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1. INTRODUCTION

A variety of modern military systems used for comunication, navigation, and surveil-

lance depends upon transmission of radio signals through the ionosphere. Thus, description

and understanding of ionospheric structure in scale-size regimes that can distort trans-

ionospheric radio waves dre research topics of interest to several elements of the Depart-

sent of Defense. Moreover, high-altitude nuclear plasms become structured under the

influence of various instabilities, and the resulting striations scautter radio waves to

produce phase and intensity scintillations.

As a result of the common physics underlyint tie scintillation phenontnon arising in

both the naturally disturbed and nuclear-perturbed ionosphere, the Defey se Nuclear Agency

(DNA) and its community of contractors have developed considerable expertise in describing

the plasma structures, resulting scintillations, and pursuant effects on radars and coluS-

cation systems. Among the techniques used by the DNA community in studying scintillation

effects has been propagation of radio signals through structures that develop in non-nuclear

plasmas, including transmission of carefully designed signals from the DNA Wideband satel-

lite through the naturally striated ionosphere (Fremouw et al, 1974; Rino et al, 1977;

Fremouw et al, 1978).

Signal-statistical aspects of the Wideband results (Fremouw' and Miller, 1978) have been

applied to systems evaluations (Scott and Knepp, 1978), and the experiment has provided

= guidanci to propagation theorists tailoring their wcrk to the solution of relevant engineer-

ing problems (Rino and Matthews, 1978). In response to a specific system need, DNA con-

tracted Physical Dynamics to suemarize a portion of the Wideband data base by com-•itting it

to an applications-oriented computer model. The task set forth was to develop a model,

based on Wideband data from ?oker Flat, Alaska (64.8* invariant; 65.1* N, 147.5* W), to be

used for engineering evaluation of effects to be expected from auroral-zone scintillation.

This document is the final report on the contract let to accomplish that task.

The model code, WBMOD, is based on earlier work by Fremouw and Bates (1971), Fremouw

and Rino (1973), and Fremouw et al (1977a). The code's structure and the phase-screen

scattering theory (Rino, 1979a) underlying its scintillation calculations are briefly

described in Section II. The irregularity model that forms the heart of WBMOD is presented

in Section III. Simple running instructions are given in Section IV, and the report is

concluded in Section V, which includes caveats about applications and plans for further

improvement of the model.



It. OVERVIEW OF WAMOD

A. STRUCTURE OF THE CODE

The predecessor of Program WBMOD vas Program IOMSCNT, which was described in detail by

Rino et al (1978). There are two major differences between WBIOD and IONSCNT. First, the

new code is mach simpler. Second, WBMOD contains the best available mathematical descrip- [1

tions of the shape and strength of scintillation-producing irregularities in the auroral

zone, contained respectivily in Subroutine MDLP1RM and Function CSL. The bulk of the work

under this contract was directed at development of those descriptions by means of iterative

modeling against Wideband Satellite data from Poker Flat.

Figure I is a flow diagram of Program WBMOD. Upon initiation of the program, the user

is asked for information regarding his computational scenario. The requested information

includes parameters of the user's system, such as operating frequendy and the reciprocal of

a high-pass cutoff for phase fluctuations (i.e., the longest time over which the system's

mission requires phase stability). It also includes other aspects of the intended oper-

ation, such as transmitter and receiver location and time of day, plus characterization of

the general state of solar-terrestrial disturbance by means of sunspot number and planetary

magnetic activity index, K . Finally, the user specifies one of his input quantities as the

independent variable (e.g., transmitter location or time of day). Various indicators of

scintillation strength (i.e., scintillation indices), which are described fully in Section

IIB, are calculated as functions of the selected independent variable.

Control of WBMOD computations is quickly relinquished by the driver program to three

major subroutines, READIN, SCINTl, and SCINT3. In addition to calling for program inputs, H
READIN controls many of the computations that are peripheral to calculation of the scintil- K

lation indices themselves. Since scintillation severity is highly geometry-dependent, much

of the code is involved in geometrical computations, and some of these are controlled by

REAMIN.

Among the parameters that the user may choose to vary are the receiver or transmitter

latitude/longitude coordinates (RCRD and TCRD respectively). This may be done either in an

incremental but static manner or in an orbital mode (ORBT), in which the scanning motion of

the line of sight is taken into account. (In all modes but ORBT, scintillation is taken to h

arise solely from drift of ionospheric irregularities across a stationary line of sight.)

If one of the moving-terminal modes (RCRD, TCRD, or ORBT) is chosen, the first calcu-

lation determines the azimuth and great-circle angle between the start and end points; this.

computation is performed in Subroutine AZNGCA. In the two CRD modes, the terminal position

6 ".-,. 4
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Figure 1. Flow diagram for Program WENOD.
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is incremented by the number of steps specified by the user. In the ORBT mode, it is moved

in equal increments of time along a circular orbit at a user-specified altitude, by means of

Subroutine FINDORB and its subordinates, Functions SLAT and SLON and Subroutines SRCHT and

SRCHH.

Whether the variable parameter is a terminal location or some other independent vari-

able (eg., Kp or sunspot number), its incrementing is controlled by READIN. The first

implementation of the irregulnrity model is made by means of calls to NDLPRM, which cal-

culates all parameters describing the irregularities except their strength. Simple models

for irreguiarity drift velocity and heiRht of the scattering layer, upon which the line-of-

sight scan velocity depends, are invoked at this time to complete certain geometry calcu-

lations.

If the user has not specified an irregularity drift velocity (i.e., if he has defaulted

by entering "model" when asked), the code will employ the rudimentary drift model contsined

in MDLPRM. If the user has selected the ORBT mode, the drift velocity is added to the scan

velocity calculated in Subroutine VXYZ and its subordinates. The scan velocity dominates

over the drift velocity in typical low-orbiting scenarios, in which case the drift is not

very important.

While the geometry is calculated in geodetic coordinates, all of its aspects that 1
control radiowave scatter and the development of scintillation must account for orientation

of the geomagnetic field. Thus, MDLPRM and VXYZ rely upon Subroutine CCFLD, which sets up

calls to the International Geomagnetic Reference Field (Trombka and Cain, 1974) contained in

Subroutine IGRF and its subordinate, Subroutine SPHRC9. In addition, READIN calls Sub-

routine COORD, which locates incremented points aloc a great circle, and VXYZ employs

plane-geometry infort,.ation from Subroutine ANGSD.

As READIN increments the calculations, it also checks for completion of the number of

increments specified by the user, whereupon it calls on Subroutine PUTOUT to list the

computation results in an output file. Until completion is accomplished, READIN passes

control back to the driver during each increment cycle, and the driver calls Subroutines

SCINTl and SCINT3 in sequence to carry out the main scintillation computations. Table 1

contains synoptic descriptions of all WBMOD subroutines and functions.
H
I;

B. THE SCINTILLATION CALCULATIONS

Subroutine SCINTl plays a preparatory roll for calculating the scintillation para-

meters. Its two main functions are (1) to establish the scattering geometry at the iono-

spheric pen-tration point of the line of sight and (2) to provide the strength of scintil-

lation-producing irregularities at that point, calculated from the model as Function CSL.

8



7jTable 1

Subroutines and Functions in Program WBMOD

__Name Synopsis

V WBMOD Driver Routine.

READIN Calls for inputs from user and certain subroutines, and in-
crements changing parameter(s).

AZNGCA Finds azimuth and great-circle angle between points 1 and 2,
using double precision.

FINDORB Finds circular orbit between two points at a given altitude.

SRCHT Finds orbital phase.

SLAT Computes satellite latitude.

SRCHH Finds hour angle of orbital plane.

SLON Computes satellite longitude.

MDLPRM Establishes all parameters of the ionospheric irregularity
model except height-integrated strength.

ERF Computes error function in double precision.

CGFLD Sets up calls to spherical harmonic model of geomagnetic
field.

IGRF Contains International Geomagnetic Reference Field model and
returns x, y, z components of field.

SPHRC9 Operates in conjunction with IGRF. H

COORD Finds point 2 given point I and azimuth and great-circle
angle between them, using double precision.

VXYZ Calculates line-of-sight scan velocity, using double pre-
cision.

ANGSD Plane-geometry routine. L
SCINTI Establishca scattering geometry at ionospheric penetration

point and ca•ls up information on strength of irregular-
ities.

FINDZ Calculates "reduced height" for one-way and two-way propa-
gation.

CSL Computes height-integrated strength of irregularities from
empirical model.

SCINT3 Calculates scintillation parameters using phase-screen
scattering theory.

GMKMA Gamma-funr ion routine.

CNUX Calculates normalization factor used in computation of in-
tensity scintillation inidex.

GEOFAC Calculates static and dynamic geometrical factors that in-
fluence scintillation strength.

9
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Table 1 (continued)

Subroutines and Functions in Program WBMOD

Name Synopsis

HYPGEO Calculates Gaussian hypergeometric function.

OSRTN Sets up integral to calculate phase variance, for finite
outer scale.

ROMINT Modified Romberg quadrature integration routine.

F Computes change of variable for efficient integration by
ROMINT.

PUTOUT Formats and controls output.

ACOS Computes cos in double precision

ASIN Computes sin in double precision.

TAN Computes tan.

ic..
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For its first task, SCINTI calls upon several subroutines used earlier. Subrozu:ines

used by VXYZ and READIN to deal with the changing geometry called for by the ORBT mode are

now used to calculate the instantaneouL scattering veometry for any mode. For instance,

AZNGCA now returns the azimuth and great-circle angle between the transmitter and receiver

(or a radar and reflection point), and COORD calculates the latitud.e and longitude of the

penetration point lying in that great-circle sector. The geomagnetic invariant latitude, ,

calculated in MDLPRM after its call to CGFLD, is passed to SCINTl from READIN through their

respective call arguments. As its final geometrical contribution, SCINTI calls FINDZ to

calculate a "reduced-height" parameter needed for establishing the size of the Fresnel zone.

The Fresnel-zone size, which is different for one-way and two-way propagation, is employed

for calculating the intensity scintillation index.

For its second task, SCINTI makes the code's only request for information on irregular-

ity strength by invoking Function CSL. The other key information about the irregularities,

which describes their three-dimensional configuration and height, has already been calcu-

lated by Subroutine MDLPRM and passed directly to SCINT3 in Common Block OMP. The contents of

MDLPRM and CSL will be described in detail in Sections III B and C, respectively.

The direct scintillation calculations are made in Subroutine SCINT3, which makes use of

the phase-screen scattering theory of Rino (1979a). The central quantity calculated is T,

which in Rino's original infinite outer-scale formulation numerically equals the power
Ii

spectral density of phase at a fluctuation frequency of 1 Hz. It is given by

T = X2 r 2  21 r01 C sL(sec O)G V (I)e (2•)2v+i1(+½ e ,

where = radio wavelength,

re = classical electron radius,

S= incidence angle of the propagation vector on the (horizontal) scattering

layer.

The gamma functions arise from normalizing the three-dimensional ionospheric spectrum

to the electron-density variance, <(AN)2 > , such that

= 81 3/2 r(v + ½) ( 2  (2)
S r(V a(2v-2)r - 1)

which is (to within a factor ab , which Rino chose to incorporate in the geometrical factor,

G) numerically equal to the strength of the three-dimensional spectrum at a (nonisotropic)

*Defined on p. 12.
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wave number of. 1 rad/m. The spectrum itself is taken to be of the form C K in the spectrals

regime responsible for scintillation, but to be held finite by an outer scale, O*.

The gauma-furnction arguments depend only upon the sharpness of electron-density

gradients, expressed as a spectral parameter given by

n-i (3)
V= 2 *

The correspondi- - one-dimensional (in-situ) spectral index is 2v-1 (Cronyn, 1970), and the

two-dimensional (phase) spectral index is

p2V . (4)

The height-integratee spectral strength of the irregularities, Cs L, is the quantity
obtained from Function CSL, and our model for it will be described in detail in Section III

C. Conceptually, C is a structure constant characterizing the irregularity strength, and L

is the (vertical) thickness of the irregular layer, but it is their product that is modelled

from Wideband data.

The two remaining quantities in Eq. (1), G and Ve, describe respectively the static and

dynamic aspects of geometrical control over phase scintillation. They are calculated in

Subroutine GEOFAC, which is called by SCINT3, as follows:

a b (5)

"VAC- B T4 coso

and

(CV2  BV V +AV2
V sx ax sy sy (6)ve A, B274

where a - field-aligned axial ratio (ratio of irregularity size along the geomagnetic field

to that normal to the field in a reference direction.),

b second axial ratio for describing sheetlike irregularities (ratio of irregularity

size in direction normal to both the geomagnetic field and the reference direction

to that in the reference direction);

and V 8 a foreshortened horizontal projection of the line-of-sight scan velocity calcu-

lated in Subroutine VXYZ and defined in Eq. (14) of Rino (1979a).

124 JI
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The geometrical factors, A, B, and C, which are defined in Eq. (41) of Rino and Fremouw

(1977), depend upon the incidence angle, 0 , and magnetic heading, • , of the propagationi vector in addition to a and b. They depend also on the geomagnetic dip angle, P, and on a
final irregularity parameter, 6, which is the angle that sets the reference direction for

defining b.

The physical fact accounted: for by the static geometrical enhancement factor, C, is

that the phase perturbation imposed on a radio wave propagating along an extended dimension

of irregularities builds up quasi-coherently, as compared with that for propagation along a

short dimension. The description of this fact depends upon the propagation direction

defined by E and *, the anisotropy of the irregularitier defined by a and b. and the
orientation of the irregularities defined by 4" and 6 . [

The physical fact described by the effective velocity, V., is that a low-pass spatial I
spectrum results in stronger spectral density at a given temporal frequency (1 Hz) not only
for greater scan velocities, but also for scans across short irregularity dimensions as

compared with long ones. Thus, V depends not only on V but also on 0, 4, ' and a, b, 6. A

high-inclination satellite observed from a high-lititude station typically moves rapidly

across field-aligned-irregularity contours for the same look angles at which its line of
sight is nearly parallel to the field. In th.s situation, the contributions of G and V to

e
Senhancement of phase scintLllation near the geomagnetic zenith reinforce one another, and

geometric enhancement is very strong. This combination of effects extends to a geomagnetic

east-west line across the sky for irregularities extended along L shells (Fremouw et al,

1977b; Rino. Livingston, and Matthews, 1978).

The fundamental outputs from WEI4OD are T and p, which respectively are measures of the

strength and spectral character of phase scintillation. The power-law spectral index, p, of

phase is obtained from Eq. (4), which ignores the effect of diffraction on the shape of the

phase spectrum. Diffractive alteration of p is believed to occur, but to be quite subtle

(Livingston et al, 1981), and the state of scintillation theory does not permit its calcu-

lation in general. MoreovE<. as we shall see in Section III B, we have modelled v (and,

therefore, p) as a constant because it is much less variable than other parameters such as

irregularity strength, CsL, and because little is known about its variability. The code is

structured so that future research results about spectral index could be incorporated in
Lq

Subroutine MDLPRM. At present, WBMOD employs a value of 1.25 for V and outputs the

corresponding value of p (2.50).

13

.. . .. ...... , , • '.... . ." ,. *L.~*" " '-". ---.....- -.

, -" -:. , . . . . . , , • ., • : . . .



Unlike p, the strength, T, of phase scintillation is highly v.'riable. The lar-,k

majority of WBMOD is given over to calculating T and two commonly used indices of scintil-

lation activity based on it, ne'for phase and one for intensity. The scintillation index

for phase is simply its standard deviation,(', , which may be calculated by integrating the

phase-scintillation temporalspectrum, M, as follows:

2 fd T df (7)fC fc (f 2 + f2)p/2
fC fC 0

where

fo V /2 ir " (8) .e

(The outer sadale, ia, is measured in rad/mn in .the field-normal reference direction used in

defining a and b, at the 2 -point on the !n-slitu power spectrum:)

In Eq. (7), f is the lowest phase-fluctuation frequency to which the system is

sensitive. For instance, in the Wideband satellite experiment with normal processing, fc

was 0.1 Hz (Premouw 6t al, 1978) as set by phase detrending. In a coherently integrating

radar, it would be the reciprocal of the time over which phase coherence is required. For

systems not sensitive to phase instability in the propagation medium, f is effectively
c

infinite, and the effective o is zero.. f

Equation (7)2 may be evaluated for three ranges of the ratio fc/fo, as follows:

c C >>
(p-1) ; f (9a)

0

2 T (l-p) f 1

2• -f F - 1 (9cb)
, 2 1;(o fo

0 ' F (9c)

where 2 F 1 , is the Gaussian hypergeometric function. Unfortunately, an analytical evaluation

of Eq. (7) has not been found in the range f /f Z 1.
c 0

14!



The ionospheric outer scale, a, is sufficiently large that Eq. (9a) is quite valid over

the range of effective velocity, Ve, encountered in the Wideband experiment, and we have

employed it for much of our modeling. Moreover, the magnitude and variational behavior of a

are not known. While the outer scale appears to be quite lazge compared with the spatial

windows of a number of ionospheric experiments, there is no assurance that Eq. (9a) is valid

for all systems in all operating scenarios. Accordingly, SCINT3 contains an efficient means
(Subroutine OSRTN and Function F) for numerically evaluating Eq. (7), so that the code is

not restricted inherently to application in the infinite outer-scale limit.

We have established that Eq. (9a) overestimates a by no more than 0.1% for f /fo 2G.

The fc/f ratio is calculated in SCINT3, and a is calculated directly from Eq. (9a) far

ratio values greater than 20. For values of 20 or smaller, SCINT3 calls Subroutine OSRTS for

Snumerical evaluation of Eq. (7). At present, a is set at a very large constant value (106

m), so Eq. (9a) is emnloyed in any likely application. An option is provided for the user

to override this default value should he want to investigate the effect of varying the outer

scale. The main reason for coding Eq. (7), however, is to prepare for ready inclusion of any

new results on the ionospheric outer scale that may be yielded by research programs.

The scintillation index for intensity is the ratio, S4, of the standard deviation of

received signal power to the mean received power (Briggs and Parkin, 1963). Unlike a , its

relation to T is set not by a system or ionospheric parameter, but by the diffraction process Is

that gives rise to intensity scintillation. For weak to moderate levels of intensity" 2 12
scintillation, S is very well approximated (Rino, 1979a and Fremouw, 1980a) by

S2 T Fv-

S42 =c(V) T - z -ý (10)
Ve

where

2 3v-½ 2v+½ cos Tr( - . h
= r ~ ) o s - ; v 0 1 . 5 ( ll a )

-r(v) Co r
- 16 TO ; v = 1.5 

(11b)

F a b F (i 1; 1~ (12)_VA C''v 2F 1 (2 2; 1; ll (12)

and Z sec (13)
4?r
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In the foregoing, A" and C" are geometrical parameters derived from A, B, and C by means of a

coordinate rotation (Rino, 1979a), and z is the effective "reduced height" tincluding ti
correction for wave-front curvature and curved-earth geometry) of the irregularities.

The two geometrical enhancement factors, C and Ve, that appear in Eq. (1) divide out of

Eq. (10). The Fresnel filter factor, F, behaves in a fashion similar to G, however, and

intensity scintillation also undergoes a geometrical enhancement. Nantheless, it is a

weaker enhancement than th*t experienced in phase scintillation, due to the difference in

Ve-dependence. In addition to describing static geometrical enhancement, F accounts for the

effect of diffraction, together with the Fresnel-zone parameter, Z.

Now, Eq. (10) is a weak-scintillation formula. For practical purposes, however, it may

be generalized to include the well-known saturation of S4 at unity by writing

2 2

S4 2 . - exp(-S 4  (14)

Equation (14) is exact for scintillating signals that obey Rice statistics (Fremouw and

Rino, 1976). Use of it ignores some effects of geometrical-optics focusing, which can drive

S4 modestly above unity (to 1.3 in rare and isolated instances) and which subtly alter the

signal statistics accompanying scintillation (Fremouw, Livingston, and Miller, 1980).

While considerable progress has been made in recent years on multiple-scatter theory

(Rumsey, 1975; Rino, 1979b), a fully general expression for S4 (the saturation behaviot of

which would depend upon v) is not yet available. Comparison of the behavior of S4 and ao, as

measured in the Wideband experiment, shows that Eq. (14) is quite adequate to represent the

behavior of S4 for presently identified applications of WBMOD, and it has been coded into

SCINT3.

The scintillation theory sketched in the foregoing discussion is well worked out for

one-way propagation. For phase scintillation, the adaptation to two-way propagation is

trivial. The round-trip propagation time is short compared with all other relevant time

scales. Thus, the radio wave encounters the same irregularities twice, which doubles the

phase perturbation and therefore quadruples its variance, a, and power-spectral density, T.

Accordingly, when a user chooses two-way propagation, WBMOD multiplies Eq. (1) by 4 to

obtain the value of T that is output and used in Eqs. (7, 9a, and 10).

Single-scatter considerations lead to a simple adaptation of Eq. (10) for describing

intensity scintillation in two-way propagation. The effective reduced range is calculated

for - scattering geometry that accounts for an image source and scattering region (the

ionosphere encountered on the downlink), as well as for scattering on the uplink. A full
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accounting for multiple-scatter effects in two-way propagation probably would be difficult

to attain in terms of simple phase-screen theory. These effects, however, probably would be

seen primarily in the time structure of intensity scintillation and in relative subtleties

of signal statistics, rather than having a significant influence on S4. We employ Eq. (14) as AI

a miltiple-scatter correction for two-way as well as for one-way propagation. V
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III. THE- MODEL

A. OVERVIEW

In order to calculate T, p, o0, and S4, one must have values for eight parameters

describing ionospheric irregularities. They ar' the height, h, and vector drift velocity,

od' of the irregularities; an outer scale, a; four "shape" parameters describing the irregu-

larities' three-dimensional configuration and spatial "sharpness", a, b, 6 , arnd v; and the

height-integrated spectral strength, CaL. In principle, one needs descriptive models for [I

all eight of these parameters. Fortunately, the degree of descriptive detail needed for the

parameters is quite different for the different parameters, depending somewhat upon the
application of restiltso .

Program WBMOD contains models for the above eight parameters, but the degree of detail

is very much less for some than for others. As alluded to in Section' I B, the "model" for

outer scale is a single, effectively infiniLe (10 i), constant value. An effectively

infinite value is the most realistic approach to providing useful outputs for known types of

users, given the current state of ionospheric knowledge, and subject to simple modification

for special studies if desired.

The "model" for ..rift velocity is almost equally rucimentary. In m/sec, it is as :1
follows:

Vdx = 0 (15a)

X, - 20-
Vdy a 50- 15(1 + erf m ) 3 40(1 + K )(p + eif m 0 (y3° p 30 lb

V dz = 0 , (15c)

where erf " error function,

m geomagnetic invariaut latitude,m

and where x, y, and z denote components respectively in the geomagnetic north and east and

the downward directions. Equat..-a (15) describes an eastward drift of 50 m/sec ".t the

geomagnetic equator, dropping to 20 m/sec at middle latitudes, and increasing with geo-

magnetic disturbance at latitudes above that, X b' of the high-lutitude scintillation boun-

dary. This description is in r'ied of review, especially at high latitudes. It has not been

revised under the present contract because it is of little importance for the main identi-

fied application. Users with phase-sensitive applications involving geostationary satel-
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lites are advised to make ue of the option provided for external specification of values

for Vd. (Drift velocity is of nu consequence for WBMOD application to systems susceptible

only to intensity scintillation, and of little importance in ever phase-sensitive lov-orbit

applications.)

A rudimentary description of the effective (centroid) height, h, of scintillation-

I produciug irregularities in the F layer also is included in WBMOD, as follows%

X 20-
h - 500 - 75(l + erf m ) km (16)

3o

That is, the equivalent phase-changing screen is taken to be at about the middle of the F

layer, 350 ki, except near the geomagnetic equator where nighttime scintillation seems to

arise in a layer extended to considerable height. During this work, some investigation was

made of the effect of layer height on phase scintillaticn, specdEiftlly by lowering it in

the auroral oval. A lower height clearly decreases T and because the slower scan through

the irregular layer decreases the effective velocity. (See Eq. 6.) No sound basis was

found, however, for changing layer height by means of comparison with phase-scintillation

data, which was the main thrust of the present work. A worthwhile improvement in Eq. (16)
might be possible on the basis of observed values of S /0•

With the relatively unimportant (for present purposes) and currently uncertain para-

meters (a, Vd, and H) accounted for, we ow consider the more systematic aspects of the

modeling procedure. Prior to the Wideband experiment, in-situ measurements of ionospheric

irregularities were generally reported as indicating a one-dimensional power-spectral index

of about 2, which would translate to a phase spectral index, p, of 3 and a value of 1.5 for

V. Our approach to scintillation modeling was predicated on being able to treat V as a

constant in contrast to the expected large range of variation in irregularity strength, CsL.

In view of Eq. (4), constant v translates to constant p, which was a Wideband post-

processing observable. Investigation of the occurrence of p values observed at VRV from

Poker Flat did show a rather narrow distribution (Fremouw and Lansinger, 1979), but the peak

was betweeri 2.0 and 2.5 rather than near 3, as expected. Further investigation showed that

the value spread was not random but rather well ordered.

Figure 2 shows the mean value of p observed from Poker Flat as a function of geomagnetic

L ( tan2 X. + 1). The peak near L a 5.5 (the value of the L shell passing through them
receiving station) is believed to result from st•itstical nonstationarity as the line of

sight scans rapidly through the region of geometrical enhancement in phase scintillation.

For a certain identified application of the codeý conservatism dictates erring on the high
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side if one is to employ a constant v value in the face of the behavior disclosed in Figure

2. Doing so also tends to offset the effect of ignoring diffraction vrought by employing Eq.

(4). Accordingly, the value of v employed in MIOD is 1.25 (i.e., p - 2.50).

With simple models established for outer scale, drift velocity, height, and gradient

sharpness (spectral index) of the irregul.rities, we are ready to consider the more variable

and, therefore, important parameters: a, b, and 6 for describing the three-dimensional

configuration of the irregularities and CaL for describing their height-integrated
strength. The three remaining shape parameters have been established for auroral-aone
irregularities by analyzing the geometrical behavior of scintillation as observed by means

¶ of Wideband at Poker Flat. The procedure and results are described in Section III B. By far

the most effort was put into modeling irregularity strength, by means of iterative compari-

sons with the data, as Aescribed in Section III C.

B. THREE-DIMENSIONAL CONFIGURATION

Irregularities known a priori to have sooe degree of magnetic-field alignment are

extended in a direction characterized by the dip angle, * . In a coordinate system thus tied

to the geomagnetic field, the three-dimensional irregularity configuration is characterized I
by a, b, and 6 . For isotropic irregularities, we would have a - b - 1, and geometrical

control of scintillation would reduce to a path-length effect measured as sec 0. "Rodlike"

irregularities displaying axial symmetry about the magnetic field (a I l,b-1) would produce

enhanced scintillation when the line of sight is nearly parallel to the field. Three-

dimensionally anisotropic (a > 1, b> I) irregularities produce enhanced scintillation near a

line in the sky dictated by S*

Pre-Wideband scintillation data clearly established field-aligr.ment of the irregular-

ities, with particularly large values of the along-field axial ratio, a, reported in the

equatorial region (Koster, Katsriku, and Tete, 1966). It has now been established that the

dominant irregularities iumediately poleward of the nighttime high-latitude scintillation

boundary are extended also in the geomagnetic east-west direction, as though layered likeL onion skins along L shells (Moorcraft atnd Arima, 1972; Singleton, 1973; Martin and Aarons,

1977; Fremouw et al, 1977b; Rino, Livingston, and Matthews, 1978). More recently, we have

established that these so-called sheetlike irregularities are confined to the night side of h
the auroral irregularity zone (Fremouw, Lansinger, and Miller, 1980).

Aligument along L shells is described by =0, and we have coded such a constant value

into WBMOD. (The value of 5 is immaterial for axially symmetric irregularities, and the

21
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only three-dimensionally anisotropic irregularities presently known to exist are L-shell

aligned.) To establish initial values of a and b prior to the iterative adjustments to be

described in Section III C, we performed the follovin4 analysis.

The entire available data base from Wideband pAsses over Poker Flat, which spans from

late May 1976 to mid February 1979, was scanned fcc: iighttime passes during which the line of
L4

sight came within 10° of the magnetic zenith. Using this criterion, 58 nighttime passes

were identified as near-meridian passes, for which the field-line axial ratio, a, is the

dominant geometrical factor that controls the strength of scatter. The distribution of

measured phase-scintillation index, a., with angle off the local magnetic L shell at 350-km

altitude, for these 58 passes, is shown in Figure 3, in which the geometric1lly-imposed

enhancement at grazing angles to the L shell is very prominent. We quantified the promi-

nence of this resonance-like enhancement by means of its width at l/v' times the peak value

of a For instance, for the data shown in Figure 3, the enhancement width is 10.

The geometrical enhancement for a given pair of a and b values can be calculated from

Eqs. (5) and (6), together with representative pass geometry. Several such calculations

were made, and the theoretical enhancement widths were scaled from the resulting plots of C

* a. off-shell angle. Figure 4 shows the behavior of enhancement width with increasing a,

for b fixed at 6, employing the geometry of nearly overhead daytime and nighttime passes.
IL

The observed enhancement width scaled from Figure 3 is plotted as an interesecting straight

line.

Also shown in Figure 4 is the enhancement width scaled from a plot resembling Figure 3

but obtained from 44 daytime passes on which the line of sight came within 100 of the

magnetic zenith. We noted that the enhancement width for near-overhead passes in the

daytime was essentially the same as that for near-meridian passes at night and concluded

that we could probably model a without diurnal variation. From the calculated curve in

Figure 4 and the observed enhancement width of 10', we inferred a value of 8.5 for a, subject

to iterative refinement after establishing b.

Recent refinement of our analysis technique, being performed for geophysical research

rather than for direct modeling purposes, suggests that there is some diurnal change in the

value of a at the latitude of Poker Flat. This effect could result from a lesser degree of

field alignment equatorward of the high-latitude scintillation boundary than poleward of it,

however, since the boundary usually is located well poleward of Poker Flat during the day.

Pending a possible future separation of latitudinal and diurnal variations of a, we have

coded the following simple model for at
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Figure 3. Observed distribution of phase-scintillation index, a, with
angle between the line of sight and t he local magneti4 L
shell for 58 nighttime passes nearly along the magnetic
meridian.
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Calculated (b 6)

0 daytime pass geometry

o nighttime pass geometry

Z- Daytime
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H
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Figure 4. Relationship between field-line-axial ratio, a, and width
of geometrical scintillation enhancement for nearly over-
head passes, showing observed width and deduced value of a.
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a 30 -ah (I + erf -20(17)

30

Equation (17) describes very elongated irregularities near the geomagnetic equator and a

field-aligned axial ratio of 30-2a elsewhere. Our initial value of ah was based on Figure 4

and slightly modified by iterative tests to be described in Section III C.

Since b is the ratio of irregularity size in the magnetic east-west direction (along

the L shell) to that in essentially the north-south (magnetic-meridian) direction (at high

latitudes), its influence on the geometrical enhancement increases for off-meridian passes.

Accordingly, we used passes to the east and west of Poker Flat for which the minimum angle

between the line of sight and the local field line was at least 300, to establish b. Again,

we separated nighttime and daytime passes.

Ascan of the nighttime data base revealed 86 passes between 0854 and 0939 UT to the 1
east of the station and 85 passes between 1154 and 1234 UT to the west of the station that

satisfied the minimum off-field angle criterion. The geometry of a pass near the center of

each of these time windows was chosen for calculating the expected geometrical enhancement

for several values of b, with the value of a fixed at 8.5. The minimum off-field angle for

each of these passes was 43*, with the result that a and b have essentially equal influence

on the enhanceme2nt and its angular width. It was for this reason that a was established

first, using nearly overhead passes.

Figure 5 shows the calculated enhancement width as a function of b for the two repre-

sentative pass geometries. Note that the difference in the geometry produces only about a

degree of difference in enhancement width. Similar differences are produced by differences

in specific pass, geometry within the two time windows, as indicated by the horizontal

uncertainty bars on the point calculated for b -=6.

The measured enhancement widths, scaled from histograms such as that shown in Figure 3,

were 15.40 and 14.80 respectively for the easterly (pre-midnight) and westerly (post-

midnight) data sets. These values are indicated on Figure 5 and correspond to b values of

4.5 and 5.3, respectively. The difference between the two is comensurate with the various

uncertainties, but the consistently broader enhancement as compared with near-meri-dian

passes does reveal that the average nighttime value of b at the geomagnetic latitilde of

Poker Flat is less than the value of a at the same latitude. We adopted b = 5 for the initial

model. Note in Figure 4 that a change of b from 6, which was used in establishing a = 8.5, to

the subsequently established b value of 5 does not measurably alter the deduced value of a.
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Calculated (a = 8.5)
Seasterly pass geometry

(3 westerly pass geometry

L4
Y Westerly Passes
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Figure 5. Relationship between L-shell axial ratio, b, and width of
geometrical scintillation enhancement for nighttime nasses
to the east and west of Poker Flat, showing observed widths
and accepted value of b. Horizontal uncertainty bars on
b = 6 point indicate spread calculated for range of geo-
metries included in data sets employed.
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It is commonly supposed that mid-latitude irregularities are axially synnetric (b 1),

but Wideband has shown that nighttime irregulerities in the auroral orecipitation zone are

not (b >1). The value of b established by the procedure described above is a kind of average

nighttime value nat the magnetic latitude of Poker Flat (65a), which .ften is near the

scintillation boundary between the mid-latitude and auroral ionospheres at night. I.

Unlike the situation with a, for which refinement of technique has been necessary to

uncover a possible diurnal variation, we have found clear evidence for such a variation in

b. Taking all daytime data from the nonoverhead pass corridors together, we found no
indication of geometrical enhancement. Again noting that such an effect might be caused by

a latitudinal rather than a diurnal variation, we determined to separate passes during which

the dayside scintillation boundary was (1) equatorward and (2) poleward of Poker Flat.
Initially, we attempted a separation by K index, again finding no indication of nonoverhead

Penhancement for any range of magnetic disturbance.

We noted, however, the possibility that boundary sorting by K might not uniquely i
p ;

separate poleward and equatorward boundary locations. We undertook, therefore, to inspect

pass-summary plots of ao for all daytime passes of Wideband over Poker Flat (Fremouw,

boundary could be identified with reasonable certainty as being equatorward of Poker Flat.

In only three such passes was there a suggestion of possible geometrical enhancement well

outside the overhead corridor. In no case was there truly convincing evidence. We con-

cluded, therefore, that irregularities on the day side of the aur3ral ionosphere are rod- H

like, and we coded the following model for b: A

[1 (T- 2] [1 + er ~ b]
S= I + bh I + T2Cos + err f b••

bh 12c (18)

Ii

where T = geomagnetic time, in hours.

Equation (18) describes rodlike irregularities over most of the earth, with the excep-

tion of the region poleward of the nightside scintillation boundary latitude, Abs Above the

boundary, the value of b changes smoothly from unity in the daytime to 4bh + 1 at night, ,3
peaking at that value 2 hours after geomagnetic midnight. The width of the latitudinal

transition is described by Xh' which will be discussed in Section lI C. The initial value

of bh was set on the basis of Figure 5 and then modified by iteration, as will be discussed

in the next section.
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C. HEIGHT-INTEGRATED IRREGULARITY STRENGTH 5
The parameters discussed in the previous section are modeled in Sjbroutine MDLPRM of

Program WBMOD. They leave only one of the eight irrvgularity parameters to be. described. It

is the most variable and, probably, the most important of the eight: the height-integrated

strength, C.L. The irregularity strength is modeled by means of Function CSL as follows:

vCsL E(X OX ,T,D,i) + M(X ,T) + HXOT K i,,) (19)
5 m g m mp

where Xm geomagnetic invariant latitude,

- geographic latitude,

T local meridian time,

D day oi the year,

-smoothed Zuri.ch sunspot number,
Tm geomagnetic time, ' •I

and Kp planetary geomagnetic activity index.

The three terms in Eq. (19) respectively describe the strength of equatorial, mid-

latitude, and high-latitude irregularities. The first two have not been tested, extensively

against Wideband data, and their development was not a part of the work carried out under

this contract. We shall consider only the high-latitude term, H.

The high-latitude term is based on the observation that there often is a more-or-less

abrupt boundary (Aarons, Mullen, and Whitney, 1969) between the mid-latitude region of

relatively smooth ionosphere and the high-latitude scintillation region. it is located,

typically, equatorward of discrete-arc auroras in the general vicinity of the diffuse

auroral boundary. The underlying forms of H stemis from the supposition that the instanta-

neous boundary latitude is normally distributed about a mean value, •b' for a given set of

Kp, and R. This supposition, together with other considerations to be discussed shortly,

yields the following form for H:

H- Ch(l + CrR) 1 + erf I b) (20)

where the C's are constants to be established by iterative testing of the model against

scintillation data, and where the error function arises from integration over the normal

distribution of instantaneous boundary location, which distribution has standard deviation

h (Fremouw and Bates, 1971).

h
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The multiplicative dependence of H on R stems trom (1) our observation at Poker Flat

that scintillation increased with advancing phase of the solar cycle during the Wideband

experiment (Fremouw and Lansinger, 1980) and (2) a consistent observation in the northern

polar cap by Aarons (private communication). In contrast, scintillation activity in the

polar seems rather unrelated to global magnetic activity, whereas the two are quite

directly linked at Poker Flat. (We shall return to this point in discussing our model for

the behavior of Xb ) Moreover, we have found that scintillation activity is higher for a i
given K in years of high sunspot number than in years of lower R (Fremouw, Lansinger, and

Miller, 1980), so the dependence of H on K and R may be modeled in separable fashion.

To establish the sunspot-number dependence of H, which is proportional to a through

Eqs. (M)! (7), and (19), we made a scatter plot of monthly averages of oa against R, as

illustrated in Figure: 6. Using nighttime data only, in order to minimize contamination from

sub-boundary scintillation, we found the linear least-square fit shown in the figure. From
the ratio of intercept to slope, C was evaluated as approximately 0.05. The linear fit

r

re the general upward trend of scintillation severity with increasing sunspot number

rather well.

At the same time, there is an enticing quasi-cyclic departure of the observed be- I
havior f rom the trend line. Since Basu (1975) found a marked seasonal dependence in
scintillation activity in the Greenland sector, we investigated the possibility that the

oscillatory behavior in Figure 6 may stem from a seasonal variation at Poker Flat. We found

no statistically significant seasonal pattern, a point to which we shall return in Section
V. We should like to explore the possibility that the departure from the linear trend is

related to reversals in the interplanetary magnetic field, but such an investigation is

beyond the scope of the present endeavor.

It is well known that the auroral oval and a variety of boundaries essentially

concentric with it migrate equatorward with increasing geomagnetic activity and poleward

with decreasing disturbance. The scintillation boundary participates in this migration and
lies at a higher latitude on the day side of the earth than on the night side, as do theI other boundaries. These facts about the scintillation boundary, together with the essential

independence of polar-cap scintillation from K control, are described by Eq. (20) in

conjunction with the following expression for the invariant latitude of the scintillation
£boundary:

7(T - ?

X b X •I kCKp -C btCos m12 (21)
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Figure 6. Sunspot-number dependence of nighttime, VHF phase-
scintillation indexc at Poker I']at. Ordinate values
represent monthly means.
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where X and the C's are constants to be evaluated.

The remaining characteristic of the "average" or "climatological" scintillation boun-

dary to be described is its width, Xh (i.e., the latitudinal extent of the region over which,

on average, scintillation severity changes from its low value in the sub-boundary "trough"

to its high-latitude value). In the iterative testing to be described soon, we were able to

obtain better fits to scintillation data by modeling the boundary as becoming more extended

as it moves poleward. This does not necessarily imply that the instantaneous boundary is I
less steep when it is at higher latitude, and indeed Basu and Basu (private communication)

report a rather steep boundary on the day side on the basis of in-situ plasma-probe data.

Thus, our modeling experience may stem from a less strict ordering of boundary location with

Kp on the day side than on the night side. Whatever the cause, we have found the following

description of average boundary width to be useful:

h= C X (22)
h hb b

where C was found by iterative testing to be 0.15.

nb

Equation (21) describes a circular scintillation boundary centered X1 - CkK degrees

toward the dayside of the earth from the geomagnetic pole. The line of symmetry passing

through the pole, however, is not the geomagnetic-midnight meridian, but rather is shifted

two hours after midnight. This shift is based on a finding of Basu and Basu (1981) from in-

situ plasma-probe data, which provide more continuous time coverage than does the Wideband

data population. (Scintillation and in-situ data are complementary in a number of respects,

the latter not providing any information on three-dimensional configuration of the

irregularities, for instance.) We found that imposing such a shift in Eqs. (18) and (21)

increased our ability to obtain simultaneously satisfactory fits to some of the iterative-

test data sets to be discussed next.

The bulk of our modeling effort involved establishing the utility of Eqs. (17)

through (22) and, more particularly, evaluating the constants that give them quintitative

meaning. Our procedure was one of iterative testing against VHF measurements of o from

Poker Flat. The model contained in Program IONSCNT (Fremouw and Rino, 1978) contained a

fifth term in the counterpart of Eq. (19), intended to describe an additive scintillation

contribution associated with discrete auroras. In individual Wideband passes, one does

observe localized regions of scintillation (most notably of phase), usually to the north of

Poker Flat, that are reminiscent of auroral arcs. During the course of iterative testing,

however, we found it unnecessary and cumbersome to account for these features explicitly in
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an "average" model. Apparently, their location is sufficiently variable (and their promi-

nence sufficiently infrequent) that they simply contribute unobtrusively, on average, to the

high-latitude scintillation described by the H term of Eq. (19).

Attempts to retain the fifth term, and simultaneously to decrease the height of the

modeled scattering layer in order to account for an E-layer contribution in the region of

discrete-auroral contribution, complicated the modeling without improving fits to phase-

scintillation data. tt may be that modaling on the basis of S4 /a would reveal such a

contribution, but we were not able to pursue such a possibility in the present work. Thus

the CJL model in WBMOD contains only the four terms included in Eq. (19), with the quanti-

fying constants iteratively set to match phase-scintillation observations by the following

procedure.

Inspection of Eqs. (17), (18), (20), (21), and (22) reveals the following eight

constants to be established for quantitative description of the three-dimensional con-

figuration and height-integrated strength of high-latitude scintillation-producing irregu-

larities: ah, bht Ch, Cr' x l Ck' Cbt' and Chb. Fortunately, as has already been di*eussed

in Section III B and earlier in this section, essentially deductive procedures were found

for establishing at least starting values for four of the eight: ah, bh, C, and Chb.

Starting values for the remaining four were available from IONSCNT and from an experience-

based intuition about behavior of the high-latitude ionosphere.

With starting values for the eight iterative constants established, the Wideband data

population from Poker Flat was divided into 22 subsets, 14 of which were used for iterative

model-building, with the remaining eigh. reserved for final testing. The division was made

on the basis of pass corridor and Kp. Since Wideband is in a sun-synchronous orbit, pass

corridors established for defining geometry could be parameterized by means of pass time.

The first two corridors to be defined were (1) nighttime passes for which the pass-minimum

value of the angle between the propagation vector and the geomagnetic field was 100 or less

and (2) daytime passes meeting the same criterion. These two corridors turned out to be

bounded in universal time (UT) by (1) 1018-1059 and (2) 1944-2022.

Local standard time at the station corresponds to UT - 10 hours. Following defini-

tion of the foregoing two overhead corridors, corridors well east (earlier in time) and well

west (later in time) of the station were defined for iterative modeling. They are bounded in

UT respectively by (night) 0854-0939 and 1154-1239 and by (day) 1739-1824 and 2039-2124.

For both day and night, final-test corridors were defined between the overhead and east

corridors and between the overhead and west corridors. They are designated as east-

intermediate and west-intermediate, and data from them were not used in iterative model
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building but rather were used as an indication of model fidelity after all iterative

constants were frozen. Some passes occurred outside the foregoing ten corridors, in corri-

dors designated as (nighttime) low east, northwest and (daytime) northeast, low west. These

corridors were relatively sparsely populated, and data from them were not used in model

development or testing.

Once the six geometry/time corridors to be used in model-building and the four to be

used for final test were established, the data in them were divided into the following three

K ranges: 0 through 2+ (designated low), 3- through 5+ (mid), and 6- and above (high). For

the low and mid categories of Kp, sufficient data exist for separation into all geometry/
time corridors. There were too few high-Kp passes, however, to make statistically meaning-

ful data subsets by corridor. Thus for high K , only two subsets were established (one for

daytime and one for nighttime). Finally, then, there were 14 data subsets for iterative

modeling (six each daytime and nighttime corridors for each of two K ranges plus two high-
p

K sets) and eight for final testing (two each daytime and nighttime corridors for each of
p

two K ranges).

For each geometry corridor, a representative pass was selected from near the center

of the corresponding UT range. The pass time and the beginning and ending latitude and
longitude for the representative pass were then input to W•BMOD, and the code was run in ORBT

mode. External software was employed to display the calculated value of a as a function of

invariant latitude of the F-layer (350-km) penetration point on a graphics terminal (Tek-

tronix 4025). The values of a measured during passes in each data subset were then sorted

into the same penetration-point latitude bins, and their average values also were displayed

on the screen.

For the WBMOD calculations, K was set at the middle value (1, 4, or 7) of the rangep

included in the data subset being used for comparison. For all iterative modeling runs, the

sunspot number was fixed at 50, which was set after calculating 52 as the mean value

encountered in the Wideband experiment (weighted by the number of data points available for

each incremental value of R). Sunspot-number dependence was modeled independently, as

discussed in conjunction with Figure 6.

With the independent va-iables (geometry, time, K and R) set, WBMOD was run and theP
result compared graphically with the corresponding Oa measurements from a given data subset.

The model constants were adjusted to provide better (subjectively judged) fits for each

representative pass. Initially, such iterations were performed for the low-K and mid-K
P p

data sets for each of the six nighttime model-building corridors. With interim values for

the constants set, a similar round of iterations was performed for the daytime cases.

Several iterations often were run at a single modeling session, comparisons being made with
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a number of data subsets. Periodically, hard-copy plots of all 12 passes were made so as to

permit simultaneous comparison of data and model results for all. Such comparisons yielded

strategy for the next iteration session. The objective was to find a set of constants which

simultaneously gave satisfactory fits for all 12 subsets plus the two high-K sets.
P

First iterations with the high-K sets were discouraging, the model generally over-
Pstating the level of VHF phase scintillation. As a result of other related work, however, a

deficiency in the Wideband VHF data population was found. Inspection of pass-sumary data

from very active passes revepled breakdown cf the linear wavelength dependence of o pre-

dicted by the phase-screen theory and otherwise observed. The breakdown invariably took the

form of a saturation in the measured VHF value. As a result of some early experience with
equatorial Wideband data, we suspect that the effect results from an inability of either the
Wideband receivers or, more likely, routine data-processing procedure to track large and

rapid phase excursions.

Whatever the source of breakdown in the wavelength dependence of reported 0 values,

it precludes interpreting the VHF data by means of the phase-screen theory of Rino (1979a)

to deduce characteristics of ionospheric irregularities, which is the essence of our model-

ing procedure. Accordingly, we reprocessed the entire Wideband sumary data base from Poker

Flat, substituting scaled UHR (or, in few instances, L-band) data for the "saturated" VHF j
values of o. As described ii detail by Fremouw, Lansinger, and Miller (1980), our method

was tantamount to selecting the lowest frequency for which the phase-screen theory was

demonstrated to be valid. This turned out to be VHF for 90% of the 35,223 measurements in

the population, UHF for 8%, and L Band for 2%. (A modest 247 points were totally rejected by

our procedure.) Our final iterative model-building and testing were performed with the

reconstituted data population.

Lest the reader be concerned that we have manipulated our data to fit theory, let us

re-emphasise the task at hand. It was to characterize ionospheric irregularities in terms

of equations coded into Subroutine NDLPRM and Function CSL, using the phase-screen theory

coded into Subroutine SCNT3 and CLOFAC. For this purpose, we must use data obtained under

conditions for which that scattering theory is valid. What we did was to select data from a

sufficiently high frequency that the theory was found to be valid by systematic test. If,

indeed, the phase-screen theory breaks down under severe scintillation conditionR, then

W•NOD results will not be valid at VHF under such conditions. The underlying irregularity

model is not brought into question thereby, however, and the code output will be valid at

higher frequencies. In point of fact, we believe it more likely that the Wideband data-

processing procedures were overwhelmed than that the phase-screen theory broke down, but we

have not proven this conjecture.
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Once we returned to iterative teoting after reconstitution of the VIH data base, we

obtained acceptable high-K fits simultaneously with fits at low and mid K with relative

ease. As related earlier, the solar-cycle constant, Cr, was not changed during iteration.

It was anticipated that ah and bh would have to be increased somewhat from their initial

values. This was expected because the values of a and b deduced from Figures 5 and 6

represent a kind of average value at the geomgnetic latitude of Poker Flat. If Eqs. (17)

and (18) completely describe the latitudinal behavior of a and b, then ah and bh must be

chosen to produce values of a and b well poleward of the boundary that are somwhat larger

than the values encountered at the latitude of Poker Flat, which is crossed by the boundary

in its migration*.

The deduction of 8.5 and 5 for a and b at Poker Flat's latitude, however, was

performed without regard to latitudinal variation of CsL. The iterative procedure, on the

other hand, permits simultaneous consideration of the behavior of the axial ratios and the
strength (albeit on a loes deductive basis). The iterative procedure produced a and b

values of 8 and 4 well poleward of the boundary and, therefore, somewhat lower average

values at Poker Flat's latitude.

The final values iteratively established for the high-latitude model constants are as

follows:

11 C h - 4.3 x 1011Xll 710 Cbt w .
bh 0.75 Cr - 0.0496 Ck 1.5 Chb - 0.15

The resulting model outputs are compared with their data counterparts in Figures 7, 8, and

9.

Figure 7 contains the six low-Kp (bottom) and mid-Kp (top) nighttime represent-

ative passes (solid) and data subsets (broken). From left to right, the passes progress in

time (and the orbital plane from east to west). The geome,rical enhancements are prominent

in both the calculations and the data sets, being located close to the latitude of the

station, at the point of minimum off-shell angle (subject to one-degree latitude resolu-

tion). The general increase in activity with increasing K is evident, and the differencesP
in enhancement between overhead and off-meridian passes and between pre-midnight and post-

midnight passes are reasonably well reproduced by the model.

In some instances, the model underestimates a to the north of the station. The

calculated value there is depressed by a decrease in Ve as the line of sight scans along

extended axes of either rodlike or sheetlike irregularities. It is tempting to introduce a

further latitudinal change in axial ratios (decreasing at higher latitudes) in an attempt to

improve the fits. There is insufficient information for reliably doing so, however, from
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the phase data only. Improvements may well be possible on the basis of S4 / /, but such an

effort was beyond the scopo of the present work.

Results for daytime passes in the overhead (left) and west (right) corridors are

displayed in Figure J. The east corridor produced rather short passes and did not contrib-

ute appreciably to the iterative modeling. Again, the low-K sets are at the bottom and the
p

mid-K sets are at the top. The total lack of a geometrical enhancement in the west corridor
p

attests to the diurnal variation in b, describing L-shell Alignment at night and axial

symmetry (in view of the enhancement in the overhead corridor) in the daytime. The general

level of scintillation is reasonably well reproduced, as it was at night.

The code overestimates daytime scintillation somewhat to the north of the station

in several instances. The gratifying degree of fit in the west corridor under mid-K P
condiLions, however, suggests reasonable fidelity ini the latitudinal description of irregu-

larity strength This casc is useful for that purpose because the transition region is

accessible from Poker Flat, and because complications regarding axial ratios do not arise in

this geometry.

Finally, the high-K results for nighttime and daytime are shown in Figure 9. For

very disturbed conditions (K P:6-), there were too few Wideband passes to maintain separ-
P

ation of the data population into subgroups by geometry/time corridors. Gcometrical and

time considerations were taken into account in the model calculations in the following way.

First, the number of high-K passes in each corridor was established, along with the average
p

sunspot number and K value for that small data subset. The code was then run for the
p

previously chosen representative pass geometry and time for that corridor, using the subset-

average valuies cf R and K . The resulting oa values in each latitude bin then were averaged
p

together after weighting by the number of data passes in each corridor. What appears in

Figure 9 as solid curves are these average calculation results for nighttime (left) and

daytime (right) independently, together with (broken curves) the observed averages from the

corresponding data sets.

The results illustrated in Figure 9 were used in the few final iterations of the

model cons~ants, but far less so than the data contained in Figures 7 and 8. In particular,

the rather satisfactory fit to the nighttime data in Figure 9 poleward of Poker Flat was

obtained with very little high-K p-based iteration. The overestimation of nighttime a in

the geometric-enhancement region probably is overstated in Figure 9. The data-editing

procedure we used for identification of saturated values in the VHF data population is based

on comparison with a threshold value for the wavelength dependence of oa • Thus, under

extreme conditions, some moderately saturated values most likely were retained in the data

population. The calculated peak, therefore, may be a better representation than the

observed-data curve would indicate.
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Figure 8. Comparison of WTBMOD (solid) results and observed values (broken) of
daytime VHF phase scintillation index. Left: overhead (morning)
passes. Right: west (late morning) passes. Bottom: 0<K C- 2+.

Top: 3-_5K _< 5+. No. of passes is indicated in the upper Pighthand
corner of Each grid. j
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Figure 9. Comparison of model results (solid) and observedii
values (broken) of VHF phase scintillation index I
for geomagnetically very disturbed (Kp 2 6-) night- I

!i ~time (left) and daytime (right) conditions. [

• ~The most striking and potentially significant deficiency in the nighttime model i

lies well equatorward of Poker Flat. In several instances, unexpectedly strong phase and
-. intensity scintillations were observed under magnetically disturbed conditions at an iono- 1

spheric penetration latitude of about 56* invariant. Quite likely representing a signature

of some form of convective instability at the plasmapause, this scintillation feature is

totally unaccounted for in the present model. An effort to do so has been propos d to DNA by

Physical Dynamics (Fremouw, 1980b).

The general level and latitudinal distribution of daytime scintillation under

high-K conditions seems rather well described by the model. Figure 9 is consistent with

the idea, however, that there may be a diurnal variation in the field-aligned axial ratio,

a, which is not described by the present model. As discussed in Section III B, systematic

analysis has disclosed a smaller average value of a at the latitude of Poker Flat in the

daytime than at night, but insufficient data were available to sort out reliably whether the

effect stems from a diurnal variation or from different values of a poleward and equatorward

of the scintillation boundary. Figure 9 is consistent with the former view. Unlike the

results shown in Figures 7 and 8, those in Figure 9 include passes from intermediate

corridors. They contribute to the geometrical enhancement indicated in the daytime model

result shown in Figure 9, and they are sensitive to the modeled value of a. Data from a

higher latitude station are needed to do a fully satisfactory job of modeling dayside

auroral scintillation.
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IV. USE OF THE CODE

Program WBMOD is structured for inte-ra.tive application from a user terminal. A sample

interaction is provided in Table 2, in which system queries are indicated in caps and user

responses in lower case. As indicated in the table, a computation session begins with a

request by the code for a label by which the run output is to be identified.. The label may

consist of any alphanumeric string of up to 40 characters. The code then permits the user to

make several choices, including whether or not to rely upon two relatively rudimentary

aspects of the model, which were discussed in Section III A.

First, the user selects either one-way (communication system) or two-way (radar) pro-

pagation and then the reciprocal of the low-frequency cutoff of the band of phase-

fluctuation frequencies to which his system is susceptible, which is used as fo in Eq. (7) or

(9a). Thereafter, he either provides values for the geomagnetic east-west outer scale of

the in-situ electron-density spectrum and for the drift velocity of ionospheric irregular-

ities or elects to let the code employ default values for them. (S9e the definition of outer

* scale following Eq. 8 on p. 10.)

Next, the code requests initial values for 11 potentially variable parameters thez

describe the operating scenario. Once the initial values have been set by the user, the code

inquires as to which computational mode is desired. The user may select any of the II

parameters just initialized to be the independent variable against which output parameters

are to be tabulated. Alternatively, either the receiver (radar target) or transmitter

(radar) may be stepped in latitude (north positive) and longitude (east positive) along a

great circle by typing in RCRD or TCRD, respectively, instead of a single variable name.

In all of the foregoing modes, scintillation parameters are calculated for each incre-

mented value of the independent variable(s) without introducing a line-of-sight scan. (That

is, scintillation is taken to arise only from irregularity drift.) Finally, the ORBT mode

may be selected, in which v.hie receiver or transmitter (whichever is higher) moves along a 14ý

constant-altitude, circular orbit, and scintillation results from a combination of line-of-

sight scan and irregularity drift. (In most low-orbiting applications, the former velocity I

dominates.) Whatever mode is chosen, the code now asks for the final value(s) of the

changing parameter(s) and for the number of increments desired between the initial and final

values.

A sample output, corresponding to the interaction contained in Table 2, is illustrated

in Table 3. Following a general headiag, the title specified by the user is printed.

Thereafter, his input parameters are identified, followed by the calculation outputs. The

first output is a single printing of the power-law spectral index, p, of phase scintil-
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*} ~Table 2 i

Sample Input Interaction Between WBMOD and User

WBMOD REQUESTS A LABEL FOR THIS RUN.

p9-50 simulation

DO YOU WANT ONE-WAY (1) OR TWO-WAY (2) PROPAGATION?
1 2 1n

STATE DURATION (IN SEC) OVER WHICH SYSTEM REQUIRES PHASE STABILITY (0.0 FOR
SYSTEMS NOT SENSITIVE TO PHASE SCINTILLATION)

10.0

ESTIMATE IONOSPHERIC OUTER SCALE (KM OR TYPE "MODEL" FOR EFFECTIVELY INFINITE
DEFAULT VALUE).

model I
ESTIMATE IRREGULARITY DRIFT VELOCITY (IN M/S FOR GEOMAGNETIC NORTH. EAST,

DOWN OR TYPE "MODEL" FOR KP-DEPENDENT DEFAUlT VALUE).

-100.0, 500.0, 0.0

PROVIDE INITIAL VALUES FOR FOLLOWING (IN MHZ, DECIMAL NUMBER, HOURS, DEG, OR
KM, AS APPROPRIATE):

OPERATING FREQUENCY (FREQ): 137.68

PLANETARY GEOMAGNETIC ACTIVITY INDEX (FKP): 4.

SMOOTHED ZURICH SUNSPOT NUMBER (SSN): 50.

DAY OF THE YEAR (DAY): 150.

MERTDIAN TIME AT RECEIVER OR AT RADAR TARGET (TIME): 2.4407

LATITUDE OF RECEIVER OR TARGET (RLAT): 65.13

LONGITUDE OF RECEIVER OR TARGET (RLON): -147.49

ALTITUDE OF RECEIVER OR TARGET (HR): 0.195

LATITUDE OF TRANSMITTER OR RADAR (TLAT): 80.404

LONGITUDE OF TRANSMITTER OR RADAR (TLON): -82..718

ALTITUDE OF TRANSMITTER OR RADAR (HT): 1026.

SELECT CHANGING PARAMETER (ONE OF NAMES IN PARENS ABOVE OR TYPE "RCRD" OR
"TCRD" TO STEP RECEIVER OR TRANSMITTER ALONG GREAT CIRCLE OR "ORBT" TO CAUSE
HIGHER TERMINAL TO PERFORM ORBITAL SCAN AT CONSTANT ALTITUDE).

orbt

PROVIDE FINAL VALUES FOR FOLLOWING:

LATITUDE OF TRANSMITTER (T•AT): 53.033

LONGITUDE OF TRANSMITTER (TLON): 177.546

SPECIFY NUMBER OF CALCULATION INCREMENTS (# OF POINTS - 1): 50

S41
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Table 3. Sample WBMOD Output.

F-LAYER-PRODUCED RADIOWAVE SCINTILLATION

CALCULATED FROM A MODEL DEVELOPED BY PHYGICAL DYNAMICS, INCý

BELLEVUE, WA 98009

THIS RUN IS P9-50 SIMULATION

REQUIRED PHASE-STABILITY DUATION - 10.0 SEC4

IONOSPHERIC OUTER SCALE: EFFECTIVELY INFINI TE

IRREGULARITY DRIFT VELOCITY:
-!00. 000 M/S NORTH 500.000 M/S EAST 0.000 MIS DOWN, Li

FREG a 137.68 MHZ KP INDEX - 4.0 SSN - 50 DAY OF YEAR ISO-. ,

TIME - 2.44 HOURS LMT A7 xqCEIVER
FOR FIRST ORBIT Pn7NT

RECEIVER COCRDINATES IRANSMITTEA COORDINATES
LAT - 65. .3 DEC LAT - 80.40 DEG

LON -- 147 49 DEC LON - -82.72 DEC
ALT - 0. 195 KM ALT a 1026. 000 KM

FOR THIS RUN, THE CHANGING PARAMETERS WERE:

TRANSMITTER LATITUDE AND LONGITUDE ALONG ORBIT

POWER-LAW SPECTRAL INDEX OF PHASE SCINTILLATION: P - 2 50

TLAT TLON T RMS PHASE(RAD) S4

1 80 398 -82 705 0,3989c-0! 1.297 0 49398
2 80 627 -87.312 0.3606E-01 1 247 0 48530
3 80.775 -92. 115 0. 3473E-01 1.210 0.47652

4 80, 899 -97.059 0,33186-01 .1. 183 0.46770
5 So. 937 -102.079 0.3214E-01 1 164 0 45889 •
6 80 906 -107. 103 0. 3141E-01 1. 151 0 45015

7 80 B12 -112.061 O.3084E-01 1 140 0 44157
8 80 652 -116.865 0.3051E-01 I 134 0 43321

9 80.431 -121. 520 0.3045E-01 1. 133 0 42519

10 80.152 -125 924 0.3052E-01 1 134 0.41761
11 79 822 -130.071 0.30OE-01 1 140 0 41056
12 7Y. 443 -133. 945 0.3127E-01 1. 148 0 40424
13 79. 023 -137 544 0. 3194E-01 1. 160 0. 39874

14 78 564 -140 074 0.32•1E-01 1. 176 0.39425
1I 78 072 -143. 946 0. 3405E-01 1 198 0. 39099
16 77 550 -146,775 0 3565E-O 1.226 0.38918

17 77 002 -149. 360 0. 376&E-01 I. 260 0. 38917

IS 76 432 -151.779 0.4043E-01 1.306 0.39127

19 75 041 -153 988 0 437SE-01 1 359 0 39593

20 7k 233 -156.026 0.4816E-01 1 425 0.40372

21 74.609 -157.909 0.5390E-01 1 508 0.41532

22 73 972 -159 6b2 0.616OE-01 1 612 0 43159

23 73 322 -161.267 0.7152E-01 I 737 0. 45357

24 72 a61 -162. 769 0.0537E-01 I 897 0.48247

25 71 991 -16V. 167 0. 1041E 00 2.095 0.51?65

26 71 313 -165. 470 0. 1300E 00 2, 341 0 56625

27 70. b2c -166 690 0. 1657E 00 2.643 0 62268

26 69 933 -167.832 0.2150E 00 3.011 0.68724

29 69.233 -168,905 0.2787E 00 3.428 0.75462

30 60 528 -169 914 0.350SE 00 3.846 0.81519

31 67.818 -170.865 0.4110E 00 4 163 0 85817

32 67 104 -171. 763 O. 4292 00 4 .154 0 87716

33 66. 365 -17w 612 0 392KE 00 4 070 0 87173

34 65 662 -173.410 0.3207E 00 3.677 0.84481

35 64.936 -174 183 0.2451E 00 3-215 0 80173

36 64.207 -174 910 0. 1607E 00 2. 760 0.74953

37 63.475 -175.603 0.1330E 00 2.368 0 69457
36 6.2.740 -176.;264 0.9786E-01 2.031 0.64092
39 62.003 -176 096 0.7273E-01 1.751 0.59041

40 61. 263 -177.500 0. 5433E-01 1 514 0. 54337
41 60.521 -176 079 0.4098E-01 1.315 0 49941

42 59 777 -178 635 0.3078E-01 1.139 0 45785

43 59 032 -179. 170 0.23155E-01 0 968 0. 41798

44 58.205 -179 684 0.1730E-01 0 854 0. 37924

45 57. 536 179. 621 0. 1277E-01 0 734 0. 34124

46 56. 766 179 344 0. 9263E-02 0 626 0. 30378

47 56. 035 171 8163 0. 402E-02 0 528 0 26691

48 $5. 82 171 437 0. 4611-02 0. 440 0 23069

4q 54.528 17,006 00 . 30741-0 0.360 0 19619

80 53. 773 177 569 0 19971-0 0 290 0. 1335
51 i3 017 177 164 0. 123W-0 0. 229 0 13301
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lation. Finally, columns containing the following information are provided: calculation

point number; changing parameter(s); the spectral strength parameter, T, for of phase

scintillation; the phase scintillation index, a and the intensity scintillation index, S 4.
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V. CONCLUSION

Program WBMOD combines the most useful scattering theory available for calculating -

radiowave scintillation with the best available description of the electron-density irregu- K
larities responsible for ionospherically produced scintillation. The theory is based on the

equivalent phase-screen representation of Booker, Ratcliffe, and Shinn (1950), formulated

to account for three-dimensionally anisotropic irregularities (Singleton, 1970) described

by a power-law spatial spectrum. The formulation employed was developed by Rino (1979a) in

the infinite outer-scale limit, but a means for dealing with the effect of a finite outer

scale on phase scintillation has been incorporated in WBMOD. Similarly, a means has been

provided for accomodating multiple-scatZar effects on intensity scintillation that should

suffice for practical applications.

The descriptive irregularity model is based on numerous observations (Fremouw and

Bates, 1971; Fremouw and Rino, 1978),but most particularly on observations of phase scintil-

lation performed in the DNA Wideband Satellite Experiment (Fremouw et al, 1978). The most

significant caveat about use of WBMOD, however, is that it has been calibrated quanti-

tatively against Wideband data from only a single station in the northern auroral zone(Poker Flat, Alaska). As described in Section III, the descriptive ro•del was developed by i

iterative comparison with most of the Wideband data population from Poker Flat, with a

portion of the population reserved for final comparative tests.

In Figure 10, we present model comparisons with two data set's not used in iterative

development. The data shown a- from the west-intermediate nighttime (left) and daytime V
(right) corridors, collected :,nuer moderately disturbed geomagnetic conditions (3- < Kp_

p
5+). The model was run for the geometry and time of a representative pass in each corridor,

using a K of Z. and a sunspot number of 50 (approximately the weighted-mean value for the
p

Wideb!:- experiment, as described in Section III C). The figure corroborates that the model

describes the general level and the main features of auroral-zone phase scintillation with L
rather satisfactory fidelity (within a factor of two, say, for multi-pass data sets).

As in Figures 7 and 8, there is so-- tendency for the model to underestimate nighttime

scintillation severity, esFz- laliy at ''. lowest subauroral latitudes, and to overestimate

daytime auroral-zone scintillation. Investigation of scintillation conditions at the

plasmapause and in the subauroral ionospheric trough should remedy the former deficiency,

which could be of operational significanrc- tinder very disturbed conditions (Figure 9). The

latter may be more difficult to deal wit' -c the shape of the daytime calculated curve in

444



Niht West Intertediate - Mid K DaY - West 1nte-ediate - I

.passe. 9 P"O

I " 3K__• 14 . .. . .8 ... .. ...

_______,N LAITD

Figure 10. Comparison of model results (solid) with
observed values (broken) of VHF phase scin-
tillation index from two dissimilar data
sets not used in iterative development of
the model..

Figure 10 is consistent with the suggestion based on its counterpart in Figure 9 that the

field-aligned axial ratio in the dayside auroral ionosphere is smaller than that included in

the present model.

In closing, we re-emphasize that users of the code should judiciously select options

according to their specific needs and according to the various model limitations described in

this report. The model ought to be most reliable for describing auroral-zone scintillation,

especially in the Alaskan sector. It has been far less reliably compared with observations

of equatorial scintillation. Moreover, it is much more reliable for phase-scintillation

calculations in low-orbiting applications than in geostationary applications. Users desir-

K ing phase information in the latter situation should consider providing their own estimates

of ionospheric drift velocity, although the code will provide default values if desired.

Finally, the model has been checked much more thoroughly against phase data than against

measurements of intensity scintillation.

A new contractual effort is being undertaken to extend and improve the irregularity

model in WBMOD. Emphasis is continuing to be put on phase scintillation at auroral lati-

tudes, but the effort extends beyond that particular topic. First priority is on describing

longitudinal differences in high-latitude scintillation and related seasonal effects (Basu,

1975). A concerted attempt also will be made to extend WBMOD's irregularity description to

the polar caps and the plasmapause, In conjunction with extension of ti ! model, its results

will be compared with intensity scintillation data as well as with phase data.
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