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1. This is the Fina l Repor t on the contract which over th. per iod from

20 April to 31 Octob er 1977 investigated ana lytica lly the radar perform-
anc e degradation due to tropospheric ducts . With the cas e of low look-

angle specially in mind , the phys ical-optic s app roac h has been employed
to study the wave propagation for th~ cases of bilinear and tr iltnear

profiles of the atmospheric ind ex of refrac tion.

2. Th, above work is of value to the Air Force since it will, provide
basic information which is needed for a proper evalua t ion of the radar

performance related to the detection of law -altitud e objects in the

pn.aenc. of the tropospheric ducts.
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1. INTRODUCTION

1.1 Statement of the Problem

The frequently occurring meteorological anomalies in

certain geographical areas of the world can modify significantly the

electromagnetic propagation. The modification in propagation affects

the performance of the communication systems in such a fashion as

to be able to communicate for distances significantly larger than

what is expected during normal meteorological conditions. For

ground based tactical missile systems and the long range surveillance

radars, the impact is more significant. The radar systems experience

range and angular errors for look angles which are greater than

a couple of degrees. For elevation angles less than a couple of

degrees , the systems can detect targets at significantly large

distances. However the signals corresponding to these long ranges

of detection are contaminated with the clutter , the pr imary and

multiple time around. Further along with the extended detection

ranges, for slightly higher elevation angles the target detection - -

is impaired due to the existance of holes or the shadow zones.

The existence of regions of extended detection ranges,

and of regions of shadow zones, are dependent on the meteorological

conditions which tend to modify the refractive index profile and

hence the propagation behavior. The refractive index r~ is related

to the atmospheric pressure P, absolute temperature T, and the

partial water vapor pressure e. The refractive index r~ is given in

terms of different parameters such as N, M, and B uni ts, etc. In

this report we use only the N and N uniti to describe the refractive

index and they are defined as follows:

I- - ,,---. - -----— —.~~~~‘—--=---
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k1 k 2e

N —  (fl 1) x 106
T T2

Here the constants kl and k2 have the following empirical values .

— 77.6, k2 — 3.73 x lO~

For normal atmosphere N decreases uniformly with height imparting a

downward bending for a ray path. On the other hand, the earth ’s

curvature gives the appearance that the rays tilt upwards. This

apparent upward tilt can be nullified by incorporating the curvature

of the earth in the refractive index profile which leads to a

straight trajectory for a flat earth . The media dependent bending

of the ray then is described in terms of modified refractive index
A

profile n or in terms of M — units, and they are defined as follows:

A

Ti a fl +—
a

and

A

M — (Ti —1) x 106 — (Ti +!. — 1) x 106
a

Here z is the height and a is the radius of curvature of earth ,

(a — 6.4 x 106 a) .

_ _ _ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ _ _ _ _ _ _ _
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Thus N and N units are related to each other in the following

fashion:

2

• M (N + ~~
— x 106 )
a

For normal meteorological conditions, the plots of M and N units

as a function of height reveal that there is a steady increase

of N units with height as contrast to steady decrease of N units

with height and this is displayed in Fig. (1—1).

::: 
/

Height ‘ /
(Meters) /

1 5

1 0 - j

I
I : i i l i i i i i t i  I l l i l l I l a

io2

Figure (1-1) - M and N Profiles For Normal Atmosphere

~
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During anomalous meteorological conditions the temperature and the

water vapor content change in such a fashion as to cause significant

deviations in the refractive index profiles and thus in the profiles

of N and N as a function of height.

Some representative plots of N profiles have been re-

produced in Fig. (1—2 ) and they, in general, fall in three major

categories:

1. Normal refraction

2. Subrefraction

3. Sup.rrefraction

Fly
SUPERREFRACTIVE 4 /I’

(3’ /6~//

~~~~~

~~..20O

150 ()‘ ~~~~ (2) St3B REFRACTIVE
4J i X I

/ \  /
.50 / )/ ‘7 (1) NORMAL

1 / 1 /
~ j i’

200 300 400 M—Tjnita
Figure (1—2) — N — Profiles for (1) Normal, (2) Subrefractive

and (3) Superrefractive Conditions

The subrefraction and superrefraction cases are due to the anomalous

meteorological conditions and this report deals with the electro-

magnetic propagation through such an anomalous med ium .
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1.2 The Ou tltn • of the Retort

This section , Section 1, has identified the main topic

of this repor t , namely, the de t.rminatlon of propagation through

meteorological ducts.

For the propaga t ion studies , th. meteorological data for

Canton Island was provided by ESD and Ssctton 2 •vaiuates th. data

and classifies it in an appropriate fashion .

The electromagnetic propagation through the medium

around Canton Island can be studied by geometrical optics which

provides a reasonable characterization of th. line of sight pro-

pagation . Section 3 discusses thi, approach and its limitations.

The alternate approach , namely the physical optics , is also discussed

in this section in order to highlight its application to the

difraction region . Section 3 further provides the ray trajectories

for four days of meteorological conditions so chosen as to cover

the broad spectrum of variations in the characte ristic parameters

of th. duct such as the duct width and the lapse rate of the N

units.

Th. primary purpose of this investigation is to develop

the physical optics approach for propagation throug h meteorological

ducts and hence details of the anal ytical formulation of the guided

mode approach is provided in Section 4 for two refractive i ndex

profiles, bilinear and trilin.ar. The n umerical analysis based on

several techniques such Newton—Rapheon to determine th. characteristic

wave numbers has been carried out for the bilinear case and is



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

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

3.2

discussed in Section 4. Also, the height—gain functions which

describe the dependence of electromagnetic field with height

for different modes have been included in Section 4 for the bilinear

refractive index profile.

Finally , the conclusions and recommendations, the
references , and the differen t appendixes are provided in Sections
5, 6 and 7, respectively.
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2. METEOROLOGICA L DATA FROM CANTON ISLAND

For the purpose of anaysis , it was decided during the

early stages of the contract that Raytheon will be provided with

sample meteorological data from Canton Island (280S , 171.60W).

2.1 Data Format

The data was provided by U.S. Air Forces ~~vironmental

Technical Applications Centre at Scott Air. Force Base, Illinois and

was in terms of the meteorological parame ters (T, P, e). Here T, P,

e, respectively, stand for the temperature , the atmospheric pressure

and the partial water vapor pressure. The data provides for the

typical r e f r ac t ive  i ndex prof i les  for the year 1973. This data is

translated into N un i t s , N un i t s  ~nd the rate  of change of N with

height  in tables (2— 1) through (2 — 12 ) . These tables are for twelve

months, with two profiles per month. The criterion that is used to

determine the presence or absence of a duct is based on the condi-

tion that the rate of change of N units with height is less than

106/r where r is the radius of the ear th (r — 6 .4  x lO6m) .

2. 2 Data Evaluation and Class i f ica t ion

Based on this criterion , the following observations are

made regarding the nature of the refractive index profile:

1. The meteorological duct was present for all the days

for which the data has been provided.

•
1 

~~~~~~~~~~~~ .—~~~~~~~
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Z JAN 12 17
N N N ON/nH

W

.00 3 387 ,4 00 387 .871
•oao 37~ s~ 0O 38S .176 •2?9 .730

% . $ 3 7  24 3,800 4 72,204 •77 .5752
• *.~ 73 278 ,40 0 509 .531

— 3.121 228 .700 714 , 422 •30 .1578
V a.3A6 189.000 877 .216 •31. 3834

a,972 174.300 QS4.1~ab •25.0853
__ 

5.2!0 1é1.~ 00 04S. e~8~ .44.604 3 
. —

V 5.850 155 .500 1073,44 •10.~~667
6.387 tul .700 1175.2* —l 8.72aa

— o,7~ 2 t~ a,5no 1146.40 .20 .6452
7,S~0 1?3.7fl0 131 4 .6!, .17.45289.7~o ~S.500 16?0.6* —1 3.?3*Q

__ 11.0 10 *3,000 1410.60 •9.b89~2V 12•500 70,100 2031.50 —8,65772
14.300 56 ,500 2300 .3u — 7,55 556

0 16.610 42,300 2648 ,61 •6.14719

• .— —- .—. . 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - — --.— —————.-—— -•— —

-
—. -•- — —• • •

..
341P4 . 0 22 ..  —

H N N DN/DM TABLE (2—1)—Jan . 1.973
• .• •~~~*SS • • •*• •• •  • • • ••• • ••• •• S• — —

.003 306 , 100 396,571
•0~2 365,400 371.°90 —787.179

• .785 301 ,600 424.6IQ
1,470 2!b.200 466,861 .66,1806
2,550 21l .~ 00 . 612.026 —41,0185

• 3.125 207.10 0 697.450 .5,34783
a,ggla j75,300 ~~~•‘~7° •24.480$ . . . -

_3, 455 155.500 1011 .45 •1Q .?0~7
• 5.460 147.900 1067.40 .15,765a

• 7.500 1?0.bOO 1311 .56 —15 .7803 . • . •

9,730 04,500 1621 ,55 — 1 2,054*

• 1i,o;o *2.300 1611,47 .4,68902
11.358 79,400 1861.61 .5,579*4 •~~~~ _ .

* 2.520 69 ,600 2034 ,1~ •8,4 3373
• 14.330 to ,500 2305 ,05 .7,2375 7

16.161 43,300 257Q .15 .7,20918
16,703 40 . 600 266 1.50 .4,q81SS

• 17.a~S 3’~,20O 2779,37 —6,08081
18.77M 26.600 . 2472, 47 ._ 5,9421* -. — .  — •—- -—

19.986 21,600 3157.64 •Q,j?5~1I 20 .660 16 ,800 3260 ,60 — s,15431
- -  22.026 14,700 . 3470,84 • .  

.3,001*6 • •— - • •- -  ..-- --  — -  —

TABLE S (2- 1) thru 
~
2-l2J - Refractive_ Index Profiles for Canton 

- 

~~r8r~td For-r97T~~ - . • . - “ -••
~

- •
~

---•. .. -- _I
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3FFB 0 24
N • N

.003 304 ,900 395 .37 1
P .076 3c1,600 363.525 —59 3 , 13 1

1,263 277. 400 475,~~80
1,448 264,900 494 ,054 —53,1915

• 3,1~ 0 210,600 703.304 •3~ ,0aQuk 1,715 179.400 019.?40 •1Q .8005
3,5~0 

131,800 1076,01 •23.’894 - •

7,620 121, 700 1317 ,37 — 17 ,3 9 8 5
9,750 05,500 16?~ ,3~ .12,3005

11,030 *2, 600 1 813.54 .9,92188
*2,530 69,700 2033.81 —8,73333
14,1~ 0 56,100 2306,22 •7.St3~ 1
16.731 39.800 -?bAS,OQ .6,81723

• 18.240 30,000 2892,07
16.802 26,700 2976,96 —5.57189

P -.  .?0.6’~0 19.100 3260,90 —4 ,0~ 0~ 2
22.6?5 12,900 3544,42 .2,8637u
23,192 11,900 3651.00

t — ~~ -- - -  i~’~?? - !!~?‘?~ ~~~
— - - - -

p.

SF18 0 29 • -- 
- 

—

H N • N ON/OH TABLE 12-2) - Feb . 1973
V • — ~~~~~~~~~~~~~~~~~ •• • •  ~~~~• .•• ~~~~~• ... .~~~~~~~~

.003 307 ,800 398.27 1 • —

.081 333,300 366,010 —570,313
• 1.363 257 .300 071.171 —74.8830

1.403 257.100 477.247 .5,00000
1.300 250.600 485.°b4 •67.0103• • 1. 872 236 .900 530 ,639 •36,P250
2.681 20Q.400 630.081 .33,QQ?,6 -• .

3 .146 202.300 693.045 — 15.2688
• 5.670 145.200 1069,27 .14.8605

6,662 % 3~ ,900 1180,23 • —16 ,7929 —

7,610 121,200 1315,30 •14,45t 5
• 9.750 °5,6~ O 16PS,oQ .11.9626

• 11.030 82, 900 - .  1613.64 .9.92188
12.520 69,700 203~ .2~ •8,8S9~e

• 14 ,3~ 0 56,200 2306,32 —7,41758
• • • 16.710 40,400 2662.40 •b,b66#~7 • —

17,892 32,900 2640,37 —6,34518
16,032 32,200 2661,64 .5.00000

• - - 18.325 PQ ,Q00 2905.31 .7 .64953 • ____

18, 723 27 ,200 2965. 06 •b.783~ 2
• 20,7 30 19 ,000 3271,7~ .4,08570

21.775 15. 900 . 3432 ,66 •2.96651 _ •-_ - - - . .  - • •  . —

23 .860 10 ,700 37’4 ,b2 — 2. 4940 0
• 20 ,530 9,700 3838, 73

- • 25 .023 6.800 3935.21 •1,82556 • —-
2e,aSo 7.100 1157,4? •1.1~~131

‘•  2o,776 a ,700 a206 , 4° •1,21951
27.311 6.100 1291.52 •1,1?570
30.379 3.800 4770.63 •,74967o
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• 2P4*R .. . 29  . •  -.. - •

__ N N N ON/OH 
- -

V . —. .. ...... . . — .. ........ ..... ....... ... • • — •~~~~~••
.003 375 ,100 375.571
.062 378 .500 338 .729 .789 ,831

• 1.47~ 238 ,100 490.17 3
2.17~ 279,600 571.51 1 — ‘10,7143
3.124 201,600 . 691.793 29.6206

• 5.860 147,800 1067.30 •19.6a 37
• .~~.. 6.601 135.200 . 1170,98 . —17.0040

I 7.600 120, 900 1313, a3
8.357 110 ,700 1422.01
9.7U 0 45 ,300 1623 ,62 •11.1352

— 
11.020 82 ,800 1811,97 •9,76563
12.520 69 .600 2034 , 14 .8,80000

-• 14 .330 56 .300 2304 ,65
16.2~9 43.600 2593,26 —6,61803

• 16,680 10,600 2657,60 •6.98CSb
-. ..._.17.5~ 0 34 ,500 . 2744,5* .6,70330

18.679 76 ,400 2959 ,36 •5,b0147
• 19,622 22 .300 3132,61 — 5 ,33683

20.600 18.800 . • 3251 ,19
— 22.130 14 .10 0 34*6,58 •3.O?19O 

_ ——

23.175 12,000 3648 ,4 3 .2,00957
b ib! ! - 

~~“~! _
~~~.!! f~~~~~~~f~1. .

. 
• 

-

.

3M6R 0 ._~~ _ 1 5 . .  • .  ~~~.. •. • ~~
_

~~~•—

H N N DN/ t ) H TABLE ( 2 — 3 )  - March 1973
V

- .00 3 301,700 - - 392 .17 1 •• - • - —— — -.- - — — - — -.-

.075 373 ,200 384 ,068 —2 56 ,944

• 1.~~~ 2 b .0”0 520, 428
• 3.112 220, 400 713.~~17 — 39 ,8058 . - —~~. . -

4 .613 $‘5, 400 . ~09 .?35 — 23,7933
• 5,670 1*5,800 1076.87 .23.5481

7.6 10 122, 900 . 1317,00 .18.9080
9.750 046 ,900 1b24.7~ —1 3.0R~ I

• 11.050 0 1, 800 1815, 68 .10.0769
- 11.625 76,800 .. - - 1900.90 —6,69565 •_ .

~~~~~

12.560 69,000 203~.81 —6,34225
• 14.3Q0 55, 800 ?313,78 —7,2131*

15,912 46,100 2542,8* —6,37319 .. -

16,757 40,100 2669.47 •7,10059

• 16,929 39,300 2605,66 .4 ,65 116
_ _  _ _  —-— —---

•
S
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3aøP 0 27
H N M ON/nH

p

• •. .~~~~~~ .003 3~ 4,9OO 395,371
.075 34~~,000 360,7a8 —637,500

1,405 26 7 .000 501.583 —5 7 ,746 5
- - •  3,1~ S 206.100 890.588 —36.90°1

4 ,307 179 .500 • 855.320 —22.8916 
- •  -

4,788 1.7 ,100 ~1P.395 —25,7796
5,880 1u8 ,SOo 107I,1~ — 17 .0330
7.610 121,400 1315.50 —15,6647
9.15~ 102,700 1539,07 —1 2 ,1114
9.740 05.500 1623.82 •12.�867
11.010 *3,400 1611.00 — 9.52756

• 12.500 69.900 - 2031.30 •9.06040
14.31 0 38,100 :2301.51 —7,62431
16,680 a0,aOO 2657.69 —6,62447

• 17.663 33,800 2805.34 —6,71414 
17,671 31.700 2835,87 —10,0962 • -

16,469 29,100 2~27,11 .4,34783
• 16.700 27,500 2961.75 6.926~ 1

•b9 o e l O  21.900 . . 3130.33 —5.04505 . ~~_ __ .  .

20,700 18 ,800 3266 ,88 —3,48315
• 21.0*1 17,100 3324,96 —4,46194

- -  
..• ._ ~~3.9S! 1!.~1O0 - . - 37~~ ,U4 • •2.33531 --. - -

5*~ R 0 20
N N D~I/!)H TABLE ( 2—4 )  — April, 1973

.. .• . C C •••• • • •.S •~~~a• — C. ~~••S•e••e~~ . . — S•C~~~S. ~~

.003 383,600 384.071 • —

.065 331 ,300 344,638 —637,805
• 1,SflS 251,200 487,353 .56,4085

3,153 281.900 696 ,643 •2Q .~~150
S.282 1’9.000 984.671 .20.3414

• 
1 S.6~ 0 147,600 1071.81 .18.1529

7.630 121.300 • 1318 .54 •15.1 1~ 9 —

9.760 •5,700 1627.18 .12.0188
P 11.030 83,200 1613,94 .9,84252

12,530 6~~,6O0 2035,71 .9,04667
10 .340 b .1t~0 2306.22 —7,43856

P 16,730 3~~,6~ 0 2664,94 — 6 , 82004
16.760 28,000 . 2971.67 •5,812’t - -~~

- 16.~ 25 27 ,200 2996,74 .4,84848
P. 20.3*0 20.100 3217.97 .4,67973

- •. 20.730 lo ,4400 3271,1~ 
.4,85714 . • • .  - _.. - - ____

• 23.960 i o ,soo 3770.11 .2,44562

• Pb,610 0,900 4182,33
27,608 5,500 4383,03 •1.08606
29.~S15 ‘1,400 4635,66 — .680272

•
S

.-_
• - 

_L 
• . 

H



-- 

~~~‘ 1~~T~ ~~~~~

_

~~~~~
_ —

~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~M*Y 0 32 
•

H N • N DN/t~H

.003 37~ ,000 374,471
It .0*4 343,400 336,581 —377,778

.887 312,200 431.361 .38,8543
1.126 274.780 451,3 83 •156,Q Ou

It 1,50~ 2’8,200 - 494 , 106 —4 3.6508
2,166 270 ,000 363.010 58,0117
3,156 1Q7 ,?00 69?,72* •23,4568 -  —
4,348 1~ 7.8O0 870.053 —7 ,8991a
4,789 170,700 ~2?.1St ~38.77S5
5.6’O 1’2,500 1078.71 •16,5304 -  -—
7,620 1~ 0,400 1311 ,07 .18,5549
9,740 03,300 1623,62

11.0?0 *3 .300 1812,47 —9,37500
12.500 70,300 2031,70 .6,78378
10,300 56 ,800 2300,4u .7,811* 1
13.563 48 ,000 2400,02 •b, 809 18
16,660 3’~,900 2654 ,05 —7,38377
17,786 33,000 2623,84 .6,12789

• 16.700 ?7,000 - •  .. 2961,25 —6.56455 ••
19 .315 23, 300 3085 ,Ud .4 ,55968
19,819 ?1,b00 3131, o~ ~5,5~ 211
20,730 *6 .000 •... - 3271.1Q •3 .5t2~ 2 ~~~~~~~~~~~. ..  —

0

10’AY 0 23 — - - • - —

H N N ON/ON TAB LE ( 2- 5 )  - May , 1973
4 V •.e• 0~ e e — e ..• . •... .. . .. c e  .. ... — . • • • • — —

.003 372,400 372,873 - •  - .. -

.085 346,1 00 381.435S ,707 333,3 00 450,513 .22,1585

.972 300.800 453.118 •1~~S,3331.500 27~ .500 - 514 ,888 •3Q,Q621
• 1.839 252 ,Q00 541,~ b1 .78,4861

3.150 20~4 .~ 00 608 ,673 .34 ,0947
3,527 1*9 ,100 74?.52~ .40,58 36

• a ,S*b 186 .100 867 ,608 .19,8300
5.900 loS,800 1071,5* 16 ,~ 711 . -
7,620 170 ,~~00 1318 ,07 — 14 .7674

• 9,7~ 0 05, 780 1674 ,02 •11.650Q
11,010 83 ,300 1810 .90 — 0 .78378
12, deQ O 70 ,400 20 30,23 •6 ,71622

• 15.2*1 u~ ,500 244 7.27 .7,488 36
40 ,200 2633. 4 1 b,77349 ~~~~ • • •..

19 ,681 22 ,000 3110,18 .8,01235
20 ,60 0 18 ,700 3?82, 47 .2,04906
26 ,028 10, 400 - 37*0,37 —2 ,572 85 ••~~~~~~~. •~~~~~

?6,6°7 6,900 4 10S, Q* — 1. 3 1037
• 30,187 3,000 47 37 ,06 — .884533

31, 433 3,300 0935,51 .,473934 •

32,904 2 ,aoo 5165,83 •,47366 7

- -



3JUN 0 15
N N N ON/OHS . .... .. . Ce e. — ~ S e S — — — • .~~~CS~~~S• •S — ~ •S •~~~~ — — ~~~~~ —

6 .003 364,600 365.071 • - —
.083 338,700 3~~ .724 —348,750

• 1.114 206,1 00 070,000
1,4~ 7 248.800 083.697 —b 23 . 4~ 9
1.814 ~237,B00 , 527, 436 — 34 ,7003
1.~ 50 266 .200 377,3 7*  208 .82o

• 

• - 3.136 216.400 708,076 •41,Q809
3.231 105.500 70?.~~83 —220,000

•• 3,559 i’1,3~0 1073.57 
5.650 155,200 1073,1~ 13.0021
6,2 P2 147 ,600 1133,32 .17 ,5926

0 6,600 140.000 1175,62 .23,8904
7,580 120,800 - 1309 ,9~ •1~ .7959
9.680 00,000 1614,91 •11.7143

• 9,709 94,400 1631, 98 •13,~ U54

o 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

• . - •-- • - --—-•- -•- -

~~~~

- •  —

a.
SJUN . 0 - 23 - - - .  • .  - . -

N N N ON/mi TABLE ( 2— 6 )  — June, 1973
w •.... C• — C C S S C  — • — — — •• — — — — — — — — — — — 

. - - . .003 371 ,aOO . 372.071 .. • - - —  - . -

.071 344,200 • 355.34 1 —402,941
• .789 370 ,300 443, 804 •31,7Q47

1.486 266,300 ~
9Q.~~71 •77,0445

~~~~~ 274.200 . 536.028 —83,0375
• 2.974 2?1,200 887.854 —3,058 1 0

3.131 207,700 898,091 • •8S,~ 873 - .

3,79u 1*3,500 778.82a .38.5008
• 0.602 175.100 003,485 .9,90566

5.232 160,800 978,825 •25.0877 - -

5,406 164,700 10?7,0~ 13, 7324
• 5,850 145.~~00 1063,84 —53,1073

6, 105 l4~ .7flO 1107,65 14,~ 020
6. 368 143.000 11~ 2.22 •25.~ 7 3

• 7.580 122.400 1311,7~ ~16.99678,247 115.400 - *009.45 .10.4916 - - -- •. •..

9,690 ~b.
Q
~ 3 1617,38 .12.8205

• 10, 960 83,500 1803,26 — 10 , 55 12 
. .  12. 440 70, 300 • 2022, 28 •6,918~2 - -• .... -

1’1.230 57,000 2289,86 .7,43017
I 14.767 53.000 2370,12 .7,44$79 

- 1S.~saa 47,000 2471.24 .7,952*7
16,5~ 0 40,afl Q 264 3,57 •6,2~ 371

S 

II.
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20
P

3 1111 0 - • 30
N N 

• 
$ OW/nH 

- - -

SC — — 5 C55 — • • S CCS — ••S — C — — S~~ S S C~~~~~~~~S C •  C S

- .00.3 353.300 353.77 1
— .075 326 ,600 34 0,368 •343,0~6  

- - —

1,48 1 25’1,aoO 486, 78 7 — 52, 7 735
1,662 23’,b00 . 503.326 - —73.6318
1.9~ 1 22 5 .300 . 520 .866 •55,2 124 

- —

W 3,124 107 ,300 - 687. 493 —23 , 6686
- 3,954 185 ,100 805,530 • •1a .oq~ e -

4,637 166,600 R9~ ,20 1 — 27 ,0864
5.860 1~ 5.9no 1065,40 — 18 .92 36
6,905 131,000 1214 ,48 .14 .2584 -

7.570 1. 1.500 130~ ,32 .14,2ecl 
- -  — —

• 6.033 i t S ,ioo 1375,57 — 13 .8229
6,605 108,40 0 ~1Q58 ,63 •11,7 133
6,883 10~ ,700 1408,55 •13,30Q~S 9,670 08 ,000 1613,34 —1 1,054 6 

10,802 84 ,900 . - - 1779 .86 ... •9.BOS6S
10.9~ 0 83,500 1600 ,1? —10.1449

• 12, a2o 70 ,700 2019 .55 
____

0

LJUL 0 31 - - • - . . ~~~~~- . • - _ • -.. . .— . - . -— --—  

K N $ ON/mi
I ••.S .. C~~~SSSS... CS SC•CS.C S S.aS. SS5SCCC TABLE (2—7 ) — July , 1973

.003 370,300 370.771 • . . - - . - - -. .  S

.067 3o5,900 - 356,~ 13 —381.250
• .688 307.800 047.138 —46,4068

1.479 237,300 460,373 .119 .289 -

2,070 222,100 . 546,Q0P •25,7191
• 2.563 210 ,200 612.365 —24,1379

- • 3.122 1°7.uOo • 687.270 .22. 898 0  —

5.140 157.400 963.028 19.5216I 5.860 106 ,300 1065,80 •15.4 3 6 7
7,570 121.200 1309.02 •10.6784i
8,700 1*5.800 1486.27 —12,6932

• 9.6 80 08,400 161 5,3 1 — j 0 ,4u 27
10,940 8~ ,100 - *800 ,72 ~9,763QO _ .  . -
12, 4 10 71,000 2016 ,2’ —8 ,911 5a

• 14 .200 56 ,000 2285 ,05 — 7 ,87709
16.008 4~ .3O0 2555, 03 . •o,qlolq .-. -
16.540 3Q ,900 2635.22 •6.23~ 70

• 17.077 ~b ,60O 27 13, 9’ — 6 .5 1769 - 
-

• 17.338 33,300 27S3,8~ . .11.8770 - . — -

16,600 78.200 2951 ,04 —5 , 45315
• 20 ,00 * 20 , 80u 31c9 ,20 — 3 , 98767

- 20 .710 16 .000 3267, aS •3, 9~ Q?2 . - -   •   —

23 .1°? 12 ,300 3600 ,34 •2.3389s
23, Q50 10, 500 3768,50 .2.241139

I
- - - — — - —— - -— — - - - —  - . -. . - .- - -—. -——-

~~~~~~~~~~~~~~~

. • - -— -— • -  —

- .  - — - -~~~~~~~~~~~~~~~~~~ “ - • .

---- - —— 

- -
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~~~~~~~~~~~~~ ~~ ~~~~~-: -~r~ ~: ~~~
21 - -

2AUG 0 32 - -

N N N D W / D H
•SS C SS~~~~~~~~C S S 5 5 • CS C ~~~~~ S .S ..• CS•CC. 5C. —

- .003 371 ,600 372 .071
.003 347 ,100 36 1,893 — 27 2.222
.910 303 .100 4415,890 ~53,~ 5C4

- 1,500 267 ,200 502, 368 —6 0 ,8o 75 
- -

1.570 235, 40 0 - 48 1, 752 •454 .288 -

1 ,826 228 ,700 5 15.221 — 2 .6 , 3 7 1 9  -

- —- 2 ,635 20~~. 100 62? .~~b 3 •24 ,?2 74 
-

• - 

•

3.133 1~~7 .500 68Q .10S •23.?~ 32 
-

3.337 1Q2. 900 71e.315
5.536 i~ 2 .500 102 1, o8 —1 8 .3553 - .  - —

5.850 jo7 ,o~ o 1064 ,94 •l7 , 62~ 2
7 ,560 121,2 0 0  1307 ,06 — 15 . 087 1

- 9,660 06,900 1612.67 — 11.5724 - . • . .  - -  • - -

10, 521 88 ,200 1739.07 —1 0.10~ 510.920 83,700 1797,18 —11.2782
• J2.3°0 70,900 7015.00 •8,707~ 8 

- 

~~~~~~~~~~ 

13.S~5 61.400 21°4,62 —7,80382 -—
14.170 56,800 2280 ,24 — 8 ,0 0000

47 , 100 .._.2484,10 -~~~~~~ 
__ 7.127 11 - 

SaUG 0 32
N. P4 — DN/1)~l TABLE (2—8) — A u g . ,  1973

• — — • • • • C~~~~~ SC — • CS •C~~~CO•••SS• • • • — — ~~~~~S — SSCC S _______________

- - . •  .003 360,700 • 361,171 . •  - -  •_ _~~~~
_ - -— -

.0*4 335 ,300 348 .481 .313,580
,549 371 ,000 407 ,145 .30,7527

1.223 278 .700 4 70 ,603 •6?.75~ 6
1.483 258.200 • 488,000 .86,53 85
3.111 106,1 00 886.253 .35,6880 

-

- . . - 3.620 1*0 .d00 754,823 .22,2004 - . _  - •

4.627 167,800 893.832 .18,5679
5,820 lab .bOO 1060,03 .17.6027
7.530 171,~~00 1302,95 .14,8538 -—
6,974 103.300 1511,43
9,630 06,400 1607,46 —1 0.3183

• .10,600 46,600 -1750,07 •9,8Q6°1 .~~~~~~ • .  -

I0,8°0 *3.700 1702,47 .10,68°7
12.360 71.000 2010,413 •8,639~ a

- 23 ,~~17 82.500 ?147.7~ .8.00163 . - - - -

1a ,1~~0 56,700 2277,00 — 7 , 91 269
15.318 48 ,600 2452, 18

— 16.235 4 1,000  .. 2588,47 —8,287Q0 • .  •~~ 
____ - - -  - -

16,510 39 ,100 2629 ,72 .6,90909
16. 902 10 ,400 2702 , 65 .5,60166

• .17.814 30,200 2625, M3 C7 ,5Z1258  - •~~ . . -
16.630 28.200 29~9,o7 •4,901~ b 

~~~~~~~ — • 
~~~~~~~~~ ~~~~~~~~ ____________ • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ---—



-~~~~~~~~~~~~~~~ ~~ ‘

22

•
4SEP 0 42

H N N OW /O H
CS S S S CS. — — •S S SCC • S S.SSSeCC~~~~~.... S S •  — ... — •

.003 391 ,500 391.Q71

.0041 370,200 36u ,050 —234,066
,303 355 ,800 000.621 .57,8313
.707 321.5~ 0 °32.~~37 —94 ,23 08

— 1.501 2°3.~~00 . 528 ,925 •35,39oa
1.905 2e2,700 - 561.617

- - 2.515 223.700 618.334 63,03i44
__ 2 ,676 2 10.80 0 662, 07~W 3.125 219 ,800 71o .15o 36,Iuae

3.473 205 ,bOO 750.555
3, 9*6 106 ,4 0 0 82 1. 85 1  17. 9 337
4 .116 109 ,60 0 845. 650 26.1538

4 • _ 4 ,380 178 ,500 863 .774 —84.2576 - —

- 5.380 1~~ ,o0o 1003,7Q —16 ,9000
• 5,650 162.500 1049 ,05 10.74 07

5,830 153 .000 1067,80 —52,7778 -- - -  -

6,457 IOb .400 1159 .58 •10,5263I 7 .530 122 ,300 1-303, 85 .22, 0604
8,330 111,800 - -  _ 1418,68 -—13.3750 . . . - -

$, o9a 112 ,800 1405,6 1 7 ,31707
6,599 109.500 1458,79 •3l.4286

. 6 .726  109,300 1 4178,51 •1.57’sP0 - ..

6,9?0 104.400 1504,05 —25.2577
• 9.620 06,600 160b ,00 •11.1429
• 

.
-
~~
.. - .......JO.5b1 *7,300 ....~~1744.u5 .9.88310

ss~~ 0 17 - • . - --

H N - 
N D~/OH TABLE (2—9) — Sep t . ,  197~- 5 .. ..C.. .S.5S. ..S5 .5C C5C*~~~~~~~~~~W 5 5 55555 ••5

.003 JA 6 ,700 380.171 - • -

.102 353,900 369.005 —351.515
• .619 301,000 430.~ 11 •72,5214

1.151 2~6.700 467,306 •4~ ,783t - . .

1,9~7 246,700 - 560,053 •a7,2813
• 2.232 242.700 592, 02* .17, 0213

- • .  - 2,4’a 223,900 613.86° - .74,6032
3.139 i°7.6A0 690,147 —40,1527

• 4.799 1841,800 - 017,821 •19.75’O
• - 5, 849 106 ,900 1064 ,6* ~ 17, 047b - - -• - • • - -

6,464 13o ,o~ 0 1 150 ,88 —16.7480
• 7,565 121,300 1308,34 —13 .8965

9,o~ O 06,500 lbl b ,98 — 11,6716 -

10.607 *7,200 1?~~1,S7 - .10,1818

• 10,950 84, 000 1802,10 •9,32045
- - -  

_ .........12,~~20 70.800 2019,65 —8,97959
14 .165 57,300 2279 .96 — 7, 7 3639

S

S
I —  - • - - - .~~~~~~~~~~~~~~~~~~~~ - -~~~~ - . --

• 
• :~~~~~~~ _~~~~~

- - -  _ .  • - - - - -- 
---

-.
- -~~~
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L ‘ 23 
- 

-

70C1 •~~~~~ 0
H N N ON/OH

S SCSCS •SS S C S •C — S S S C•C 55C S5 C_S_S ... — ~~55S
.003 385,000 385.071
.078 367,900 • 370.139 •361.333 

- - - -

.699 320,500 p30,181 —60.223o
.1,094 282,200 ~53, P62 .96,0620
1.485 261,200 - 500,214 —18,3632

P 2.264 217 .300 572 .540 .6’1.0565
3,118 1’7.bOO • - 866 . 852 •23.0679
3.715 106 .500 77°.42P —1.84255P 4,021 178.800 800,7u3 
3,8~ 0 145.~~~O 1062,27 .IR .08b 9
6,200 139,b~ 0 1126 ,58 •14,0000P b,5~ 1 13~ .~ fl 0 1161.26 — 18 .7251
7.560 121,500 -1307 ,75 •13,lSfli

• 8.103 113 .900 1385,36
9,670 96,000 1613.30 11.~ 231

10,7~Q 85 ,400 - 1772,05 •9,823°1• 10,9~0 3,700 1800 ,32 —8,90052$ 12.410 70,800 2018,08 —6,17561
- 14.200 57.000 - 22*5.15 —7,70950 • • ~~~~~~~~~~~~~~ •~~~~~~~~~ - —

15.132 50.4100 2420.79 — 7 ,0 8 1’S
• 15,458 - 47,4fl0 2072,95 —9,20205

4~ ,200 2555.112 •5,8b0~ i 
-  

- --

i s
80C T 0 - 19 - -- - - TABLE .L2— 10) Oct., 1973 -

• H P4 P1 ON/mi
S S.SC..CC .SSCSSSC~~~~~ C — C S •S••C ~ C — .C — C • C55 5 —

.003 375,100 375,571 -

,OSa 353,700 - 366.581 •26ü,I~~8
• .609 317 ,500 °1~~,336 —64,0708

1.488 2 83 .100 ‘16.585 —41.0012
2.13 4 269 .800 - 594.650 •36.0681

• 2.262 238.800 593,735 •184.062
-  2. 4*0 2 12 . 3 0 0  601.~ 4? • — 121,560 - -~~~

3.108 210,500 695.182 —2,666241
• 5,830 lob,300 1061.10 —23.5856

7.550 121.000 j30~~,8q —1 U .70~ 39,060 .06,000 1611.77 —11 .8483
• 10,t~~a 85.900 1762,66 .9,80405

10.920 53,600 - 17°7 ,08 — 9 ,82906
12. 400 7U.500 2016 ,2 1 — 8 ,8513 5

• 14 .184 ‘7 .100 22 82,1 41 —7 , 5 112 1 
. - -  14 .80o 52.700 2375,9~ •7, 073Q5 ...~~~~ . — 

16.530 40.500 ?6!4.25 —7,07657
• 16.762 38,000 2668 ,18 •10. 77~ 9 

16.2741 28.600 - 2896.01 _ —6,21b~3 . -

S

1• 
~~~~~~ 

• • -— —

~~~~

---- --—--— -.— -- •- . - - - -- . - -• -
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24

S
5N0V 0 20

N N - N 0W/OHS ••. .••• SC SCSCS SC — SS SCSS • S — — .—C•C5 •S •CS S

.003 371,900 372,371 - - - ~~~~~~~~~~~~~~~~~~~~~~~~~

.067 3o7,j00 • 357,613 .3*7,500
• .608 3 17 .00 0 426 .21 1 — 47 .8537

1.468 27~ .70 0 505, 047 — 5 0 , 7927  • 
- —

1. 938 239 ,700 . 543 .795 .70 ,468 1
• 3.107 1°7 ,400 680 .026 — 36 ,1848

5,630 1416.300 • 1061.30 .18.7861 . • .

7,550 121.900 1306 .59 —1 4 .1860S 8,653 1041 ,400 14198.25 .13.12*3
9 ,6 50 08 ,400 1610.60 .10. 0302 —

10.727 85 ,500 1768 .60 .10,1207
• 10.910 53.700 1705,61 .0,6360 7

12.3’O 70, afl o t ? 0 1 4 .74 — 8 ,85 135
14 .1~ 0 56 ,000 2281,91 —1 ,6536 3

- 
1 16.530 40,300 2634,05 .7,06383 

- 17.324 3~ .300 2752.64 —7.55668 . .._ •

18,592 27,000 20041,31 .5,75710
• 18,902 24.800 2900.75 •7,0~ b77

- 20~5°O 18.800 .. 3249 .62 - .  - -3,55450 - ___

21.516 15,700 3301.82 — 3 , 34 773•
0 

- -. — .  _i
~ 

—:.-- -————— .-— —.• - —

~

— — — •

~

-—- -- _.~~~ -- - _:_ _ - - -  — - -_--
~ 

— -. - — - - .-— - • - --

• - -~~~~~~ 
‘ .- -

, TAB LE (2—11) — Nov., 1973

ÔNOV ..._ 0 . . . .  1 7 .  ... _ 

14 N P4 ON/OH
1• 5

- .  - - .003 363 ,600 364,071 -

.06 7 342 ,500 353, 013 .329,688
• 1.468 269 .600 090 ,047 .52,034 3

- . - -  1.608 248 ,6 00 .. 513. 037 — 1 0 0 . 000 . . .
2 ,429 2 18 ,700 5Q~ ,$39 — 38,1669

• 3.0’S 204 ,900 690.543 .20. 7 207
- 5.810 150 .200 ~~~~. 1061.86 .20,1473 . .-. -

6,163 143,400 1110,45 — 19 .2635
• 7.530 121.000 1302.55 —16.3882

- 9,600 96.600 1609.21 —11.5640
10.715 *5,600 1766,91 .10.2326o 10.000 84.000 $794,34
12.380 70 .500 - 2013,07 . .9,12 162
13.298 63, 000 2 150 ,02 —7,73420

• 14.170 ~b.4100 ?27Q.8~ —6,02752
• — 14.4157 So ,a00 2322.8* —6 .968841 - —. - —

16 ,500 00,100 2635,42 —6,665 10

•
I
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25
P

30CC 0 17
P4 N N

~a •CC CC S••SS SS S CC C S CC SSS SCSSS.SCCC CSCSC..
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2. Eighty percent of the time there existed surface

ducts.

3. Twenty percent of the time the duct profil.s were

more complex wi th possible existence of elevated

ducts.

4. The limited number of data points CM—units versus

altitude) force to characterize the surface ducts as

bilinear.

5. The duct width , under the circums tances , is inac-

curately determined. For the ava ilable data, the

duct width is most likely the max imum value ra ther

than the likely value.

6. The duct intensity , as determined by the rate of

change of N w ith height, var ies from —201/km to

-789/km. The minimum intensity occurring in December

and the maximum in March. The r e f r ac t ive  index

profiles based on the radiosonde data are not

correc ted for different measurement errors. The

errors could either be sensor-related or could

be the timelag in temperature and humidi ty  measure-

ments. Finally, the most conspicuous error is the

lack of correlation between the first radiosonde

data point at some altitude which is differen t than

mean sea level and the sea level measurement.
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7. The duct widths for the surface ducts, defined

as the height at which the minimum for M occurs ,

varies from 40 meters for January 2nd to 102 meters

- for September 5th.

8. For the largest duct width of 102 meters, the

minimum frequency that is trapped is approximately

350 MHz, and the minimum for the smallest duct

of 40 meters , it is 1.43 GHz. This is based on

a crude relationship between the maximum wave

length trapped and the duct width.

Xmpx ~ 0.0l4d3/2

cm feet

1 1
I



- T ~~T~~ J’~~ ~~~~

28

3. GEOMETRICAL VERSUS PHYSICAL OPTICS APPROACH

The electromagnetic propagation through a medium is

governed by the r e f r a c t i v e  i ndex p rof i le  of the medium ; and it can

be characterized either by the geometrical optics that is the ray

treatment , or the physical optics that is the wave treatment. The

distinction in the two approaches which was highlighted for optics

originally, is equally valid for electromagnetic propagation.

3.1 Geometrical Optics or Ray Trajectory Approach

The geometrical optics approach is p r i m a r i l y  based on the

Fermat ’s principle which states that the line integral of the re-

fractive index between two points is stationary. This leads to the

well know Snell’s law which states that niri cog Oi fl2~2 COS 02.

Here , n1 is the r e f r ac t ive  i ndex at ri. and 01 is the angle of

inclination of the ray with the hor izontal, and ~2 
is the refractive

index at r2 and e2 is the angle of inclination at r~ .

Based on this, a set of ray trajectories for actual

re f rac t ive  index prof i les  has been plotted to h i g h l i g h t  the sa l ient

features  of the geometrical optics approach. The ray trajectories

are for a specific location for four different days in the month of

August at local noon. The antenna height is 50 meters , and the

elevation angle is between 0 and 1 degree. All the four ray

trajectories reveal most of the features of the ground duct , namely,

the trapping of the rays at angles less than 10, the shadow reg ions beyond

40 km range, and the modest refraction at or above 10 elevation .
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These ray trajectories reveal the cases when the

geometrical optics approach is not valid. It is well established

that the geometrical optics or ray treatment is valid when two

condit ions are sa tisfied and those are:

1 An 1 IAJ1/21— — ~~~1, 
— < < 1

kn n kn jl/2

Here J is the Jacobian and for detail explanation see Ref. (2),

( Paes 52 — 58) .

The first condition states that the relative variation of

the refractive index per wavelength is smaller than un ity. The

second condition states that the relative density of the rays in a

bundle, or the relative spacing between the rays , is less than a

constant. This second condition is quite often not adequately

emphasized when the geometrical optics approach is pursued . This

second condition is often violated when the duct is present as is

evident in the ray trajectories shown in Figures (3—1) thru (3—4).

Fur ther , the ray trajectores indicate that there exists a complete

blank region with no electromagnetic energy at all, which in

practice is not the case. Lastly, the geometrical optics approach

is independent of frequency and polarization. This aspect prevents

the geometrical optics approach from treating any scattering pro—

blems and thus the clutter which is dependent on frequency , pola-

r ization and roughness of ground or sea surface. For both corn—

munication and radar systems these considerations are of great

importance, and the preferred approach is that based on physical
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optics. The physical optics approach provides important information

on the extent of the shadow region and the depth of the “null” in

the shadow zone. Further , it provides a means to estimate the

clutter whether it be primary,  multiple time around, or sidelobe.

3.2 Physical Optics or Guided Mode Approach

The physical optics or wave approach , which does not have

the limitations identified for the geometrical optics approach, is

most suitable for the case when the meteorological ducts are intense

enough to trap the waves. The approach can provide system related

parameters such as extended det&ction ranges, field intensity levels

in the shadow region, and clutter primary, and multiple time around.

Thus , in the diffraction zone (Fig. 3—5), the physical optics

approach is preferred to the geometrical optics approach when the

estimates of the radar performance degradation due to the meteo-

rological ducts are required.

The physical optics approach essentially consists of

determining the solutions of the second order vector wave equation - 
-

subject to the appropriate boundary conditions. For electromagnetic

problems the fields E and H, which are solutions of the Maxwell

equations subject to the boundary conditions, can be described in

terms of scalar modes if the vector field can be resolved into its

scalar components. This is highlighted for th~ rectangular

coordinate system in the following equation:

. 544
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j kx jX 
-

CL) • E aj$j (L) — £ ai ,i (T) e

Here , ~ (r) is the total vector electromagnetic field and is

described in terms of the summation of the characteristic modes,

$j (T); and T stands for the transverse coordinates y and z which

are orthogonal to x, the direction of propagation. The longitudinal

wave numbers kxj are the characteristic values. The modes •~ 
(T)

are functions of the transverse coordinate, and they form a complete

orthonorma]. set. The amplitude coefficient ai thus are determined

from the source conditions with the help of the orthogonality

condition. Thus implicit in this approach are the characteristics

of the iource generating field such as frequency, polarization,

antenna heigh t, etc. Applicatio A of the boundary condition implies



- ~~~~~~~~~~~~~~~~~~~~~ - -~- :-~E~
-”
~T: 5- --- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~

36

the statement of the f ie ld  characteristics (a) at the ground , (b)

at the d i f f e r e n t  regions of the M profile , and Cc) the Sommerfeld

radiation condition for altitudes significantly higher than the duct

heights. This approach is eminently suitable for transmission paths

which are beyond the line of sight or in the diffraction zone and

also equally applicable at the turning points, and in the shadow

zone. Thus, since the objective of the study is to generate radar

coverage diagrams , when the meteorological ducts are present, the

only viable approach is the physical optics.

3.3 Ray Trajectories For Four Refractive Index Profiles

The geometrical optics or the ray trajectory approach

involves the use of Snell ’s Law to identify the propagation paths.

Typical ray trajectories for four days of refractive index profiles

from Canton Island are shown in Figs. (3—6 to 3—9). For January and

April meteorological conditions, the existence of shadow zones are

clearly noticeable. This should be evident from the strength of the

duct as measured by dN/dz.

For the September and December meteorological conditions,

the duct has been weak and a weak shadow zone is evident. It

Is to be noticed that the shadow zones of January and April will

not be as pronounced as is displayrld if finer intervals in the

trajectory angles are chosen. Based on these trajectories , one

would conclude that in the shadow zone there will be a total

absence of propagation paths and hence a total absence of electro-

magnetic power. The question which is very pertinent for system

performance evaluation is how valid is this interpretation; 

5-_- — - -~~~-~~~~~~~~~
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and is there a better way to estimate the field streng th in the

shadow zone.

In conclus ion, it has been established that;

a. the geometrical optics approach is not valid in

the diffrac tion zone;

b. it is inapplicable when the relative spacial var i-

ation of the refractive index per wavelength is

larger than one; -

c. when the fractional change in the spacing

between the ne ighbor ing rays in a wavelen gth is

not less than uni ty, then it is not applicable.
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4. GUIDED MODE APPROACH - PHYSICAL OPTICS

It is thus evident that the guided mode approach is the

most viable approach to establish radar performance in the diffrac-

tion zone and in the presence of meteorological ducts. The measure

of the radar system p erformance is ei ther (a ) in terms of radar

covera ge d iagram s dep icting signa l streng ths or path loss as a

function of ground ran ge and altitude , or (b) the signal to noise

ratio as a function of slant range. Such a performance evaluation

is mandatory for the judicious har dware/software modi fications to

alleviate or minimize the deleterious effects of propagation degra-

dation. Recognizing this , the goal of this phase of the program is

to determine propaga tion behav ior in the presence of bilinear and

trilinear types of refractive index profiles. The important mile-

stone of the next phase of the program is to establish the radar

coverage diagrams for differen t meteorological conditions and for

different systems parameters.

4.1 Propagation Through Stratified Medium

For the propagation analysis, it was assumed that the

med ium is stratified in the vertical z direction . The stratifi-

cation of the medium dictated by temperature, pressure and partial

water vapor pressure variations with altitude is described in terms

of the refractive index profile , which in turn is represented by the

N—profile or the M—profile. The profiles which have been considered

are the bilinear and trilinear. This is based on the evaluation of

the Canton Island meteorological data for 1973.

( 
~-5----~~—
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The M—profile for January, April, September and December are

produced in Fig. (4—1) and they will be considered in the numerical

analysis.

1 — Jan. 3, 1973

2—April 5, 1973

I - 3 — Sept. 4, 1973

4 — Dec . 4 , 1973
o II -5-— ---

o . I

- 

i
/

f/I
j / I

0’ /

/

!/ ~
(2~I 

/ (4~p • / j 
S

0 /
0~~~~ I I I  I

“II

~~~

300 400 M—Units

Fig. (4—1) — Canton Island Refractive Index Profiles for Four Days
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4. 1.1 Propagation Through The Meteorological Duct
With Bilinear H Profile

The electromagnetic propagation through any medium

is governed by Maxwell’s equations.

V x H — j  (A) Co E — 0

and

V x E + j (A) Mo H 0

and the individual components of the electric and the magnetic

fields are the solutions of a second or der vector wave equa tion

(V2 + k 2)~~~~(r) 0

Here , Laplacian V2 stands for the following:

(1 3 a~V 2 • ( —  r —  +—  —

Lr 3r 3r r 2 ae 2 3z 2

( 1 3 1 3 a
. — (R 2 —) + — (sin o — )

LR 2 3 R 3R R2 sin ~ O 38 38

1 •t

R2 sin e ~~~

~ a 2 ~2 ~2 .~
-I-

~~ 2 
~ 2 J

in cylindrical , spherical and rectangular coor dina te systems
respectively.

H’
--  --- - -5-— -..— - - -----5-- — ---5—.---- -
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The wave number k - k0 r~, k0 is the free space wave number , k0 =

w/c, w is the angular frequency and c is the velocity of light in

free space. ~ is the refractive index of the medium .

The vector field • stands for the E and H field
j E Cr) ~

• + (

For a point source above ground , such as the dipole , the wave

equation is more suitably described in terms of the spherical

coordinate system . For the homogeneous atmosphere the mode solu tion

of the wave equation was first obtained by Watson (18) and is

given by

j 
Ap~ jkxm sX

Ey — e W t 
~ 112

e Uml (z) Um2 (z)

Here, umi (z) and um2 (z) are the height gain functions at

the t ransmit ter  and the receiver , respectively; the subscript

1 stands for transmitter and 2 for the receiver. The transmitter

and receiver locations have been left unspeci fied. For a ground

radar system , the transmitter position is fixed at h and t~~n uml (z)

Urn (h) is the specified antenna characteristics.
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Am are the amplitude coefficients of the modes; x is the

hor izontal range. Finally, the height gain function Um (z) is the

solution of the one dimensional wave equation.

The x dependence has been assumed as e and Ey (z) !Um2(Z).

The z dependence will be deleted from hereon.
p.

The refract ive index y
~ 
is assumed to be stratified

only in the vertical z direction . For the chosen four days of

M profi le

dM— = - p z < d
dz

s + q  z > d

d is the duct width.

The scalar wave equa tion for Ey is thus given by

(dz 2 
+ k02 (1 + 2 H (z)) — kx2)EY 0

— --- - . - - -~-5’--- - - - - - ---~- ~~— -~~5-~~- - -5~ - --—-5 _ _
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Thus for the H—profile , the wave equation takes the following

form:

M ( z) = M 0 _ p z  z < d

M~ j~~ + q ( z ~~ ) z > d

[dZ2 
+ Bl - Cl Ey 0 Z < d

( d2
1 .. +B2 + C2 z~j

Ey o z > d

Here B1 k 0 2 (1 +2M 0) — k x 2

Ci. 2ko2 P

B2 — k02 (1 + 2 (H0 — pd — qd)) — k~ 2

C2 — 2ko 2 q

The wave equations are further transformed by the following change

of variables

B1
— — cj)~

/3 z
Ci.2/3

B2
F;> — +C2l/3 z

C22/3

L - - -
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Thus substituting for F;< in the wave equa tions, we have a well
>

known Stokes equation

(d2
( — + ~~~) E < a O
L.d~ 2

> _>

F ;<d F;ld ‘ ~> d F ;2d
B~

— c 1 1/ 3 d
c12/3

B2
F;2d - + C2 1/3 d

C2 2,3

— F;id — Ci’/3 (z—d)

— F;2d + C21!3 ( z—d )

and since .
.

(Bi — Cid) — (B2 + C2  d) , z — d

c12/3 F;ld — C2 213 F;2d

Finally ,

~co 
F;lO 

c12/3

.1 ~
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The Stokes equation now has to be solved with the help of the

following boundary conditions:

dE dE
Ey < E y>~~ I Idz < dz >

For perfectly conducting ear th

E~~* 0 z = O

Ey for z>d is an outgoing wave. This condition represents the

Sommerfeld radiation condition. The Stokes equation is well

known and it has solutions in terms of Airy  Integral  Functions

Aj (F;) and Bi (F ; )  and they are given by

-4

— a A1 (— F ; < ) + b Bi (— F ; < )

Ey> — C (Aj  (— F ;> )  + j  Bj (— F ;> ) )

Here , a , b and c are the coefficients to be determined by applying

the boundary conditions. Note that up until now, we have not

introduced any modal designate.

Application of the boundary conditions lead to the

following transcendental equation

- -S - — - - - - -5- - - -:-~~ — — 5-- - - - -5-— --4
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r
(A 1 (— F ; ld ) — 

B 1 ( — F ; 10) 
B 1 (_ F ; ld)) ~~Aj

’(—F;2d ) + j  Bj’ ( F;2d~J

Ai (— F ;2d ) + j  B1 (— F ;2 d )

p 1/3 
~
. 

_ _ _ _ _ _ _ _— — 
~~~~ ( Ai  (— F ;l d) — _ _ _ _ _ _ _ _ _  • B1 (—F;ld~q Bj(—F;10)

Here the prime refers to differentiation with respect to F ;, and

I > -
~~~~~ 

• 
~~~

— I > + c2L”3 I>

~~~ solutions of the transcendental equations are the eigenvalues

and for the fixed frequency, the wave number k~j is related to

the ith eigenvalue ~i~ j  by

kxj2 ko2 (1 + 2 Mmin) — F;ldi . c12/3

p F;ldt
kxi ~~ (k0 (1 + ~~~~ j~~~ ) — ~~~2/3 . _ _ _ _

and

2 k  1/3
L ( 

q2~~

IL 
_ _ _ _ _ _ _ _ _  _ _ _ _- - - - — - - ~~ ~~~~~~~~~~~~~~~~~~~ __ ___-5 _ _ _.~~~_~~__ _ _ _ _ _=_____3______ _ _ - S —- ~~~~~~~~~
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-

Thus , the solutions of the transcendental equation will enable one

to determine the height gain functions and the eigenwave numbers

along the x axis. Thus, the field corresponding to the wave numbers

are completely determined with one exception , namely, the amplitude

coefficients which are determined from the specification of exci-

tation or antenna characteristics.

4.1.2 Trilinear Refractive Index Profiles

j The selective meteorological data from Canton Island

(Tables 2—1 through 2—12) has revealed that although, because of the

nature of the measurements, majority of the cases were representable

as having bilinear refractive index profiles; there were occasions

when the profiles were more representable as trilinear and this in

particular when the ducts were elevated. This necessitated devel—

oping an analytical propagation model for the trilinear refractive

index profile. In principal, the approach is identical to the one

developed for bilinear case and it entails additional boundary con-

ditions representing matching of the transverse impedances at

the intermediate regions of N—profile.

In order to display the basic features of the trilinear

refractive index profile , we have reproduced in Figs. (4—2, 3, 4)

some well known refractive index profiles. The Fig. (4—2) is

obviously a surface duct with the bilinear H—profile , Fig. (4—3)

and (4—4) are in general categor ized as elevated ducts with

trilinear H—profiles.

- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
—-- - -- ‘—

~~~~
— -5— 5- -- -— ~~~~~~- - - - - _ _ _ _ _
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/  
dM

— Z (d

- 
di

z > d

~L. 10 ~~~~~~~~~
200 300 400

H—Unit.

Fig. (4—2) — Surface Duct - Bilinear Prof i].

150 

<‘~
‘
~

“ — . + q 1 z < d j

~~~~~~~~~~~ ]~)0 - — p  d 1 C Z C d 2

~L :
Figure (4—3) — Elevated Surface Duct — Trilinear Profile

dM
5/p

p, 
— - + q  z < d 1
di

S

d 1 < i < d 2  
S

d
- -  

- +q  z > d 2

I I I I I
200 400 600 M—Units

Figure (4—4) — E1•vated Duct — Trilinear Profile
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)
In all the three cases , the duct width is defined by d. In FIgs.

(4-3) and (4—4) note the difference in the elevated surface duct

and the elevated duct. It is that at the duct apex the Mmin

is less than the M at the surface for the eleva ted surface duct

case, and Mmjn is greater than H at the surface for the elevated

duct. It is also to be recognized that in practice, the slope

of the H—profile will not be that sharp, however , the measuremen t

techni ques perhaps would not provide closely spaced poin ts to

round off the H curves.

_ 
- - -5  
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4.1.3 Propagation through Ducts with Trilinear Profiles

The scalar wave equation for E~ for the trilinear

refrac tive index profi les is given by:

{ ~~2 
+ k02 [1+2M(z)~ 

- k~
2 
~ Ey = 0

M ( Z )  • M0+q1z zcd i

M0+q1d1_p(d~—d~)+p(d2 Z) dl<zcd2

-A M0+q1d1—p (d2—d1)+q~ (z—d~) z>d 2

or
d2

{dZ2 
+ Bi + Ciz

J 
Ey = 0 z<di

[dz 2 
+ 82 - C2z} 

Ey - 0 dlCz~d2

and d2

{~ dZ2 
+ B3 + C3Z Ey 0 z>d2

Here B1, Ci; B2, C2 and B3, C3 are given by

B15 — ko2(l+2Mo)kx2

Cl — 2k02q~
82 k02(1+2(~~+q~d~+pd~))—k x2

C2 — 2k02P

B3 a k02(l+2(~~+q1d1—p (d~—d~)—q2d~ ))—kx
2

C3 — 2k02q~
B1 dF;

ret  — — +Cl1/3z +Cl l/3
C12/3 d

~

B2 dF;
F;<l2> — — — C2’/32 1< 12 >  

— —C2’/3
C2 2/3 di

B3 dF;
— + C31/3z — I> C31/3
C32/3 d 2

t
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These substitutions in the wave equations lead to

d2
{ + F ;  l E y 0

dF;2l 1 1
2 2 2
3 3 3

This again is the well known Spokes equation and

has solutions in terms of Airy Integral functions.

Analogous to the bilinear case, the field description

in the three different regions is as follows:

Ai (—F;lo)
Ey aj{Ai (—F;<l) — B~ (—F;<i) I1 8i ( — F ; io)
Ey2 

— a2{Ai(—F;<l2>)+a3Bi (—F;<].2>)}

E~3 
* a4{Ai (—F;>2)+jBi (—F;>2)}

The E field has to satisfy the following continuity relations:

Ey1
Ey2 1

dE~
1 

dEy
23  

at z dl

di di

Ey2 
Ey3 

‘

)

dEy 2 
dEy 3 

(~ a t z - d 2

di di J

II
These boundary conditions enable us to eliminate the different

amplitude coefficients.
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From now on we are specializing to the case of

= q. Consider first the continuity relations for field

and its derivative at z = d1 which lead to the following equations:

Aj (—F ; io~a1 {Aj (—F;ldl) — 
________  . Bj (—F;ldl)I
Bi (—F;lo)

a~ {Ai (—F;2d1) + a3Bi (—F;2dl)}

and a1 {Ai (—F;iai) 8j (—F;idl)}
Bj(—F;iO)

p 1’3
— (
i

) . a
2 

{Ai ’(—F;2d].) + a
3
Bi ’(—F;2d1)}

( A 1. (—F;io )or I Aj(—F;ldl) — — . 3i (—F;.Ldl)
Bj(—F;j.o) 

=) Aj(—F;lO)
— _________• Bi (—F;j.dj.)

Bj(—F;j.O)

1 —1/3 
{Ai(_F;2d1) + a

3Bi.(—F;2d1)j

+ a
3
Bi ’(—F;2d1)}

Let the L.H.S. P/Q •
t~~n 

a 

Aj(—F;2d1) +~~5~(_) . Aj’(—F;2dj.)

P p h/3
8i (—~2dl) 

+ — ( — )  • B~ (—
~2dl)

I
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Likewise, the con tinui ty relations at z - d2 lead to the following

a4 {Aj (—F;>d2) +jBj (—F;>d2)I

a~ {Aj (—F;2d2 +a3Bi (—F; 2d2 }

and a4 {Ai ’(_F;>d~ )+jBj’(_F;>~ 2)

p l/3
—a2 ( ) • {~~~ j

’ (—F;2d2)+a3Bj’ (—F;2d2)}
q

Thus the transcendental equation is given by
—1/3

( Ai (—F;>d2)+jBj(—F;>d2) ) . (s.).1 ‘1, =

I Ai ’(—F;>d2)+jBi ’(—F;>d2)J

ç Aj(_F;2d2)+a3Bi(_F;2d2)

Ai ’ (—F;2d2)+a3Bi ’ (—F;2d2)

a-. Pp l!3
where ~Ai (— F;2d1)+ () 

. Aj’(—F;2dl)

t
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _a3 = — _______________________________

- ( P p l/3
4 Bi (—F;2d1) +— (~

..) Bj’

L Q q

4.2 The Solutions of the Transcendantal Equation - The
Bilinear Refractive Index Prof[le

The transcendental equation which is arrived at by

satisfying the boundary conditions at z-d , phys ically represen ts

the matching of the transverse impedances at z—d .

zz< a
~~z>

or equivalently •(5) (
~ z<—~

z,) — 0
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Sz = H  dEyHere X di

and ~~~~~ < , ~~> 
are the transverse impedances for z<d and z>d ,

respectively .

Because of the nature of the transcendental equation ,

a closed form solution does not exis t and an iter ative , numerical

procedure to locate the zeros of the func tion •(~ ) has to be

adopted. Three different approaches have been explored , and

they are: 
-

a. The Newton—Raphson Method

b. The Secant Method

c. The Zero Crossing Method

4.2.1 The Newton—Raphson Technique

This technique, essentially , provides a procedure

to obtain an approximate solution of the transcendental equation

which , after several iterations, approaches the exact solution

and it states

— 30 —

$ 1 (
~ 0

Here , 30 is the first trial solution of the transcendental equation

— 0. •‘(~O) is the derivative of • with respect to ~o and

~i 
is the next better solution to be used for second iteration

and so on. Thus, the ith solution is obtained from (i—l)th and is

$ (Si—i)
— 8i—l — —

~~~~~

$‘ (Si—i)

--5- 5 -~~~~~
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If th e transcendental equation has n solutions then th is procedure

has to be repeated n times.

The Newton—Raphson iterative technique to locate

the zeros of the transcendental equation is effective only when

the trial solution is reasonably close to the actual solution .

The Newton—Raphson procedure thus has severe limitations.

4.2.2 The Secant Method

This iterative approach is analogous to the Newton—

Raphson approach and the iterative solutions are given by

(Si—Si—i. )O (Si—i)
Si — Si_i — _________________

$ (Si)—$ (Si—i.)

Note that in the limit when 3j  approaches the exact solution

I gj..j, then this expression is identical to the Newton—Raphson

expression. Alternatively , if Sj—3j_lc<iS and if $ (3i—j)—$ (i)<<e

then the technique is identical with the Newton—Raphson technique.

Here 6 and c are very small quantities.

4.2.3 The Zero—Crossing Technique

Another technique which is applicable to determine

the solutions of the transcendental equation is the zero crossing

of $(S), when $(S) is plotted as a function of S. This procedure

is extremely effective for the trapped modes or when the F;ldi 7

t are pure rea l, positive or negative numbers.

In any case , for all three cases, the computer programs

for the Airy Integral Functions and the Hankel Functions are

requ ired .

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

- -
~~~~~~
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4.3 Numerical Analysis For Bilinear M—Profile

It was decided that four meteorological profiles will be

chosen in such a fash ion tha t the two extremes of the charac ter istic

parameters such as the duct height and duct intensity shall be

chosen.

For the 3rd of January , the intensity of the duct was

close to the maximum ; for the 4th of December , the duct intensity was

minimum. For the 4th of September the duct height was close to the

largest while January 3rd it was close to the smallest. For the 5th

of Apr il the duct was moderately intense. For all four days, the

profile was describable as bilinear . Finally, in order to extract

the frequency dependence , three wavelengths were chosen , and they

were 10, 20 and 50 cm.

Based on the expression for the maximum wavelengths that

are trapped by ducts of height d, the following observation is made:

Table (4—1) — Trapped Wavelengths

Date d (meters) ), max (cm)

3rd~ Jan. 4~ 22.65
5th Apr. 85 65.20
4th Sept. 94 75.82
4th Dec . 75 54.04

a. For 10 and 20 cm wavelengths the field is trapped for

all the four cases.

b. For 50 cm wavelengths the field is not trapped for
JI

Jan . 3rd case , however , it is trapped for the

remaining three days. 

~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~
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4.3.1 The Zero—Crossing Technique For Trapped Modes

For the four days of H—prof i].e data and for three

wavelengths 10, 20 and 50 cm, the transcendental func tion • (5) is

plotted for various real values of S varying from —5 to +5. These

plot. are displayed in Figs. (4—5 to 4—16) . The zero—crossing

values of I, or equivalently F;ld’ for which $ (5) — 0 are the

solutions of the transcendental equation. Consider now the January

3rd profile and A - 10 cm case (Fig. 4—5). The zero—crossings take

place for the following F;ld values :

F;ld=—1 .25, 0.68, 2.8, 5.25

- 
First observe that the zero—crossing at —1.67 is not

a true crossing as is evident from the computations for finer

spacings of the F;ld values, The $ (I) will continue to decrease

approaching — 
— for F;ld values in the vicini ty of -1.65. Likewise

f or F;ld —~ —1.68 , the $ (8) will increase approach +~ ; hence no

zero—crossing for F;ld —1.67 i~ possible.

The first F;ld for which • (5) — 0 is —1.25 and this

negative root needs to be interpreted . Consider the field Ey
H associated with this ràot and observe how it behaves as the height

increases from z— 0 to z—d and z>>d .
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The height gain function or equivalently the E~ is
given by

Aj (—~io)
Ey c = A j (~~~c) — B j (~~ <) z<d

B~ (— ~ i.O)

— A j ( - ~ >) +jBj (~~ > ) z>d

The ~ c , 
~~>, ~io have been defined in Section 4.1.1. For the

~ld 
value, the F~< range in values from +5.9 to —1 .25 and ~~> approaches

zero from —3 .57; and for height z = 77.8 m it becomes zero. .5
For greater heights it is an increasing positive real number.

For these parameters , the field intensity E~ will behave as follows:

a. oscillates up to z = 35 m at which ~~< starts

becoming negative.

b. It increases in amplitude from z 35 m to the

duct height z = 42 m. It continues to inrease up to z 77.8 m

at which F~,.O

c. Beyond z a 77.8 m the field behaves as if it

is attenuating with height since F > is positive real n umber.

The intensity of the field above the duct height is higher than

in the duct and may be construed as the dominant leaky mode.

However , this fact alone will not yield the information as to

the intensity of the field above the duct since the excitation

problem has to be worked out before any quantitative estimates

of the field intensity above the duct can be made.

-i s 
--~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ---.5 - . 5- - - 5 - - .



‘—-5- 
--- —--- - -

~~~~~

-S.--- -- -- -
—— 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

75

4.3. 2 The Leaky Modes

Up unt i l  now we sought solutions of the transcendental

equation which were positive or negative real numbers. The deter-

mination of the solutions of the transcendental equation for complex

values is much more involved and time consuming, and the resources

of this contract do not permit detailed analysis. Nonetheless,

some already developed approximate expressions are used to determine

the complex eigenvalues or solutions characterizing leaky modes.

The expression which is used to determine the leaky

modes is given by (2)

1. 1.
Am - {~ m4 94j~2 

Sg4 - 
~~~~

(13S2—5S) i.
+ g7 + S~ 2~ g8

1260 1260

+ . . . . . }

d P
Here , g ,  H — ( k 02q) l/3 , s— i—s 3, s3 — -  and ~m are the zeros of

the Hankel function of second kind and one third order and are
given by

— —1.l69+j2.025

2 —2.044+j3.54

3 — 2.76+j4 .78

The expression for the eigenvalue Am=~~ m+jBm is valid

for small values of g(gcl). That is, the duct height is comparable

to the scale height H and for these values of g the eigenvalues

approach the zeroes of the Hankel function of the second kind

and one third order.

- -5-—
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Recognizing that for 1-100 cm the field will not

be trapped by any of the ducts; 1-100 cm was chosen for calculations.

Thus for 1— 100 cm and for two days of duct profile, the complex

eigenvalues are presented in the table as follows:

Table (4 —2 )  Bigenvalues for Leaky Modes

Jan. Dec.

1—100 cm g — 0.545 g = 0.6646

Al —0 .574+~2.O2 
- 

—0.48+j2 . 02 1

2 — l .448+j3.53 —l.354+j3.53

3 —2.163+j4.78 —2.07+j4.77

Use of the same equation for 1=50 cm leads to results

which do not appear to be valid. For 1=50 cm, g = 1.378 for

Jan. 3rd duct and g—l.476 for Dec. 4th duct and thus the expression

for g > 1 does not seem to hold.

4.4 The Height Gain Functions for the Trapped Modes

As discussed before, the variation of the field with

height, also termed the height gain function, will reveal whether

or not there exists field outside the duct. For this reason,

height gain functions for individual modes have been computed

and they are shown in Figs. (4—17 through 4—53).

The height gain functions are the plots of modal

E f i eld i .e. ,  they are the plots of the following expressions:

Aj ( —
~ lo)

Ey< — A~ (— ~ <) — . 81( — F < ) zcd
Bj(-~~10) 

—

— Aj(—~>)+jB~ (— ~,.) z>d

_ _ _ _ _ _
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The F ; < ,  F ;> and F;lo are related to F;ld where F;lds

are the solutions of the transcendental equation. The expressions

for 
~<,  F;> , and F;io are given by

F;ld — C1l/3(z—d~

F;> F ;zd + C2h/3(Z d)

and 
~io 

- Bu d 213

Observe the peculiar behavior in Fig. 4—18 for heights

greater than 100 meters. This is due to the fact that the arguments

of the Airy Functions are large and the asymptotic expressions for

the Airy Integral Functions are to be used. The computer programs

have not been modified for large arguments. The peculiar behavior

displayed in Fig. (4—28) for small and large heights is also due to

the same reason of large arguments of the Airy Integral Functions.

The height gain functions which are shown in Figs.

(4—17 through 4—53) are the behaviors of the individual modes

and to determine the total field these modes are to be added in

phase and amplitude. But before that, the amplitude coefficients

or excitation factors are to be determined with the help of the

antenna characteristics or equ ivalen tly the total f ield in the
- yz plane for x—O . The excitation problem has not been addressed

in this report. 

--~~~~~~~~~~~~~~~~ - - *-- - -  - - - -- - ---~~~ -- -- ~~~~~~~-
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5. SUMMARY / RECOMMENDATIONS

5.1 Summary

In th is phase of the prog r am , the electromagnetic

propaga tion through a medium , which was characteristic of meteo—

rological conditions around Canton Island, was considered in

depth. The meteorological conditions around Canton Island were

represented by bilinear and trilinear refractive index profiles.

For the propagation analysis, both the geometrical optics

or ra y trajectory approach and the physical optics or the guided —
wave approach were considered. The relative merits of these

approaches were highlighted . The ray trajactories for four dif-

ferent days of meteorological data were also generated.

The guided mode approach was pursued to determine the

propaga tion behavior for both the bi linear and tr ilinear refrac tive

index profiles.

The numerical analysis to determine the modal solutions

and the corresponding height-gain functions was carried out only for

the bilinear profile. The modal solutions were obtained by

iterative numerical analysis of the transcandental equation for

the trapped modes only.

For the leaky modes, a previoushy developed approximate

expression was used. The validity of the axpression for duct

heights smaller than the frequency dependent scale height was

established.



—7- -—— -r--’-~~~~
•
~
• - - - -~~~~~j~ p~~~_~~~ -

116 

— -

Although leaky modes are indicative of the field above

the duct height , for quantative assessment of the field intensity

in the shadow zone, the excitation problem has to be solved.

This has not been addressed in this phase of the program .

5.2 Recommendations

The usefulness of the guided wave propagation analysis

hinges on the ability to generate radar coverage diagrams . The

radar coverage diagr ams in the presence of differen t kinds of

meteorological ducts would enable one to evaluate the performance

degradation of ESD sponsored surveillance radar systems.

For the generation of radar coverage diagrams , the

following tasks need to be completed.

1. An effective analytical technique to determine

the complex eigenvalues representing leaky modes.

2. Determining the amplitude coefficients of the

trapped and leaky modes by addressing the excitation

problems or by specifying the antenna characteristics.

3. Applying these techniques to different meteoro— —

logical conditions and different radar systems

parameters.

These tasks can constitute the second phase of the

program .

_ _ _ _ _ _ _ _ _ _ _ _ _ _  

—~~~~~~~~~ - - - - - -- ---— — ~~~~~~~~~~~~~ 0~~~~~~_-



------ - 

~~~~ 1~~~~~~~~~ - —
~~
;“-

~~~~~~~~~~
- _

~~~~~~~~~~~~ _

117

6. REFERENCES

1. BR. Bean and E.J. Dutton - Radio Meteoro].ogy, Dover Publication ,
1968

2. D.E. Kerr — Propagation of Short Radio Waves, Radiation
L.aboratory Series Vol. 13, McGraw—Hill, 1951

3. A. Zancla - (Editor) - Modern Topics in Microwave Propagation
and Air—Sea Interaction, Proceedings of the NATO Advanced
Study Tnst itute, Soren to, Italy, June 5—14, 1973 — D. Reidel
Publ ish ing Company

4. J.R. Wait — Electromagnetic Waves in Stratified Media, Macmillan
Company, 1962

5. P. Beckman and A. Spizzichino — The Scattering of Waves from
Rough Surfaces, Macmillan Company, 1963

6. D. Barton — Radars Vol. 5 - Radar Clutter ARTECH House,
1975

7. M. Abramowitz and L.A. Stegun (Edited by) Handbook of
Mathematical Functions National Bureau of Standards — Applied
Mathematics Series — 55, June 1964

8. K.G. Budden — The Wave Guide Mode Theory of Wave Propagation
Prentice Hall, 1961

9. J.H. Richter and N.y. Hitney - The Effect of the Evaporation
Duct on Microwave Propagation, NELC Riport TR-1949, April 1975

10. N.y. Hitney - Propagation Modeling in the Evaporation Duct,
NELC Report — TR—1947, April 1975 -

11. H. Jeske and K. Brooks — Comparison of Experimental on Duct
Propagation above the Sea with the Mode Theory of Booker
and Walkinshaw, Radio Science Vol. 1, August 1966

12. H.W. Fruchtenicht — Notes on Duct Influences on Line—of-
Sight Propagation, IEEE Transactions on Antennas and Propagation
Vol. AP—22~ No. 2 — March 1974

13. J.K. DeRosa — Refractive Multipath in Low Angle Radar Tracking,
IEEE In terna tional Radar Conference, 1975

14. G.H. Joshi — Propagation Modeling in the Presence of Meteorological
Ducts, Raytheon Technical Memo No. GIIJ:76:09, August 1976

15. L.M. Brekhovshikh — Waves in Layered Media, Academic Press,
1960

- - -~ r ________ - — -



—- —~~~~~~~ •-

—
-~~~~~~~~~~~~~~~~~~~~ —— — — -— ~~~~~~~~~~~~~~~ —— —

--
~~~~~~~ 

~~~ - -—~~~
-
~~~~~~~—•~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~— — - -

118

REFERENCES (CONT)

16. Tables of the Modified Hanke]. Functions of Order One—Third
and of Their Derivatives, The Annals of the Computation
Laboratory of Harvard University, Vol. II, Harvard University
Press, 1945

17. J.C.P. Miller — The Airy Integral — Mathematical Tables,
Un ivers ity Press Cambr idge , 1946

18. G.N. Watson — The Diffraction of Electric Waves by the Earth,
Proc. Roy. Soc. A, g5, 83, 1919

19. G.M. Watson — The Transmission of Electric Waves Round the
Earth, Proc. Roy. Soc. A, gS, 546, 1919



119 

)

APPENDIX I

Computer program to determine the roots

- of the transcendental equation.
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MISSION
- - o f

Rome Air Development Center

R~X plans and conducts resaarch, exploratory and advancnd
d. elopmsnt p rograa In c~~~~nd, control, and co unications
(C3) activities, and in the C3 areas of Inf oraa ticn scierac.s

- :  and lnt.llLg.ncs. Th. principal tecim.icai alsslan areas
ar ca wiications, .l.ctroaagn.tic guidanc. and control,
aurv.Illanc of ground and aerosp ace objects , intaPligsnce
data collection and handling, inf or.a tIon system technology, ~
Icnosp h.r ic prop agation, solid stat. sciences, aicrowsv
physics and el.ctronic reliability, s.IntsinabilIty and
co.p. tib.ilitg.

Pr4nt.d by
UsIt.d $IsIs $ Al, P.,c.
Ho*s~~m AFI. Mass. 01731
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