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The subroutine for the calculation of intensity deviation in Lowtran V

I. Introduction

In this report, we present theoretical formulas and a coded subroutine

for the calculation of intensity deviation which shows the high bound and low

bound of the atmospheric transmittance due to the turbulence effect. In the

subroutine, we calculate the transmittance deviation for point receivers as

well as for finite aperture receivers which exhibit the aperture averaging

effect.

Depending on the type of propagation paths, the calculation in the

subroutine has been divided into three parts-horizqptal, upward and down-

ward paths, similarly to the transmittance calculation in Lowtran V program.

The different examples will be shown and compared in the following section.

II. Plane wave intensity deviation for point receivers

Consider a plane wave L propagating through the turbulent medium repre-

sented by

U eX + iS (2.1)

where X is a real value that represents the log-amplitude and S is the imagin-

ary part that represents the phase. Assuming the Gaussian probability distri-

bution for X, the average intensity and variance of intensity can then be

stated as

2
(1) ) - e ) e X (2.2)

2 4 +*a
(I )S (UU'U "U U e X (2.3)



2 2
where ( > denotes an ensemble average and 2 - C(- (x)) ). Using Eq. (2.2)

and (2.3), the normalized variance of the intensity fluctuations is given by

a (12 ()2 4C2

2 e )-1 (2.4)

2
The variance of log-amplitude,a , has been found by Rytov's Method. However,

it is only valid for weak turbulence when applied in Eq. (2.4). Experimental
2

data indicates that a, is saturated toward the value of unity. In recent

years theoretical work to proof that the variance of intensity saturates

to a constant of unity was performed.
3 Avoiding complex mathematics and hoping

to get a model which is sufficiently accurate under weak and strong turbulence

conditions, we relate the variance of intensity and log-amplitude 
by4

0 - e -2j, (2.5)

For small values of a ,o I 2a which agrees with equation (2.4). For large

03' a, - 1, which agrees with the saturation condition. After we determine

I' the upper bound and lower bound of transmittance can be calculated by

T = T(l + ) (2.6)

using Ref. (2), the variance of log-amplitude as found by Rytov's Method is

given by

2 d563k 7 /61 d C2 ( ) (L - 1)1/6 (2.7)

X 0 n

where k is the wavenumber, L is the path length and C2  is the structure* n

2
constant of refractive index. When Cn is constant along the path, Eq. (2.7)

can be rewritten as

2 .3C 2  7/6 11/6C7 31 Cn(h)k (2.8)

The structure constant C has been measured and modeled by Hufnagel, et. al.

. . . . ._-_ __n 4



3

we have modified it to fit in Lowtran as

2 [ 4.2 x 10 "14 h-2 /3 exp (-h/320) (h>lOm)
Cn (h) = 8.77 x 10- 5  (h<l0m) (2.9)

0 (h >100km)

where h is altitude and is in units of meters.

For horizontal path, h is constant, hence we use Eq. (2.8). For downward

(and upward) path,we must use Eq. (2.7) in which the integral shows an in-

tegration from transmitter to receiver. From the weight function (L-1)
5/6

in Eq. (2.7) we know the turbulence around transmitter has more effect than

the turbulence near the receiver. Hence we predict that a downward path has

larger variance of intensity than an upward path for the same length of

path.

For the program, we rewrite Eq. (2.7) in summation form as

2 7/6 2 5hi___(L-L_5/6 _ Ll
..56k i ) (LL h -h Ahij (2.10)
Xi i j i i-i

h ij<25km A hij - 20m

25km <hij<5Okm 6 hij - lOOm

50km < hij< lOOkm 6 hij - 400m

where hij is the altitude corresponding to the calculated point of the path,

"i" is the layer index, "J" is the sub index of each layer, L is the total

path length, Lij is the path distance from transmitter to the point calculated

and AL i is the path length for each layer passed. The choice of 6h intervals
9

was made to allow better height resolution in future specifications of C-(h).
n

In this calculation, we assume that the path in each layer is straight.

Refraction occurs only at the boundaries. The refraction calculation is

executed by the original Lowtran program.



Figs. (2.1), (2.2) and (2.3) show the transmittance predicted by Lowtran V

with the deviation calculated by the added subroutine for horizontal, downward

and upward path, respectively. These calculations are for point receivers and

a 5km path length. We find that the deviation for downward path is larger than

that for upward. This is due to the stronger turbulence at the lower altitude

and the effect that turbulence near the transmitter is dominant.

III. Intensity deviation for finite aperture receivers

In Sec. II,the intensity fluctuations are assumed to be measured by a point

receiver. However, in the real world the receiver has a finite aperture. If

the diameter of the objective is much larger than the amplitude correlation dis-

tance p, the objective will contain wave front sections with fluctuations of

opposite sign, so that the overall light flux through a larger objective will

fluctuate relatively weakly compared to the flux through a small (compared to

p) objective.

Consider 1:he intensity in the receiver plane to be I (L, E " The total

flux P through the objective is then P * I(L, pdp, where p is the transverse

coordinate and F is the aperture area of the objective. The fluctuations in P,

defined as P - P - 4 P ) , are expressed in the form P'-" I' (L,P) dp, where V'=

S- ( 1 '). For the mean square fluctuations of power we have

(P'2 . I' (2.1) I' ( 2P> dpi dj2

= *J' BI (21 - 22) F(21) F(P2 ) dpL d2 2  (3.1)

where the intensity correlation function BI(LI- 2) Kr' (2.) I'(a2)> and

F(P) is a function which is zero outside the aperture and I on its surface.

,1
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Changing variables and assuming the receiver aperture to be a circle with radius

R, Eq. (3.1) can then be written as:
2R

(P 2 2vR pdp B (p) K(p) (3.2)

where

K() = ' F(pJ) F(P2 - ) 2

2 1i p p p2 _a2R [cos p() <--/- - ], p<2R
4R2

0, o >2R

The normalized fluctuation of power is defined as

Q(R)2 2R B (p) -l 2

BI(P) 
C)'t 02

Q(R) 4 [cos- --- ) - - --- -]pdo (3.4)
(P) 2rR 2  (1) 2 2 R 4R

to show the averaging action, we define another parameter G(R) 
which

is a ratio that compares the fluctuations of power of a finite aperture and a

point aperture:

2R -1 p p p2

G(R) = - o b. (p) [cos '  (_ )P . - L R2 b od0 (3.5)
rR 0 P) [os -2R-/ L 4R2

where b (p) is the normalized correlation coefficient of the intensity fluct-

uations

4B (p)

b 1 0 (0 e -(3.6)

2 eX

and
BX(P) (X (P-l)X (22) )  (3.7)

-- o
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Because the structure constant C2 depends on the altitude h, the calculationsn

for horizontal and downward or upward paths are different. We separate the

two cases as follows:

(i) Horizontal path

By using Rytov's Method and the Kolmogorov spectrum (Refs. 2,6), B (p) can

be found with the condition that t 2< < XL as

o

2

1 - 12.3 P P< < ' 0and (XL) 5/6 b 1/3

bx() 1 - 2.36( 56 + 1.71 L 024( L '0<< P <<

2 -7/6 ~

- .0242(_41 -7/6 , <<p

(3.9)

where 40 is the small scale of turbulence and is assumed to be 3am in the Low-

tran code, and c is the same as in Eq. (2.8). After substituting Eq. (3.8)

(2.8) and (3.6) into (3.5), we can find the receiver aperture averaging effect

for horizontal paths.

(ii) Slant path

Using Rytov Method, Kolmogorov spectrum and locally homogeneus medium, the

correlation function of log-amplitude can be found from Ref. ( 2 ) under the

2
condition LX >> 

10 2

B (L,p) = .033 ,2. ( ( -k C (1) dl • FG(p,) (3.10)
X 6 -JO n

FG(o,1j) = LRe -k y1 F 1

L X2m11 6, + i(L - )
m 2 + k

Kin

_ - C-
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5/6 522
1 F j

2 4 ) J(3.11)
m

m 5.92 (3.:[2)
m 

"0

iFI(a,b,x) is the degenerate hypergeometric function . For calculat.ng IF1

on the computer, we approximate the function IF as

I i- 0.8333X - 0.0347X2 - 0.0045X 3 IXL< 6.5
F (_!i5 IX)- (3.13)

1 1 6 1.0627( - 5/6 iXI Z 6.5 and (Re X < 0)

This approximation has been checked ar[d the total error is under 10%. Further-

more, we assume -- ] >1>---I which means that we neglect very small parts
k 2

KSm
of turbulence near the receiver. We then substitute Eq. (3.13) into (3.11),

and get the different forms for the different conditions:

2 2
> >6.5 > 4 >6.5)

56022 2 _ 23D6(.259 + .805 4D + .009(4)2 .0043 (4D)

2 2

25/6 22
FCGflP). 1 . 0 6 5

(p7
4

) 4D -C6.5 4A > 6.5)

D (.259 + .805 + 009( - 0043( -- D) )  (3.14)
4D 4D 4D

(A) 5/6 (1+.33'2 -04(02 2 + 0045( 2 .~3)

4A4A4

2 2
5< -D 6.5, ° < 6.5)

4D '4A

#Note that an equation for a similar situation given by Ishimaru (A. ishimaru,
'"Wave Propagation and Scattering in Random Media", Academic Press 1978, Vol. 2,

Eq. 17-112) is in error.



where

k L A (3.15)

m

Putting Eq. (3.13) into (3.10) and changing the integration into summation we

get

B (p) - 2.17k 2 1; C (h ) FG (L) A l Ah (3.16)
X ii n ij ii h i - h j1

where k is the wavenumber, L is the path length, "i" is the layer index, "j"

is the subindex in each layer, C 2(h ) is the structure constant at the height
n ij

h i, hij is the altitude of the point calculated, and 6Li is the path length

in each layer. Similarly, putting Eq. (2.10), (3.6),(3.16) into (3.5) and

changing it into summation we get

16 100 lyi) 2G(R) T Ez- b (2Ryi) [cos " Y-I - Yi y ..01 (3.17)
i=1 I1

where "R" is the radius of the receiver aperture, i is the summation indeZ,

and yi = 0.01i.

The intensity deviation a (R) for a finite aperture receiver can now bep

obtained by multiplying G(R) and UI (Eq. 2.5)

a (R) = ( IR) (3.18)

For a condition of moderate turbulence C2 =2. 10- 16 m "2/ 3 and horizontal pro-
n

pagation with path length, L - 5km, the aperture averaging coefficient G(R)

is shown as solid line in Fig. (3.1). It is similar to the dashed line 2 in

2Fig. (3.1) predicted by Tatarskii . The dashed line I in Fig. (3.1) shows

the aperture averaging coefficient G(R) for downward path with altitude from

200m to 4km. Comparing horizontal and downward cases, we see that aperture

averaging has more effect for the horizontal case. This is because the

total turbulence in the case of horizontal path is stronger than the downward

case and the coherence length of field of latter is longer than the former.
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Figs. (3.2), (3.3) and (3.4) show the atmospheric transmittance predicted

by the modified Lowtran V with diameter of the aperture being 30cm, for hori-

zontal, downward and upward path, respectively.

IV. Subroutine of intensity deviation for Lowtran V

This subroutine is for the calculation of intensity deviation, due to

tuvbulence, which can be used to define the upper bound and the lower bound

of plane wave transmittance for the point receiver case and the finite aperture

receiver case. The subroutine for each calculation of transmittance and for

each frequency is called by subroutine TRANS, one of the subroutines of the

main program. According to horizontal path, downward path, upward path,

we divide the subroutine into three parts. The attached flow chart shows the

main points of the subroutine (See Appendix A). We transfer the data of path

altitudes HI and H2, path length L, wavenumber k, the path length in each lay-

er DSI , DS2, the height in each layer XWI, XW2, and the diameter of the rece-

iver# and other necessary data to the subroutine VRANI from the main program

or from the subroutines of the main program. The symbols and definitions of

variables used in the subroutine are listed in Appendix B. The program list-

ing is in Appendix C.

V. Limitations and comments

The subroutine for intensity deviation is theoretically formulated by

Rytov's Me:hod. Even after our modification, Eq. (2.5) is only valid for weak

and extremely strong turbulence. For moderate turbulence the theory under

estimates the fluctuations of intensity as compared with experimental data.

Second, in this program we only consider the plane wave case, hence, it will

I#The diameter of the receiver must be read in from the sixth variable of the
second control card and the format is FIO.3 and in units of meters.

-- Ono
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overestimate the fluctuation in weak turbulence for a real source such as

a beam-wave or spherical wave.

For the turbulence itself, we use the model given in Ref. 5, which

seems to be too simple to give satisfactory result. Hopefully, we can find

a more proper form of turbulence profile in the future and update it in the

code. In fact, turbulence in the atmosphere should be varying with tempera-

ture, wind speed and constituents of the atmosphere. It is suggested that

the turbulence model, like the aerosol models or atmospheric models in

Lowtran, should be constructed by different models based on different areas

and seasons.
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APPENDIX A

Flow Chart of Subroutine VRANI
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APPENDIX B

VRANI Symbols and Definitions

AD Diameter of receiver aperture in meter (m).

ANGLE Initial zenith angle in degree

BI Covariance of intensity

BL Normalized covariance of log-amplitude

EX Covariance of log-amplitude

CN2 C2 - structure constant of turbulence
n

DD the ratio of the distance from point calculated to

receiver over total path length.

DH Height interval of slant path integration

DS Distance from point calculated to receiver

DT Same as DS, especially used in the downward long

path calculation

DZW Difference of height between two near layers

FR Fresiiel zone in meter (m)

GD Aperture averaging coefficient

HMIN The minimum height of a downward path

HW Height corresponding to the point calculated

Hi Height of transmitter (and receiver for horizontal

path)

H2 Height of receiver

-I
IV wavenumber in cm

JMIN the layer index of the minimum height for a downward

pith
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RANGE Path length in kilometer (km)

VR Variance of log-amplitude

VRI Intensity deviation

PVR Power variance

DSW Path length in a layer

WH2 Height of receiver in meter (m)

WL Wavelength in meter (m)
-l

WK 2n/X , wavenumber in m

WRANGE Path length in meter (m)

WV Intensity variance without approximation

XWL The lowest height of a given path in a given layer

XW2 The highest height of a given path in a given layer

hid-_
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APPENDIX C

Listing of Subroutine VRANI Program

SU9RCUTINE VRAN1(IV) Ave j001
C Af R too
C T1NZ SU*WQUTINE 15 TO CALCULATE ThE VARIANCE OP INTENSITY Ave .303
C DUE TO TUkBLJLENCE ANU TME CALCULATED STANOARO UEV!ATION CAN 8E AYR 00'4
C USED TO DEFINE m'ZOI4 BOUNO AND LUW BOUND OF TRANSMIZTTANCE AYR 605
C AYR aGb

COMMON /CARO1,MOLIALIYPEPtqM2M, 4'!SR Ave 007
1 lT0OUNDI~tA3N,!VULCN,VIS AYR eat
COMMON iCARU2/ ,JMaANGLE,RANGC,8ETA,MINRE,AU Ave e8q
COMMON /CAR03/ Ave 818
COMMON ICNTRL/ 6ENST , MASM, J , JI,JP, JMtN, JEXR At L i PMAXtNLL NP1 AVR atl
1. IFINUNL, IKLO AYR 01
COMMON /WANG/ $2,4jSW(34),VZA(34)fAW1(3),X"Z(34) 4VA a13

COMMON /VWANj YRI AYRai

MNSM101000.4*I AYR 01b
AANG~lQANGE.1eld0 * AYR W1

C~.GaAVE i11
Py R ai 16 AVO 01

WL6,411VAVR 022
PFF0(WL*WRANf.E)%..a Ate52

VKSI(.(7.b~JAVP Z24

AYR E

IF(ITYPE NE.1) GO TO 20 AYR .Z27

AVQ e3lA
IFYUI.GT.CN2.4,A NGeo.(1/b Ave e3

YS.0.tAVO 03
YOVWOUY AYe ;35

ZPCY.GIi~82 G TO11AVR 431

GOA.L..01 TO TO? AYR dA3

IFCOY.GEL1.Yl03 GO TO 1 AVE Z41

GO TO 07 AVR 443

11 CONTIlnuE 2,/R Ave Z44S

Z 3L YEA0Z 058
GU TO 17'dE-1 AYR W5

18 CONTINUE AYR .53
PVRSPVWia~b,/0I AYR 05.J
tivetyKp(4.00YRvE19 Ave '655
GO0h0VR/.V AVE 'eia

VkIGVI#G09Q.5Ave "
GO TO 91 AYR eta8

2,4 IF(ANGLE.GT.9V..) Go tO 37 AVi 'J54
C 6,10 lb
C VAkIANCE CALCWLAtION FUK 0imrNwVANO *rAT" 4.0 ;S
C ?628b
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C)U 3S IJ, 1 4 b
LVI8?

Dy l1.~.50 GOu iah II 7

.;L VR bo

C)U 33 Ija1,aARid
-5(1)2bwcl)ULVL 384ea?
IP(Xwl~l).LE.2S,3 GO"U2 AR 7

IP' X~ 9( .E.W,0 YP)E .3 606(I LVI 22 YR 0
! *HG660.qiT)3rot w LVI 75

23 41K( x wa ( 1 9 1 j I WV1 0/ O A V* LJ9

M. a ~ V LVI *O. YR3

10 C(J T t~ . 9 0d0.AU IT F.E 2 I (69 6
IPNLG.9b0o GO4 TO3 R;6

GOu TO 21AR 9

0 . /0 *YR 41

21 GaW.0 VIP 448

(31 ToBXI#C2 , 31) Lvo ;499

rF ),U.LE.4.J) ) ao AYRwCI P.I 102
3 1Oxso *v*p.5a2*. (.qI~G~ AVR,.'CL2~.~jd-vv 1133I

Dsu--. AVI j 189

33 CUNJTtNut AYR A105

IF(hh.LE.J.)41 G5Ob ON~4 l 30LIR 2012
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