
•JT
~~ D_AO35 940 BOSTON UNIV MASS DEPT OF ASTRONOMY FIG tell

THE IONOSPHERIC F—REGION NtAR 60 DEG MAGNETIC LATITUDE: MONTHLY——ETC (IJ)
SEP 76 M MENDILLO, H BUONSANTO F19628—75—C—001e4

UNCLASSIFIED SER—II—N0—61 AFGL—TR—76—0233 ML.

1 2 1  ____________C - 

I_
__ _ _

__ 
_ _ _ _  

_ _ 
-..- I

_ _  

- - U
U.

p



r ~~~~~~~~~~~~~~~~~~~~ -. ~: :L. ç ~

~~~~~~~

~~~~~~~~i senduio 
- ‘

3
~
*0

~~~
nto -

D~ art~ nt of Astronomy
$QetOn University

5 ~~ - v.alth Avenue
~~~~eacbusetts 02215

Scientific Report No.2
tember , 1975 — 31 august, 1976

September, ].976

Approved for publ ic r iàaH; ,dtitribution utUimited. 
- 

~
. 

-

AIR FORCE GEOPHYSICS LABORATORY
AIR FORCE SYSTEMS - CC~IMMD . 

. - - 
- 

- .

UNITED STATES AIR FORCE - 
. -. 

-

HANSCOM AFB, MASSACHUSETTS 0L13e

~ ‘::~

• :
,.. • ~~~~~~~~~~~~~~~~~ -. .~~~ • - . , . ~~~~~ ~~~~~~ - -,~- t •

~~~~~~~~ ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ ~~~. ~~~~~ ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



_ _ _ _  

—~~~~~~~~~~ ~~~~~~~~~ —

~~~~~~~~~~ 

—

~~

-

~~~~

Unclassified
SECURITY CLASSIFICAT ION OF THIS PAGE ~~~~~ D.i. £nI~I.~~

I~S1~~U~~ L.I’ I BEFORE COMPLETING FORM~~~~~~~~~~~~~~~ e r i i n~~~i y A i i n~i bAv c lEAD INSTRUCTIONS

,Ø 7~~~G _ 76 —~‘233 17’ ~ 
GOVT ACCESSION NO 3. RECIPIENT S CATALOG MS!R

‘

~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
F R e ~ iOfl

) 

Ann

Mean Behavior and Substorm Effects ‘—

Dun n Winter Ni hts A.C.B.U., Ser II. No.61

_ _
_ _

I ERFORMING 0 NAM E AND ADDRESS 10 PROGRAM CL EMENT PROJECT . TASk
A RIA S WORK UNIT NUMBERS

Astronomy Department, Boston University 62101F ~~

725 Commonwealth Ave., Boston , MA 0 4~~~~)1O7 1’
I,. CONTROLLING OFFICE NAME AND ADDR ESS - -~~~

Air Force Geophysics Laboratory Se 
- 
J~~ 76 ~

Hanscom APB, Bedford, MA 01731 ‘~~~~
(‘flPJ1VPL . W)PJ! .i~~~ KLOBUCHARJLIR. 167. (1.~J .J(~7Lè

~4 MONITORIND AGENCY NAME S ADD WESS(,t d11t1 ...I NW.. CW.U.II.,.S Olbe.) IS SECURITY CLAFSI ~~~ .. ~~~~~~ 3

______________________ Unclassified

A/~ .1 i~~. D~~CLASSIFIC ATION!DOWNGRAOING

IS. N t Ihh. f~ pA ~t) 

~ 
ACCESS~~

Approved fo i i a e  ,1k.LL cibn unlimited mate $.ctju ~
EIC

a
JIETIFI~.ITL

I;. DISTRIBUTION STATEMENT (~ t N. .b.t,*yI ...t.,.dM BI,.S ~O. IS ditS..-...I h..,. R.po.Q

H 

CISTRIBUIIO /*VAILflILf~ CUES
IS. SUPPL EMENTA RY NOTES VA IL lAd/Ir $P~ IA[

59. KEY WORDS (C~nIk..~. 0,1 ~~~~~~~ .~d. IS fl•I IIOIV NW Id.nfISy by bI.rS ....,1b ,) 
— ____________

Ionosphere F-Region Peak Density —

F-Region F-Region Slab Thickness
Total Electron Content Substorms

ZO ABS T RAC T (CO..I&flI~. . ,... ~*. .id. II n.g...M y ...d Sd..nI,Sy by W,cb ,1. b•s)

~~~~~The aim of this study is to provide the f irst  detailed (
look at the morphology of the ionospheric F-region near a geo-
magnetic latitude of 60 degrees. This region is of consider-
able interest because it lies at the base of the geomagnetic
field line which forms the average boundary of the plasinasphere
the geomagnetic field-aligned envelope of co-rotating plasma — .~~~

DD ~~~~~~~~ ~473 
EDITION OF 1 NOV 55 IS OSSOLETE Unclassified

SECURITY CLA SI IF ICA TIO PI  OF THIS PAGE 5 WPIW. b0,W



- ., 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Unclassified
SECURITY CLASSIFICATION OF THIS PAOC(IRW. DSIS £aNnd)

C!6~ 4 . —> which extends to approximately four earth radii in the equator-
ial plane CL 4).

The observational parameters used in this study monitor
two different aspects of the ionosphere’s vertical electron
concentration profile, N (h). The ionospheric total electron
content (TEC) is the total number of electrons in a vertical
column of unit cross sectional area extending through the iono-
sphere. It is obtained by measuring the amount of Faraday
rotation a plane polarized wave experiences in traveling from a
satellite-borne radio beacon to a growsd receiving station.
The peak value of the electron concentration ’s vertical profile ,

• denoted Nmax).a thertj is obtained from ground-based ionosonde
measurements of the ionosphere’s critical (or vertical penetra-
tion) frequency,.aj~.F3-~- The ratio of TEC/Nmax is called the
ionospheric equivalent slab thickness,11—~ a first-order measure
of the shape of the Ne(h) profile. ~~.

An introduc tion to the relevant’parazneters and the physical
principles involved (Chapter 1) is followed by a description of
a computer model for ionospheric-plasmaspheric structure (Chap-
ter It). This model is used to show that Faraday rotation can
be meaningfully converted to TEC at L = 4 except under the con-
ditions of a severe trough , a condition which is primarily a
w.*eter storin-time phenomenon. This model also shows that gen-
erally during winter nighttime conditions at L = 4, Faraday
rota tion measures the total electr on content of a verti cal
column to heights greater than 2000 km.

Chapte~ III follows with a presen tation of avera ge con-
ditions at L = 4, obtained from over three years of Goose-Bay
TEC, St. John’s Nmax, and the equivalent slab thickness ob-
tam ed via t— TEC/Nmax. It is found that the general features
of the ionosphere are the same as those found at mid latitudes.

In Cha pter IV, a particular winter nighttime phenomenon
near L = 4, increases in Nmax accompanied by constant or de-
d ining TEC, is examined in detail. A statistical survey
covering 24 years of December foF2 data and two October to
March periods reveals that nighttime Nmax increases occur very
frequently during the winter, particularly in December. Com-
parable increases in TEe appear to be rare, i.e., these Nmax
increases are most often accompanied by decreases in slab
thickness. It is shown that vertical distortions of the

4 ionospheric Ne(h) profile are the major cause of this phenomenon
but latitudinal motions of the electron density trough may also
be important in producing this effect. These vertical and
latitudinal drift motions are attributed to an enhanced magnet-
ospheric convection electric field.
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1.1 The Ionosphere

1,1.1 DefInition of the ionosphere

The ionosphere is that part of the Earth’s atmosphere

wh ich contains a sufficient density of Ionized particles to

affect the propagation of radio waves. Based on this

def inition the Ionosphere can be said to extend from a

height of about 1.0 km to several earth radii (DavIes, 1965)

although the term ionospher e Is not commonl y used in

- i reference to heights above a few thousand kilometers, This

definition emphasizes the practica l nature of ionospheric

research, The density of ionization is only about one
p 

thousandth that of- the neutral particles yet this relatively

Ins ignificant component of the Earth ’s uppe r atmosphere has

made possible long distance radio communication and the

var iations in Its behavior are thus of interest to a wide

range of people. The

ionosphere not only has great practical significance but is

of interest also because of its scientific research value as

a conveniently located cosmic plasma laboratory for diverse

physi cal processes. Because of the effect on radio waves “f

the Ionospheric med i um through which they propagate, the

most common methods for observing the Ionosphere use radio

waves, and the most frequently used radio technique is that

of vertical sound i ng (see see, 2,3,1).

I 
•
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1.1.2 Plasma Frequency and Cri tical Frequency

The effect of i onospheric plasma on radio waves is due

to the electromagnetic nature of the radiation , The electric

field of the passing radio wave sets the light electrons

oscil lat ing at the frequency of the wave. The electrons

absorb energy from the wave and reradiate It, The electrons

thus act as forced oscillators, and like a block on a spring

they have a natural frequency of vibration known as the

-
~~~ plasma frequency, f~ , it is easy to show that:

= J~f~ ~ (1.1)

where fj 1 Is in megahertz and N s the electron density

measured In uni ts of 1O~el/cm
3 (Papagiannis , 1972). Thus the

plasma frequency depends Onl y on the electron density. If a

radio wave is inciden t verticall y at or below this plasma

frequency the wave is totally reflected while at frequencies

much lar ger than the plasma frequency the incident wave Is

transmitted wi th little attenuation,-

The concentration of electrons throughout the

Ionosphere is far from uniform, I t Is negli gible at the

surface of the earth, also very small a few earth radii

away, and reaches a maximum normall y between 200km and 500km

• 
I 

In hei ght. This heigh t is given the symbol hmax (or hmF2).

while the electron concentration at hmax is called the peak

dens i ty and given the symbol Nmax or NmF2 (see section
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1,1,3). This peak density corresponds to a “critical” plasma

frequency denoted foF2 (from equation 1.1), which is the

max imum frequency for a verticall y Incider. radio wave to be
- t reflected. The measurement of critical frequency through the

-1 
use of lonosondes (see section 2.3,1) dIrectly provides

Nmax, Because of this foF2 Is perhaps the most wi dely

studied ionospheric parameter.

1.1.3 How the Ionospher e Is Produced and

— Mainta i ned; Ionospheric Structure

The mai n constituents of the neutral atmosphere rare

atomic and molecular oxygen and nitrogen, atomic helium and

hydrogen, Helium is not an important constituen t below about

500km while hydrogen Is unimportant below about 1000km.
- Oxygen beg i ns to be dissociated above 100km by ultraviolet

radia tion, it then diffuses upward making it the dominant

source of ions in the F-region (see below). Molecu lar

ni trogen Is not readily dissociated but atomic nitrogen as
- 

well as nitric oxide is produced by the Ion-atom Interchange

- 

and dissoci ative recomb i natton reactions descr i bed below. 
- 

-

I n general, i ons and el ectrons are created from neutral

• j particles through the action of ultraviolet and x-ray

radiation, with a small contribution from cosmic rays. The

rate of production of t ons and electrons in the Earth ’s

upper atmosphere Is proportional to the number of neutral

I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — 
- -  ~~~~----~~~~~~~~ — -~~~--~~~~~~~~~~~~~~~ -- ~~ - --—- -~~~~~ -~~~~~~~~~~ - -- —



particles available to be Ionized and also to the I ntens i ty

of the ionizing radiation. At the greatest heights there is

very little gas to be ionized while below a heigh t of about

100km most of the IncIden t radiatIon has already been

absorbed. Thus the maximum production rate will occur where

neither the radiation nor the concentration of neutral

particles is vantshingly smal l ,

Loss of ionization by recombinatlon with Ions through a

rea ct ion of the form :

‘ At —. A (t.~.)

where A. Is an atomi c ion, will not conserve both energy and

-~~~ momentum except In the presence of a neutral th i rd particle.

The concentrations of neutral particles are sufficiently

large In the lower ionosphere CD-region , t-reg ion, and

Fl-regions) so that this direct recomb inatlon process is the

domi nant one.

The rate of recomb i natlon depends on ion and electron

concentrat ions, whic h are equal, and so i t depends on the

square of the electron concentration . Thus:
= — ct N

3 (1.3)

where  ~ is the recomb inatton coefficient.

Above the Fl—region lies the P2—region where the

4 . densi ty of neutral particles has fallen to very low levels,

so that th ree bod y col l is ions become extremely rare, Then

more complicated loss processes involving comb inations of

two body collisions between neutral particles, ions, and

_ _ _ _ _ _ _ _ _ _  ______•— —.-——- -~ -~~— — — —  —~-—— — -  —~~ 
— —  — ——--

~~-
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- elec trons, become most important. Notice that the reaction:

e i- —
~~ A + B (Li.)

will conserve both energy and momentum. This process is

known as dissocia tive recombination , Atomic oxygen ions are

often recombi ned wi th electrons by first undergo i ng ion-atom

-
~~~ in terchange followed by dissociative recomb i nation as

- fol l ows:
O~~+ t ~~ —~ ~ O~~ i! t\1 ( 1.5)

- !  ‘- ~~~~~ ~ 1- 0 (t .~
)

4 It can also first undergo charge transfer with

molecu l a r  oxygen followed again by dissociative

recomb m a t ion:
-

~~~ 0~ 
# 0,—’ 0 + (L7)

e + ~~~~ 0 + o (l .~ )
Equations (1,5) and (1.7) proceed more slowly than

(1.6) and (1.8). respectIve l y, because the concentrations of

neutral part icles are so low. Therefore, the upper

ionospheric loss processes are dependent upon the

concentrations of the neutrals, For these loss processes
j

then:
-

4

cit
wher e ~ is called the attachment coefficient . Equation (1.9)

- 
is in the form of a simple “attachment-l ike” process as if

electrons were lost by simply attaching themselves to the

J rare neutral par t ic les ,



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

H I
7

The continuit y equation describing N (t) Is:

~~~~~. =  c~ — L  (1.10)

where q is the production rate and L the loss rate. In his

classic paper (Chapma n, 1931), SIdney Chapman examined the

steady state case dN/dtao, whence gal. By making several

-
: other assumptions he showed that for

N = — z — secXexp~—~~ 
(LI 1)

H - while f o r q a L a _ ~N:

N~ NMut~p(I~ 
z — stc.YexpE.1)J (i.L~)

where x zenith angle, z — (h-hmax)/H wi th H — a constantI scale height.

The assumptions made, viz., an atmosphere with a single

constituent, plane stratification , a parallel beam of

monochromatic solar ionizing radiation and an isotherma l

atmosphere, limi t th. usefulness of Chapman’s theory, but

4 - Its value Is evident from Its continued widespread -use

particularl y in simple ionospheri c models.

The var i ous regions of the ionosphere seen during the

daytime are depicted In figure -1.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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H

figure I-]. A typical daytime ionospheric profile

from (Papaglannis , 1972).

While the production rate reaches its maximum in the

Fl—reg i on, the maximum concentration of electrons is found

in the F2—region where the loss rate Is so small that some

plasma remai ns even at night. Distinct 0, E, and Fl regions,

however, disappea r at nigh t, While the loss rate In the

- j  P2-region is low one would expect from (1,9) a steady decay

j  in the course of a nigh t, While the minImum va l ue of Nmax is

usually found JUSt before dawn, there is often not a smooth

ni ghttime decay. The prob lem of explainin g the maIntenance

of the nighttime ionosphere has been i nvestigated for many

years. One aspect of the prob l em— certain winter nighttime

i ncreases in foF2- will be taken up In Chapter k, 

~~~~~~~~~~~~~~~~~~ - -•
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1,l.te ionospheric variations : Trough, Aurora

Many ionospheric variations and “anomal ies” (so called

because they are not predicted by simpl e Chapman theory)

have been studied , I t would not be appropriate to even

br iefly descri be all these variations (see, for i ns tance

(Papagiannis , 1972), section 2.6), but a few of greatest

interes t to this study should be mentioned .

The seasonal anomaly and December anomaly are the

hi gher values of noontime foF2 in winter than in summer and

the generally higher foF2 in December than in other months,

respectively,

The latitudina l dependence of the electron density is

pr imaril y due to varying elevation of the noontime sun with

la t t tude. The mid latitude trough has a more complicated

interpretation, however, which will be discussed in section

1.3,2,

The 11 year solar cycle is a regular variation in solar

activit y as wel l as In the average intensit y of UV and

:1 x-radiatlon which Is accompanied by a corresponding

varia tion In ionospheric plasma density,

The dis turbed Ionosphere Is characterized by such

phenomena as:

Sporadic—E , which is the formation of a thin layer of

ioniza tion between 100 and l~e0 km in hei ght (Pi ke, Wagner

and Akasofu, 1975),

- -~
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Spread-F, the large spread In height from wh i ch . 
—

Ionosonde echoes are returned due to a “blobby” F-reg i on.

- ionospheric storms, si gnificant enhancements or

depletIons In Ionospheric total electron content and foF2

- 

often associated with geomagnetic storms (see section

1.3.3).

Aurora cause significant i ncreases in electron density

particular y In the E-region. While these phenomena occur at

-
~ high latitudes , they are often found at mi d-latitudes during

- 

occas i onal intense magnetic storms,

!~~

I; -
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• 1.2 The Ear th ’s Magnet ic Fie ld

For simpl ici ty, the Earth’s magnetic field is usually

approx i mated by a centered dipole , This approximation is

H nearly perfect at distances of a few Earth radii , usuall y

gi ves a value within 1% of the rea l field near the Earth’s

surface (exc ept durin g a great magnetic storm when the -

discrepency may be 3~), but becomes poor beyond about 8

earth radii or 1=8 (the equatorial distance expressed in

Earth radii is called the 1-value).

Some of the basic equations describ ing this centered

dipole magnetic field f o l l o w ,

B = -~~-(i + 3s;n m e)~ (1.13)
where B is expressed In gauss, ~ is the magnetic latitude , r

- - the equatorial distance, and Ma8,U5(~ ,OO2)x1Oa Sgauss, Al so:

tan t ~.t~nO (1.11-)
where I Is the Inclination of the field line with respect to

the vertical , One characteristic of magnetIc field lines is

that the Inclination remains constant for all field lines at

a given magnetic U~tltude,

For a given field line :

r ~ r~ co~ 9 = LRe cos~e (U S)
where r, is the distance to the intersection of the field

line w ith the magnetic equator, and Re is the Earth ’s

radius. For r Re:
cos~A —

~~~ 
( 1.I~ )

_ _ _ _  - -
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wherej\ls called the invariant latitude ,

Since r Re + ii

cos~A’ L1! h/Rt (1.17)
whereJ~ is called the generalized invariant latitude . For

ex~ nple at h l000km and L=k, A’ 57°28 ’. Figure 1-2 shows

some of the magnetic dipole geometry.

figure 1—2 Magnetic dipole geometry,

—-———-—

~

-——---
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1,3 The Magnetosphere

1,3,1 The Magnetosphere: Definition and Structure

The magnetosphere has been defined as: “...the region

above the ionosphere In which the magnetic fiel d of the

- . earth has a domi nant control over the motion s of gas and

H fast charged particles” (Gold , 1959). The lower boundary of

- 
- 

the magnetosphere, I ,e,, its boundary wi th the ionosphere,

Is traditionall y near 1000km (Parker , 19b8). Even in the

F-reg i on (near 300km). however, the presence of the magnetIc

3 field exerts a strong inf’uence on the plasma, re: the

“frozen fie ld” concept (Rlshbeth and Garrlott, 1969, page

24~e—5), and as we sha ll see in Chapter IV, the magnetic

field can cause substantial dri ft motions of the ionospheric

plasma, in 1959 the magnetosphere was though t to extend

about 10 Earth radii in the equatorial plane syninetr cally

with respect to local time. A more recent diagram showing

the remarkable progress In the scient ific i nvestigat ion of

the magnetosphere which has paralleled the advent of the

space age is gi ven in figure 1-3 ,

It was the effec t of the solar w i nd on the near ear th

environmen t which most radicall y altered the ori ginal

pic ture of the magnetosphere. The pressure of this solar

wind leads to a compression of the dayside magnetic field

line s and the long stream i ng open field lines of the

—- •
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geomagnetIc tall.

The boundar y on the nightslde between field lines wh ich

are always closed and those which are sometimes open has

been associated with the equatorial plasmapause, discovered

in 1963 (Carpenter , 1963). Using whistler data, Carpenter

found a sudden decrease from abou t 1O00el/on~ to onl y about

lel/cm1 at this plasma knee or plasinapause, Carpenter

studied the temporal dependence of plasmapause position and

found that near mi dnigh t it is located at Lak (Carpenter ,

1966). in the course of a day the plasmapause position was

seen to vary from a little over 1=3 to over 1a5 (see figur e

‘—4 ) .

-
-- - 

- 

-

-- -

0~

figure t-le Equatorial radius of the plasmapause

vs. local time during periods of moderate steady

geomagnetic agitation; (Carpenter, 1966). 
-

The variat ions in the position of the plasmapause have

been deal t wi th in the context of theories of magne tospheric

-~ -~~ — —- ~~~~—-— - — •— — C—---— S-.- — — —~~
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structure. Even before Carpenter ’s discovery of the plasma

“knees, Axford and Hi nes (1961) suggested that sursvard

magnetospherlc convection would be driven by a dawn to dusk
electric fIeld CE.,) caused by the interaction of the solar

wind wi th the magnetosphere. Nishida (1966) showed that a

convection pattern would develop with outward moving plasma

obtained from the draini ng of magnetic tubes of force which

open as they drift across the magnetic tall , and i nward

-~~ moving plasma obtained from the !xfl mechanism. The boundary

between tubes of force which open and those which never do

Nishida I dentified wi th  the plasrnapause, His convecti on

pattern Is reproduced in figure 1—5 Br l ce (1967) further

— : developed the theory of magnetospheric convection by

examinin g it from the point of view of field line merging,

SOLAR WIND

H~42 ,.....~ 

- MAGNETOSP$ERIC TAIL

fIgure 1—5 from (Nlshlda ,1966) 

~~~~~ 
. 

j
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1.3.2 Relation of the Ionospheric Trough to

• 
- 

the Plasma pause

Since charged particles are generally “tied to”

magnetic fiel d line s, the field line Intersect i ng the

equatorial plasmapause may be considered also to be the

three—dimens Ional boundary of the plasmasphere, a region of

much hi gher electron dens i ty than the outer magnetosphere.

This same field line Intersects the surface of the Earth at

the invariant latitude given by (1 ,’16). One then expects the

ionospheric plasma density to drop sharply at that latitude.

in fact deep ionospheric troughs are found at or near

plasmapause 1—values, Electron density may drop by a factor

of two wi thin 10km at a heigh t of 1900km. (see (Rishbeth and

Garriott, 1969), sec tions 5.52 and 7 . 51e), The term

plasmapause no longer refers merely to the equatorial

-j uknee,•s but is now generally used in reference to the field

l ine wh i ch serves as the plasmasphere boundary .

1.3.3 Geomagnetic Storms, Substorms and

the Pl asmapause

The general features of a geomagnetic storm may be

out lined as follows ,

A solar flare ejects a large cloud of plasma which In a

few days impI nges on the Ear th’s magnetosphere. The 

—- - ~~~~~~~~~~~~~~~~~~~~~~~~~ 
- 
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- - resul tant sudden compression of the geomagnetic field lInes

- usually causes a sudden Increase In the observed magnetic

- field strength known as a sudden storm cormiencement. The I-
I ncrease in magnetic fiel d strength Is referred to as the

- 
positive phase of the storm. Enhanced magnetospheric

convection leads to a buildu p of particles at about Isle

H known as a ring current which depresses the magnetic field

by hundreds of gammas (I. gauss 1O00~O gammas). This

- 
depression is referred to as the storm’s main phase. There

is then a gradual recovery wh i ch lasts 2 to 3 days.

A substorm has no positive phase and is distinguished

-f by a short main phase (1-3 hours). It Is believed that the

main phase of a geomagnetic storm is actually the

superposition of several substorms (Akasofu , 1968).

During magneticall y disturbed per i ods, the plasmapause

- is seen to move ear thward accompanied by a southward motion

of the Ionospheric trough. Carpenter (1966) found about a

six hour phase lag between Kp (a popular index of

geomagnetic activi ty) and I nward plasmapause motion. Brace

et. al. (197’.) noted that during the August 1972 geomagnetic

storm the plasmapause moved earthward from L k.5 to L 1 .9 at

the peak of the storm, Tulunay and Sayers (1971) completed a

statistica l anal ysis of over 1000 troughs which showed an -

i nverse correlation between kp and trough latitude. 

-~~~~~~~~~~~~~~~~~~~~~- 
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2,1 Descri pti on of a Model

- : for l onospher i c—Plasmaspheric Structure

2.1.1 Faraday Rotation
I

The i ndex of refraction in the presence of a magnetic

field and ionized plasma with ~ow coll ision frequency is

found from the fund amental Appleton-Hartree equation and s

H given by:

X (1 X )  (a l)— 

O— X -tY .~ t(~Y +(i-x)~Y~J~.

where X f: ff
& (2.2)

and 
~T Ys ln8, Y1 =Ycos8 (2.3)

wher e V a f4/f (2. le)

Here f ~ wave frequency and

f ~~~~~ — _ _ _

H ~~ T atmc
—gyrofrequency (2.5)

and 8 • propagation angle • angle between the magnetic field

and the wave normal. Un l ess 8 is close to 9U~ a cons i derable

simp lif ica tion can be made . We can take

*YT
4 

“ ( t _ x ) aY ~
whence:

-
- I t Y I.

Th is Is known as the “quas i— lon gitudinal approx imation.” it

is excellen t for 8<86 at f lOOMHz for instance

(Hajeb-Hosseinl eh, 1973). At lower frequencies it Is a
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-t 
- poorer approximation, of course, but Faraday rotation

studies are normally carr i ed out usi ng frequencies larger

than 100MHz so its use Is generally justified .

The magnetosphere is a so- called “magnetolonic” med ium.

Such a med ium, like a cr ystal, has bire-fringent properties,

i.e., a radio wave is broken up into two components, an

3 ordinary wave, and an extraordinary wave. The Faraday

rotation, a rotation of the plane of polarization of a radio

wave, Is best explained by using the fact that a linearly

polarized wave can be regarded as the sum of two circularly

polar ized waves rotating in opposite directions, one of

* which may be Identified with the ordinar y wave, the other

- - 
wi th the extraordinary wave. The ordinar y and extraordinary

waves have differ ent ind i ces of refraction correspondi ng to

the positive and negative signs respectively In (2.1) and

(2.6). We also have:

/4 : (Vi)

where ~~ is the phase velocity . Thus the phase velocities of

the two modes differ resul ting In a phase lag:

cifl 2 t(cI+. d+,) (a.8)
:4 where:

~~~~~~ ~~~adL~~~~~~~~~~~~ ait4~~~
.. ~~~~~~~dt

Aol V,h/f c,,sc
Thus:

~1n 2 _ _ _ _  (i.io) 

----—~~—-~~ - -- -- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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aut (2.6) can be approx imated as follows:

,M
a t 1~~ ~~~~ 

I—X (~;YL)
F 

~ wi)

H Then:
= I 

— t~((1-Y1.)

/
44

5 
:I_ t ~iI+Y,.)

Substitution i nto (2.10) gives:

cIfl~ ~~~ XY~.
Usi ng (2.2),(2.3),(2.5), and (1.1) -we arrive at:

aun’?~c~for 
(a.13)

here K • .236 In CGS units with B expressed In gammas.

From (2.13) one can see that know l edge of the Faraday —

rotation (~ of a radio wave transmitted from a satellite

provi des i nformation about the total amount of plasma

encountered along the ray path. it would be most useful to

translate the i nformation contained in (2.13) into knowledge

of a vertical column of standard cross section located at a

certain point along a slanted ray path. The number of

electrons in such a column is referred to as the total

electron content of the column (TEC). We will next outline

the techni que for derivin g the TEC from fl. 

- -~ ——- v— - ~~~~~~~~ -_ ~~~~ 
a__ _
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- - - - - - - 

- 
—



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

- ----1
L i

25

2.1.2 The Conversion of Faraday Rotation to

Total Electron Conten t

From figure Il—i we see that:

7
:

1 

i~~~~~~~~~~~~~~~

j

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

figu re lI—i

Thus:

- 
- .c~ 

= -
~~~~ ~~~~N(~~~ 

86,) ~~~~~ 0 set I 4k
(a.~4)

~ MN(k)dhc
where:

:1 1~~~~ B(~) cos 0 stc X (a.I5)

For a geostat lonary satellite (at r—6.619Re), the upp r

I limi t of the i ntegral Is usuall y taken to be 1000km or

2000km because of the small amount of Faraday rotat ion wh i ch

occurs in the plasmaspheri and beyond (Titheridge , 1972).

Over the small range from the surface of the earth to 1000

or 2000km, N changes slowly so a mean value Is taken

— —---- — --- — ---.-----—- ----- — - — —-- — —‘— — - —
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H corresponding to the heigh t along the ray path at wh i ch the

vertica l column is taken. Then:
- LI. ~~ A ~~~ N(h~~~Ih (a.I~)

The in tegral In (2.16) Is referred to as the equivalent

vertical TEC. In the absence of severe latitude grad i ents

H the equi valent vertical TEC would be expected to be quite
: 1 

close to the actual total electron content of the vertical

column.

A choice must be made of the height along the ray path

h(~) at wh i ch the vertical column will be placed This

choice is made on the basis of model studies (such as that 1~ -;

descri bed in the next section). The single heigh t is chosen

- 
at wh i ch the equivalent vertical TEC and the actual electron

content of the vertical column are in best agreement for a

H wide variety of conditions. i.e., solar cycle, seasonal,

- diurnal and lati tudina l variations, for ins tance, must be

examined by such a model.

:1 Usi ng such a model Tl theridge (1972) concluded that use

of h(R)—k2Okm wi th Faraday rotation measurements of

geostationary satellite signals (satellite at r 6.619Re in

the equatorial plane) would give the elec tron content up to

- 

2000km of a vertica l column to 5t accuracy for a wide

• variety of conditions . Little Faraday rotation is added

abovs 2000km. If one wished to extend the vertica l column to

the he i ght of the satellite, no single value of hCg) would
- 

suffice. This results from the high variabilit y In elec tron —  

-
~~~~~
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• density in these upper reg i ons due to the wide variations In

the heigh t of the O+/H+ transition level. This can l ead to

changes i n ~ by even a factor of four, corresponding to a

3000km variation in h(Th). Papaglannls et. al. (1975) showed

that the A value used to calculate the electron content up
— 

to 1000km from signals transmitted by a satellite at 1000km

is approximately the same (wi thin 1—2%) as the A value used

to ca l culate the electron content up to 2000km from signals

transmitted by a geostationary satellite .

- 2.1.3 Model Description

2.1.3.1 Model Outline

The computer model used in this study divides the

Ear th ’s envlromen-t Into two regions : the regions below and

above 1000km. in the lower region which may be loosely I -

ca l led the “i onosphere” we create a two dimens i ona l “rea l
-~~~

data” array by reading into the program data obta i ned from

the isi s II tops i de sounder satellite , In terpolating between - -

- the data points and adding a model bottomsi de profile. For

H the upper region (the “exos phere”) we can cal culate the

electron density at any location by usi ng one of two models, 
- I

each dependent upon conditions at a reference height

— (1000km). The choice between the two models : a

4 “co llisionless ” (r 4 ) model or a diffusive equilibr i um

‘1
- -. -S--- - 
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model, depends upon whether the point in question lies

wi thin or is outside the plasmasphere. The Faraday ro tation

and TEC accumulated along a ray path down to 1000km in

heigh t Is added up, and combi ned with that of the lower

- 
region. The Faraday rotation for the lower region Is

obtained by i nterpolating (or extrapolating) between the

“real data array” points. So by matching the two sections

1 one can follow the ray path from the satellite to the

H ground. The vertica l TEC below 1000km at var i ous poi nts

j along the ray path is calculated by the creation of a 51 by

51 “Interpolated” dens i ty array wh i ch divides the range of

la titude the ray path covers below 1000km into 51 vertical

- segments, one vertica l col umn through each of 51 height

steps of 20km.

- 

A more detailed description follows.

aL.~ _ 
_ _  
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- 1 2.1.3.2 “Exosphere”

- 

- 
Angeram i and Thomas (196k) studied theoretically the

distribution of plasmaspheric electrons and ions. For the

case of a constant temperature along a given field line and

- equa l ion and elec tron temperatures, their results give:

• ‘he~p(-z/4u1) ~~~~~~~~~~~ (all)
- 

- 

J

Here Neo a the electron density at a reference heigh t

(1000km in this study) along the field line. N(s) Is the

electron dens i ty at a given distance along the field line .

Hi is a constant scale height. t~aq1+r~2+q3 where the etas are

the rat ios of the ion densities hydrogen, helium and oxygen

H to that of oxygen. The parameter z, called the geopotential

hei ght, is given by:

z = R0{[1 — coc ,] + [cosLo~ 
~~~~ 

(a•ig)

where R~ Is the distance from the center of the Earth to the 
—

reference height, 9. is the generalized i nvariant latitude

at the reference heigh t, 8’ is the magnetic latitude of the

I given point along the field line, U i s the Ear th’s angular

veloci ty of rotation and g~ Is the gravitational

accelera tion at the reference l evel.

- 
In utilizin g these equations, the temperature (needed

- 

- for the scale height ) and the reference l evel concentrations

of electrons and relative Ion concentrations must be

— — —---~~ — --- -~~
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- -~ provided . The elec tron density at our chosen reference level

(1000km ) Is obtained by in terpolating linearly (or

extrapolating ) between the isis it rea l data points. For the

• ot~ier four parameters the follow i ng distributions were

assumed for the winter nighttime conditions we will be

cons i der i ng later (the ion concentrations are fractions):

temp • 1125.0 • 1050.0(A’ — 3O~0)/3U°.0 (1.19)

oxygen — 0.10 • 0.80(A’ — 33~.0)/22
’
~0

hydrogen a 0.82 — 0.73(A’ — 33’.0)/22’.O (2.20)

helium • 1 - oxygen — hydrogen

except that for A’(whi ch refers to 1000km) greater than 550:

oxygen — 0.90

hydrogen .09 (2.21)

helium a .01

The temperature relation was sca l ed from (Brace , Reddy,

and Mayr, 1967), while the composition formulas (2 .20 )  and

(2.21) were obtained , fol lowing (Mend Illo and Kiobuchar ,

1971e), from Mi l ls tone Hi l l data and f rom the observa ti ons of

Prasad (1970) at Ar ecibo. See also (Grebowsky et. al.,

1975). Studies such as (Taylor et. al., 1968) have shown

that ni trogen i ons are also a significant consti tuent at

hi gh latitudes . The compositions , how~ver, are only needed

by the model computer program Inside the plasmaspher e (never

at high latitudes ) so that I gnoring the presence of nitrogen

Is a justifiable simplificat ion .

For field l i nes outside the plasinasphere, where sim ple

L .



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

~:~~

---

~
‘ — --‘--- 

~~~~~~

‘—

~~

---- —

29

diffus i ve equilibr i um does not hold, a convenient model

suggested by Angerami and Carpenter (1966) is adopted. This -;

model is expressed by (2.22) below:

~ (a.~
)

Angeram i and Carpenter (1966) pointed out that this simple r

model closely approximates the more accurate “collislonless”

model obtained from (Eviatar et. a l ,  196k). and has the

advantage of extreme simpl icity.

The collision les s model assumed a pure hydrogen plasma,

wh ile observations of a light ion trough show that for

i onospheric heights hyd rogen becomes a minor constituent at

high latitudes (Grebowsky et. a)., 19 75) .  The error

in troduced should not significantly affect the conclusi ons

of this anal ysis because the stations we will be concerned

wi th are seldom pol eward of the plasmapause. The ray paths

more freq uently encounter the collisionless model at great

hei ghts, beyond the plasmapause, where the contribution to 
-

(
~ Is negl i gible. • 

-

2.1.3.3 “ionosphere”

The hear t of the seni empirica l model used in this study

Is N(h) data obtained from the isis II topsi de sounder

satellit e launched Apri l 1, 1971. A sample page of data is

shown In figure 11-2 . As seen from the sample, the sound i ngs

were taken about every fifteen seconds, or about every 

- - - —--—~~~
-- - -—---- ---  - 
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Figure 11-2 A sample page of isis ii inter pola ted

Ne (h) data
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- degree of geographic latitude. The quality (Q In figure

11.2) var i es consi derably. Best quality ionograms are

assigned Q values of le while the ionograms wi th the least

I nformation are assigned a Q value of 9. AccordIng to the

Introduction to the compilation of isis II data (see

Acknowledgements), for the best quality lonograms, the

accuracy in the real heigh t Is probably better than 5$.

Unfortunately, Ne (h) is not always given down to hmax.

Furthermore, no ind i cation In the data compilation is given -

where this occurs, so In some cases hmax is actually lower -:

than the fi gure we are forced to take.

As noted ear fler (section 2.1.3.1), a latitude vs.

heigh t “real densi ty array” Is constructed using this data.

Linear i nterpolation Is used between the data points to

obtain the electron densities at 1000 and 700km heIghts:

N(1000) and N(700), respectively . The other parameters read

by the model program are: Nmax hmax, and yzero, where yzero

is the heigh t at which the electron density of the model

drops to zero on the bottoms l de. NeCh) below 1000km in

height is treated In three parts: (a), from 700km to 1000km

an exponential of scale height HH Is matched with (b), an

exponential of scale heigh t HI between hk and 700km;

finally, Cc), a bi—parabola of seml thtckness ym extends

around the peak from yzero to hk, where hk.hmax+ym/1,, and

ym~hmax—yzero. The equation of the bi parabola is:
N = 1— ( k-b~~i~~~)L) 

L 

- .~~~~~---— ~~~~~~~~~~~~~~ ——~~~~---- ----- 4~~~~ _ _ _ _ _ _ _ _ _
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At the hei ght hk:

N Nk. (a.a4)
The scale hei ght HI Is obtained from (2.26) by rearranging

the exponential equation (2.25) and substituting

HL,Nk,hk,N(700) and 700 for H,No,ho,N, and h respectively:

N(h) ~ Nc ~ip(k~ 1L) (a.1S)

14L - 700 — hk.
- 

1nt Nk/)~t1O0)
Simi l arly for the upper exponential:

Ht1 
~~ 1~&7ooVNoooo (~~~~~h

_))

Now that the scale heights have been obtained, the computer

program can calculate N(h) at selected heights. A step size

of 20km was chosen as It Is small enough to prevent loss of

Important detai l near the peek. it Is now necessary to

consider the range of latitudes over which the ray path

passes below 1000km. This range Is divided Into 51 vertica l

sections, each section correspond i ng to one of the 51

heigh ts along the ray path (again the step size Is 20km)

where the electron dens I ty is calculated. In order to fill

in this second array which we call an “Interpolated dens i ty

array,” It w ill be necessary to Interpolate between the

lat i tudes of the rea l density array and, occasionally, to

extrapolate beyond the range of the rea l density array. The

i nterpolation Is linear , as is the extrapolation, but the

number of points used to determine the extrapolated line

depends on the position of any trough, In extrapolating
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north or south of the real array at least the last two

points are taken. Additiona l points are taken as long as

each additional poi nt differs from the preced i ng one by less

than 25%. If the first point, on the other hand, differs by

at least 25$ from the second, a third point is taken.

Additiona l points are taken If necessary until the needed

extrapolated value is positive. A least squares subroutine

is used to fit a line to the selected points, and this line

provides the extrapolated values needed.

Once the interpolated density array has been

constructed, the vertica l TEC at 51 columns along the ray

path is found simply from the vertica l segments. The slant

T~C is added up along the ray path by m ulti p lying the

electron dens I ty at each point along the ray path by the

dIstance between points. The vertica l TEC Increnent along

the ray path is then obtained by multi p lying each slant TEC

i ncrenent by cosx. The sum of these vertical Increments will

be called here the “ver tica l equivalent TEC.” The M factor

Is then calculated at each point along the ray path by using

(2.15) and the Faraday rotation Is found by transforming

(2.lli ) i nto a sum:

NU) tit’.) ~h (a.~
)

After the total Faraday rotation along the ray path is

compu ted, i t is comb i ned with the M value at each height to

gIve 51 values of equivalent vertical TEC. These may be 
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compared with the TEC of the vertical columns.

Ti theridge’s (1972) conclusion that for a wide var i ety

1 
of conditions the use of h(14).1420km converts the Faraday

-i rotation to TEC up to 2000km leads us to extend our vertica l

columns up to 2000km so that we may compare them with the 5].

equivalent vertical TEC values just mentioned. This cannot

be done to great accuracy without quadrupl i ng the computer

prin tout, but for our purposes we simply In tegrate from

1000km to 2000km using the closed expression:

ç~~h) 1h ~N(IOOO)exp(J~~~ -~9~i = HN(i000)[I — exp(_ L~9-)J
H .:~~

A scal e hei ght of H lUOU km, for example, simp lifies the

result to:
- 

~ 
HN(i000)(t +) = .~3ata N(IOO0)

where P4(1000) is in units of 104e1/cm3 and the TEC is in

H uni ts of 10~~el/cn~ .

:1



-- - - - —-- ---~~- .— r-.-—-w ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~
— --——- —~-r--

- t
2.2 Usefulness of constant n—factor at a high

latitude station during winter nigh t

The usefulness of equivalen t vertical TEC below 1000km

except In the presence of a steep trough, has already been

shown at mi d—lati tudes by Hajeb-Hosselnleh (1973). We extend

his work to high latitudes and also consider the region

above 1000km for the particular case of winter nighttime

conditions . 
.

2.2.1 idealized Arrays

Consi der a unIform data array extend i ng from 24 to 67

geographic latitude wI th the following inpu t parameters:

Nmax”2x101, N (700)—2.63x10 , N(1000) 1x10 , hmax 320km, and

yzero—200km. The ray path travels from a geostationary

satelli te to each of three stati ons, the coord ina tes of

wh i ch are found in Table 11 1.

Table il—I

station geog. lat, geog. long. m’g. lat.

Hamilton 142.63 70.82W 514.34

Goose Bay 53.30 60.33W 614.82

Narssarssuaq 61.20 145.140W 71.38

Consi der the i npu t data shown in Table l i- l i  (the 

-~~-
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Table il— I l
- 

Un i form Latitude Grad i ent I npu t Array

geog. P4(1000) P4(700) Nmax hmax yzera
let. (10 el/cm~) (km.) (km.)

25 1.6 3.5 14.0 320 200

28 1.5 3.3 13.1. 320 200

31 1.14 3.1 12.8 320 200

34 1.3 2.9 12.2 320 200

37 1.2 2.7 11,6 320 200

140 1.1 2.5 11.0 320 200

143 1.0 2.3 10.14 320 200

146 0.9 2.1 9.8 320 200

‘.9 0.8 1.9 9.2 320 200

• 52 0.7 1.7 8,6 320 200

55 0.6 1.5 8.0 320 200

5~ 0.5 1.3 7.4 320 200

61 0.L. 1.1 6.8 320 200 I 
- 

-

614 0.3 0.9 6.2 320 200

67 0.2 0.7 5.6 320 200

70 0.1 0.5 5.0 320 200

4

H 

_ _ _ _ _ _ _ _ _ _ _ _ _  _________________________________________________________  

- 
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dens i ties are in uni ts of 104/cm ).

It represents a uniform latitude gradient . Examination

of Brace et. al. (1967) will show that the data was chosen

as a reasonable comprom ise between average winter nighttime

condi tions and the requlrenients of constructing a uniform

dens ity grad i ent over a large range of latitudes .

Exami natIon of the “ver tical equ i valent ” TEC
— accumula ted for each of these two arrays exclusively using

the diffus i ve equilibrium model for heights above 1000km

l eads to the the conclusion that a scale heigh t H—l000km in

(2.29) will reproduce the results to the required accuracy.

Using (2.30) we now extend the 51 vertical col umns to 2000km

and compare wi th the equiva l ent vertical TEC computed for

the 51 columns. The results are shown in Table I l - i l l  where

r i “best h(M)” refers to the height at wh i ch the vertica l

columnar TEC matches the equivalent vertica l TL~C using the M
factor for that height. “~dif at 1420” gives the percentage

differ ence between the vertical TEC at the 1420-km point and

the equivalent vertical TEC using the M factor at 1420km.
Table I l— I l l

station best hCP) %dIf at 1420
- 
. Unif UnIf UnIf Unif

- 
- - data grad data grad

HamIlton 371km 220km 2.8 7.14

Goose Bay 400km 17km 1.2 9.1

Ilarssar ssuaq 383km 14km 2.1 17.7

I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -— - -- —-~--------.-- -
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The results clearl y show that the use of h (fl)z142Okm . 4 -

g i ves good agreement for a uniform data array . For a

grad i ent, however , there is decreasing agreement with

I ncreas i ng station latitude. Caution must be used in

cons i der i ng the results since both of these arrays are quite

idealized .

It Is the grad ient, and not a uniform data array wh ich

more closely approximates typic al winter nighttime

conditions , Examination of the computer output shows that

the Faraday rotation technique as far po l eward as the trough

m inimum appar ently measures total electron content not to

2000km, but to some greater hei ght for these winter

nighttime cond i tions . The effect is due to the fact that

heights along the ray path in the range 2000km to 5000km

coincide with field lines of the lowes t invariant latitude ,

i.e., the the highest reference level (1000km) electron

densities . This enhances the Faraday rotation accumulated in

j this upper region. Furthermore , the minimum i nvar i ant

latitude correspond s to h gher heights for h igher latitude

stations , enhanc i ng the effect there. For the uniform

grad i ent the minimu m i nvariant latitude occurs at about

2500km observing from liam i i ton, Mass. (‘~2
’
~bN, lO

D.8W), 3700km

from Goose Bay, Labrador (53 °~3N,60°.3W ), and h~2UI)km from

~arssarssuaq, Greenland (61°.2N ,145 ’eW). The geometry is shown

.L. 
- -
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in f igure 11— 3 , 
-

figure 11-3

In figure 11—3, the lowest invariant latitude t he  r ay  -

path crosses at one point (point B), corresponding to the

hei ght h2. Points A and C have the same invar ian t  lat i tude

and correspo nd to smal ler and greater heig hts res pec t i ve ly .  -

For a lower l a t itude  s ta t ion  the lowest invar iant  la t i tude

corres ponds to a lower height h2 ’.

To check that this effect is real and not due to the

use of ~n idealized gradient, a real grad i ent taken from —

.1 Is Is II tops i de data was used (Dece~1ber 15, 1Y7 1). The 
-

conclusions above were confirmed .

Clearl y a non—negli gib le error is introduced in

assuming that the fl value used to calculate e~iuiva lent

vertica l TEC up to 10uJ km is little different from the M
value used to calculate equivalent vertical TEC up to 2000km

or higher. For the uni form gradient observed from t~oose Bay,

for ins tance, 17.5~ of the “ve r t i ca l  eq uiva lent  T EC” is

____________________- — ~~~~~~~~~~~~— -— 
--S _ _  —-
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accumulated between 1000km and 3700km, the upper heigh t

being the hei ght down to wh i ch the first 100 of Farada y

rotation (a measurable amount) was accumulated . The f~ factor

used to compu te the TEC up to 1000km will then differ by

17.5.~ from the M factor used to compute the TEC up to

3700km.

in figure ~i—14, the hatched regions refer to distances

along r~ y paths to Hamilton and Goose Bay where dOt of the

total Faraday rotation 
~~~~~ 

is accumulated , with 10~ of

~~~~kt above and lOt of ~~~ below.

2.2.2 Severe Latitude Gradient

Consider the data array shown In Table i l - I V.

This data was obtained between 2:19 UT and 2:30 UT on

December 18, 1971 when a sever e magnetic storm was

occurr ing. At the time the data was taken the Kp index stood

at I.— . Six hours earlier it had reached 7+. The parameters

Nmax, P4(700), P4(1000), and N (sat) are plotted in figure

11—5. N (sat) is the measurement closes t to the satellite,

always near 11400km. One can clearly see the sharp

equatorward edge of the trough near kO e wh i ch is identified

wi th the plasmapause. The pol eward edge of the trough Is

also steep and north of the trough the profile Is erratic.

The yzeros wer e somewhat arbitraril y assigned but the

presence of the auroral E layer near the trough poleward

.—
~
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-
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~1
Table i l-I V

Sever e Latitude Grad i ent i nput Array

December 18, 1971

geog. geog. N(1000) N (700) Umax hmax yzero
lat. long. (10k el/cm3 ) (kr-i,) (km.)

30.09 53.10 1.37 Li.45 16.26 520 195

3~~.16 52.80 1.13 3,78 12.51 50u 195

39.90 52.80 .5~ 1.214 5• 94 300 195

~2.12 52.70 1.00 2.2u 8.80 320 195

143.65 53.70 1,05 2.65 8.77 340 1

46.67 52.70 1.34 3.71i i1,0te 3u0 195

148.15 52.10 1.53 4.214 9.92 1420 195

148 .8~ 52.60 2.8]. 7.85 11.51 480

teY .52 52.60 1.67 4.87 I2.2~ 1400 1 5

50. 141 52.6 0  2.50 6.01 19.00 340 iu5

.4 51.21 52 .60  .97  2 . 32  12. 23 260 16

52.6 8  52 ,70 . 148 1,11 15.6° 200 i20

5 14. 21 52.70  . 32  .80 u .7  200 120

5 5 .68  5 2 . 7 0  .31 .80 16.01 200 120

60. 16 52 .80  .32  .7 8  7 .90  160 165

6 7 . 3 5 53 .50  .15 .60 2 .35 360 165

- — —~~
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1
edge necessitates the low yzero values there.

To see the effect of this severe trough on the

calcula ti on of TEC, we have the abilit y to shift the data

array by any number of degrees north or south observing it

from any given station. Goose Bay is chosen (near L 1l ) and

the array is shifted north and south from 10 to -5’ In one

degree steps. In Table il -V the results are shown. The

heigh t or heights h(~ ) along the ray path at which the

vertica l columna r TEC matches the equivalent vertical TEC

obtained from the M value at that height or heights, and the

percentage difference between vertical TEC at the 420km

point and the equ i val ent vertica l TEC using the M value at
1420km are listed for each shift.

For a given shift there may be up to four heights where

equivalent vertica l TEC and vertica l TEC match. This renders

selection of a best heigh t h(~~) Impos sible. The average

differ ence between ver t i ca l  and equivalent vertical TEC at

the 1420km poi nt Is 26~, much larger than the 5~ varia ti on —

usual ly tolerated . One also must expect very large

varia tions on occasion with such a steep trough as ind i cated

by the 80 north shift ’s 151~ varia tion. To see why such a

large discrepency appeared for the +8’ sh i f t the elec tron

dens i ty along the ray path below 1000km has been plotted in

fi gure 11— 6. Because the ray path passes through the wall of

the trough equatorward edge well above hmax of the vertical

column the profile is greatly distorted . Since the vertical

—
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- - Table Il— V

shift best h (M) % dif at 420km.

+10 none 6.5

+9 9 
- 

4.8

+8 67. 1480 1~1.

+7 9140,557,136 73.

331, 6141 15.

+5 397,7140 2.2

+4 426,850 1.1

+3 1462 6.7

+2 508 13.

+1 539 15.

4 U 161,1403 1.0

— l 267,360,456 25.

—2 359,412,497,527 5.1

—3 1429,515,548,630 9.3

—Ii 501e,620,73 1.1.

—5 596,720,834 49. 

.
~~~~~~~~~~
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column is inside the trough the vertical total content Is

far less than the “ver tical equivalent 1’ TEC.

it appears that for a severe trough one cannot

legitimately convert Faraday rotation i nto the total

electron content of a vertical col umn, confirming

Hajeb—Hosseinieh (1973).

2.2.3 Conclusions

; [ i 
For the winter nighttime conditions we have exam i ned at

high lat i tudes , Faraday ro ta t ion  apparently Is a measurement

of equivalent vertical TEC up to some heigh t higher than —

2000km. A more ref i ned mode l is need ed to f i x  the actual

heigh t. Under conditions of a severe trough Farad~~ rotation

canno t be meaningfull y converted to total electron content

using any mean h~Ji). In attempting to understand such

conditions It is bes t to study the variations In Faraday

rotation withuut attempting to convert it into the total

content of a ver t i ca l  column, Further study i s  needed to

determi ne the dependence of the bes t h (i~) on seasonal , solar

- VI cycle, diurnal variations , and differences In station

latitude in ‘-he absence of a severe trough .

I-

~
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2.3 lonosondes and Slab Thi ckness

2.3.1 lonosondes

The isis II satellite observations descr i bed earlier

were taken by an Ionosonde. ionosondes collec t huge

quan tities of data from the ground as well , and in fact are

the most widel y used means of monitorin g Ionospheric

electron dens i ty In addition to many other ionosph eric

parameters. tonosonde observations taken from the surface

of the Ear th probe the “bottoms i de” i onosphere, i.e., the

i onosphere bel ow hmax, where the last reflection occurs.

Similar ly, satellite sound ers such as that on isi s Ii probe

the “topsI de’s i onosphere,

The lonosonde makes use of pulsed radio signals, each

pulse sweeping over a range of frequencies from 1-2 MHz to

perhaps 25 MHz. The receiver disp lays on an oscilloscope a

trace showi ng the frequency of the returned signal vs. time.

The virtual he igh t h’ at wh i ch the signal was reflected Is

then given by:

= ~ct t~ .3l)
In order to see why the virtual heigh t and the true

— height of the ref l ection differ it Is necessary to review

the process of reflection. For this simple argument we

i gnore the presence of the magnet ic f ield and of collisions.

Then the transmitted radio wave passes through a med i um wi th

_ _ _ _ _ _ _  _ _ _
-- -
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an Index of refraction gi ven by (2.6) with Y~”O, I.e,,

- 
,t4=1I

~~~
-
~~ 

(~.3a)
The phase veloci ty of the wave is then related to the index

- of refraction and the group velocity by the next two

re l ations :

~ c/p (2.33)

(2.314)

As the radio wave goes into reg i ons of higher electron

density the plasma frequency Increases by (1.1) which

decreases i ncreases v~ and decreases V7 thus slowIng the

wave packet down. When f~ - f the group velocit y becomes

zero and the wave Is reflected . Thus we see that the

reflection is not instantaneous but rather gradual so that

the virtual hei ght is always greater than the true heigh t of

the reflection. The relation between the two Is given by the

• process of true heigh t ana l ysis , too comp l ica ted to be even

outlined here. For a br i ef descr i ption see (Rishbeth and

Garrlott, 1969).

True hei ght analysis is costly and not often necessary.

b-I The peak densi ty NmF2 can be easily obtained from (1.1) by

reading foF2 righ t off the l onogram trace. foF2 Is always

obtained from a vertica l reflection. The maximum frequency

ref l ected to a 3000km distance Is known as MUF(3000)F2. An

H ei~pirica l formula known as the Shimazaki relation gives a

- 
- 

good approximat i on to the true height of the reflection,

especially at ni ght (Shlmazaki ,, 1955) using MUF (3000)F2 (or 

~~---— -— ~~~~~ - ———-V--- -~~~~~~
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- -~ M(3000)F2). It is: -

hmF~ ~~~~~~~~~~~~~~~~~~~~~ 

t ?Ckni (~ 3g)

Whi le ref i nements have been proposed by Wright and McDuffie

(1960 ) and by Bradley and Dudeney (1973), (2.3k) r~ naIns

fairly accurate for nightt ime conditions .

2,3.2 Slab Thickness

Slab thickness t is def i ned as the ratio:

~ TEC /Nmax (2 .36 )
- 

~, and thus represents the thickness the ionosphere would have

if the electron densi ty throughout was the constan t peak

value. Here Nmax must be the peak densit y of the vertical

TEC col umn unles s there are very shallow horizonta l

gradients in TEC and Nmax .

Slab thickness is an i mpor tant i onospheric parameter

since moni toring It gives an indication of the shape of the

vertical profile of N (h) without the need to resort to true

hei ght analysis . If the total content of a vertical col umn

rema i ns cons tant while the peak density changes, for

example, one mus t conclude that a redistr i bution of plasma

has taken place, i.e., the shape of the profile of electro n

density vs. heigh t has changed. Al ternately, if TEC changes

and Nmax does not, one concludes that an influx of plasma

has occurred probably bringin g electrons down from the

exosphere into the vertical col umn . As seen in section 2.2 

~~~ -- - -
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one must be cautious about maki ng such conclusions using

Faraday rotation measurements In the presence of troughs

since the equivalent TEC and not the actual TEC of the

column Is known.

In chapter four we w ill see examples in which slab

thickness decreases significantl y In the presence of troughs —

on the basis of Faraday rotation measurements . We wi l l

i nvestigate the po ssible roles of both trough motions and

vertical distortions in producing this phenomenon.

U 
-
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3.1 Mean and Normalized Monthly Curves

Med i an Behavior

in the previous chapter we discussed the Importance of

H three i onospheric parameters: total electron content (TEC),

peak density of the F—2 layer (Nmax), and the ra t io of these

two quantities, the equiva l ent slab thickness (‘t TEC/Nmax).

The purpose of this chapter is to br i efly discuss the

ii I average seasonal and diurnal behavior of these three

1 parameters at 60 degr ees magnetic latitude.

I In this chapter, the term “TEC,’ wi l l  refer to the

equivalen t vertica l TEC through the 420-km point, i.e., In

order to obtain the T~C, Faraday rotation measurements are

comb i ned with a constant R value at 1.20km height along the

ray path. With TEC def i ned in this manner, the te rms total

elec tron content (TEC) and Faraday rotation ((1) may be used
-
~~ in terchangeably.

38 months of TEC data collected at Goose Bay, Labrador

-j (53~3geog.N,60~3geog.W) will be combined to cal culate the

mean monthly behavior of TEC. A vertical column Intersecting

the ray path to the geostationary satellite (ATS—3) at 420km

heig ht is located at geographic coordinates 47?5N.62’~2W, and

generalized invar iant latitude 59~9 (L 3.98). Fortunately,

H 

we have available many years of Nmax data taken by the

ionosonde at St. John 5, Newfoundland (47.bgeog.N,

527geog.W), located at nearly the identica l latitude as the 

-~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-
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1.20—km point and only thirty minutes of local time to the

east. ‘.1 months of St. John ’s Nmax data spanni ng the same

period as the TEC measurements w ill give us the mean monthly

Nmax behavior. Then we wil l combine the TEC and Nmax data

i nto mean monthl y slab thicknes s results based on 37 months.

The months from which the mean monthly behavior of the three

parameters are derived are listed in Table Ill - I .

Table I l l — I

V 

- 

Data Base for Mean Pionthly Calculations

Parameter

TEC 4ov., 1~i71—Nov ., l973;April , 197k—A pril , 1975

Nmax Nov., 1971—March, 1~ 75

Nov., 1971—NOv., 1973;April ,, 1~ 714—March, 1975

The monthl y mean diurna l behavior , which for TEC we

call MTEC(Y,M,H), is found by first calculat ing the mean

values at each hour of local time for the 3 parameters

during each month. This gi ves 24 numbers for each month . Al l

L the danuarys, Februarys , etc., are then combi ned by taki ng

the mean of the mean values for each local time. This gIves

mean monthly diurna l curves which for TEC we call

MMTEC (14,H), and also curves for Nmax and ‘t. These curves are

pr esented In figu res il l — i , 111— 2 , and 111 —3.

In calculatin g these mean mon thly diurna l curves, we

have followed (Hawkins and Klobuchar , 19714). in that study,

seven years of TEC data collected at Hamilton , Mass. (142°.6

geog.N,70~ 8geog.W ) were presented . We w i l l  be interested in

- - - 

V 
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ii 
- compar ing the average behavior found for the mid-latitud e

i onosphere (L~2.8) in that study wi th the L~le data presented 
V

here (see s e c . 3 . 2 ) .

Hawkins and Klobuchar (19714) noticed that the highest

noontime TEC values at mi dlat itudes occurred near the

equinoxes (March and October). This effect is attributed to

relative changes in the concentrations of atomic oxygen and

molecular nitrogen (the 0/N2 ratio), which are responsible

for the production/loss process i n  the F-region. We notice

that the highest mean monthl y TEC at L 1 4  occurs durin g the

daytime of winter and equinox lonths (figure Ill - f ) . In —

general , however , these “seasona l” and “equinocta l ”

anom alies do . not seem to be as prom i nent in the mean Goose

Bay results as in those from Hami l ton. Of course, the Goose

Bay data refer to higher latitudes and the da ta base

represents years of low solar flux. it appears that under

these condition s, i.e., L=Le and low suns pot number, such

anomalies in the ~iean diurnal curves tend to decr ease in
V 

prominence.

In order to elim inate thi s effect, and also to

elIminate the effect of variations in solar flux , Hawkins

and Kiobuchar (1~ 74) normalized the monthly TEC va lues. We

fo l low their procedure. 

-c- -- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — -V. --- ~~~~~~~~~~~~ -- - -
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Firs t the monthl y mean TEC values (MMTEC) for a period

of 24 hours are averaged together:

ATEC(Y,F1) = ~~ MTEC(Y,rl,H) (3.1)

H Then normalized monthl y mean curves are obtained via:

NTEC (Y,M,H) — MTEC (Y,M,H)/ATEC(Y,M) (3.2)

The normalized curves wer e averaged over the years of the

study by calculatin g:

Nrl Tec .(M ,H) =
YSI

These mean norrnaiized ~ionth1y TEC curves remove any

variat ion due to the solar flux and the “equln octal

anomaly, ” large effects from which would tend to increase

ATEC (Y,M). What remains is the seasona l variation in the

diurnal curves. The results of this analysis for TEC appea r

I n  fIgure lu -k. The same procedure has been followed for

u max and t, and the normalized curves for these par ameters

are found in figures 1 1 1 — 5 , and Ill - U .

Note the smooth progression in noon-time normalized TEC

(figure 111 — 14 ), with highes t values In winter , and lowes t in

summer . These curves show that the winte r Ionosphere Is

solar production dominated , respond i ng primarily to changes

in solar zeni th angle. The seasonal anomaly is strikin gly

shown, with the lower summer daytime values due to enhanced

loss processes which result from the high summer neu tral

temperature. The maximum and minimum MMTEC and NMTEC are

-— -V. 
-
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plotted In figu res 111— 7 and I l l- B , respectively.

In figure Ill — B , curves for both Hamilton (from the

Hawkins and Kiobuchar study) and &ioose Bay are provided .

Notice how the smooth seasona l progression apparent for the

H maximum values In figure I I l — d  is not found in figure Ill-i.

The minimum values follow a fairly regular progression in

both figures . One thing of interes t is the close correlation

betwee n the cur ves for Hami lt on and Goose Bay in figur e

111—8 .

Monthly conditions for the TEC observed from Goose Bay

are presented in the form of a contour plot In figure ii i 9 .

This plot covers all 38 months of TEC data. Times of sunrIse

and sunset at the k2U—km point are ind i cated uy tics.

We w ill discuss the general features of ionospheric

behavior at L— 4 in the nex t section with reference to the

curves already presented.
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3.2 Discussion

We now wish to br i efly discuss the general

H - characteristics of the ionosphere as observed from Goose Bay

(TE C measurements ) and St. John ’s (P~nax results), and to

compare these features with available m idlatitude results .
:1 Figure I l l — I  has shown that the general features of the

mean monthly TEC at Goose Bay are the same as those at

Hamilton, wh i ch Hawkins and Klobuchar (1Y7’e ) descr i bed as

fo l low s:

“a. A decay durin g the hours of darkness,
prolonged and linear in sumer months, more
abrupt In winter with a low- l evel steady
component In the latter part of the night.

‘b. An abrupt rise at dawn at approximately
O900UT, and

“ C. A daytime m aximum in the p.m. hours
with a growth and decay that approxImates to
a sinusoid in ~iinter and a saw- tooth in summer .”

Comparison of the mea n curves at Goose Bay and Hamilton

(figure Ill-i here and figure 2 in Hawkins and Kiobuchar ’s

(19 74) study), shows that for each month and each hour, mean

monthly TEC obser ved at Goose hay is less than that observed
~

-

at Ham) I ton. Thi s I s to be expected from the greater so l ar

zeni th angle at all ho1irs at the Goose Bay 420-km po i nt

compared to the Hami I tori i~2 )-km point, and from the higher

sunspo t number dur ing the midl atitu de study.

One also notices that the seasona l variation in maximum

TEC seems to be less at Goose Bay than at Hamilton. Since

the normalize d curves (see especia lly figure tM -B ) show a

.— ——----V.—- - - 
_ _ _ _   

-
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nearly Iden tica l seasonal variation, this effec t mus t be due

to the factors mentioned in the last section, vIz., higher

latitude and low sunspot number ,

The eveni ng anomaly, i.e., maximum va l ues of TEC in

sumer months occurring during the early eveni ng hours, Is

certainl y present both in the Goose Bay and In the Ha~llto n

:1 data. In the Goose Bay results, max imum dail y TEC occurred

from May through August at 1BOOLT.

Since the (Hawkins and Kiobuchar, 1974) study did not

-

, 
present Nmax and ‘t curves, we are unable to compare our

resul ts for St. John’s Nmax wi th comparable results for

Wal lop ’s Island (or Ft. Be lvoir), near the Hami l ton 420—km

-
~ point. We can notice, however, that the mean monthl y Ilmax

curves seem to be similar in over-all shape to the mean

monthly TEC curves, The seasona l anomaly (see sec. 1.1.4) Is

present, as Is an eveni ng anomaly, For the evening anoma l y,

we notice that maximum daily Nmax occurs at 1900LT from May

through August.

While mean monthl y mean t cur ves, i.e., curves

representing several years of data, are not available for

mi d-la titudes, Klobuchar and Al l en (1Y7O), presented monthly

mean slab thickness diurnal cur ves for several months In

1 
- 

1968. From these cur ves It appears that, at mldlatitudes, ~t

is lower at ni ght except in winter. These curves also show

that the highes t noontime ~t values occur In the summer

months, wi th a steady progression from high values in summer

-• — -V.- —- - a- — —— — — --
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to low values in wI nter. This latter variation Is also

apparent in the mean monthl y * curves for Goose Bay and St.

-; 
‘ John’s (figure 111—3 ) .

As in the case of m idlatitudes , there i s no clea r

monthly progression at ni ght, although nighttime It seems to

be higher in winter than in summer . It appears that t is

ci higher at nigh t for most of the year, contrary to the

m idlatitude results.

These results are In accord with our generalizatIon

that the electron density trough is more prom i nent In winter

an d ä~higher latitudes , because while Nmax will decrease to

very low values in the trough, the Faraday rotation , which

is accumulated along a long ray path passing through higher

dens i ty regions to the south, will  not decrease as much .

Therefore, ‘t TEC/Nmax will increase und er trough conditions. H-

Since electron densities i ncrease along the ray path south

of the vertical col umn, the Faraday rotation measur es the

total electron content of the vertical col umn to heights

greater than 2000km dur i ng trough conditions. This is the

same conclusion we reached in Chapter II through analy sis of

a model densi ty grad ient,

Let us now turn our attention to the normalized curves

(figures 111—4  to 111—6 ) . Fi gure 111—4 for TEC should be

compared wi th figure 8 In (Hawkins and Kloouchar, 1974).

These sets of curves are remarkably similar. The seasonal

progr ession of the curves is Identical , show i ng a strong

V_ a 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - — — V.V.VV__~~_~_ V_ _V.VV.~~~~V_~~ ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ __ ‘..~~ ~~~~~~~~~ V.— - - 

V.V.V.. 
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H seasonal anomaly for both sets. The close correlation

between these two sets of curves has already been pointed

out by reference to figure i Il -8 , where the only signifi cant

difference seems to be a sli ghtl y greater maximum normalized

TEC for al l seasons at L 1 e than at inidlatitudes . This means

there is a greater difference between daytime and nighttime

TEC, which is apparently due to very low values at night

associated with the electron densit y trough in the Goose hay

data.

The normalized t4max curves (figure I I i — ) show a very

str iki ng seasona l anoma l y, more prominent than that found

for the mean monthl y Nmax ( f I g u r e  1 1 1 - 2 ) .

H The normalized slab thickness curves (figure 111- 6 )

: 1 show less variation from month to month than the mean

monthl y It curves, but otherwise show basicall y the sane

• seasonal progression, wi th lowest daytime Vt in the wi nter

and greates t ni ghtti m e It in that season.

In the contour plot of monthly .iedian TEC (figure

111-9), which covers al l 38 months of data, we can clearly 
j

note several of the effects previousl y mentioned . An

“eciulnoctal anomaly ” i s  present, as seen by the high daytime

va l ues In March and Oc tober, 1~ 72, Oc tober, 1973, and

October, 1974. Ther e is unquestionably a strong var ia t ion

‘rom ~~~~ to year. Compare, for example, March, 1972, 197.,,

.~ a L~~ 5. The maximum daytime value in March, 1972 is over

b.Ld ’~.l/c1
1. In March, 1973, it falls to abou t llxlO ta , 

~~~~~~~ - - - - - V. - - - - -
- ~~~
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- I and- in  March, 1975, I t has reached as low as 9x10t~ . The

unfortunate four month gap in the data prevents us from

compar ing a March, 1974 value wi th the values for the other 
-

-

- 

- three years. This yearly variation is clearly due to changes

- 
in solar flux. The mean value of the observed solar flux at

V. 2800MHz prepared by Ottaw a Is 128.5 In March, 1972, but only

72.4 In I4arch, 1915. As 197k is near the low point of the -

solar cycle, the rate of production of electrons is very low

at that time. Other things to notice are the higher -

nighttime values of TEC in summer, and the presence of the -

- 1  evening anomaly in that season (maximum values i n  the early

evening).

It
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3.3 Conclusions

The I onospher e at L=1. shows many similarities with the

midlatitude ionosphere. Comparison of Goose ~ay TEC

(refer i ng to L*4) for the period flhl— 1i75 with Hamilton TEC

- ! (refer i ng to L*2.~d) for the period 19b7-.L973 revealed that

the Goose Bay data showed lower TEC on the average for all

seasons and times of day. This is due to two factors: the

larger solar zenith angle at all times at L=Le in compar i son

with L=2.8, and the fact that the years of the Haini lton

j stud y were years of higher sunspot number than the years of

- 
- the Goose Bay data . The other differences between the two

data sets ar~ not as strik ing and can all , it seems, be

traced to the presence of the electron density trough at

1=4, most pr omi nent du ring winter nights.
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4.1 Nighttime Slab Thickness Decreases Observed

from Goose Bay during December, 1971

As d iscussed in the pr evious chapter, total electron

content obtaine d at Goose Bay, Labrador may be combined with

simultaneous peak densit y observations at St. John’s,

Newfound l and to measure the “equivalent slab thickness” of

the ionosphere above St. John ’s. Many ni gh ts durin g

December, 1971 exhibIted appreciable decreases i n  slab

thickness (‘t~TEC/Nmax). Specificall y, there wer e i ncrease s

in Umax on these nights accompanied by constant or

decreas i ng TEC.

As in the previous chapter , t h e  term “TEC,” w il l refer

to the equivalent vertical TEC through the 420-km poi nt,

i.e., TEC obtained from (‘1 and the constant R value at 420km

heigh t along the ray path. Thus the ter ns “TEC” and “Faraday

rotat ion” (or “(1”), may be used i nterchangeably.

in figure tV- i Nmax and TEC have been plotted vs.

Un iversa l  Time for five nights during wh i ch the i ncreasing

Umax-co nstant TEC effect mentioned above occurred. Note that

local midnigh t occurs at St. John ’s at 3:31 UT, and at 4:01 
—

UT at Goose Bay. The Kp index also has been plotted . Note

that wi th the exception of December 9, the increase in Umax

Is not associated wi th an increase in magnetic activity

- 
- - 

according to the Kp ind ex, The AE index and H at

Narssarssuaq (b1 2N,4~~4W) are plotted in addition to the

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

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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above three parameters for the same five days in f igures

IV— 2 to IV—6 . H is the horizontal component of the

geomagnetic field . The downward arrow indicates the

direc tion of negative deflection of H. Some additiona l data

are also plotted in the graph for Dec. 9 and Dec. 15 which

we will turn to in sec. 4.3. We can notice that (again wi th

the exception of Dec. 9) the Umax increase is not associated

wi th an I ncrease in the AE ind ex , A substo rm is observed at

Narssarssuaq on all five nights, bu t except for Dec. 9, the

recorded substo rin occurs about three hours before the

i ncrease in St. John ’s Umax. Ue w i l l  address this topic

further when we discuss the mechanism for producing the J
observed slab thickness decreases (sec. 4.4).

Let us now quantif y this effect for December, 1971, In

sec t ion  4.2 the results of a statisti cal survey of i ncreases

in foF2 are pr esented . For December, 1971, it was found that

at l east a 0,3MHz i ncrease in foF2 was observed on 21. of 25

nights. A comparable sized I ncrease In TEC is about 20~.

I ncr eases of more than 20% in TEC occurred on only 8 out of

27 nigh ts for which TEC measurements were ava ilable. To get 
V -

a feelIng for the variabilit y of Umax and TEC for the month

as a whole, these t~~ parameter s are graphed In the forii~at

of an overplot in figure i V -1.  On the left half of the

figu re, the two parameters are plotted for all of the days

for whic h data were available , To the right, ten of the days

on wh i ch subs tantial i ncreases in Nma x were observed are

_ _
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plotted . For the monthl y overplot, the data collected during

the great magnetic storm of Dec. 17 stand out sharply from

the other data as the only nigh t on wh i ch TEC rose above

- - lU t3el/cm& and Nmax rose above 3x10$el /cmt. Wi th the

- 

exception of this day, an “envelope~ drawn around the plots

would extend from about 2.5 to 5 0  for TEC and from about 5

to 15 for Umax (in the units shown). This demonstrates the

significantl y gr eater va riabilit y of peak density compar ed

with TEC at L=Le durin g winter nighttime conditions.

- S
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k.2 Statist ical Survey of Winter

Nigh ttime I ncreases In foF2

For the determ i nati on of slab thickness, measuremen ts

~ I of both TEC and Umax are required . Since the TEC

H observations from Goose Bay commenced in November, 1971, our

knowl edge of the slab thicknes s parameter at St. John ’s is

limi ted to the per i od after that month. I t would be foolish,

however, to I gnore the wealth of foF2 data available before

November, 1971, In our attemp t to understand ionospheric

processes near L—4, We have gathered 2~e years of St. Johfl’s
‘ 

foF2 data from the World Data Center A for Solar Terrestrial

Physics and from the Canadian Dept. of Communi’ations,

Tel ecommunications Engineer i ng Branch . The months for wh i ch

data were analyz ed, the frequency of the data (whether we

obtained foF2 values at 15 minute, half—hourly or hourly

I nter vals), and the source of the data are given In Table

‘v - I .

As can be seen from Table IV- I, the December data we

collected spans three solar cycles. To check the seasona l

dependence of the nocturna l foF2 i ncreases, we also examined

two six month periods, October, 1971 to March, 1972, and

October, 1912 to March, 1~I73. The results of this survey

prov ide a quantitative suninary of the magnitude of the foF2

i ncreases, as well as their seasonal and solar cycle

dependence.

- ~~~—~~- - —.~——--—--— ~~~~~~~~~~~~~~~~~~~~~ _______
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Table IV~I

Data Used In Statistical Survey

Period Data Interva l Source

of Data

Oct. 1971—March, 1972 15 minute C

Oct. 1972—March, 1973 15 mInute C

Dec. 191*5, 191*7, and 191*8 hourly W

Dec. 1950, 1951, and 1953 hourly W

j Dec . 1957, 1958,, and 195~ hourly W

Dec. 1960, 1961, and 1962 hourly W

Dec. 1963, and 1964 hourly W

Dec. 1965 and 1966 30 minute C

Dec. 1967, 1968, and 1969 15 minute C

Dec. 1970, 1971, and 197~ 15 minute C

Dec. 1973 15 mi nute C

Dec. 1974 hourly C

Code f or sources of data :

C = Canadian Dept. of Communications, Telecommunica ti ons

Engineerin g Branc h

W Wor l d Data Center A for Solar Terrestrial Physics

•: ~
1
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Each ni ght was exami ned for pr i mary and secondary

characteristics. Each nigh t was assigned one of five primary

characteristics wi th the following selection cri teria:

low bump: i ncrease from .trough to crest given by:

.3MHzj AfoF2 ~.5MHz

bump: I ncrease from trough to crest given by:

.6MHZI AfOF2 j.9MHZ

large bump: Increase from trough to crest 1 MHz or

- greater .

no bump : Inc rease less than .3MHz, less than 1 hour long

or based on one data point, except for cases with frequency

of data half hourly or hourly, when a single data point

could determine the pr i mary characteristic.

insuffici ent data: unable to determine whether an Increase

occurr ed.

After each ni ght was placed In one of the above five

categories, a secondary characteristic was sometimes

assi gned. In determi ni ng secondary characteristics, the

cri terion that It must be possible to judiciously eliminate

any single data point wi thout elim i nating the effect was

applied. Fallin g this test, the secondary characteristic was

F not assigned except when only hourly or half hourly values

were available. The secondary characteristics and their

selection criteria follow:

Irregu l ar bump: more than 1 peak. Tr~ugh In between at

least 0.3 MHz below the two peaks.

_________________ ________________________________ -•-
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short bump: ‘~bump” less than 3 hours long (If only hourly

values availab le, less than 1* hours long).

plateau: less than 0.1 MHz var i ation for at least 3 hours

at the max i mum of the i ncrease (no plateaus when only hourly

values available).

Pages of the Canadian data are reproduced showing each

of these effects In figures 1V— 8 to IV-12. Numer i cal Tables

of the seasonal results and the yearly resu l ts are provided

as Table lV~ I i and Table IV-~iV respectively.

in both tables, the number of nights wi th each

characteristic is listed for each month. The last column

gives the fractiona l occurrence of the effect, I.e., the

number of nights wi th an Increase of 0.3 MHz or more

div i ded by the number of nights with sufficient data to

determi ne whether an foF2 Increase occurred. For Table

IV- II , the number s for October, 1971 and October, 1972 have

been added and the fractional occurrence determ i ned for the

composi te “mean October.” The same has been done for all the

other months in the table. The mean monthly fractional

occurrences of the foF2 are plotted in figure IV—13.

H The fractiona l occurrence in December is greatest,

wh ile that In October and March Is least. The sharp di p in

January is probably not significant, considering the fact

that only two years ’ worth of data were used. In spite of

this small data base, we can ini tially conclude that the

effec t we have been studying is a winter one, wi th the

____—-- -.---—-- .---
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Table IV— lI

Statistical Survey of Nocturnal Winter foF2 Increases

SEASONAL ANALYSIS
s#0

—
E ~~I ~~~~~ 

E

I 111 ‘

~~ !fl I~j  
-:

Oct. 1971 7 2 2 20 0 2 2 0 .35

Oct. 1972 6 14 2 17 2 1 1 0 .141

~~Oct. 13 6 14 37 2 3 3 0 .38

Nov. 1971 7 8 1 10 Li S 1 0 .62

Nov. 1972 6 8 3 8 5 1 0 .68

~~Nov. 1~ 
16 14 18 9 9 2 0 .65

Dec. 1971 8 7 6 14 5 3 3 1 .814

~i j Dec. 1972 7 7 5 6 6 2 1 0 .76

IDec. 15 1l~ 11 10 12 5 ‘4 1 .80

H Jan. 1972 3 8 ii 8 8 0 1 0 .65

Jan, 1973 5 1 0 12 13 1. 1 0 .33

Z~
an. 8 9 14 20 21 1 2 0 .51

Feb. 1972 7 5 1 11 14 1 1 0 .51

Feb.1973 6 Li 2 6 10 2 1 0 .67

~~Feb. 13 9 3 17 11e 3 2 0 .60

Mar .1972 5 2 0 20 ‘4 2 2 0 .25

Mar. 1973 5 0 0 20 6 1 2 0 .21)

~~March 10 2 0 leO 10 3 Ii 0 .2~

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

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

— -
~~~-
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I !

greatest fractiona l occurrence most likely to be found In

- - 
December.

A convenient tool for quantifying the correlat ion

H - between two or more var iables is the Pearson Product-Moment
- 

correlat ion coef f ic ient .  The correlat ion between a var iab le

and the same var iable using this method Is 1, whI le  the

correlation between a var iable and i ts  inverse (x and 1/x )

would be —1. if two var iables are Independent of one another

such that the e is no correlation , the correlation

coefficient is zerc-

This method has been used to determine the correlation

. 4 between solar zen i th angle (angu l ar distance of the Sun

from the zenith ) at noon and the primar y and secondary

- characteristics (wi th the exception of plateaus, because of

the small number of them). The results are given below in

• Table I V — I I I .

-
~~~ Table i V - I i I

The corre lation between noontime solar zenith angle and :

fractiona l occurrence of all Increases .88

fractional occurrence of low bumps = .146

- 
fractional occurrence of bumps .91

fractional occurrence of large bumps .83

H fractiona l occurrence of Irre gular bumps .27

fractiona l occurrence of short bumps -.21

The high correlation for fractional occurrence of all

1 ncreases conf i rms our ini t ial conclusion that the effect we

—— — — — —— — —— ~~~~~~~~ —— ~~~~~~~~~~~~~
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have been studyi ng Is a winter one. There seems to be a

si gnificant difference between the correlation coefficients

for low bumps (.146) and for the larger bumps (.91 and .83).

One can notice from Table IV- II that a large number of low

bumps occurred in October,, February, and March, wh ile

relatively few large bumps occurred during those months. The

H - correlation coefficients for the secondary characteristics

- I - are small, and since they represent a smaller fraction of

H the ni ghts, we must discount their i mportance. We will

/ sugges t a possible reason for this difference between the

correl ation coeffici ents for the low and larger bumps In

sect ion I~,4, when we turn our attention toward an

explanation of the mechanism for the foF2 increases .

Twenty four years of Decenber statistics are compiled

in Table IV- I V. In addit ion to appearing In Table IV-IV , the

fractional occurrence of all Increases 0.3 MHz and greater

i s plotted in figure iV—l le . A glance at this figure does not

seem to reveal any correlation with the solar cycle.

As was done for the seasonal case, correla ti on

coeff ici ents were computed, this time between observed

sunspot number and the pr i mary and secondary characteristics

(again excluding plateaus) . The results are given 1n Tab le

IV—V. 

-
_
~~~~~~~~~~~ I -~~~
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Table tV-t V

Statistica l Survey of Nocturna l Winter foF2 Increases

SOLAR CYCLE DEPENDENCE

9-
~~ 

UI C

E ~~
L -°
H -

~~~~ 

i~~ E .~~~~~ -L
Dec. 19Le 5 7 ii 9 ~i 7 1 3 — .83

Dec. 191i 7 8 6 5 1]. 1 1 7 — .63

Dec. 1948 9 4 6 10 2 1 2 — .66

Dec. 1950 12 6 0 6 7 2 5 — .75

Dec. 1951 8 3 10 7 3 7 2 — .75

Dec. 1953 13 3 1 10 Ii U 1 — .63

Dec. 1957 Ii 5 15 5 2 2 3 — .83

Dec. 1958 9 6 6 8 2 22 5 — .72

Dec. 1959 3 7 9 11 1 3 0 — .63

Dec. 1960 9 1 6 9 6 2 ‘4 — .614

Dec. 1961 6 6 2 4 13 0 0 — .78

. 1
H _ .- -

~ 

—---—------ —---- — - - - ------ - - —— •~~~1•~~~~~~~_-••_--~~ 
~~~~~~~~~~~~~~~~~~ — —— — .- “ _ A~~~~~~~~~~ .
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H Table iV- IV (continued)

UI
ill

VI 0-
0- C VI .a...~ ‘.E a- 0 0

.-~~~ E ~~~ 
0~~-o W 

~~ Z ’ t  4~
~ E ED ~ -

~~~~~ 

cv - ‘

H ~ •E ~~~~
Dec . 1962 5 2 0 7 17 0 0 — .50 

-

-

1’ Dec. 1963 2 1 1 2 25 1 0 — .67

Dec. 1961e 9 7 1 8 0 0 2 .68

Dec. 1965 8 9 1 3 10 2 2 0 .86

Dec. 1966 8 7 Li 7 5 2 0 0 .73

Dec. 1967 5 7 7 7 5 1. 2 1 .73

Dec. 1968 9 ii 14 13 1 1. 0 3 .57

H Dec. 19b9 5 10 7 9 0 2 0 0 .71

- 1  Dec. 1970 15 1 Ii 10 1 5 0 0 .67

Dec. 1971 8 7 6 Ii 6 3 3 1 .814

Dec. 1972 7 7 5 6 6 2 1 0 .76

Dec. 1973 6 7 4 2 12 7 1 2 .89

Dec. 1971e Ii ‘4 2 3 18 0 1 0 .17

- - -~~~~~~~~~ —-—~~- - — - -
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Table i V— V

The correlation between observed sunspot number and:

-~~~ fractional occurrence of al- i Increases — -.13

frac tl~ nal occurrence of low bumps a ..•49

fractional occurrence of bumps — — .23

- - fractiona l occurrence of large bumps .48

fractional occurrence of irregu l ar bumps — -.12

- I fractiona l occurrence of short bumps .26

There is no significant correlation between sunspot

number and fractiona l occurrence of all I ncreases. One

— striking differ ence is the correlation coefficients for low

bumps and for lar ge bumps, the larges t two of all the above

I - - coefficients and strikin gly opposite one another. When these

i f  two va riables, fractional occur rence of low bumps and

fractiona l occurrence of lar ge bumps are correlated with

each other, the result is a correlation coefficient of -.70,

a sign ificant result. 
—

As in our sunspo t cycle correlation s tudy, the

correlation coefficients for the secondary characteristics

do not appear to be signif icant, based as they are on a

smaller amount of data.

We have, in conclusion, examined the seasonal and

sunspot cycle dependence of the foF2 Increas es with the

followin g results: there is a strong preference for this

effect to occur in wi nter (No vember-February) but no way of

predictin g whether a gi ven year will have a large fractional

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

rn- - -- --
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occurrence of the overall effect; there are significant

differ ences between the seasonal and sunspot cycle

H dependences of low and large bumps, the large bumps more

strongly clustered in mid-winter and more likely to occur

-
~~ - during high sunspot years. - -

I

~‘1

~1

1 .  -
- ft
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14.3 Case Studies :

December 9 and December 15, 1971

4.3.1 Des cription of Avai lable Data

Two ni ghts, Decem ber 8-9, 1971, and December 14-15,

1971, wer e chosen for more detai led analysis because of the

relatively large var ie ty  and quantity of geophysIca l data

avaflable for these two nights. In addition to information

plotted in figures IV— 3 (for Dec. 9) and iV—6 (for Dec. 15),

- 

~- 
i sis ii tops ide sounder passes recorded Ne(h) vs. latitude

on both nights. Two passes are of value for our purposes on

December 9. The first occurred at about ‘4 :20 UT and at

long i tude 71 degrees west, whi le the second occurred at

about 6:15 UT and about 100 degrees west. Two passes are

also of inter es t on December 15, occurring at about 2:25 UT

and 49 degrees west longitude , and a t about ‘4 :20 UT and 18

degrees west longi tude.

Whi le discussing the data avai lable for our case

stud i es, we shou l d take a momen t to consider the question of

the qualit y of these data, As mentioned in section 2.1.3.3,

the qualit y of the isi s II i onograms var i ed greatly, with

real heigh t obtained from the best quality l onograms

accurate to about ±5?~.

The pr i mary evidence for the foF2 increases is provided

by l onograms taken at St. John ’s, Newfound l and . We obta i ned

____ _
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foF2 values for many of the same i onograms from different

sources In order to check the accuracy In foF2. The three

sources compared were: the Canadian source prev iously ci ted,

World Data Center A, prev iously cited, and Dr. J. Buchau at

the Ai r Force Cambridge Research Laborator ies. The foF2

scaled by the three sources always agreed to within 0.2 MHz.
-
~~ Two lonogranis taken during the Dec. 1 event (one

-
~~ before, and one after the greatest part of the increase

occurred ) are reproduced in figure IV-15. Whi le the two

ionograms are not of the bes t quality, a slzeab le increase

in foF2 Is appar ent from the first lonogram to the second.

The foF2 values marked on the f igure are thos e sca led by Dr.

‘1 - J. iIuchau.

Let us now turn our attention to figure IV — 3 ~or

December 9, 1971. As previously noted, fi gure IV— 3 shows

that on Dec . 9, the most disturbed magnetic conditions

coinc ided with the onset of the increas e In peak density . A

much larger I ncrease began about an hour later at Maynard,

H wh i ch is 18.8 degrees west of St. John’s. The increas e In

TEC seen at Sagamore Hill should be compared with Nmax at

Wallo p’s Island, near the Sagamore Hill 1420-km point, ra ther

than with Nmax at Maynard. Unfortunately, no data were

available for the time in question at Wa l lop ’s island .

On the St. John’s Nmax vs. UT plot, two times are

marke d P1 (3:30) and Pg (6:00) . A least squares f it between

the prof i le  calculated by Wor ld Data Center A and the

k.~~~~~~~~~~~ 
L_.~ -
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semi—parabola used In the computer model ga ve a bes t

yzero—213km at P1 ar,d li54kri at ~~ One can see from the

plots of these two profiles in figure SV-3 , that the

bottomside has filled in considerably, which seems to imply

a dow rw~ard f lux of plasma.

On the ni ght of December 8-9, no Ne (h) vs. latitude

Isis II data were collected near the longitude of St.

John ’s. We do, however, have the / 1 degr ee wes t longi tude

pass prev iously mentioned . Nmax, N (700), and N (1000) vs.

geograph ic latitude from this pass are plotted in figure

iV—1 6. Sligh t changes were made at two points on the array

where Nmax and hmax values were derived from ground based

i onosonde data. Note the extremely sharp poleward trough

edge. There is an unfortunate gap in the data between 51.6d

degrees and 66.56 degrees. The computer model I nter polation

between these two points migh t exaggerate the actual plasma

conten t In this latitude range.

Let us now discuss the December 15 data.

In figure IV- 6 we can note that the beg i nn i ng of the

Nmax i ncrease coi nc i ded (as on the case of December 9) wi th

the greatest magnetic act ivity, A much larger Nmax i ncrease

did not begin , however, until about three hours later. The

~i I Nmax vs. UT plot for Wallop ’s island looks similar to that

for St. John ’s, Un like the case of Dec. 9, when the i ncreas e

at Maynard was far greater than that at St. Johns, on the

i th, the i ncrease to the south (at Wallop ’s Is land) Is much

i~LJ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 
_ _ _ _ _ _
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les s than that at St. John’s. The inc rease at Wallo p ’s

Island occurs later than the increase at St. ~~~~~~ but at

about the same local t ime,

Profiles for the ti mes 3:00 UT, 14:15 UT, and 6:45 UT

H obtained from World Data Center A are shown and indicated on

the Nmax vs. UT plot for St. John’s as P1, Pg, and P3 .  A

least squares f i t  between the prof ile  ca lculated from the

St. Johns ’s lonogram by Wor ld Data Center A and the bes t f i t

semi-parabola used In the computer model gave yzero 2l9km at

~~ 
yz ero— 153km at P1, and yzeroa2U3km at P3 .  Signif icant

changes occurred on the bot toms ide during this event as

these results Indicate,

It is ver y fortunate that we have avai lab le is is  II

data near the longI tude of St. John ’s on December 15. Data

from this 2:25 UT pass at 49 degrees west geographic

long i tude are plotted in figure IV-17. One change in this

array was made, viz., Nmax and hmax obtained from St. John ’s —

i onograms were substituted for the topside values .

4.3.2 Computer Simulations of Slab Thickness

Decreases for Dec. g and Dec. 15, 1971

4,3,2.1 Preliminary Considerations

As has been seen, the computer model we have developed

takes as i nput data an Ne (h) vs. lat i tude array, and 
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~ compu tes the Faraday rotation from the geostationary

sate llite to a give n station. We wish to use this model to

r eproduce the effect observed on Dec. 9, and Dec. 15, i.e.,

constant Far aday Rotation accompanied by Increasin g peak

density at St. John ’s.

- - Although we do have an Ne (h) vs. latitude array near

the longi tude of St. John ’s for Dec. 15, the array for Dec.

9 closes t In longitude to St. John ’s is at 71.3 degrees

west, too far to the wes t for us to expect to reproduce the

St. John ’s and Goose Bay results very accurately . it is

probably reasonable to assume, however, that a sim ilar array

would be found from a pass near St. John ’s. Therefore, it

would be of gr-~at value for us to try to reproduce the

observed slab thI~~ ness decrease wh i ch occurred on Dec. 9 as

well as on Dec. 15.

• We migh t ask , at this point, how well the total

electron content of a vertica l column at ‘420km height along

the ray path calculated by our computer model , agrees wi th

:1 the actual equiva l ent vertica l TEC observed at Goose Bay. In

Li Table IV -VI is listed observed and calculated equiva lent

vertica l TEC from Goose Bay and Hamilton , Mass. (Sagamore

Hil l Radio Observatory ). Notice that the discrepancy between

- 
observed and calculated TIiC is larger at Goose Bay than at

-~~~ Hamilto n for both dates. This may be due to geometry effects

not fully taken Into consideration in our model . The

computer simu lation assumes that the sate llite is on the

--‘—--
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-~~ Table I V-V I

• Calculated and Observed TEC

Equiva lent Vertica l TEC

- x10’2’el/cri~

Date Station Observed Time of Caic , Time of

j - TEC Observat ion TEC isis II

pass

Dec. 9 Goose Bay 3.5 4:00 UT 2.43 4:20 UT

(3 ~ 3N,60~ 3W) 3,5 5:00 UT

Hamilto n 4.7 4:00 UT 3.95

(142°.6N,70°.8W ) 4.7 5:00 UT

Dec. 15 Goose Bay ‘4.4 2:00 UT 3.04 2:25 UT

(53~ 3N,6O°,3W ) ~1- .3 3:00 UT

Hami l ton 6.3 - 2:00 UT 5,54

(142°.6N,70°.8W ) 5,7 3:00 UT

_ _ _  
_ _ _ _ _  _  _— ~~~ ~~~~~~~ — —--
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stat ion ’s meridian. For ATS— 3, stationed at 70°W, this is a

good approx i mation for the Sagamore Hill case, but not for

- - 

- 

the Goose ~ay ray path.

• An additiona l factor contributin g to the remainin g

H discrepency between observed and ca l culated equivalent

vertica l TEC is found by remembering that the lowest heigh t

at which electron densit y is given by the isi s II topside

sounder is often somewhat above hmax (see sec. 2.1.3.3).

However , the densit y at this height, which is lower than

— Nmax, is taken in our model to be the peak densit y . This may

represent a source of systematic error, suutracting a

considerable amount of plasma around the F-2 peak in our

model and lowering the ca l culated Faraday rotation.

Of course, we canno t expect perfect agreement uetween

observed and calculated TEC for other reasons. The compu ter

model reads in only five parameters to represent the entire

i onosphere. The exospheric models are not perfect, either ,

extrapo lating as they do from the very idealized conditions

at ]OUUkm all the way to the geostationary satellite. In .

addi tion , whenever the sate llite pass is at a different

• longitude fror-i the ray path to the geostationary satellite,

differ ent conditions are being sampled.

in spite of these sources of error , we can be confident

that the semi-em piri ca l computer model we have developed

shou ld enable us to reproduce, at least qua litative l y,

-

‘ observed physical effects wh i ch occur on a large scale. 
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We w i l l  use this computer model in two ways to attemp t

to reproduce for Dec. 9 and Dec. 15, the observed

anomalis tic effect, I.e., constant TEC observed at Goose Bay

co incident w i th  an increase in pea k dens i ty at St. John’s.

The changes wh ich must be accounted for are shown in Table

IV—VII and Table t V-VIM .

The f i r s t  method wh ich we w i l l  use Involves a

latitudina l shi f t  of the ent ire Ne(h) vs. lat i tude array (as

was done in Chapter 2) .  Shif t ing the po leward edge of the

electron dens i ty trough over St. John ’s w i l l  c learly

i ncrease Nmax. We must discover the effect of such a shift

on the Faraday rotation.

The second method is a vertical disto rtion of the Ne (h)

vs. latitude array wi thout a latitude shIft of the array as

- - 
a whole. it appears fairl y likel y that there are a large

number of latitude dependent distortion schemes wh i ch will

reproduce the des i red effect. One such scheme will be

presented which seems physicall y reasonable.

After using both methods, resul ts from a cer ta i n

:1 comb i nation of the two ~ i 1l also be presented. H

4.3.2.2 Latitude Shift Method

The reader wi l l recall that in Chapter 2, in or der to

exam ine the effect of a severe trough on the determination

of an appropriate ~i factor, the feature of our computer

— ~~~~ a —
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Table tV-V u

OBSERVED INCREA SES - December 9

‘4:20 UT 6:00 UT ~ change

Umax 5.4 (Isis II ) 7.1 +31

x10’el/cm~
TEC 3.5 3.14 —3

Ilxl0 el /cm

Table i V — V III

OBSERVE D INCREASE S — December 15

2:25 UT u:1e 5 UT ~ change

Umax 9.1 (Isis Ii ) 17.9 +97

x10’el/cm~
TEC 4.4 3,65 —17

xlOt’eI /cm1

LU
• ~~~~~~~~~~~ - ~~~~~~~~~-~~~~—~~~ —- ~~~~~~~~~~~~~~~ -
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model wh i ch allows us to shift the Ne (h) vs. latitude array

an arbitrar y number of degrees north or south was employed.

Wi th this technique available to us, we now attempt to

reproduce the observed tenporal behavior of Nmax and (~ on

Dec. 9 and Dec. lxi. jill by shifting latitudinal Ne (h)

arrays southward. The results of shiftin g the Dec 9th array

5 times southward In one degree steps are shown In Table

tV—tX. For yzero, we chose the value of 21~km for a ll

latitudes in the Input array except the two nor thernmost

points, which are north of the trough poleward edge. There a

value of 165km was used . The motivation for these choi ces of

yzero Is apparent from remembering that yzero for P~ ~~~~

figure IV- 3 was 213km and yzero for 
~a 

was 164km . If

shift ing the array south is to represent a te~iporal process,

then yzero at St. John ’s must change from about 215km to

about 165km as the pol eward edge passes over St. John ’s.

One can see that in Table IV —I X , changing from a shift

of -3 degrees to one of -5 degrees (which corresponds to

I mov i ng the poleward edge of the trough over St. John ’s),

gi ves a 395~ increase in Nmaz coincident with a 29* Increase

in t~. Wh ile this Faraday rotation i ncrease is very small

compared to the Umax I~ncrease, It Is s t i l l  signif icant, and

:~~~ inconsistent wi th observations . Fur thermore, to reproduce

the observations we must compare a zero degree shift wIth

another shif t ,  assumed to gi ve the Ionospheric densities at

later tine, Examination of Table tV- tX shows that the 

— --•-- —~~. —--—---•— - • —- ~~~~~~~~~~~~~~~~~~~~~~~~~ ——-~ --- - • - ------------- - —- -
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Table (V-tX

4 LATITUDE SHIFT RESU LT S - December 9

yzero lb5km nor th of pol eward edge, yzero 2l5km elsewhere.

Shift St. John ’s Umax Goose i~ay fl TEC

-~~ 
- 

x10’el/cm~ degrees xlO’ el/cm~

H - U - 5.5 109 2.14

—1. 5 3  127 2.9

—2 5.3 20 14 le.6

—3 6 .3 277 6 .2

— 4 18.o 3~ 5 —‘ 7,3

- —5 
- 

31.2 357

f -

Table IV—X

- LATITUDE SHIFT RESULTS - December 4

yzero 23Okm north of po i eward edge, yzero~12Ukm in trough

south to St. John ’s, yzero 21~ km from St. John ’s southward.

Shift St. John ’s Umax Goose Bay ~1 TEC

xlO el/cci3 degrees x10’~el/cm
t

0 5 ,5  130 2.9

U —1 5,3 1~.0 3, 2

—2 5.3 165 31. 7

—3 6,3 219 14.9

— 14 19.2 263 5.9

—5 31.2 291. t . 5

- - - - - - - - - -  - - - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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desired effect has not been reproduced, since initially (as

we shif t one, two, three degrees south), Nmax does not

inc rease wh i le  (~ does, contrary to the actual temporal

sequence of events. In addition , comparing the zero degree

shift wIth the -5 degree shift gives a 146 7 % Umax increase

and a 228~ f~ i ncrease, completely at variance wit h the

observed I ncreases listed in Table tV-V u ,

If we suppose that the change in yzero at the trough

pol eward edge is very sharp, taking yzeroa23Okm north of It

and 120km south of it as far as St. John ’s (with yzeroa2l5km

southward from St. John ’s), then we can reduce the Faraday

rotation i ncrease in chang i ng from no shift to a -5 degree

shift by about 50%. This is because although Nmax in the

f trough is  very low, yzero is requi red to be very low there

so that the vertical TEC Is greater than it otherwise would

be. Even wi th this artificial device we canno t reproduce the

observations for we still have a .L2~e% increase in Faraday

3 rotation coupled wi th the ‘~67% Umax i ncrease. The results

for the shifts from 0 to — 5 degrees usin g these values for

yzero are listed in Table IV-X .

-
~~~ For the Dec. 15 case we initiall y tried yzero 2o3km

north of the po l eward edge, 153km south of the poleward edge

to the latitude of St John ’s and 222km from St. John ’s

southward. As we shift southward, yzero above St. John’s

changes from 222k~i to 153km to 203km, which is the observed

temporal behavior.

- - - -—— -—- _____________ — -‘- ~~~~~~~
-- - -  _______
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The resul ts for shifts of zero to —6 degrees in one

degree steps for Dec. 1 are shown in  Table I V—XI . A shift

of six degrees is necessary for the poleward edge to reach

St. John’s producing a 72 % Increase In Nmax . Faraday

--I i rotation I ncreased by a much smaller percentage, 23%.

We now artificially distor t the trough bottoms i de

profiles north of St. John ’s by letting yzero equal 120km

there Instead of 153km. Th i s decreases the Faraday ro tati on

increas e from the zero degree shift to the -6 degree shift

to 17% (see Table IV -X II ). A further distortion is  obta i ned

— by keepi ng yzero~120km south of the poleward edge to St.

4 John ’s and letting yzero 23Okm north of the polewerd edge

instead of 203km. Now the 72% Nmax increase from 0 degree

shift to -6 degree shift is accompanied by a it Faraday

rotation i ncrease (see Table IV-X 1II ) . A summary of these

three sets of results is found in Table IV-X IV. Graphs of

Faraday rotation and Nmax for the three cal culations are

shown in figure tV- iS for a wide range of latitude shifts.

The best agr eement to the observed effect on Dec. 15 (small

j  TEC decrease coi ncident wi th Nmax increase) is found in the

third cal culation (7% (1 i ncrease).
I To get a feeling for the change in the latitudinal

struc ture sampled by the ray path, two contour plots are

drawn In figure iV—19 . one for the zero degree shift and one

for the —6 degree shift , for the results of the

aforementIoned third calculat ion , The ray path is drawn

- -
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‘i Table IV—X I

LAT I TUDE SHIFT RESULTS -December 15

yzero—203km north of pol eward edge, yzeroai53km In trough

south to St. John ’s, yzero 222km from St. John ’s southward.

Shift St. John ’s Nmax Goose Bay (~ TEC

x104el/cm~ degrees x10~~el/cm~
0 8.8 1~i0 3.6

—1 7.9 ibi 3.6

—2 7.8 160 3.6

-~~~~ —3 9.0 1149 3. 14

— 14 9.6 lIs le 3.2

—5 9,6 166 3.1

—6 15.1 172 3,9

Table IV — X II

LATIT UD E SHIFT RE SULTS - December 15

yz ero—203km north of po leward edge, yzero~120km in trough

south to St. John ’s, yzero 222km from St. John ’s southward.

Shift St. John’s Uma x Goose Bay Cl TEC

x10~el/cm
3 degrees x10~~el/cm ’

0 8,8 160 3.6

—1 7.9 1 1  3.6

—2 7.8 161 3.6

—3 9.0 152 3.14

9.6 152 3.14

— 5 9.7 i7~ 3,9

—6 15.1 187 14.2

-
~~~~~~~~~~~~~~~-~~~~~~~~~ -~~~~~~~~~
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Tabl e 1 V—XiI I

Latitude Shift Results — December 15

yzero 230km nor th of po l eward edge, yzeroal20km in trough

south to St. John ’s, yzero2222km from St. John ’s southward.

Shift St. John ’s Umax Goose Bay ~~ TEC

x iO4el / cin3 degrees x10 1~ el /cm&

0 8 .8 i6~J 3. 6

— 1 7.9 lul 3 .6

— 2 7 .8 160 3.6

—3 9 ,0 1149 3 .14

— 4 9 .6  lis Le 3 .2

—5 9.6 1ó6 3.7

—6 15.1 172 3.9

Table I V — X I V

Summary of Changes in Nmax and fl for Di f ferent  yzeros

yzero north yzero In yzero from % changes

of poleward trough south St. John ’s Umax (‘1

edge to St. John ’s southward

(kin) (km) (km)

203 153 222 ~2 2i

203 120 ~22 72 17

230 120 222 72 7

- ---———-———--- - --~ ~— S---- ~‘ — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -
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Figure iV-18 Model Uma x and Cl for Dec. 15 using

various yzeros for a wi de range of

lat i tude shi f ts 

~ tOO yzero~203km north, 153km south of poLeward edge 

yzero’2OSkm north, 120km south of poleward edge
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through the Interpolated density prof i les of Ne(h) vs.

latitude from 0 km In heigh t to lJOOkm in heigh t, which were

prOvided by the computer model , Notice that the poleward

edge, at the extre~e right (north ) in the zero degree shift

plot, has been moved to cross the ray path near 1400km hei ght

H which greatly i ncreases the Faraday rotation contribution

there. This is compensated for to a great extent by two

factors: the decrease in electron dens ities at greater

heights along the ray path due to the fact that this is now

the trough region; and the higher yzeros in the po l eward

region where the ray path Is travelin g through lower

f heights. 
-

A glance at Table I V - Vi iI w i l l  revea l that while we

have greatly reduced the Faraday rotation increase, we still

have not simulate i the effect. A 17% decrease in Faraday

rotation cannot be duplicated by the latitude shi ft method

using physicall y reasonable values of yzero. The values of

yzero we had to choose to cut down the Faraday rotation wer e

qu i te arbitrary . The value of 1.~0km was quite a bit lower

than the values which we have said were observed at St.

John’s, and 230km is higher than yzero observed at 6:145 UT.

We can conclude our discussion of this latitude shift

• method by saying that equatorward motions of lat Itudinal

tle(h) profiles cannot, by themselves, explain the observed

anomalistic effect, i.e,, flat or decreas i ng TEC combi ned

w ith an Umax increase. This conclusion is strengthened by

- 7-— -— -~~ ~~~~—7-— -— 
- —-- 7 -  - -~~~~~~ - — - ~~~~~~~~~~~~~~~ 
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examination of the succeed i ng isi s II passes on both Dec. 9

and Dec. 15 (compare figures IV-2~ and IV-2]. with figures

tV-lB and IV-17). Al though the succeed i ng passes are far to

- . the wes t of the origina l ones, if any substantial motion of

the ionization trough occurred , It should show up in the

later passes. Examination shows that the po l eward edge did

not s eem to change its position appre ciabl y on Dec. 9, and

on Dec. 15, it is Imposs ible to tell where the pol eward edge

was at the later time (if it actually was present ).

In sp ite of this negative conclusion, we note that

appreciab le decreases in slab thickness (TEC/Nmax) were

reproduced on both Dec. 9 and Dec. 15. Even though TEC

increased , the increase in Nmax was much gr eater.

In short, it is certainly possible that some

latitudina l plasma motions occurred , as a sim p le drift model

to be discussed pr esentl y sug’~ests. These latitudina l

motions are apparentl y not the prim ary cause of the 
—

phenomenon we are concerned with (flat TEC with increas i ng

Umax ), however .

4.3.2,3 Vertical Drift Method

It seems reasonable to hypothesize that a verti ca l

redistribution of plasma over a wide latitude range,

i ncreas i ng Umax but dep letin g the electron dens ity by

appropriate amounts at certain other hei ghts , will produce a

-
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cons tant f~ (and Its der i ved TEC) coi ncident with the Nmax

Increase, There are literal ly an infinite number of ways to

do this. The Umax Increase need only occur over a small

latitude range to reproduce our single ground based

i onosonde observations , it need then be accompanied by a

small decrease elsewhere in Ne at lower and higher heights.

If one increases Umax over a w ide latitude range, one Is —

still at libert y to specify how the decrease in plasma

dens ity at other heights needed to keep the TEC constant is

-~ to be distributed along the ray path.

Even though succeed i ng isis II passes are about 30

degrees of longi tude apart, we can get an I dea of whether

ver tical distortion occurred over a wide latitude range by

examining N (700) and N (1000) for successive passes. One can

not ice by compar i ng figure 1V—20 with figure IV-16 for Dec.

9, and figure IV— 2 1 with figure iV—1 7 for Dec. 15, that both

N(700 ) and N(1000) have decreased s ign i f icant ly  over nearly

the entire latitu de range,

Th i s tel l s us, that In simulatin g the constant

:1 TEC- I ncreasing Nmax effect using our compu ter model ,, we

shoul d distort the I nput array over the entire latitude

range.

_ _ _
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A simple model for “Magnetospheric Convection at

Ionospheric Heights ” has been offer ed by Mendillo (1973). In

that anal ysis the vertica l drift Is expressed as follows :

—EDO co5 (~kl.1) ( ) ~~ h/Re? cos I (4 
~)

- 

-j W vert — \ co’j~ fl + ~~ sin’A “

- _ in this formula:

E50 is a uni form dawn to dusk magnetospher ic electric field

in the equatorial plane.

Li is the local time .

~e,s is the magnetic field at the Earth ’s surface at the equator.

h is the height.

Re is the Earth ’s radius.

A is the magnetic dipole latitude,

j Is the magnetic dip angle.

We will use this equation to derive distortion factors

as a function of latitude and he i ght to be applied to the

iIe(h) vs. latitude array in our cor.iputer model.

We wil l  assume that ~~~~~~~ and local time are the

same for the entire pass (the satellite covers about 145

degrees of latitude in 15 minutes ). Then we can suppres s the

dependence on these quantities in (14 ,1) to obtain relative

drift velocities as follows :

U Il I T h ’~v iver to i+ riitcti cos
~, cosA Il l  +3~~3j~

We now mus t gi ve an explanation of how wvert (h) and the

- - - - -————----— ----- ---- -— -- - 7-- -- -  _ _ _
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change in Ne (h) are related . Wh ile the actual relation is

probably quite complicated, the following simple argument

w ill be sufficient to provide some physical justification

for the particular distortion method we chose for our

computer simulation. The pu rpose of this vertical distort ion

exercize is to qual itat ivel y discuss the large scale changes

-
~~~ of i onospheric structure that must be p rimarily responsible

for the observed effects. It is unfortunately beyond the

scope of this thesis to attack the full time and spatial

depend~nce of the modified i onospheric structure ,

Consider an Imaginary box in the ionosphere with

cross-sectional area A and heigh t Ah, For a downward drift,

the fluxes in and out of the box are given by:

F F1~ =

(14.3)

Fo~t 
= N~~V~

Here we assume no horizontal drifting of plasma, and for

further simp licit y , no net production or recomb i nation of

H free electrons In the box . Then we can write:

= N~~(t)A ~Ji + ~~~~~~ —N1,~V~ 
) AAt (14.14)

so that :

N~~ (t+~ t )  = N~ , (t) + (N~~Vc€1~ 
‘
~~~~kt 

V~~,t )At/&I (14.5 )

Sinc e this is not a large box, we can take

V~ V~ = Wvert (14.6)

Then:

N~ ,(t+At ) = N~ ,(t) + (AN~~/1oh)Wvert~t (14.7)

- _ ________  
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Here A$~ ,/~j1 should be an average value, i.e., the true

value of AN/&’% at some time between t and t~At.

Unfor tunately, all we have available to us are the
- ~

- interpolated density arrays for the beginn i ng of the effect

we wish to simulate. Therefore we must use:

-~~ N (t+At) — 11(t) + (AN/à
~
h)tWvertAt 

(Lê .~~)

i A more general expression for dN/dt is given by:

I ~~~~~~~~ L + ~~~~ 
+

4 ThIs is the continu i ty equation (1.10) with a motion term

added . Here we took q L ,  and ~.V= 0, s~ (14.9) reduces to

(4,8). This equation should be app lied to N (1u00), N (700)

and Nmax.

It is clear why decreases occur at 7u0km and 1000km,

i.e., dN/dh < 0, To see why Umax increases, where dN/dh =

consider the following, We cannot app ly (14.~~) to Umax. This

Is because dN/dh = 0 at hma x for any profile , and in

particular , the semi-parabola we have modeled arou nd the F-2

peak is such that:

N (hmax+~h) = N(hmax—~h) (4.lu)

j  So that ~N/Ah is zero at the peak, if our sem i-parabolic

model repres ented the correct distribution , we could not,

:~~ according to (14.8), increas e Nmax using vertical plasma

drifts (because as much plasma would oe entering the region

of peak densit y as would he l eaving it). The semi—parabola

Is only an approxima tion, of course, We know fro~n experience 

-~~~~~~~~~~~~~~~~~~~~~~~~~
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that generally during the nighttime :

- 

~

- 

N(hmax-&I ) < N(hmax+Ah)

FI9ure lV-~~~

We hav e draw n a typica l nighttime Ionospheric profile

schematically in figure lV-22 wh i ch demonstrates that Ne (h)

normall y falls off more rapidly below hmax (due to I ncreased

recomb i nation rates) than it does above hmax (also see

figures iV— 25 and IV—26). Therefore, in realit y AN/Ah is

positive near the F— 2 peak and accord i ng ~o (14.8), Umax w il l

I ncrease as expected . This can also be easil y seen from

(1,~.1e) with I4~~ < Ne1,. Conversely, AN/A~ is negative at

h—lOOkm and h l000km, so the electron density decreases

there, as desired .

For the tops i de heights, we thus have:
+ (AN/Oh)iw.,t Wvert (1000)At

N,.,(t+At) • N,.,,(t) + (AN/4h),,,,~ Wvert (7O0)At (14.11)

Si nce (4.2) does not gi ve the absolute magnitude of Wvert,

we replace Wver tAt in (14.11) by:

K.w IlvertAt (14.12)

_ __
_ __________ -- - - - -  4
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-

where from (14.1):

K= Eoo cos(&LT)~t
Be); 

- (4.13) -

= K( EDD, LT, B~,5 ,At) -

Then equations (14.11) become:

— N~,(t) + (AN/Ah~~~
K.w (1000)

N, (t+At) N,0 (t) + (AN/Ah~,,’K’w (70O) (14.114)

-
~~~ The equivalent formalism for Nmax would be an equation

of the form:

Nmaxft+At) = Nmax(t) t (ANJ~h)~~nrK W(hma~) (4~5)
+ ~t) 1~1mai(t) 

~~) + ~ W~k)k~ 1t K
Nmw~(t) -

A convenient way to avoid the uncerta inty of how to choose

AN/Ah at hmax for each latitude is to assume that the

normalized quantity (~ N/~h),,,,Ô%,~
/Nmax (t) (a profile sha’~e

parameter) does not change appreciab ly over the latitude

range covered by the ray path in the F-region . The quantity

• may therefore be evaluated above St. John ’s where actual

Nmax (t) and Nmax (t+At) observations are availab le. Thus:

_ _ _ _ _ _ _ _ _ _ _  - I Nm~
y
~tt~t) Nrnax Ct) 

_ _ _ _ _ _ _ _ _ _ _  = C 4i~Nmax (t) - I 1’1et~~(t) w(hmo~) lst~,~~ -

and equation (14.16) becomes, for a l l  other la tit u des: 
—

Nmax(t+At ) — Nmax (t)(1 + Cw (hmax)) (4.17)

- - ~~~~~
- - - -— - — -  -
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-

— . We now have only one adjustable parameter for the

distorted array, the constant K in (14.114). This constant is

actually a function of magnetic and electric fields , and the

-H time (from 4.13). We choose K in order to reproduce the

observed flat TEC- i ncreas ing Nmax effect . After Increas i ng

Umax to the des i red value , we only need to decrease N (700)

and N (1000) by sufficient ariounts to keep the Faraday

rotation cons tant. For the distorted array, yzero was found

from available I onosond e data, while hma x was obtained by

decreasing the hinax values in the ori gin al array by an

average of 20km wi th the size of the decreases proportional

to w. This was done because it was observed that hmax tended

to drop durin g the effect.

On occasion, i.e., the extreme northern and southern

ends of the array, use of equatIons (14.14) resulted in

unreasonable values for N (7~J0) and U(1000). For example,

negative values for electron dens i ty, or N (700)<N (1000)

mi g h t occur. At whatever latitudes this happened, the values

at 11(1000) and N(70’)) there were obtained by distorting the

origina l array by the same percentage as was done for the

nearest latitude poi nt at which reasonable values were

obtained. Unreasonably high values of Umax also were

obtained us i ng (4.14) at the extreme poleward end of the

array, These points are north of the ray path (excePt when

shifted far south), so they will not contribute to (1. In

the i npu t array, the northern~ost reasonable value was used 

- — 
-
~~~ 
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for these points also.

Having discussed the approach used, let us now present

the results of the computer model simula tions of ionospheric

vertica l distortions , in Table IV -XV  the reader w i l l  find

Nmax, TEC, and Faraday rotation computed for both Hamilton

and Goose 3ay for the events of both December 9 and December

1.5, 1971, The value of K used in equation (14.14) for both

dates is also shown.

Table IV-XV

Ver t i ca l  Dis tor t ion Results

STATION Nmax (St. John ’s) TEC K
(10’e1fan~) (1O’~ (deg) (meters)el/cm a )

Date Dec. 9, 1911
Orig i na l Hamilton $ ,9~ 157
Arra y—te :20 UT Goose Bay 5 1 4  2.43 1U8
Distorted Hamilton 3.30 131 ç
Array— 6:0O UT Goose Bay 7.3 2.40 107 1,2x10
Date Dec. 15, 1971
Origina l Hami l ton 5.54 219
Arra y— 2 :25 UT Goose Bay 8.7 3.04 13~Distorted Hami l ton 6.81 270

h 
Array —6 :’ e 5 UT Goose Bay ld.7 3.04 13~ 1.12x10

The values of K we have used to reproduce the observed

flat TEC- i ncreasing Nmax effect can be used to find an

• 
approximate value for the dawn—dus k electric fiel d . From

(4.13) we arrive at:

£DD

-

~~~ 

o~~~LT)At 
(~~ •~~~~

)

where LT is In hours , ED~ is in vol ts/meter, B~s IS In

webers/metera (volts)(sec)/metera, K is In meters, and At is

— —— - --—- --- ---———7--— —7--- ‘7- —- -u-——— - - ________ - -—- 7— ---——- - - 7 -  ~————---- — -— —~~ -- - ------
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in seconds.

In (14.18) we use the times midwa y between the times of

the original array and of the disturbed array shown In Table

IV— XV for the local time, the time intervals shown in Table

1V—XV for At. and the value of .305~1~J~ wb/m
a
~ for Be,s. The

calculation gives E,o _ .67mV/m for the Dec. 9 event, and

E~~=- .23mV/m for Dec. 15. We will discuss these numerical

E,. values further in sec. 14.4 when we take up the question

of the mechanism for the flat TEC— i ncreasing Umax effects.

4 The distorted arrays for Dec. 9 and Dec. 15 are graphed

In figures IV— 2. and IV—2 1e . Direct comparison with figures

IV-16 and IV-16 reveals the type of distort ion s that have

been i nvoked. The dramatic decreases in N (1000) and N(700)

are clearl y evident, as are the increased Nmax values.

The distortion on Dec. 15 seems to be more severe, in

• that ;R700) and N (lOiJO ) are reduced to values typi call y less

than 1O~el/cm
3 for hi gh latitudes where Nmax is multi plied

by a factor of from 3 to 5. The reason for the larger

distortion on the 15th is clear from Table I V — VI I I. The

large percentage Increase in Nmax (97%) necessitated the

greater compensating decreases in N (700) and N(1000).

Notice that even wi th this large distortion , the 17%

I 
- 

decrease in TEC has not been reproduced . From Table iV-XV we

see that this large di stortion ~-ia s accompanied by constant

TEC (3.OIexlO l%el /cmt). To produce a decrease In TEC, even

greater distortions would be required. For December 9,

—

~ 
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however, the observed changes have been reproduced in

detail. The relatively small increase in Nmax evident in

Table IV-V ii (31-,) can be accounted for uy a smaller

vertical distortion than in the December 15 case.

One effective method for demonstratin g how these

H vertical distortions are capable of producing a flat

TEC-increas ing Umax effect is to graph Ne (h) along the ray

path up to 1000km both before and after the Umax increase.

This is done for Dec. 9 in figure IV-25, and for Dec. 15 in

figure IV—26. The anomalous increase in the distorted

array ’s value of Ne at about 170km heigh t in figure IV— 25 is

due ~~ the lower value of yzero aL the highest array

lat itu 4es.

One can see f rom these figures that the large increase

in electron concentrations around the F-2 peak and includin g

the bottomside s compensated for by lower values of Ne for

the distorted array from about 400km out to the satell ite.

As prev i ously noted (sec. 2.1.3,3), the computer model

adds up the vertical T~iC above each latitude in the

interpolated array. This vertica l TEC is directly added up

to 1000km, and then extrapolated to 2000km usin g a scale

- - heigh t of 1O00kr~, as explainei in section 2.2.1. The

vertica l TEC up to 2)00km can then be compared with the

equivalent vertical TEC obtained from the Faraday rotation

and the ~ factor at 1420k’i heigh t along the ray path.

- 1 in Table IV— XV I , chanr~es in the verti cal TEC up to

-7-- - - p____ , - — -—-- __-_ -~~~~-— — — - - -~~~~
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Fi9ure IV~~
I 

~~1 I I

Ne(h) Along Ray Pat h
I

800 - DEC. 15, 1971
I

— - - Original Array

600 
Distorted Array

~~ 40o - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

— ~~

200~~~~~~~~~~~

—— -~~ i_~~~~~ I L I
2 4 6 8 1 0 12 14

Electron Density
(104e1 /cm3)

I - ~~~~~~~~~~~~~~~



—

1140

2000km above St. John ’s are compared wi th corresponding

changes In the equ i valent vertical TEC at Goose Bay for the

distorted arrays used to simulate the Dec. 9 and Dec. 15

events. Notice that the values of equivalent vertical TEC

are all higher than the corresponding vertical TEC values .

-H This conf i rms our conclusion of sec. 2.2,14 that under winter

nighttime conditions Faraday rotation measures the total

electron content of a vertical col umn up to a heigh t greater

than 2000km.
- 
I I it is encouraging to notice that the changes In

vertical TEC are only about 12%, because this does not

- 
- contradict seriousl y the hypothesis that the Faraday

rotation measured at Goose Bay monitors changes in the TEC

of a vertical column near St. John ’s.

Table IV -XV 1
Vertical vs. Equivalent Vertical TEC - Distortion Method

(10’~ el/cm
&)

Oec. 9, 1972. Vertical TEC Equivalent
up to 20F)Okm Vertical TEC

above St. John ’s along ray path
to Goose Bay

Ori g inal Array 2,10 2.143
H Distorted Array 1.86 2.40
H Dec. 15, 1971 Vertical TEC Equiva l ent

up to 2000km Vertical TI~C
above St. John ’s along ray path

to Goose Bay
Orig inal Array 2.514 3.014
Distorted Array 2,86 3.04

Comparison of Table I V-XV with flgures IV- 3 and IV— 6

reveals that an Increase in TEC at Hami lton has been

-- - — -7~~~-—-—-~~~—-,



— ---‘—7-—— — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - — ---,---—--------‘-----‘— , .-‘---—,---,. -- — ---—‘-7-. -7
- ~~ ““- 

.7-7-7- - ____

‘I 

liel

reproduced for Dec. 15. Th is ef fect  increas ed electron

densities at lower latitudes . The F-2 peak height Is at

approx i mately 39 degrees geographic latitude along the ray

path from Ham flton, a lat i tude apparently inside the

plasmaspher e for both Dec. 9th and 15th. One migh t initiall y

propose that substantial dumping of plasma from the magnetic

- 

; tubes of force occurred on the 9th but not on the l t h  as

this would exp lain the TEC increase observed from Hami l ton

on the 9th, wh i ch we were not able to reproduce usin g our

vertica l distortion technique.

-4 14.3.2.4 Shift and Distort Results

As pointed out by Mend il lo (1973), theory predicts

vertical , longitudina l , and latitu din al dri fts due to a

dawn-dusk electric field. Whi le we have not been able to

i nvesti gate east-wes t drifts , we have looked at both

vertica l and latitudina l motions. One migh t ask whether a

combination of vertical and latitudinal drifts could account

for the observed flat TEC-Increas ing Nmax effect.

- j To i nvestigate thIs question we have utilized the

latitude shift cap abilit y of the computer model in

comb i nation wi th the distorte d arrays plotted in figures

— 
..~~~_ _

_ IV—23 and IV—2 14. Results are shown In Table IV—XV II for U

degree to — 3 degree shifts on Dec. 9 and 0 to -o degree

shifts on Dec. 1~. One should compare the results for the

_ _ _ _ _ _ _ _ _ _ _  ~~~~~~~- --- -- -
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Table iV — X V 1 I

SHIFT A I D  D I S T ORT RES ULTS 
-

Date Descr iption Stat ion Mode l Nmax

(degrees) 1420-km point

(1U4 el/cm3 )

Dec. 9 OrigIna l Arra y Hamilton 157 7.2

-~~~~ Goose Bay ioa 5.14

H Distorted Array Hamilton 131 3.9

Shift U Goose Bay 107 7.3

Distorted Array Hami lton 107

Shift ~— 1 Goose Bay 155 7.1

Disto r ted Array Hamilton 100 7.8

Shift =-2 Goose day 247 7.3

Disto rted Arra y Hami l ton 102 u.6

Shif t =_ 3 Goose Bay 322 8 8  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~
—- 7 - -

~~~~~~
-—

~~~~~ - 
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Table IV -XV I i (continued )

‘ Date Descr i ption Station (1 Model Nmax

(degrees ) 1420-km point

(1O 4el/cm~ )

Dec. 1 Ori gi nal Arra y Hamilton 21~ 15.3

Goose Bay 135 8.7

Distorted Array Ham ilton 273 2S.3

Shift U Goose Bay 13~ 1~.7

Distor ted Array Hami lton 2614 27.2

Shift — 1 Goose Bay 167 17,k

Distor ted Array Hamilton 2 Le~ 26.2

- - sh i ft =-2 Goose Bay 151 lu.2

Distorted Arra y Hamilton 232 25.L4

Shift -3 Goose Bay 119

Distorted Arra y Hamil ton 213 214.6

Shift —
~~~ Goose Bay 1914

Distor ted Array Hamilton 207 23 .9

r Shift -5 Goose Bay 27~ 214.0

Distor ted Array Ham i.l ton 136 19.5

Shift =
~~~u Goose Bay 323 ~8.5

L .~~~~J ______ _____ _ ____

~

_____________ ‘ _.__ ___ ‘
II_ - -. -.- -— -------- ------ .—-——--- ————. ~~i~
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original array wi th the distorted array from Goose Bay for

each shift.

= For December 9 southward shifting greatly increas es the

Faraday rotation at Goose Bay, and Is thus i nconsistent with

the observed effect~ On Deceiber 15, the -3 degree shift

gave a 12~ decrease in Faraday rotation , This compares well

wi th  the observed 17~ decrease (see Table IV—V II I and figure

IV— 6). Rem ember that wi th the vertical distortion method

H al one, a decrease in (). could not be realistica ll y achieved .

These results impl y that a comb i nation of latitude shift and

vertica l distortion were at work on Dec. 15 but only

— vertical distortion on December 9.

One mi gh t try to contend that to reach a -3 degree

shift, one first has to pass through the -1 and -2 degree

shifts , where inc reases in (1 occurred . However , if the

origina l ar ray represents the beginning of the event, and

the distorted array shIfted 3 degrees sou t hward represents

the peak of the effect, the interme diate stages are

repres ented by smaller disto rtions than that of the

distorted array. In oth~ r words, it is important to rea l ize

that the shi f t  results presented In Table iV X ii I do not

represent a temporal se’~uence, but only a number of possible

final stages of the two events.

Intermediate stages with smaller distortions juSt

men t i oned have no t been Inves t i gated, as this question opens

- 
- j up a whole new ievei of comp l exity in the calculations . A

7- ~~7- 7-~ — ——~_ -~~. a— - - ——-7-— --7— 4
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computer program which au tomatically distorts inpu t arrays

as a function of time could be developed to investigate this

ques tion further .

C~ and Umax obtained from the computer model for

Hamilton and ~Iallop ’s Island, respect ively,  are also g iven

in Table IV-XV II. These results should be compared with

figures IV— 3 and iV— O . Notice that the increas e in fl at

Hamilton has been reproduced on Dec. 15 us i ng shifts of -1,

-2, or -3 deg r ees . This agrees wi th the conclusion that a

comu i nation of vertical distortion and latitudinal motions

occurred on Dec. 1 ,  An i ncrease in ~~ at Ham ilton is not

obtained , however, on Dec. 9. This is not a cause for

concern, however, since we have already concluded that a

southward shift of the electron densit y vs. latitu de array

did not occur on Dec. 9.

• ~ie migh t conclude this section uy remarking that

although model results seem to indicate that a comb i nation

of latitude shift and vertical dri ft occurred on December

15, further studies are needed to model the temporal

evolution of the event on that night.

4.3,3 Conclus i ons

Computer model studies were undertaken in an attempt to

simula te the flat TEC-increasin g Nmax effec t which occurred

durin g the nights of Dec. 8—9 and Dec. 1~-15, 1971. These
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studies ind i cate that an equatorward shift of the Ne (h)

- J pattern existing before the effect cannot by itself account

1 for the observations on either night. A vertical distortion ,

wh ich is essent ia l ly  TE C preser ing, can, by i tself, be
— responsible for the effect on Dec. 9, and can produce a flat

H TEC comb i ned with an Increase in Nmax on Dec. 15. A

~ 
comb i nation of lati tude shift ani vertical distortion can

reproduce the observed decrease in TE(.. on Dec. 1 ,  but

1 canno t reproduce the obser vat lors on Dec. 9.

I 
—~
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14.1. Mechanism for the Slab Thickness Decreases

S

It is clear that the vertical disto rtions of the winter

‘ nighttime ionosphere we have observed near L 4  are substorm

related . On all five nights depicted in figures 1 V 1  to

IV- 6, substorms were observed at Narssarssuaq, the near est

-
~~ of the eleven geomagnetic observator i es whose records are

comb i ned in the AE index , For the case of Dec. 9 (figu re

iV— 3), the be ginni ng of the distortion of the ionosphere

above St. John ’s is co i ncident with the substorm wh i ch

occurred at 14 UT at Narssarssuaq . In the other four cases a

substorm was observed at Narssarssuaq earlier in the course

of the night, whi le the ionosp here above St. John ’s was

still decaying , There could have been an i mmediate response

to the substorm which was masked by the underl ying decay.

This p ossibilit y is sketc;led schem atical ly in figure IV— 27.

Nmax figure IV—27

:: ?:: a~~~~~~

tune

In figure iV—2 7, possible responses of the i onosphere

to substorms occurring earlier durin g the nigh t (while the

ionosphere is s t i l l  decaying) and near midnight (when the

_ _ _  - 
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i onospheric densities have reached a state of stable

equilibrium ) are depicted. Clearly, the increased

concentration near midnigh t would appear as a “bump” while

that occurring earlier would not. From this kind of argumen t

- 
- 

it becomes apparen t that Immed iate response by the

ionosphere near St. John ’s to the substorms observed at

Uarssarssuaq could have occurred, even though the appearance

of such a response would not be obvious in the data.

It s true, however, that on four of the five nigh ts

the greatest par t of the increas es in St. John ’s peak

dens i ty occurred a few hours after the substorms occurred at

Narssarssisaq, at times when the ionosphere would be expected

to reach a stable level of ionization durin g magneticall y

quiet conditions . The magnetic conditions were not quiet ,

however, on those nights , so one migh t speculate that

substorms nigh t have occurred near St. John ’s and near

mi dnigh t wh i ch wer e not Picked up at Narssarssuaq. Even

small disturbances might greatly affect the low levels of

ionization pr esent at those times .

Akasofu et. al. (1913) showed that the stations whose

magnetic records comprise the AE i naex would not record

substorms occurring north of th~ aurora ) zone along a

contracted auroral oval, i.e., dur ing quiet times . Thus, i f

a substorm occurred during relativel y quiet times, its

associated enhanced dawn to dusk electric field mi ght cause

i onospheric distortions without a magnetic ~Bsturbance being  

-~~
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recorded at Narssarssuaq, or other AE stations . One may also

argu e that the 11 magnetic stations whose records comprise

the AE Index do not adequately cover all J ongitiudes, so

that a substorm occurring near the longitude of St. John ’s

migh t not be detected at Narssarssuaq, 8.6 degrees - of

magnetic longitude to the east. Al l en (1975) has confirmed

that this mi ght be a poss ibi lity, although Al l en and Kroeh l

(1973) concluded that the 11 stations provide adequate

long i tudinal coverage to pick up most substorms . in short,

there Is certainly no evidence for the contention that a l l
-

- - substorms which affect the ionosphere near L=14 are reflected

in the AE Index , We therefore can contend that the -‘

distortions which occurred on all five nights were

associated w i th  magnetic disturbances.

Time mechanism by wh i ch a substorm affects the

ionosphere near L=L. is the enhanced convection electric

fie ld associated with it. This enhanced dawn-dusk electric

field has radial and tangential components wh i ch map along

magnetic lines of force from the equatorial plane to the

ionosphere. The radial component causes east-west drifts ,

while the tangential component produces both vertical and

north-south drifts . While we hav e not been able to

Investigate possible effects of east-west drifts on

ionospheric density profi les, we have shown that both

ver tical and north—south drifts are Important In producing

some of the obser ved effects.

— ~~~~~~~~~~
--7- - 7— — 7- ---- —— - ——--- - —
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There are fields other than that due to convection

which do contrIbute to the total electric field in the

Ionosphere. Thes e are the corotation electric field and the

H dynano electric field , in a review paper dealin g wi th these

var i ous elec tr i c  f i e ld s, Mozer (1973) concluded that, on the

- 
- 

averag e, the ionospheric electric field near L L e is

primarily of magnetospheric ori gin whether the plasmaspher e 
—

is equatorward or pol eward of L 14 .  Under magneticall y

disturbed conditions , the convection electric field is

greatl y enhanced . Table i V- XVi li , reproduced from

(Carpenter , 1970), shows how the dawn-dusk electric field is

enhanced during a moderate magnetic storm period .

Table iV-XV Iii

from (Carpenter, 1q70)

Moderate Magnetic Storm Per iod Condit ions of

prolonged quiet

Peak Values Typical values Average

ri during substorms between level mV/rn - 
-~

subs to rms

m V/rn mV/rn mV/rn 
- 

-:
Ouske 1—k “~0.k—0.6 —1 -‘0.1

Midn i ghtl’ 0,5—2 0,05—0.1 “0.2— 0.3 ~0.1

abased on statistics of th. position of the plasma bulge .

- 1 tb~sed on tracking of whi stler paths.
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I From the computations in the previous chapter we

der i ved values of O,~~7mV/m for the December 9th event and

-- 0.23mV/m for the December 15th event, The 0.67 value is in

agreement wi th the peak values at midni gh t during subs-torms

in Table I V — X V i i I , and of course a substortn was observed at

- ~
- the commencement of the increase In Nmax on December 9. The

- 

- 

0,23mV/mii resu lt for December 15 is greater than typi cal

values between substorm ’ns in the table, and fits well into

the average level for a magnetic storm period near midni gh t

in that table. This seems to support our contention that the

tlmax increas es we have observed are due to substormn related
- 

- enhancements of the convection elect ric field.

H One fina l comment should be made concerning figure

- ~
- IV-27 , which has already shed light on the relation between

-

~~ - 
substorms and ni ghttime Umax increases . This figure also is

- 

most relevant to the question of why the nighttime Umax

i ncreas e effect is primaril y a winter phenomenon. Only

during the winter months is Umax relativel y flat for many

hours durin g undisturbed nighttime conditions, at wh i ch

t imes a “bump” in Umax would be obvious in the data. For the

same rea son, most of the bumps observed during October,

February and March necessari ly fall into the group we

- classif ied as “low bumps,” while durin g December, for

- 
instance, larg e bumps can occur with much greater frequency.

I,-
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