144J,n55144J,n66144J
dimen~Lon bII130/,b22130J,b33130J,b44130J,b551301 ,b66130J,

•xt211 OJ ,~h 110 J,p II 0 J
openll ,6Lle='teml ',4tntu~='new'J
openI3,6ile='gen2' ,~tntu~='old'J
openI5,nLle='wntv2' ,~tatu~='old'J
ooenI8,6iie='tempe.dnt' ,~tntu~='old' J

w~HeI *, *) 'RANGE OF FREQUENCY TOREAD'
w~itel*,*J 'nc, nb, nx'
Iteadl*,*lnc,nb,nx



do50np=I,10
xtl=xt2Ino/t273.15
xt3=300.0/xtl
al =-22. 64*xt3
q2=expl ql/
o~=ID**9
'4=11.739/7.2231*.hlnp)*lxt3**4)*q2*o3
q((=ey
~2=plnp)
~h2/10.0

vcon=1.223*qu*xt3
xl=xt3**3
x2=1.0-xt3
y2=xt3**3.5
11.1= 1 . 1 * q II. * xt 3
u.2=xt3**0.8
11.3=(1*11.2

ccccccccccccccccccccccc
c c
c READING IN DATA c

c c c
c c ccccccccccccccccccccc

do 30 nh.=I,10
~eadI8,88)Plnh.),.h.lnh.),xt2Inh.)

30 continue

do 10 1.=1,44
.eadI3,33)x61I1.) ,all/i..) ,a221 i.) ,a33Ii.1,o.44/i) ,a551'£) ,o.661'£)

10 conti.nue

do 70 m=I,30
uad I 5 , 551x WI!!) , bIll m) , b 2 21 m ) , b 331 m) . b 4 41 ), b 5 5111IJ , b 6 6111IJ

70 cont1.nue

c ccccccccccccccccccccccccccccc
c c c
c c PRELIMINARY CALCULATIONS c

c c
cccrcccccccccccrccccccccccccc

ao=6.14*1.0H
an=1 &*1 OHO
o(l=I~I+ll 1*yu)l*xt3
qm=5.6*1.OE-3
q.6:1. 2*1. Of-5

c cccccccccccccccccccc
c c c

• c c DRY CONTINUUM c
c c c
c cccccccccccccccccccc
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q~=.tl *xt3*xt3
90.117=9111'qo.
q.6q=go.lI7'qo.lII

.6d=ao*ql,
gt=.t/*.t/*y2

c ccccccccccccccccccccc
c c c
c c WET CONTINUUM c
c c c
c ccccccccccccccccccccc

b~=0.1I3
b,dQ= xU ** 7 .S

b.6=3.S7*b.6o
bvl=yu*x/'I.OE-S
bv2=b.6*Yu
bv3=b~*.t1
bv4=bv2+bv3

xc=xU-I.O
xct=xc*xc

~D=20,09-1142.0*xc)+1294.0*xct)
b.6=S90.0-I/SOO,0*xc)

x.eo = 77 .66+ II 03. 3 * xc)
xel=S.48
xe2=3.SI

do 90 d6.teQ=nc,nb,nx
xne=~b.teq'bv4·bvl

qn= H.teq** I, S
qd=q.6'qn
o.p=o.n*ll.O-gd)
q~=o.p'H~eq*qt
gp=14~.teq'j,~eq)/qJq
gg=qo.m*II,O+qp)
gQ=I.6d'j~.teQ)/9g

xnp=gQ+qy
cx=xnp+xne

c ccccccccccccccccccccccccccccccccc
c e c
c c SUMMING FOR OXYGEN STARTS c
c c c
t ccccccccccccccccccccccccccccccccc

Jum=O,O
do 60 ]=1,44

x.c3=0.1I UJ*.tI*x1
xc4=0.2W)*x2
xc5=expl xc,)

.61])=xc3*xcS*I.OE-6
xuS=0.33UI'/,0£-3

u4=Jt 1 * IxU ** I0 .8 -0.4 41n ))
xuLldj=xuS'/u4+u/)

xv! =1L3*! E-3
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x~tlj):la55(jl+1166(j)*xt3))*xvl

c ccccccccccccccccccccccccccccc
c c c
c c SHAPE FACTOR FOR OXYGENc
c c c
c ccccccccccccccccccccccccccccc

go:xbllj)-Hlteq
91:90*go
92:x61111+HJteq
g3:92*92
g8:jbJteq/xH 111

c ccccccccccccccccccccccc
c c c
c c INTERFERENCE XNT c
c c c
c ccccccccccccccccccccccc

gI0:xntW*98
11:(xut(j)*j6lteq)/x61(j)

u~q:xut(j)*xutl j)
914:91+u.~q
qI5:g3+u~q
912:90/914
913:q2/915
qI6:a1/g14
qI7:a1/qI5
918:916+917

6qI9:qI8-(910*(qI2+913))
yep:~{j)*b919
~um:~um+yep

60 continue

c ccccccccccccccccccccccccccccccccccccc
c c c
c c SUMMING FOR WATER VAPOUR STARTSc
c c c
c ccccccccccccccccccccccccccccccccccccc

~ud:O.O
do 20 fl:I,30
y3:bI111z)*yu*y2
y4:b22Ifl)*x2
y5:exply4)

~wllc.):y3*y5
wl:b33Ifl)*IE-3
w2:~I*/xt3**b44/fl))
w3:b55/1z)*yu*/xt3**b66(1z))

wt(Iz):wl*lw2+w3)

c cccccccccccccccccccccccccccccccccccc
c c c
c c SHAPE FACTOR FOR WATER VAPOURc
c c c
c cccccccccccccccccccccccccccccccccccc
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g4=xf2 (k)-jfreq
g5=g4*q4
g6=xf2(k)+jfreq
g7=g6*g6

a2=(wl(k)*jfreq)/xf2(k) ;/ "'

g20=gS+(wl(k)*wl(k)) ''"..
'/~

g21=g7+(wl(k)*wl(k))
g22=a2/g20 ..'
g23=a2/g21 \

--r "
fg24=g22+g23 ,

yes=sw(k)*fg24
sud=sud+yes

20 continue

c ccccccccccccccccccccccccccc
c c c
c c COMPUTING ATTENUATION c
c c c
c ccccccccccccccccccccccccccc

pro=O.1820*jfreq
zd=(sum+xnp)*pro
zw=(sud+xne)*pro
za=zdtzw

c cccccccccccccccccccccccccccccccc
c c c
c c OUTPUTTING FRREQUENCY c
c c AND SPECIFIC ATTENUATION c
c c c
c cccccccccccccccccccccccccccccccc

write(1,66)jfreq,za,zd,zw
90 continue
SO continue

33 format(fll.6,f16.2,f9.3,f8.2,f8.1,2f7.3)
55 format(f15.6,fl1.4,fl0.3,fl0.2,f7.2,f6.2,f7.2)
88 format(f4.0,f3.0,fS.l)
66 format(IS.0,2x,3f8.2)

stop
end
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ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc
c CHEER2.FOR: PROGRAM TO OUTPUT SPECIFIC ATTENUATION c
c IN THE FORM REQUIRED c
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc

integer f(1710)
Dimension ay(1710),xd(1710),xw(1710)

open(1,file='sow',status='old')
open(2,file='tdry.dat',status='new')
open(3,file='twet.dat' ,status='new')

do 70 kb =1,1710
read(1,88)f(kb),ay(kb),xd(kb)

70 continue

do 90 j c=1 ,171
jx=jc+171
jy=jx+171
ju=jy+171
ir=iu+171
jq=ir+171
j z=jq+171
im=iz+171
j f'=j m+171
it=jf+171

write(2,89)f(;c),ay(jc),ay(jx),ay(jy),ay(ju),ay(jr),ay(jq),
*ay(;z),ay(jm),ay(jf),ay(it)

write(3,89)f(ic),xd(ic),xd(jx),xd(jY),xd(ju),xd(jr),xd(jq),
*xd(iz),xd(im),xd(jf),xd(it)

90 continue
88 format(I5.0,2x,3f8.2)
89 format(I5.0,2x,10f8.2)

stop
end


