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OBJECTIVE

Gather data on m agnetosphe nc substorms, and th e ensuing ionospheric storm s with
a view to the development of models usefu l in minimizing the detrimental impact of these
processes on Nava l communications.

RESULTS

I .  The general morphology of both magnetospheric substorms and ionospheri c
storms has been documented , altho ugh much more study is necessary before any accurate
modeling can be done.

2. A model of the “shoc k fro n t ” p rece ding some ionospheric storms has been
developed .

RECOMMENDAT IONS

Additio nal data , both magnetospheri c and ionospheric , must be acqui red before
accurate and detailed models of these processes can be developed. Presently. a large-scale
effort is being pointed this direction , in the International Magnetospheri c Study (IMS ) .
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PREFACE

Geomagnetic and ionospheric vari ations are extremely important to the Navy because
man y C3 and surveillance systems depend upon the stability of the geomagnetic field and
ionosphere for reliable operation . For exam ple , rapid geomagnetic pulsations may obscure
submarines f rom our ASW detectors , and ionospheric storm depletions or enhancements of
the F-region may compromise cove rt Naval communications. To alleviate the dam aging
effects of these va ria tions, a real-time environmental prediction/assessment system must be
developed with inputs into a model describing effects of the variations on the system.

This report documents the present unde rstanding of both magnetospheric substorm s
and ionospheric storms, and suggests a program to expedite the development of an opera-
tional mode l for Naval use.

• Magnetospheri c substorm s appear to be the causative mechanism of the global iono-
sphe ric storm . A digest of the major models of magnetospheric substorm s is presented in
chapter 1. Chapter 2 discusses the ionospheric storms that are identified with magneto-
spheric substorms.
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CHAPTER 1: MAGNETOSPHERIC SUBSTORM S

INTRODUCTION

The solar wind (a neutral plasma) flowing by and interacting with the earth’s mag-
netic field undergoe s charge separation. Thus , the mechanical energy of the solar wind is
converted to an electric potential by the geomagnetic field in a dynamo-like manner.
Akaso fu ( I 9 7 5 ) *  estimates that the solar wind is put t ing energy into the magnetosphere at
the rate of ~.l0 l9 erg/s. ** Assuming that the magnetosphere cannot hold an infinite
amou nt of energy, we might expect some mechanism for energy release . A magnetospheric
substorm is an implosive release of this magnetospherically stored energy into the polar
ionosphere , and can be viewed as a form of capacitive discharge through a current sy stem
to be described later.

The energy release (or conversion of potential energy into mechanical energy ) is
manifested through many forms in the polar ionosphere , as documented by Akasofu
( 1968) : ***

A uroral substorm . Greatly enhanced aurora l activity — specifi c patterns of
variation

Polar magnetic substorm. Enhance d auroral electrojet , creating magnetic
disturbances

Ionospheric substorm . Anomalous ionization and heating in lower ionosphere
by auro ral particles , generating traveling wave disturbance s and infrasonic waves — resulting
in major changes in circulation

X-ray substorm . Bremsstrahlung from energetic precipitated electrons
Proton aurora substorm. Prec ipitating low-energy protons enhance aurora l

luminosity in the Balmer lines

Vif emission substorni . Hiss and chorus coming from precipitated particles
Micropu lsation substorm . UIf electromagnetic waves , thought to be of mag-

netospher i c origi n and propagated as hydromagnetic waves

Axford ( 1 969)~ * ** has estimated the magnitude of three forms of energy dissi-
pated duri ng a geomagnetic substorm to be:

I .  -I 0 18 erg/s from production of aurora
2. Joule heating (current) of polar ionosphere ~-l 0 18 erg/s
3. Ring current l018 ._ 1019 erg/s

Akasofu , SI , “The solar wind — magnetosphere dyn amo and the magnetospheric substorm ,” Planet
Space Sci , ,  817 , 1975

°I erg/ s 0.1 MW
Akasofu , SI , “Polar and magnetospheric substorms ,” Springer Verlag , 1968

*S**Aj( ford f , “Magnetospheric convection ,” Rev of Geophys, 7,921 , 1969

‘~ 
r,.

p~~j  ML.AI~

______________________________________________________________________________________ 
r A

L.



~-.~~~~
—‘-“—

~
‘ ~~~~~~~~~~ ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ 

-
~~:~~~

:- , • :~~~ : ~~~~~~~~~~

It (-an be seen that the total rate of energy release is on the order of the energy input —

indicating that substorm s must be frequent phenomena , assuming substorms are the major
release form .

Each substorm Injects protons into the trapping or radiation belt. The adiabatic
motion of these protons around the earth forms what is called a “ring current. ” If there has
not been another substorm within 6 hours , most of the protons will have been lost from the
ring current. However , successive substorm s at intervals of 2—3 hours will accumulate pro-
tons in a very intense ring current (see fig I ) .  The effect of this ring current is such that its
magnetic field opposes the normal geomagnetic field , and so, at low latitudes , the re will be
a ground-level geomagnetic field decrease — called a “geomagnetic storm. ” The develop-
ment of the intense ring current through the series of magnetospheri c substorms occurring

6 HOURS
-S

H
TOTAL

-J -------------- y
___—*.---,____ j

_
~ ~~~~

[1

H fl fl SUBSTORM

Figure 1. Relationship between substorm occurrence frequency and “t rapped”
proton population in the ring current.
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hack to back is commonly called a Pf l Qgf le (osphe r ic storm , of which the geomagnetic storm is
one manifestation.

The rest of this report covers in detail the phenomena of magnetosph eric substorms.
• Succeeding sections provide a refresher on magnetospheric configuration and inorphology~

deal with th e phenomenology of the “noniial” substorm give some experimental  obse rv a-
tions during suhstorms~ and examine sonic of the present areas of conflict in the interpr eta-

• tion s of the physi cs of substorms .

MAGNETOSPHE RIC CONFIGURATION AND MORPHOLOG Y
The solar wind is a plasma streaming radially outward from the sun , with a weak mag-

netic field imbedded. Because the proton gyro radius is on the order of 100 km (near the
eartin . the earth ’ s dipolar magnetic field acts as an obstacle to the solar wind h o w  in a basi-
cally hydrodynar n ic  interact ion.  The following descriptions are depicted in figures 2 and 3.
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Figure 2. The magnetosphere.

Because the earth’ s dipolar magnetic pressure falls off as r 6, at some point the solar
wind pressu re (p) dominates the earth ’s magnetic pressure (ic . p > B /2p 0) — this is the solar
wind region. Closer to the earth , the geomagnetic pressure dominates (p < B - / 2~z~ ) and we
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Figure 3 . Magnetosp here . showing magnetic conl lgurat ion and howshu ck.

are in the magnetosphere . The boundary between these conditions ~wher e ~ B
2 2 ,i )  i~.

called the magne’topause, and moves with changes in the dynamic solar wind pres sure.
The solar wind is supersonic sp e c i h i ca l l y .  super Alf ~enic) and , there fore , a shoe1~

Jro?il iiiu st develop in front of the magnetopause (see fig 3 ~ . Between th e shock fro n t  and
the niagnetopause is a region of “shocked” interplanetary plasma called th~ ,nag,u’tt~sht ’ath .
In this region are “scrambled ’’ magnetic field lines , which must f i i ia l ly ohe~ the m agneto-
pause boundary condition that Bnomial disappear.

The supersonic flow also ensures that a cavity of extremely low p lasma dcns i t ~
develops t’~ .n d  the earth. The cavi ty  behind th~ earth , caused by the fluid flow , i ,  n ot an
open cavity because of the isotropic thermal pressure tending to close it.  This ?Pla gFu ’r ’-
spheri~ tail is complicated , and cannot he’ explained by simple hydr odyn am ic theory . it
must he treated as current sheets and changing magneti c fields. The tail field lines connect
to the polar regions on the earth.

A way to understand the dynamics of the magnetosphere is to use’ the concept of
merging (reconnection ) of B fields imbedded in plasmas As the inner field lines are being
pressed together , they reconnect to t’orni a new pair (fig 4), in an a t tempt  to lower th e’ total
energy in the field. The plasma at the reconn ection point ( the  so-called neutral  point )  is
squecied and accelerated away from the neutral  point. The ex act  reconn ection process IS

as yet poorly understood.
The major neutral point in the magnetosphere occurs where the interp lan etary field

merges with the dayside outermost closed terrestrial lines (fi g 5) . The motion of the solar
wind then “drags” these lines back into the magnetotail. A southward interplanetary mnag-
netic field (IMF ) will cause enhanced merging at the front. That a northward IMF can have
merging is one of the subtleties of the merging theory , because the fie’lds are not strictly in
antia lignment. The effect of the southward IM E is that more field lines art ’ moved across
into the tail in a given time , causing an expansion of the polar cap/auroral oval , as well as
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Figure 4 . Diagramm atic in te r pre ta t i on  oi the t o  merging at the now . and the motion
reconnection process ai an X .type neu t ral  of the solar wind.
point.

an equ atorward motion of the noon cleft ( the  funnel-shaped connection betwe en the mag-
netos h eath and the ’ ear th , f i g  b).

POSTTUR

~~~~~~~~

1Zr

~~~~~~ EARIu

• Figure ~~ . Equat orward motion of the polar cusp (cleft ) due to southward
turning of the I MF

• The’ increased density of field lines in the tail may also cause’ merging there -- far
down the tail (> 50 R E ). This tail merging will be a slow , quasi-adiabatic eft~ ct . not the
rapid substorm-caused merging to he examined later.

The solar wind “blowing ” across the’ open field lines (polar) gives a VsoIar wind X B1~
electric field , yielding a 40— 50-kV potential across the dawn-dusk magnetotail. This action
can be viewed as a dynamo , with a resulting “crosstail” current flowing (fig 7). Because of

L.
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ALI GNE D
CUR RENTS

FIgure 7. (‘rosstail and tleld aligned currents in the
magnetosp here .

large conductivities in the nightsid e ’ auroral oval , there may he slight leakage ’ currents (f ’ield
aligned) through the aurorul zone.

SU BSTORMS

CLASSICAL SU BSTO RM

Aft er a southward tu rn ing  of the IM F , there is an increase d rate of ’ merging at the
magnetospheric nose , cau sing the neutral point to move earthward . At the same time , the
polar cusp moves equatorward and the auroral zone expands (fi g 6). The magnetic flux
added to the tail from the solar wind increases (lie magnetic field , causing an increase d dawn!
dusk crosstaij E-field (there is also an increase in the ’ E-field across the polar cap). The in-
creased tail E-field causes an F x B convection of the tail plasma earthward, which creates a
thinning of (lie tail plasma sheet. This e’nhances (lie reconnection of’ the tail x-type neutral
point which , in turn , causes increase d flow in the earthward and antiearthward directions
(f ’ig 8).

Svalgaard ( I  973)* sees this as a “local collapse ” or disruption in th e crosslail current
because suddenly there are no particles to carry the ’ current. Uence , the disrupted crosslail
manife sts itself ’ in a new circuit: from the dawn side magnet otail down (lie field to the dawn
side of the oval , around the nigh tside oval (and over the polar cap), finally in field-aligned
flow up to the du .,k side tail (fig 7).

• Svalgaard, 1, “GeomagnetIc responses to the solar wind and solar activ ity, ” Sta nford University, In stitute
for Plasma Research , Rept 555 . 1973
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I - igu c i~ (‘iumgt’s to the inagime I osphe m ic con 11gw at Ion due to
• southward tul nmg ol the I Mt .

Akasolu ( I ‘)70) li.is a dilTe ient view ol fl i t ’ triggering mechani sm . wi th  the tol lowing
tune  sequence

I flit ’ inct eased cross toil potential  causes inert ’ast’d curr ent flow through the
at i ia ’ral  circui t

2. The increased I it ’ld ’aligned current  flow passes sonic threshold , allowing sudden
t’nhanct ’mt ’nt in anom alous mt ’sisIiv i t  v along a field line ~Akasofu stmggt ’st% an ion ’acousttc
ss ,mve mechaiti sni ,  bs whi ch energy is taken fron t the tI arli cl e tiow and cot i v em t t ’d to acousti c
CIit ’I g~

.1 l ilt ’ p0tt’n t ta l  drop along h i t ’ field line increase’s, ca using

4 A cct ’It ’ m a h m o i m  of a t i r o ta l  p~~i tick ’s tloss n f ield l in t ’ (F - f icklE c ie , i t i i ig

‘. lt tcR ’ast ’d l .rt’gion ion i /ahi on result ing in enhanced con duc tiv i f v  in the au m ou .il
/o ne

o the enhanced polar c i rcu i t  conduct i v i  y acts  as a short ci i  cu it  to the uml agi tt ’to ’
spheric th n a mimo  and disi up t s  t h e ’ cmoss t ai l  curr ent ,  causing

~
‘. i” u r t h t ’r increases in polar circuit  current , which in n u n

8, lncue ases the lIroduction of . mo t i- i t c ot is hi c Wa v es . ui iain t iu i i i i f lg  pote n t ial  drop along
l ’it’kt l im i t ’ ( mii , u~’ be’ es cii increasing i t )  so m ore’ part kit ’s at e accelerat ed , cre atin g h ught ’r con
duc t ivI t ~ in the .ut i i  in al F—region, wi th  ti lt’ c~ ck’ from ~~

— S developing in .m posit is ~
‘ t~’etIbae ’k

mccli ami isfl I

Ak,ssol ii st , i tcs fhaf fl i t ’ short ’t ’irt ’u it imi g of part ot ’ f lit’ nnugnt ’tot a il  ci imre ’nt ( through
( lit ’ iot i~ ’:pht’rt ’ 1 will c.must ’ the format ion of’ a new neutr a l  point at the wt’akt ’nt ’d locat ion in
t i t t ’ magnt’lot ail. Notic e t ha t  ti lt’ current  f low trou t t h e ’ dawn side to dusk is really m i m a n i
lcst ed b~ electrons flowing the other directi on , it’. stre’at ii it ig down fli t ’  ni ght side field l u tes ,

• Akaso tu . SI . “M agmwI ~i~pheiuc sub stonus a mnt itkl ,” Soiai lei ies t mlal  l’tis sue s ’ 1070 , pait lit , p 13 I — I ~~i ,
Oxtin d Preu . t~ 7
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RECOVERY PHASE

Akasofu gives two possible causes for the onse t of ’ the recovery phase :

I .  A change in the initial external stress (a turn ing of ’ the I M F from southward to
northward).

2. The ionosphere may be able to bold stress only temporarily because a n eu f r a l
wind is generated by the electrojet in the auroral F-region : and when the speed becomes
comparable to the F-region ion speed , the electrojet ceases flowing because of ’ a V 11 

X B po-
tential resisting the electrojet motion.

The rest of ’ the recovery phase is the process of ’ transporting the magnetic h iux pro-
duced during the storm hack to the dayside f rom the tail ,

RING CURRENT AND TRAPPED PARTICLES

Many of the particles accelerated earthward by the tail  neutral  point find t h em selves
on “closed” geomagnetic f’ield lines and , once there , cannot easily diffuse across the closed
lines The particles in the “trapping zone ” undergo drifts around the earth ( fi g 9) caused by
the cun ’ature and gradients in the earth ’s magneti c field. The electrons move towards the
dawn side (eastward) while protons drift towards evening (westward ),  const i tut ing a net
westward ring curre nt in the trapping zone. The trapped electrons have the same energy
(hence , greater velocity) that the trapped protons have ( they have undergone the same
accelerative f’orces in the tail neutral point ) and , there f ’ore , display a steeper pitch ailgle dis-
tr ibution: ic , the field-aligned mome ’ntun i is greater. This means the~’ penetrate deeper into
the atmosphere and are more’ likely to undergo collisions that  scatter them out of ’ the
“trapped ” population. There fore , mainly protons arc left in the ring current , amid because
these protons have drifted to the evening se’ctor, there remains a net as\ nim etry iii the rung
current.

DUSK DAWN

PROTONS ~~~‘ 
ELECTRONS

TAIL

Figure q , Developme’n t of ti l t’ ring
current
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OBSERVAT IONS OF SUBSTORM ACT IVITY

AURORAL ACTIVIT Y
l’iie close relation ship be’twe en aurora l displays amid geomagnetic disturbances has

heeii re’cogmii,e’d slitce 1950. Aka sof ’u ( I  ()(~~) compared aurora to the cathode—ray tube : it’,
th e’ fluorescent d isplay as the screen us bombarded by the  electron beam. The aurora are
large-scale’ i~henomemia wi th  complicated spati a l features that  vary in (line. Each observing
station travels through the aurora as t h e  earth rotates , making it dil ’f’icu lt to understand tile
aur ora l niorp iiology wit h out the ’ List ’ of all-sky camera chiaiiis and polar satellites. Akasof ’u

I 964 ) has developed a schematic chain ot ’ events:

q uiet  (f ’ig hUM

2. I’ 0—5 miii  bri ght e ’ning of the quiet  midnight arc ( fig I OB)

.1, l ’ =~ — I 0  m im i pol eward motion of ’ t h e’ brightened a i c , t ra i l ing ‘‘breakup ’’

(b ulge e’t ’f ’ect )  ( h g  lO( ’)

4 I’ - 10—30 mm bulge e’xpands m a inly through a westward traveling surge
( h g  1 01))

5. T 3() miii— I ii r ecovery stage : contraction of t u e  poleward bulge (fig 101 )

the ’ init ial  pole ’ward motion of the aurora (step 3) cami he explained by the action of
e ’miii anc ed reco miect iomi in the tail  ( Fig I I ). because auroras tend to appear on (lie poleward
cdge’ of ’ f lit ’ close f’ieid lines , The’ west ward travelin g surge seen in the aurora (step 4) is
caused by an influ x of energetic electrons the auroral ino t l oml is a mani f estat ion of the
westward Illot ion of ’ the particle du mm ip ing region . Later ill th is report , in examining
Akasof ’u ’s models f ig  I 3) . (lie’ suhstor mn cause of (lie westward motion will be pointed out.

SATELLITE MEASUREMENTS
Satel lite measure m ents  have given a lI icture of the magnetospher ic configuration

during substorms. There ’ are basic problems in in terpret ing the information , however . he’—
cause’ if is st i l l  d I I I  m cul  I to separate’ space’ and f im e variations.

l)uring the storm onse t there is plasma motion in the tail , indicating a th inn ing  of ’ ti le’
pla sn ia sheet and earthward motion of the trapping regions (see fig 8). Th is occurs because
the incre ased convection causes a tail  F—field pinch . The’ geomagnetic field configuration at
6 — h O  R 1: becomes more dipole-like coinciding wi th  westward electr op et in t h e ’ auroral
region. This increased activity cause ’s fl it’ in j e’ction of ’ plasma into the trapping regions f’rorn
the tail regions.

SUBSTORM-RELAT ED CURRENT SYSTEMS
( ‘hapman and Birk eland in 19 10 developed “equivalent current ” systems to describe

ground niagne’tic fluctuations , in which they observed the need for an aurora l ele’ctroj et

Akaso t’u , SI , “The development oh’ the auroral suhstor m ,” Plant Space Sci , l~ , 273 . I%4
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Figure 10. Development of the auroral substorm (Akasofu , 1964, reprinted with permission).
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A UHOHA~~~~,,,~~~
,

HIGHEST LATITUDE
CLOS E D F I E L D L I N E

AU RORA~~~~~~ 
ENHANCED RECONNECTION

Figure I I  . Pokward motion of ’ t im e aurora due to
enhanced reconnecti on in the magnet ot ail

circu if . along with  the field-aligned (or Birkeland) currents . T h e  following models of
Akasof ’u (a mid others ) use current systems consisting of day/ evening asymmetric ring current ,
field-aligned currents into t h e’ dawn/ dusk oval , and (lie auroral electrojet (fi g I 2) . Time ’ low-
lat i tude magnetic f ’ield n ie ’asur e ’mii ents require all e ’a sterm i (dusk / dawn )  tail  current (oppo simlg
the norm ii al dawm i/ du sk current ) .  Akasof ’u re ’cogmiized that  the loss of ’ west war d current is
equivalent to the needed eastward current , and so lie allowed the tail  current to he shunted
into polar current (fig I 2A) . Since this recognition , people have worked on more sophils -
ticated 3D models (f ’ig I 2B) (Fuku shima , 1972 ,  Yasuhar a and others) * that  include (lie
partial  ring current

Akasof ’u . in his early work ( 1970) , also developed a concept of ’ the simple time vari-
ations of the ’ current syste ’m 11 during a sub storn i, Notice f’rom figure 13 t h at (lie region of
reduced plasma density spreads radially outward along the neutral sheet. The spreading
down the ’ tail  cause s the ’  poleward m otion of ’ the aurora , explained earlier , while t h e ’  cross-
tail  spreading causes the endpoints of t u e  f’ield-al igned magnetospheric currents to move
westward , creating a westwar d surge of ’ aur oral ac t iv i ty .

AR E AS OF CONFL ICI : AKA SOFU ANDTHE DYNAM I C AURORAL OVAL
Akasof ’u first pointed out in 1973 that  the oval ’s position varies with the direction

of ( lie’ int crpla ne’tary field, thus affecting auroral ele’ctroje’t (A L )  measurements.

9 ’ukushinm.i , N ‘‘Polar niagne’ti e ’ % I I k I r r I  I11 ~ . h’ lj tmt’t Space Si , ,~U , 1443 , 1972
\ ,i~m r lr.i u .r I , K ,inmide ’ . and . tk .us , r t  u , SI . ‘‘ \ model ot ’ th e’ niagnetosp her ic sub storm .” Plane t Space So .

‘~ l~’ m l ’ ”
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Figure l2B. Substorm current systems after Fuku shima( 1972) .
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Figure 13. Development of a magnetospheric substom’m ,
as the crosstai l current is deflected o the polar region.
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lmi a process exactly like that  indicated in the early development of substorms
(McPherron . 1972*), the enhanced merging at t h e  miiagnetosp iier i c nose due’ tO the south-

• ward turning 01’ the lM l :  moves (lie polar cusp equa(orward ami d causes au exp an sioul of
the open polar cap (auroral oval ) (see t’ig 6, I I ) ’

Akasof ’u contends tha t  variations in t h is near-reversible Process are cont i m i ua hl y
pre sent, and are the cause of mau iy of ’ time ’ conflicts t h at will he’ iime ’ui tion e d later. Speci f i-
cally, motions oh’ (lie oval (and its always-present but sligh t electrojet ) will cause ground-
level magnetic variations (hat may mask or obscure the actual substorm omise t us observed
by ground-level magnetometers. More iniportan t , however , is the fact that  when the IMF
has a large northward component , the nose merging decreases to miear i,ero, and the auroral
oval contracts far poleward (up to ~..800 ). If ’ the oval is above ~~700 dipole lat i tude , the
mu agnetic activities associated wit h  substorms wil l not be seen.

There t’ore , as Aka sot ’u has been strongly point ing out . stu die ’s that  use the auroraf
ele ’ctrojet indices (or magnetic signatures at nominal auroral statiom is) will not see activi ty
when IMF B, is northward , and so all “act ivi ty ” will be strongl y correlated to southward
IM I .

THE GROWTH STAGE: AKASOFU VS M cPHERR ON
‘The’ basic phemiomenoiogy of f l it’ magne’tospheric ch anges t’ollowing a southwar d

(urm l ing of tile I MF (given by McPherron ( I  ~72) , fig 8) is accepted by ,‘~kasof ’u . It is
McPherron ’s u n w r p r e a i o n  of ’ succeeding events tha t  Akasof ’u take’s exception to ,
McPherron envisions tha t  towards (lie end oh ’ the “growth stage .” (he plasma sheet at

~~IOR E becomes th inner  (narrower ) because of ’ increasing tail magnetic pressures cause d by
a southward IM F ,  lie suggests that  (hlis t h inning creates a neutral  point f’ield reconnection ,
mark ing the onse t oh ’ the expansive stage of ’ t h e  sub storm . In hi is t h eory, the tail is (lie
location of ’ (lie triggering ins tabi l i ty .

Akasof ’u , on the other hand , believes (ha an anon lalous resist ivity in the ’ field-
aligned current flow causes enhanced current flows along the field line ’s in to  the auror al
oval . This earthiw ard flow disrupts (lie cross(aih currents because t h ere is no p lasml la to carry
it. This disruption happens at the same tail location at which McPherron ’s mod el displayed
the ini t ia l  th inn ing  (it ’, lOR E ). The tail plasmli a sheet th ins , creating a reconnection point .
and the substorm expansion phase begins ,

The argument goes deeper , hiowever. As Akasof ’u stresses. thiere is ample ’ esidence
that  st ibstorms are as common wi th  (he IMF nor thlw ar d as thie ~ are wi th  it south ward , albe it
the substormu energy expenditures are’ way down. Remember that  McPi ierron ’s m odel use’d
the enhanced merging from he IMF being directe d southward to trigge r the’ substorn i
meci ianism ii. Unf ’ortuna t e ly , McPh erron deals with Akasof ’u ’s “northward ” event s by ignoring
them on the grounds tha t the total e ’nergy release therein is sniall aiid . thcr e f ’ore’. “they don ’t
represent any great change wit h in tile magnetosph ere ’, ” Akasofu ’s point was misse’d e ’mitire ’ly

how do these “northward ” substorms (rigger ? Certainly enhanced tail pre ssure s e’anm ~ot be

*Mcpherr()n RL , “Substomi related change s in the geomagnetic tail:  the growth phase .” Planet Spae’e Sd,
20, 152 1. 1972
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the source , and then McPherron must postulate that the substorms with the IMF directed
northward are intrinsically different from the su bstorms with the IMF southward , contrary
to any evidence available today.

CONCLUSIONS

The basic mechanism of magnetospheric energy release through substorms is be-
coming understood with the aid of satellite measurements. The energy dissipation is in the
aurora h E-region , and comes about through particle precipitation and current (joule) heating.
This energy input into the polar ionosphere and neutral atmosphere is the cause of the
ionosp heric substorm portion of Akasofu ’s substorm manifestations, and the ensuing global
ionospheric disruptions impact upon communication systems using ionospheric propagation ,
Therefore , understandin g the temporal and spatial substorm variations should aid in deter-
mining the temporal and spatial variations in the global ionosphere . Extending the present
DMSP satellite capabilities to monitor real-time auroral activity would provide energy con-
centration inputs for ionospheri c storm models. Ionospheri c storm modeling, which is in
its early stages of development , is discussed in chapter 2.

16
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CHAPTER 2: IONOSPHERIC STORMS

1NTRODU~TION

lonosphenc stornis are the F2.regioml variations (including enhancements and depk’-
t ions in electron densit y,  as well as raising and lower ing of the F2 peak height ) associated
with magnetic storm variations. [he consensus in the field is that these storm-time iono-
spheri c changes are of secondary nature caused by the geomagnetic storm aftere ffects. The
resultant changes are an outcom u e of ’ several competing and cooperating processes and ,
there fore , each individual stonn pattern appears complex and unpredictable. Several
workers have developed “average ” storm patterns for given locations as well as general
global-type average muorpho logies. Unfortunately , the individual stornis do not , in general .
follow th ese average events , making  the “average ” storm effec ively useless for prac t ical
propagation predictions.

The major problems in studying ionospheri c storm s stem from the total number of ’
variables that  can affect the electron density changes. These include ( I )  the tim ne e)f the
sudden commencement if the storm starts during the high-electron-density day , the
effects could he’ different  than at n ight ;  (2 )  the state of the neutral th ermosphere this
controls the whole chem ical loss process and may affect the propagation of the disturbance
equatorward ; ( 3)  the actual magnetic field and elec rical current variations these are the
driving force behind the’ ionospheric disturbance ; (4) the posi t ion (on (he earth ) of the ’
recording station relative to the magnetic and electric current changes a short-time scale
variation will cause very locali,ed effects Park . 1974) , * It is like ’ly the neglect of one (or
more ) of the above factors in every analysis has led to the apparent inabil i ty to understan d
ionospheric storm behavior.

Ionosph eric storm s are’ observed with  two basic experimental  probes: ( I )  hf vertical
inci dence sounders yielding basically the density and al t i tude of the F-region peak ; and
(2 )  total electron content ( TEC ) systems which use (he Faraday rotation of vhf satellite
signals to give the integrated electron density along the signal path. The measurements are
complementary because th e ’ TEC system is also a ffected by the electro n density above
the F-region peak , a region which the vertical incid e’nce sounder can obviously not probe .

This report reviews a large set of the F-region ionospheric storm analyse s, the iono-
spheric processes believed to he involved , and the “state of the art ” in storm prediction.
A final section investigates the use fulness of tills state of the art to re al-time propaga t ion
prediction and hI ’ frequency management. It also suggests future study to enable the’
definition of storm m orphology .

Park , (‘G, “A morp hological stud y of substor m-associated disturbances in the ionosphere ,” J Geophys
Rev , 79, 252 1 , 1Q74



- -~~~~--. .-,~~-—-- .- .~~~~~
—,_.,. ___ -_‘_

~~
___ _‘___ 7_ _ -

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

FEATURES OF THE IONOSPHERIC STORM

AVERAG E STORM EFFE CTS

Because of the large storm-to-storm variations , many workers h ave developed
“average storm pattern s” in attempt s to describe and understand ionospheric storm behavi or.
Mendil lo ( l 9 7 1)  (using TEC measurements) observed that there are two distinct ti m e
pattern s superpose d on these storms: ( I )  storm-tune variations (D ST ) reckoned f’romu time
of sudden commencement , 2)  local time ’ variat ions ( Si ))  reckoned by local ti m e with the ’
sudden conimencement in day I .  T h e  DS’f ) (storm t inie’) variations have a distinct pat tern
(fig 14A), with a 12-hour positive phase followed by a 72-hour negative phase. The (SD)
(local time ) pattern (fig 14B) indicates that (his large positive e ffect is at the sunse t period
on the firs t day of the storm. Again , notice that  any given storm may not follow this
average behavior. In particular, the positive i hase appears to be dependent on the time of’
(he sudden commencement , and many storm s (usually with local n ight(in le sudden coin-
mencements ) have no positive phase . On the other hand , work done at NOSC indicates tha (
during the winter season the whole storm-time effect may be a positive phase.

_ _ _ _  

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

.40 • 4 s s s ~~~4 f $ . s~~~* I s ( . . 4 —.—+-—+—-+—f-+-1--1- -..’..—4+
-30 I I I I I F I I.. 0 0 1 2 00 12 00 12 00 12 24

0 12 24 36 48 60 72 84 96 108 LOCAL TIME
HOURS A F T E R S T O R M  So l SO?
COMMENCEMENT (SC )

Figure 14 , TEC “average storm ” v aria t ions showing both storm tim e (I )
~~

) and local time ( SI ) )
dependence (Mendillo , M , “Ionosphe ric total electron content behavior dur ing geoniagnetic storms ,
Natur e , 234 , 23 , 197 1)

Mendillo states that this analysis was used to look for seasonal variations in storm •

behavior , and that no great seasonal differences were discovered. This is somewhat surpris-
in g because the above-mentioned analysis at NOSC indicates very strong seasonal di f t ’e re ’mice’s
in storm variations.

Mendillo, M , “Ionospheric total electron content behav ior during geomagnetic storm s,” N at ure , 2.4 ,
23 , 1971
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NEGATIVE PHASE

The “average ~,to nn-t imii e variation ” is found to he an increase in electron de’nsi ty
(positive phase ) t’ollowed by a decrease (negative phase ) . In this section the negative (or
mi i ain )  phase and the physical mechanisms are discussed.

The negative phase of the ionospheri c storm appears to he caused by the neutral
upper atmosphere ’s reaction o the energy deposition of geomagnetic storms. This energ y
is deposited in (lie uppe r atmosp h ere in two fo rm s particle dumping  and the resistive
“joule ” heating of electrical currents.  The particles are mainly dumped near the geomagneti c
“cusp” region , alt h ough there is a spread around the auroral ione as well as down to mid-
laritudes. Recently it has been determined that the electrical current s in the auroral ioi e
can be ve’m~ large and hence cause significant joule heating. These energy inputs m odify
the high-altitude global wind systems and also cause gravity wave trains to propagate out-
ward (equatorw a rd and po leward) with the apparent e ffect being a turbu lent mixing  of the
neutra l  atmosphere . I ’his mixing  is followed by an increase in the chemical loss rates whl ich
should result in a net decrease in electron density as well as an alt i tude increase in the pcak
height.

Other explanations for (he electron density decrease invoke neutra l wind or electric
field transport mechanisms. The transport to the higher-loss region necessitates a downward
motion of the F-layer , and this is contradictory to experimental evidence. There fore’, it is
usually assumed that  (he loss rates thi en iselves are change’d during the negative phase of the
storm , wi th  (he change mechanism being the neutral thermosphere. This manner of ch ange-
exp lains both the decrease in electron density and the increase in the alt i tude of (lie F-region
peak.

POSITIVE PHASE

There is general agreement (hat the positive early storm effects are caused by trans-
port of the positive ions and electrons. Vertical transport into lower-chemical-loss-rate
regions (ie , higher altitudes ) by either thermospheric winds or electrodynamic forces is
likely to dominate any horizontal transport mechanism because of scale height effects.

Prolss and Najita ( l97 5)*  suggest that  the electrodynamic uplif t ing is responsible
because evidence (both experimental and theoretical ) is that the wind motions would be
zonal (east-west) component dominated (causing no upward transport along field lines) .
Lanzerotti and others ( l97 5) **  showed that the large local evening enhanceti ient s in some
storm s are associated with  positive bay geomagnetic disturbances , which indicate the exist-
ence of large electric currents that  would create upward ekctrodynamic forces. Mendi llo
(privat e comnmunication ) has observed this association also, but finds no relationship of (he
electron density enhanceme ’nt magnitude to that of the positive bay. Papiagannis , Mendil lo ,
and Klobuchar ( 1971 )* * * found that the maximum total electron content (TEC) during

Pr olss , GW , and Naj ita , K , “Magnetic storm associated changes in electron content at low latitudes .”
J Atmos Terr Phys, 37 , 635, 1975

‘Lanzerotti, LI, Cogger , LL. and Mendillo, M, “Latitude dependence of ionospheric total electron
content :  Observations during sudden comniencement storm s,” J Geophys Res, 80, 1287 , 1975

~~*Papagia nnis, MD , Mendj llo , NI, and Kiobuchar, JA, “Simultaneous storm-time increases of the ionospheric
total electron content and the geomagnetic fleld in the dusk sector ,” Planet Space Sd , 19, 503, 197!
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th ese posi t u sc phase period s ase’rage ’d i mi u ch i  h igher than  usual local noontime value , w i t h  t h e
posi t is ~‘ ph ase’ being a sunse t i~eriod p he m iomn c miou

LARGE ANt )  RAP II )  l)ROPS IN l i - C NEAR SUNSET P ER IOI )

In c sam lit nim i g the’ I 1 ( data  .. ‘l \ l  ( ‘RI ’ s Sagamore ’ I l i ll Radio ()hs~.’rs ,itor~ at hla iim i lton .
Me’n~li lo j .ncl other s ( I ’) ‘4 ) • obse rs e’d t h a t  om i a fes~ o~. ,isious ,mn ab nor mn all ~ la rge ,mn d rapid
drop u’ I I ( is ~hsc r.t’d near the ’ sunse’t pe ’nod - l’lie’~ find t h e ’  ~le’c , i~ rat e ’s ~~ dt  ( t o  be’

mo re than tO t im mi c s  greater than  the r c sp cc t ise  mont h ly mean. Because thc’~ did not he ’l ie ’ve’
t h a t  a m i ~ change’ imi the ’ less pr ocess could he ‘ such drastic nature’, their concl u s i o m i ss as tha t
due to plasmnasphe ’nc ~om i~r ,ietio ,i t h e ’ radio propagation pa th  s~ as crossed b~ the iiiic l l a t i tude
t rough.  Mend i l lo aiiel oth cr s  dev eloped a s tr ong ~ ,I5 e’ for t h e  e’& l ua t orwar d nlove’me m it of th e’
p l , i smn.ipa u sc bou mid ar~- causing th e sharp d ecrease’s I’lle’ h i ami l t o mi  l’L C subi oiiosph e ’r i~
poi m it  1. value’ is . 5 , and moveni emlts  of the ’ h oum lda r  i m i t o  th is region art ’ ilot impossible’ -

However , d ata from the’ 8 March 10 ‘0 event  ind ica te ’  t ha t  the sudde’m i decreas e’s exist dowmi
to Are ’ci I ~o . ~ mth  an 1. s alue ’ ot I 4 I fig I S th is is t a r  equ atorw ar d ot .mn ~ re aso mi abl e’
plas mua p ause b oundary . and 5k) the ’ Me’m ie lillo e ’x pla m l a th ’n  would %e’e’ili uil rea SOllJb le’.

1)as ies I ‘i’4 ) * * elevelope’d ami e’ xp la miati on for t h e  sudden d ecrease’. ill which he ’
a llows a sudde’mi atm no sp hie ’nc m i x i n g  to e a t a c l ~ smii i c . i l l ~ incr e a se’ (ht ’ loss rate ’s. l’hie sudde’ii
mi x i ng is cause’el h~ a ‘‘sh ock front ’’ (5e’c app e n d i x )  of turbul en c e propagating e ’quator ward s
f rom a ‘‘supe rsonic disturban ce in the ,iuro ral lone ’, I or s imn p h i c i t ~ . l) ,is it ’s consid ers ti le ’
clist urham ic e to he parti cle ’s c lum u pe el out  of t h e ’ m iiag m te ’to sphere ’ in to  t h e ’ geomagnetic cleft
(c usp) , w hich is at appro xmn ia t el v the local mioo n longitude.  I- or propag atiom i velocities
of 4 ” —~~ ii 150 iii s 1 , ( lie’ tro u t will  pr op.Ie , it e’ equ at or ~ ards in such a m a n m l e ’r as to c.it ise
tile sud den depletions w i t h  t h e tim lie’ lags d erived for the ’  S N l arch I k) ”O e’se ’ i i t  (sce’ append ix )

REVIEW OF PAST WORK IN IONOSPHERIC STORMS

SOME OBSERVATIONS AND .-VflEMPTS AT GLOBAL MORPHOLOG Y

Man s workers in th e’ p ast I i , is e’ e’x a mi i imi e’d d, it a from one’ or more’ st at io m l s  and
developed storm morpho logies. One of ’ tI m e firs t w a s  a stu d~ clone ’ h~’ Matsus h ita ( 1 Q 5Q ) * * *
ss ho found t h at (he equator regi omi had positive stot-n i e ffects while mid am i d h igh lat i tude ’s

M ’ n  lilk , %1 - and Klohuchar , J , An AtLi s ot th e’ miiidlatitude F-regiomi respomi~ to geonlagm iet ic St k ’ l i i iS ,

-~F( RI Technical Report 74.OO~5 , Februar y I Q~4

~~I)avies, K . “Studies of ionosp h eric storms using a simple model ,’’ J Ge’ophY s Res , 79 , ~~~ l~74

~~*Mat su shm t a , S. “A study of the morp hology of ionospher ic st orm n s .” J (koph ~s Res , t 4 . 30~ . 1’) 5~
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had negative e’f f ’t’cts Mo re’ re’e’e’til wo rk s ( Prolss am id N a , i fa , 197 S , K am ie , I 973 Kat ie ’,

I Q7c , Rush , 1Q72 ) have ‘‘typi c al storm pa tt e f l is , but  to quote ’ Kati e ’ ( I 973) , ‘‘ klk ’ % I , I t i t ) t l s
l’rom the average’ pattern se emim to bt’ inon’ ,i rule t ham i an i’ x cL ’ l ) t io m i  .‘‘ h it’ h~sic pat te ’rii
appears to he a positiv e ’ phase on d~tv I , followed by a negati v e stomi P hiiI ~t’ Oil ular 2 ,
recovering somewhat on day .1 Mendil lo t 1 9 7  I 1 m d  Jones ( l~~7 I ) • indi c ate ’ tha t  if ’ f lit’
sudtk ’n comme’m me ’e’m i me ’nt occurs before ’ st im i r i se , there ’ will  probabl y he’ no positiv e ph ase’
Kan e ( 19 7 3 )  f ’oumid tha t  , m t low lat i tud e s  the ’ ‘‘as u’ ragt’ pat fe rm i ’’ of I~~l increase’s is m , i m
sce m i of ’fe m i then ’ at e large’ decrease ’s

Both K ati e 1Q 7 3)  and Rush ( 1 Q 7 2  e~ p I. i umi t h a t  ~i f t en d u f k ’ren t iomiosphit ’ric he ’ hm , mvio r
pat ferns arc obse rved be tw c e ’mi locations separate ’d Iw a few thousand k mii .  K ane ’ ;)osf ui l ate ’ s
that  ionospheric storm ims are the’ result of’ loe’al ‘‘typ lio omi ’’ Ps pe ’ t ’Ve ’I i fs  in fhie ’ t he’rt i io sphie ’ n’
amid hence we’ tie ’t’d ~ i / i  ‘‘ i ’ glob al ne twork of st , if  ions mno i i i to r mng I , l 2 and l’I ’( ’. l’ln’se’
disturbance ’s ‘‘originate ’ iii polar and au iror a l regions atiel l’oriiiing conve ’e’f ion cells . desc end
to lower lat i tudes  tm i t u r b u len t  f ’ashioti - ‘‘ l4anks and N ag s- ( I 974 )+ also forward t h is
cvelo n ic t hie ’orv of ionospheric di sruptions in oi’de ’m- to expla in  th e’ loe’ali.’e’u I C l f c c ’ Is s t ) i i i t ’

ionosphe’nc storm s cause’.
Park 1Q74) de’sc’ribe’d an ohs e ’rv at iomi of ’ an isolat e’u l ge’o n iag m ief  mc sub st orm ii of ’

4 mnode’rate inte’m isitv K~ ~fU) t ha t  pro due’e’ul a I~ n ’aii:eil ionospheric ’ stom imi os -em I lie e’astu ’rm i
cont in enta l  t T nite’ ut State’s. 1m m t h a I  local are’a I his ionospheri c ’ uhi st  urbim e’e was s imu i l . im t o fl ue ’
be’li.i v ior set ’mi du inng iiia jom ioiiospheric storms - I u s  e’o ne’lmi si om i is t h a I  ‘‘ionospheric storm s
cam i be’ utiderstood in tt ’niis ol ’ f lit’ stmpe ’ rpost’d t’ f ’I’ects of ’ suts sfornis , ’’ l ime i m pac t of f l i t s  is

th at tIm e planetary geomnag mie ’ t i e’ disfu  rhatic e ’ im idie ’es would m i ot be’ e’ x l ) ec t e ’ul to me ’l.m i i ’ sf m omigly
to m na m i y ionospher ic tli ~t ti rbamic e ’s in a give ’n loe’~ t~,e’if a uva . and Oiat muon ’ ‘‘,omi a l ‘‘ p.m ramiie ’le rs
m ust be used f o  unc le ’ r s(and iom io sh’ Iie ’ri c behavior ,

‘rt1I ’oRI~rl(’AL. ‘r III:RMospIll:ul ( ’ RE SPONSI:

Ric li t no mi d am id M at su shi it ~ ( I~~75 ) * * * uk ’veloped a e’ oinpu t e ’m mn oule ’ l of the’ I lii ’ mn i o
sp lie ’rie’ response ’ fo muagi i e’tic sub s lo rm ims . ‘I ’ltey cot iclu de tha t  f l i t ’ gener ation of la m ’gt ’ sc ak’
gt .m v if y waves e’auses a im i m pulse— l ike disturbance ’ f’ront to ~ropagafe pole’ward am id eq ua to i
ward at 75() tn / s.  l I m e a m m ip l i f ue le ’  of ’ the f ’r onf deca y s  very l i t t le  befort’ re’ae’h imi g th e’ equator.
Also , ion drag wim i ds an ’ set i n fo  motion at flit ’ at iro m - a l ov a l , but because no uhiu rm i . i l  s a i ’ m , m f i omis
am ’s’ it ie’luded imi the ’ model , f l i e ’re’ are ’ no I o i i gif i i dj t i a l  e’ f lee ts .

Kau ,e , RI ’. ‘‘St ommn h im’ v :mm i a t ( i nm i i i  1-2 reg ion ,’’ A mui l s I ;i’i ) i ) h (y ~ , 2’~. 26 , I ’) ’ . l
K am ie , RI ’, ‘‘( ;lobal evolu I it i i i  of I he it mit isp ln’ h i  eke hiomi ci in te im I dii mli i  g sonic’ uima gnet k shot mmis . ’’

J Atuuni ~ and kit I ’ Imv s , 3 1 , nO I , l ’) l S

K mish , ( ‘M . ‘‘Si tim’ ciii ’ ~‘ I s iii m ien I nil w iim d cli alige s ,, mi the k iw la m ii imit ~ F.i egtomi ,‘ ‘ J Al m o e  let  m h ’h s
*4 , 140 *, l ’~7

• *J oncs , K I . ‘‘Storm t inn ’ vatni i i i  ‘mi iO F 1 Liv cm elect m u  t’nneCml h a t  it in ,‘‘ J A l m o e  anti l et  m Phys , l 1
7t) l R 7 I

~~i1amik% , I’M , ami d N agy , A F , “(‘yc l o mm i e - utls t urha mwc s and t hmelu eomiseque ne’rs in th e Ihic ’i -mnosp lue ie ,’’
( ‘.eophys Rca I ellen , !~ ~~~~~~ l9lS

• Kle ’iimno m iul , Al ) , and Maisua h ita , S. ‘‘l’iteru nospl ict ii ’ re spu imise 10 ii mililguie t it ’ suhsfoi in, ” .1 (~‘iip hv
Rca , SO , 1519 , l~ 7S
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Norice that the 750-rn/s disturbance propagation velocity is considerably higher than
the 150 rn/ s inferre d from data. It may be that the calculated winds following the disturbance
with velocities of 200 rn/ s are the mixing source.

RESULTS OF PRESENT WORK

We have taken vertical incidence sounder data from Vandenberg, California , and
Honolulu , Hawaii , for several ionospheric disturbances between May 1973 and the present.
Using a pre -event average defined by the 5 days prior to the sudden commencement , we
calculated the average variations of the storm s as Mendil lo did. We found a distinct seasonal
difference that was separated as summer (May-Aug) and win ter (Nov-Feb) (fig I 6A , B).

A. HAWAII. SUMMER

130

~ 120

• 
_ _ _ _ _ _ _ _ _

day l day 2 day 3

8. HAWAII.  WINTER

130 r
U 

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

day l day 2 day 3

Figure I6A , B. Average f0F2 storm variations (using local time) for

• Hawaii , summer and winter storms.

The Hawaii station quiet average day had a very peaky density function (around noon)
for most events. This fact made the Honolulu data rather intractable because slight shifts
(along the time axis) of the storm data would cause large enhancements and depletions even
if the daily maximums did not vary . These variations , when averaged , almost cancel out and
yet leave lar ge standard deviations in the error analysis. Basically, the problem is that the
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ionospheric storm modified the diurnal variations in a presently unpr edictahk manner . In
an at tempt to find some predictable facet of a storm , we next took the daily peak ( ignoring
time info rmation ) and developed an average storm behavior for Hamilton (Wallops Island
AFCRL data), Vandenberg, and Hawaii (fig I 7A, B, (‘I. Again , a strong seasonal dependence
mx noted , Notice that Wallops Island summer shows a large increase on day 1 . followed by
a strong decrease on day 2 . with a recovery phase on days 3 and 4 Examin ing  the second
day of ’ the storm , one discovers that  four of the 24 summer events studied in Wallops
Island data actually show increases above normal “quiet day , ”

A. B. (‘.

WALLOPS ISLAND VANDENBERG HONOLULU

120 120 120
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2 3 4  1 2 3 4  1 2 3 4
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Figure 17 , Storm F0F1 var I at ions (dail y I naxi mn um u )  f i r  summer , wint e r , and
equinoctial storms,

As another exercise , the Wallops Island data were used to compare day 3 to day 2 .
In 14 out of ’ 26 summer events t h e  10F, value on day 3 was higher t h an on day 2~ so far
we have been unable to separate those 14 from the remaining 12 by usimig wit ’ oth ier para-
m ime ter ,  This means that on day 2 of thie event , pre sent info rmation does not allow pr ediction
on whether day 3 will he more or less severe than day 2 ,

The above indicates tha t  although an “ave rage ” storm may he defined, we cannot
accurately estimate the ionosphere var iatiom is for a given event by using the presently
available information. Although a storm gt ’nt ’ra lh’ shows decreases in the F-region electron
density, neither the amount of this decrease nor its tçmpora l variation appears related to the ’
magnetic storm variations as described by Ap values.
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EVALUAT ION OF AN OPERATIONAL MODEL

Patton and Cohen (1971 )* have developed a prediction model in order to allow the
USAF to use real-time frequency management on certain hf systems (0TH radar), These
authors decided to deal with only negative storm phases (and predictions), which have the
largest system impact because they cause hf system outages. The model was developed to
fit the storm morphology described in Obayashi ( 1964) and Davies ( 1965) (Davies tabulated
Matsushita ’s ( 1959) data on average behavior) , ** Davies states of his table: “the overall
average is there fo re not representative of a single storm in either of those seasons (summer ,
winter) , ” The data indicate an approximate 15% decrease at the equator varying to “-40Y~
decrease at 60° lati tude.

The model incorporates seasonal and latitudinal variations by means of a “local K
index ” K L which is averaged with the Kp: K = ( I . S K p  + K L) / 2.5.  K L has a maximum at
summer high latitude and a minimum at winter low latitude in the form :

su m mer winte r

00 K L = 3  K L = 2
90° K L= : 9 K L = 7

The storm MUF is then described by:

MUF storm 13. 1 -‘K
MUF quiet 11 . 1

S

This model predicts average ionospheri c storm responses according to Obayashi and
Matsushita morphologies. As described in the last section , the data studied at NOSC indicate
that lowe r-latitude regions (Hawaii ) may be considerably more responsive than midlatitude
regions . Also , in 18 winter events measure d at Wallops Island , Virginia, only one decreased
to signif icantly below average . In other words , the above-described model does not match
the ionospheric storm responses accumulated at NOSC.

FUTURE CONSIDERATIONS

It has been emphasized that  the presently available data set is not spatially dense
enough to develop an understanding of ionospheric storms. The future should thus initially
include the operation of such a measurement network covering at least the Pacific area so
that  complete storm morphologies can be developed. Once thi s assessment process is
comple ted, then perhaps a prediction capability will be at hand. A stop gap measure being
undertaken by Bleiweiss and Argo (private communication) is the using of the AWS sounder
network surrounding the Pacific in a real-time ionospheric assessment program . We now
know that the wide separation of the sounders will probably allow only very degraded
analysis , and so further effort must be expended.

*Patton , DE , and Cohen , ML , “A simp le magnetic storm predictio n model suitable for real-time frequency
management ,” Raytheo n report published at ARP AOHD Tech Review , l7 .IX March 197 1

*Obay ashi , T, Research in Geophys , chapter 14, vol I , MIT Press , Cam bridge , 1964
Davies, K , Ionospheric Radio Waves , Blaisdale Publishing Co. Walthrow , MA , 1965
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In short , the ionospheric storm can be viewed as a meteorological process (albeit
therm osphenc) with the attendant prediction problems. A close network of sounde rs will
allow the measurement of “fron t al ” motion and the movement of “high ” and “low ” density
regions. But until these highs and lows can be viewed as finite , moving regions, their
effects on a single ionospheric measuring system must appear capricious.

26

A~~~A



‘
~~~:~~~~~~~~~~~~~~~~~~~~~~

-“
~~~~~~ 

- ‘ -‘

APPENDIX:
GEOMAGNETIC STORM EFFE CTS ON THE MIDLAT ITUDE IONOSPHERE:

A “SHOCK FRONT” TURBULEN T M I XING MODEL AND
CALCULATIONS OF THE FRONT SH APE

INTRODUCTION
Ionospheric storms are commonly caused by geomagnetic activity,  often in the form

of geomagnetic storms. Ionospheric storm behavior is highly variable , because of the several
sources ot’ enhancements and depletions. General morphological studies have been done
although individual events may he far from the norm.

Generally, at mid lafitud es the F i-lay er peak density undergoes an init ia l  enhance-
n ient (positive phlase) , followed by a sharp drop to below the “quiet ” average density. Th e
t’ollowing several days and nights may rem ain enhanced or depleted. The positive phase may
be explained by ekctrodynamic l if ’t ing ( the  theory ot equatorward winds blowing the ions
up the field lines h a s  lost favor) of the ions into lower-loss regions , causing density increases.
The negative phase may be either a pushing down of ’ the ions into higher-loss-rate regions: or .
as will be suggested here , the propagating of ’ turbulent waves out of the ’ polar regioml toward
the equator , causing increase d m ixing of the neutral  atmosphe ’rc . which in turmi will yield
an increased loss rate a: all al t i tudes ,

Davies ( l9 74~ suggested that  there is a heat source on the aurora l oval which has an
apparent localized motion that is greater than the propagating velocity of the disturbance.
This gives rise to a wake , or “shock front ,” that  propagates equatorward and results in a
change in the chemical concentration at F-layer heights. The neutral concentrations will
return slowly to undisturbed conditions over a period > 24 hours , which constitutes the “nega-
tive phase ” of an ionospheric storm.

In this paper we shall show calculations of the shock front shape for various condi-
tions an outcome of this model is that a localized source area (on the oval) is responsible
for the portion of the shock front at an observer ’s location. In other words, an energetic
event along southern Greenland may affect the Eastern United States , leaving the remaining
portion of’ the world unchanged. These localized storms are very real (Park , 1974), and .
using this present theory , we may learn to forecast them.

THE MODEL
The Davies model considers a point heat source located on the auroral oval (on the

• noontime magnetospheric cusp) that moves with the rotation of the earth. The disturbance ,
here presumed to be gravity waves, propagates ra dially outward at a velocity of 2°—5° per
hour. Nighttime joule heating would have similar effects , alt h ough it would be an extended

• source .
The Feldstein oval is placed at 78° (noon) during quiet conditions , and Davies uses a

2°-latitude change equatorward per unit change in the planetary magnetic index K~ . Hence ,
the source point is at a latitude

Ø5 = 7 8 ° _ 2 K ~
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Considering only the propagation towards lower latitudes , the storm front will
appear as a “wake” similar to that made by a speedboat. As it moves through an atmos-
pheri c region (at the E-fayer input altitude), a cataclysmic turbulent mixing takes place ,
which may move the turbulent-mixing boundary (usually at an altitude of 1 00—1 20 km) to
heights > 200 km. Numerical models of the ionosphere (Ruste r and Dudeney, 1975) indi-
cate that height increases in this boundary level result in large decreases in F-region electron
density, caused by changes in the 0/N’, ratio. Because of the “shock fron t ” moving through ,
these changes can occur rapidly. The return to normal quiet conditions will be at the slow
rate suggested by Rishbeth and Hanson (l974) . * See figure A l .

Figure Al .  Geometry of the shock front propagation
calculation .

is the source latitude , 0 is the observer latitude , ~‘ is the angle of propagation
f rom the normal .

~ is the angle swept ou t by the source in the ti me the distu rba nce propagates a
distance 6 , so~ .4~ is the longitude diffe rence of source and observation point. Notice that
it is latitude dependent.

The propagation path length 6 is described by

6 = a

where a = dô/dØ = cos ~i, hence ~ is constant :notice a = v/ IS , where v is the prop agation
velocity (in deg/h)

Using spherical trigonometry,

cos O=cos 00 cos ô — sin O0 sin 6 cos (Ø,~-Ø)

and

Rlshbeth , H , and Hanson , WB , “A comment on plasma ‘pileup’ in the F-region ,” 3 Atmos and Term Phys ,
36, 703, 1974
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I sin (s—6 ) sin (s~~0) 1/2
= 2 tan sin (s—6 ) sin (s)

w h e r e s = ( 0 + 0 0 + 6 ) / 2 .

Since we arc interested in the longitude (~~ —~ ) that affects a given latitude with a
source at ~~~~ 0~ ) . we are given 0. 00, a, cos if, = ~/i :’~ . Using the spherical trigonometry
law of cosines

cos 0 = cos ooji
_ sin26 — sin 0~ sin 6 cos ~

or

cosO + sin 00sin 6 cos if, = cos o0~Ji:~~~
”

Squaring and regrouping:

sin 26 [cos 2 o0 + sin 2 00 cos”

sin6 (2cos O sin O0cos~~f +

‘I
cos 0 — c o s O 0 A s m n 6 + B s i n ó + C = 0

Solving for sin 2 6 and using the Law of Sines ( sin 6/sin (~~ —~~) = sin 0/cos if.’), we get

sin ô r~”sin (~~~—~~) =  ~~-~~V I — a

with

= - 
B +1B2 — 4 AC

2A

The two roots indicate the fact that there is poleward propagation as well as equator-
ward , so we choose the positive root , as we are interested in midlatitudes. The negative root
corresponds to over-the-pole propagation to midlatitude.

By evaluatin g 8, and Ø~, — 0 as a function of latitude , one obtai ns the shock fron t
cu rve , and also the path along which the shock front “appears” to propagate from the source
equato rward. Figure A2 shows the fronts and paths for the propagation velocities 2° , 3°, 4° ,
5°/h . The spiral structure of the fronts is evident , but notice that an energy input for a short
period will cause only a portion of this spira l to develop (fig A3). That portion will propagate
equatorward along the propagation paths, so by setting the current velocity path on the
observer’s locati on , one can determine the high-latitude region of importance. Greenland will
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affect the Atlantic seacoast , while the weste rn Great Lakes develop shock fronts that sweep
across the (‘ah if ’ornia-llawaii Pacifi c area.

DISCUSSION
• The outcome of this model (the Davies model) is that  a flu xing front should propagate

equatorward from the auroral zone , with a rapid depletion of the F-region (cause d by greatly
enhanced loss rates ) being observed. The mixing e ffectively raises the turbopaus e . or lowers
the boundary of dift ’usive equilibrium , which increase s the molecular nitroge n concentration
relative to atomic oxygen: this increases the effective loss rate at F1 peak altitud es , followed
by a decrease in the peak electron density ,  There fore , if the model is valid , a lat i tude depend-
ence in the “sudde n depletion ” time should be observed , and should fit the predicted times
of arrival ,

Perhaps more important  is the conclusion that a specified longitude along the auroral
oval is responsible for the portion of ’ the front passing over any other latitude , longitude posi-
tion , and that energy deposited in this region is expected to affect only a localized path
(fig A3).

The 8 March 1970 ionospheric storm has had a complete data compilation from US
stations measuring the ionospheric total electron content (TEC) (Klobuchar and others . 197 1 *),
which roughly relates to Fl peak electro n density. One set of the observing stations lies along
a line corresponding to our postulated “propagation path ,” and so the propagation time can
be checked and calculated. Another set of the stations lies approximately along a constant
geomagnetic latitude line , so an estimate of the longitude extent of  the front can he made.
Figure A4 shows the deviations from the mean of the electron content for the storm day for
both latitude and longitude ordering. Notice that along the propagation path the stations do
show increasing delays with decreasing latit ude . Figure AS compares these onse t times with
model predictions (fo r various propagating velocities), with a velocity “3½°/h fi t t ing the data
closest. The longitude chain does indicate a strong dependence on longitude , with the eastern
stations having large depletions at the predicted time , and towards the west there are pro-
gressively smaller effects , unti l  Hawaii has no discernible decrease. This is expected because
the Eastern section was in late morning conditions, while Hawaii and Stanford were presunrise :
if the energy is dumped in the noontime cusp for a short period , the effects should not extend
into the sunrise longitudes.

For this single event (the most thoroughly documented) the model provides an excel-
lent description ; that it will  work this well in all cases is unlikel y, but more extensive testing is
necessa ry . A major problem exists in studying ionospheri c storms. There are many competing
and cooperating processes that act in varying magnitudes to make each event individual. Un-
fortu n ately these very differences impede any statistical evaluation of ionospheri c storms in
general. For example , if the “positive phase” is extraordinaril y large , the depleti ng effects of
one front (as well as downward motion) may leave a net increase in the F, peak , an d so,
according to some researchers, no negative phase occurred. The model described here predicts
sudden depletions in the F-region , with no regard to the init ial  or final value of F-region
density. Any other approach would be misleading.

Klobuchar , JA , and others , “Ionospheric storm of March 8, 1970,” 3 Geophys Res, 76, 6202 . 1971
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the 8 March 1970 event showing bo th latitude latitude , with data of 8 March 1970 event for
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SUMMARY
The “shock front ” turbulent mixing model initially developed by Davies and investi-

gated in this report can explain some of the phenomena exhibited in ionospheric storms. In
general , ionospheric storms are found often to be localized in impact , with sudden decreases in
the F,-region density extending far down in latitude. The localized storm may be due to short
and localized energetic heating in the auroral zone , which causes a disturbance propagating
equatorward in a narrow “cone.” The disturbance appears to propagate with a velocity of ’
—‘4°/h , which is much slower than the Alfven velocity (the velocity at which any plasma dis-
turbance should propagate): there fore , the disturbance is expected to be propagating through
the neutral atmosphere , perhaps in the form of gravity wave trains. That gravity waves are
caused by auroral activity is well documented (Akasofu , 1968). In this report we have con-
sidered the possibility of developing a shock-front-like disturbance : this is expected because
the earth’s rotational motion causes the aurora l oval (and polar cusp) to move at supersonic
velocities relative to the earth’s atmosphere. The model does describe accurately some of the ,

events seen in the 8 March 1970 event documented by Klobuchar and others ( 197 1 ).
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