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The geomagnetic field frequently has superposed upon it magnetic fluctu
ations which undergo world-wide changes in pattern and intensity with time. 
The morphology of storms is concerned with these transitions in form of 
the field with time. The geomagnetic-field patterns of disturbance, almost 
always present in some degree, have been measured until recently only 
at the earth's surface, but there now appear fleeting indications of the 
form of the disturbance field and its associated charged particles in nearby 
space from observations by various space probes and earth satellites. The 
present article is intended to provide a summary of the better known and 
well established features of the morphology of storms. 

A magnetic storm often has a sudden beginning, known as a sudden 
commencement, which has a world-wide field pattern related to the position 
of the sun. The onset is sudden to about one minute or less the world 
over, and the field changes tend to involve an increase in the northward 
horizontal intensity H of some tens of gamms above normal. The onset 
is usually greatest in polar regions. There is often magnification of the 
initial increase by a factor two or so on the sunward side of the earth 
along the magnetic equator. 

In low latitudes, the initial change in H, usually positive, may be 
maintained and even increased over an hour or so to form an initial 
phase of the storm. The value of H then decreases and reaches a 
minimum (below the normal value) 15 to 20 hours after the sudden com
mencement. The value of H then returns to normal over a period of 
some days. 

The polar disturbance field during bays tends to rotate westward with 
time at a rate of order 5°-10° of longitude per hour at, or just north of, 
the auroral zone. Outside the zones current-patterns appear to drift 
eastward. There is also evidence of a slow drift to the east of the 
eastward-directed electrojet at the auroral zone. 

§ 1. Introduction 

It will be the aim here to summarize 
briefly a number of the major descriptive 
features of magnetic (earth) storms. An at
tempt will also be made to integrate some 
recent rocket and satellite magnetometer 
measurements in a systematic way into the 
previous surveys of the morphology of dis
turbance (Chapman and Bartels, 1940, Vestine, 
et al., 1947, Sugiura and Chapman, 1960, 
Akasofu and Chapman, 1961). Finally, some 
electric current configurations and their driv
ing forces are discussed. 

Geomagnetic time fluctuations or distur
bances, often, on a world-wide scale, fre
quently appear superposed upon the normal 
geomagnetic field present during magnetical
ly quiet periods. The changes in the field 
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pattern with geographic position during the
course of time constitute the morphology of" 
disturbance. The more intense disturbances . 
are known as storms. 

Magnetic disturbance is most intense within 
two belts or zones encircling the earth near 
geomagnetic latitudes ±67°, where aurora 
also appear with highest frequency and in
tensity. These so-called auroral zones are 
oval in form and in general a few degrees 
of latitude in width. In auroral regions, the 
field fluctuations are often oscillatory and 
irregular, and associated with irregularities 
in ion concentration in the ionosphere and 
with aurora. These irregular field changes 
with time decrease rapidly equatorwards, 
and less rapidly toward the center of the 
auroral zone. The aurora may simultaneous· -
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ly appear in several adjacent arcs near the 
:average position of the auroral zone. 

The disturbance field D includes parts 
which grow and then decay with one part 

· (Ds) displaying patterns depending mainly 
-upon latitude and solar position, as well as 
. a major part (D.t) that varies mainly with 
geomagnetic latitude and time reckoned from 

·the beginning of a storm. There is also an 
irregular part (D;) that is mainly related to 
(Ds). In this notation D stands for distur
'bance field, S for solar, and st for storm-time 
,(Sugiura and Chapman, 1960). 

The intensity of disturbance varies with 
·time. In auroral regions it is apparently 
.always present in some degree, and when 
weak may be localized at ground level or 
significant within an area only some hundred 
kilometers in linear cross section. Very in

·tense disturbances may appear locally, but 
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then are usually apparent in some measure 
on a world-wide scale. When such world
wide disturbances become specially intense, 
they are called magnetic storms. These 
usually begin suddenly (in less than a minute) 
over the entire earth. Storms may recur 
more than once in time sequence. In this 
case tqe onset or commencement is blurred, 
and may often be determined only to within 
an hour or so, the storms may recur at in
tervals of about a solar rotation of 27 days, 
in which case they are called recurrent storms. 
The latter are apt to be less intense than 
many of the sudden commencement storms 
(Chapman and Bartels, 1940). 

§ 2. Sudden Commencements 

Fig. 1. shows a fairly typical example of 
a sudden commencement storms observed at 

·Kakioka, Japan, on April 18, 1951 (Kamiyama, 
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Fig. L Copy of the magnetogram recorded at the Kakioka magnetic observatory. 

"1952). The sudden commencement of about 
. 40 gammas (one gamma = 1o-s cgs-unit) is 
. clearly apparent as a rise in horizontal in-

tensity (tangential and nearly northward). 
It will be seen that the field remains above 
the pre-storm value for some hours. During 
the first hour or so the increase can be as-

. cribed to a shell of current in the ionosphere 
(or described in terms of an associated field 
distortion). This current flows from west to 
east and is concentric about the geomagnetic 
or dipole axis of the earth. The sudden com
mencement, in fact, usually ushers in an 
initial or positive phase of the storm. 

The amplitude of sudden commencements 
varies both with latitude and time of day. 
According to Oguti, the morphology of a 
sudden commencement can be represented 
in terms of the signals from overhead cur
rent patterns of the type shown in Fig. 2, as 

viewed from directly above the north geo
magnetic pole in northwestern Greenland 
(Oguti, 1956). In the initial impulse, above 
the pole the current flows always from the 
sun so that the magnetic field will be direc
ted roughly toward the dawn, or 6:00 a.m. 
meridian. This feature may give a prelimin
ary reverse impulse in the forenoon. In 
adjacent areas the field may be opposite in 
sense. Within a minute the patterns shown 
in Fig. 2(b) and (c) may have appeared in 
sequence, growth from 2(a) being mainly due 
to the addition and superposition of an 
eastward flowing overhead current over the 
entire earth increasing in intensity with time. 
The general features, at least in part, agree 
with other derivations of SC currents (Na
gata and Abe, 1955; jacobs and Obayashi, 
1956). The results also seem compatible 
with other estimates of time variations of 
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:Fig. 2. The equivalent overhead electric current
system of SC. a, b and c represent respectively 
the first, the main and the last stages of SC. 
Electric currents of about 2.4x 104 amp. flow 
between successive stream lines in the direction 
indicated by arrows. (after Oguti) 

-:the field (Newton, 1948; Kato, 1952). 
A feature not indicated is the augmenta

tion of the SC field, by a factor about two, 
.at the magnetic equator (Sugiura, 1953; 
Forbush and Vestine, 1955). This is explain

·ed in terms of more intense equatorial cur
rents flowing in the low ionosphere along 

•the magnetic equator (Jacobs and Obayashi, 
1956). Highly localized intense features may 

.accompany a sudden commencement or sudden 
.impulse in the polar regions. 

It will be clear that a part may be inter
preted in terms of localized currents or at
mospheric sources both in polar regions, and 

.:also near the magnetic equator, and a part 
;rto sources at higher levels, if desired. 

§ 3. Initial Phase of Storms 

There is considerable variability from 
storm to storm in the character and intensi
ty of the earliest changes or initial phase of 
a storm. In general, a representation in 
terms of a current pattern such as Fig. 2(c) 
as drawn for sudden commencements, is often 
appropriate to the initial phase. The general 
pattern may persist for some minutes to 
·several hours. 

In the case of recurrent storms, often at 
about a 27-day interval, roughly that of the 
solar rotation, the onset of disturbance is 

: usually gradual and may be irregular and 
uncertain within a factor of an hour or so 
in time. 

§ 4. Main Phase of Storms 

In the main phase of storms, the representa
tion by currents gives rise to a principal 
current averaged around parallels of magne
tic latitude directed from east to west. The 
present information is meager, but it appears 
to be in the form of a ring current above 
the ionosphere, as judged by the magnetic 
measurements of Vanguard III (Heppner et 
al., 1960). Fig. 3 illustrates the general form 
of the field derived by Nagata and Fuku
shima for a particular instant of the main 
phase of the storm of May 1, 1933 (Nagata 
and Fukushima, 1952; Fukushima, 1953). The 
polar intensifications at the auroral zone may 
last for one to three hours, repetitive at the 
same locality on several successive nights 
during the main and recovery phases 
(Chapman and Bartels, 1940). Pulsations in 
field, both regular and irregular, of period a 
few tenths of a second to several minutes, 
usually appear during a storm noted at a 
high latitude station (Kato and Watanabe, 
1957; Kato, 1959). Occasionally these are ac
companied by auroral pulsations in illumina
tion (Campbell, 1960; Vestine, 1943). 

§ 5. Simultaneity of North and South Polar 
Disturbances 

Nagata and his students have recently 
studied the simultaneity in polar electrojet 
effects at Baker Lake, Canada, geographic 
position (64° 18' N, 96° 05' W) and Little 
America (78° 18' S, 162° 10' W) (Nagata and 
Kokubun, 1960). Machine calculations give 
for a Baker Lake mirror point at height 
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Fig. 3. Dipole-type polar magnetic storm. (after Fukushima) 
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Fig. 4. Horizontal disturbance force at different 
stations (Bay-type variation. Local night time). 
(after Nagata and Kokubun) 

100 km the conjugate (75° 36' S, 172° 40' W) 
with mirror point height 266 km. At night, 

good correspondence is often found between 
the time changes at the two stations, as 
shown in Fig. 4. The correlation found was 
good on magnetically quiet days but poor on 
stormy days; the outer geomagnetic field may 
be more distorted and irregularly organized 
in the case of the latter. 

§ 6. Morphology of Storm Field at Points-. 
Distant From the Earth 

An irregularity in the geomagnetic field of 
about 400 gammas was noted by space probe 
at a height of about 22,000 km (Dolginov and 
Pushkov, 1959; Antsilevish and Shevnin, 1960). 
This measurement by rocket was made about 
6 hours after the sudden beginning of a small 
storm-type disturbance. 

Fig. 5. shows an interesting result found 
by Sonett and his colleagues in the flight of 
the space probe Pioneer V (Coleman, Sonett,. 
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Fig. 5. Comparison of observations of interplanetary magnetic field and the magnetic a-index 
(Fort Belvoir) versus time. (after Sonett) 

judge, and Smith, 1960). The magnetic field 
time changes of some gammas detected ap
pear to show correspondence with those re
corded at ground level at Ft. Belvoir, Virginia. 

§ 7. Associated Conjectural Morphological 
Events 

According to the Chapman-Ferraro theory 
of storms and its modern extensions, a solar 
stream (or Parker's wind) interacts with the 
outer geomagnetic field which becomes com
pressed and distorted. 

According to information supplied by Hep
pner and his co-workers, the results of Ex
plorer X suggest that blobs of gas may 
proceed from the sun with a velocity of 
about 108 em/sec (see COSP AR Bulletin No. 
5, pp. 17- 25). Such blobs would cause tran
sient distortions of the outer geomagnetic 
field and, in fact, have been suggested pre
viously on the basis of surface data, for in
stance ( Vestine et al., 1947, p. 362). They 
may involve frequent irregularities in weak 
solar stream, giving impulses such as those 
reported by Nishida and Jacobs (I-1-6) . 

The effect of the distortion can be such as 
to produce a longitudinal magnetic field 

gradient, hydromagnetically communicated, 
and directed nearly sunward at dawn and 
evening polewards from the equatorial plane. 
Such gradient can give rise to separation of 
temporarily trapped protons and electrons in 
a radial direction, transient acceleration of 
such particles along field lines to produce 
atmospheric currents, and an acceleration 
mechanism (Kern, 1961). Acceleration may 
also occur as auroral flutes develop due to 
instabilities. In the same way, during in
itial contact with the solar stream, these 
gradients cause particles to be driven into 
the polar caps to give the localized features 
of the sudden commencement field shown in 
Fig. 1. The eastward-flowing component of 
the averaged system would correspond to the 
compression of field. On entry of solar
stream constituents, as many have shown, 
the centrifugal force of protons should ex
pand the field to give the equivalent of an 
equatorial ring current (Dessler and Parker, 
1959). In the presence of longitudinal gradi
ents, at first intense but shallow in depth, 
acceleration of trapped radiation will ensue, 
to provide the polar electrojets. There may 
also arise drainage and dissipation of the 
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ring-current particles into atmospheric (iono
spheric storms) regions in other latitudes as 
well, in response to weaker gradients, broad
ly distributed in latitude and depth. The 
causative influence might be mainly electrons, 
accelerated to give X -rays and radio-absorp
tive electrons in the lower ionosphere. The 
possibility that electrons appearing below 
the £-region arises, at least in part, in this 
manner is suggested even though the storm
time electron content in the F-region shows 
a different morphology (Matsushita, 1959). 
Some additional loss of protons may arise 
from reaction with hydrogen (Dessler and 
Parker, 1959). If the solar stream is more 
intense, entry of protons may be in greater 
amount, so that expansion of the field Iinse 
in the main phase is more rapid, and the 
-decay period will also be more rapid in the 
presence of the greater accelerating action 
of more intense and widespread longitudinal 
field gradients, with contribution to iono
spheric storms and other phenomena. In this 
way, the more rapid development in time of 
the various storms phases with increasing 
intensity of storm may be described. Thus 
the sunward directed magnetic field gradients 
near dawn and evening meridians in the 
equatorial plane at many earth radii within 
a developing Chapman-Ferraro hollow of de
creasing size is envisaged; these gradients 
may provide the charge separation leading to 
injection of particles in the polar caps. The 
Hall currents driven by these charge distri
butions will give the reverse impulse of SC, 
followed some seconds later by the hydromag
netically communicated SC increase in H. 
If it is supposed that these longitudinal field 
gradients may reverse and oscillate in direc
tion, in response to fluctuations in energy 
density in the solar stream in contact with 
the magnetosphere the oscillating field pat
terns in polar magnetograms might be ex
plained due to the ensuring acceleration and 
dumping of charged particles into the polar 
-cap. 

·§ 8. Current System During Intense Storm 

Fig. 6. shows the approximate field vectors 
for the instant 7 GMT, November 13, of the 
great magnetic storm of November 12- 20, 
1960. Field changes are gradually being 
derived as more data reach the Data Centers, 

but it is already apparent that field changes 
as great as 3000 gammas (10 per cent change 
or more) in the horizontal field occurred at 
the auroral zone. 

From the figure, it is clear that the west
ward-directed polar electrojet extended strong
ly around the night-time polar cap, in horse
shoe form, opening out towards the sun. This 
great surge of current shows a simple dis
turbance pattern, and currents broadly dis
tributed in latitude in auroral regions. 

In the case of weaker electrojets of more 
localized character, the drift in field patterns 
inside the auroral zone is often clockwise, 
and opposite outside the auroral zone, in the 
northern hemisphere. 

Table 1 gives the estimated average west
ward drift velocity for polar westward-dire
cted electrojets during four weak disturbances 
(bays) as about 500 m/sec, and about 200m/sec 
for the eastward-directed electrojet. The 
effect may depend upon the north-south drift 
in position of the electrojet across lines of 
equal integral invariant when there is de
pendence upon time measured at the 
polar center of the lines of equal integral 
invariant, as well as rotation of the earth 
about the geographical axis. 

§9. Summary 

The morphology of magnetic storms can be 
simply represented in terms of ionospheric 
current systems changing in form and in
tensity with time. Using such models, the 
sudden commencement or initial phase of 
_storms at ground level will be due to a 
world-wide west-east circulation of current, 
plus two opposed atmospheric polar current 
circulations flowing away from the sun near 
each geomagnetic pole. After some minutes 
to an hour or more, the current systems re
verse in sign and the two opposed polar cir
culations extend equatorwards and develop 
electrojets at the auroral zone. The latter 
tends to attain a maximum level in intensity 
prior to that of the main east-west current 
flow on an average about 15 hours after the 
sudden commencement. In weaker storms 
the electrojets, enduring strongly for a few 
hours, may tend to be repetitive near the 
same hour on several successive nights. 
Their advent may be preceded by pulsations 
in field of some seconds to several minutes 
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Fig. 6. Field vectors, late main phase of geomagnetic storm, 7 GMT, November 13, 1960. 
Geomagnetic coordinates (Values at latitudes > 60°N, at one-tenth scale). 

'Table I. Estimated angles (A ) at geomagnetic north pole between most intense point of electrojets, 
westward-directed (w) and eastward-directed (e) ; also westward and eastward velocities V w and 
Ve of these points, respectively, (data of Fukushima used). 

Date of Magnetic 
Bay 

April 3, 1933 

April 9, 1933 

April 10, 1933 

April 23, 1933 

Time GMT 

h m 
11 06 140° 

11 52 172 

12 05 178 

9 40 182 

10 00 218 

11 00 180 

15 00 190 

15 10 205 

15 30 250 

5 48 214 

6 20 223 

7 20 170 

Ve 

15° 0 /minute 0 /minute 

25 0.70 0.22 

30 0.45 0.39 

10 

- 20 1.80 - 1.5 

60 -0.63 1.3 

- 10 

- 1.50 -

- 2.20 -

- 20 

-10 0.28 0.31 

50 -0.88 1.00 
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period. 
In terms of transient distortions of the 

outer geomagnetic field by clouds of solar 
particles an equivalent model can be ob
tained which serves equally well for descrip
tive purposes. In this model, collision with 
a solar stream compresses the geomagnetic 
field to within a few earth radii on the after
noon side, so that the geomagnetic field 
carves out a hollow in the solar stream. 
During the sudden commencement and ini
tial phase there is then compression of field 
on the sunward or afternoon side, plus dis
tortions of field leading to sunward-directed 
magnetic field gradients in the equatorial 
plane acting upon trapped radiation shells. 
These transient field gradients may produce 
separation of charges in sheets, and there 
may occur in some way dumping of particles 
into the polar cap to produce electric currents 
in the £-region. During the main phase, the 
geomagnetic field expands, possibly due to 
entry of solar protons, and magnetic field 
gradients directed away from the sun appear 
and may produce polar electrojets. These 
gradients, extending more deeply into the 
geomagnetic field during great storms, may 
cause widespread drainage and dumping of 
particles into the low ionosphere causing 
radio wave absorption. These stream-pro
duced field gradients may continue, less loca
lized in pattern during the recovery phase 
of the storm over a period of days, supple
menting the loss of protons due to interac
tion with exospheric hydrogen. In this model 
short-period oscillations of the geomagnetic 
field lines may locally assist the dumping 
of groups of particles separated by field 
gradients. 

This publication continues a study of 
charged particles and field in space under
taken under contract No. NAS5-276 for the 
U.S. National Aeronautics and Space Ad
ministration. 

References 
Akasofu, S. and S. Chapman: "The Ring Current, 

Geomagnetic Disturbance, and the Van Allen 
Radiation Belts," J. Geophys. Res. 66, No. 5, 
May (1961) l321-1350. 

Antsilevich, M. G. and A. D. Shevnin: "On the 
Geomagnetic Observations Performed Using the 
Equipment on Board the First Soviet Cosmic 
Rocket,' Doklady Akad. Nauk, 135, No. 5, Oct. 

(1960) 298-300 (reprinted in Physics Express, 
Feb. (1961) 26- 28). 

Campbell, W. H.: "Magnetic Micropulsations and: 
the Pulsating Aurora," J. Geophys. Res. 65, 
No. 2, Feb. (1960) 784. 

Chapman, S. and J. Bartels: Geomagnetism, Vols. 
I and II, Clarendon Press. Oxford (1940.) 

Coleman, P. J. Jr., C. P. Sonett, D. L. Judge and 
E. J. Smith: "Some Preliminary Results of the 
Pioneer V Magnetometer Experiment," J .. 
Geophys. Res. 65, No. 6, June (1960) 1856-
1857. 

COSPAR: Information Bulletin, No.5, July, (1961)• 
17- 25. 

Dessler, A. J, and E. N. Parker: "Hydromagnetic 
Theory of Geomagnetic Storms," J. Geophys. 
Res. 64, No. 12, Dec. (1959) 2239-2252. 

Dolginov, S. Sh. and N. V. Pushkov: "The Results. 
of Measuring the Earth's Magnetic Field by the· 
Instruments on Board a Cosmic Rocket," Dole
lady A/cad. Nauk, 129, No. 1, Nov. (1959)· 
77-80 (reprinted, in part, in Physics Express, 
April (1960) 8-9). 

Forbush, S. E. and E. H. Vestine: "Daytime En
hancement of Size of Sudden Commencements 
and Initial Phase of Magnetic Storms at Huan
cayo," J. Geophys. Res. 60, No. 3, Sept. (1955) 
299-316. 

Fukushima, N.: "Polar Magnetic Storms and Geo
magnetic Bays," J. Fac. Sci. Univ. Tokyo, Sec. 
II, 8, Part 5, March (1953) 293-412. 

Heppner, J , P., J. D. Stolarik, I. R. Shapiro and J .. 
C. Cain, "Project Vanguard Magnetic Field 
Instrumentation and Measurements," in K. H. 
Kallmann Bijk (ed.), Space Research, Proc. First 
International Space Science Symposium, North 
Holland Pub. Co., Amsterdam, (1960). 

Jacobs, J. A. and T. Obayashi: "The Average 
Electric Current System for the Sudden Com
mencements of Magnetic Storms", Geofisica 
pura e appl., 34 (1956) 21-35. 

Kamiyama, H.: "Preliminary Report on the Dis
turbance in the Ionosphere Accompanying the 
Geomagnetic Storm on April 18, 1951," Rep. 
Ionosphere Res. Japan 6, No. 1, March (1952) 
47-48. 

Kato, Y.: "Investigation on the Geomagnetic Rapid 
Pulsation," Sci. Rep. Tohoku Univ. (5), Geo
physics 11 Suppl., August (1959) 1-28. 

Kato, Y: "On the Characteristics of SC* of Mag
netic Storm," Sci. Rep. Tohoku Univ. (5) , Geo
physics 4, No. 1, June (1952) 5-8. 

Kato, Y. and T . Watanabe: "A Survey of Obser
vational Knowledge of the Geomagnetic Pulsa
tion," Sci. Rep. Tohoku Univ. (5), Geophysics 
8, No. 3, March (1957) 157-185. 

Kern, J. W.: "Solar-Stream Distortion of the Geo
magnetic Field and Polar Electro jets," J. Geo-



Morphology of Magnetic Sto1·ms 69 

phys. Res. 66, No. 4, April (1961) 1290- 1292. 
Matsushita, S.: "A Study of the Morphology of 

Ionospheric Storms," J. Geophys. Res. 64, No. 
3, March (1959) 305-321. 

Nagata, T. and S. Abe: "Notes on the Distrsbu
tion of SC* in High Latitudes," Rep. Ionosphere 
Res. Japan 9, No. 1, March (1955) 39-44. 

Nagata, T. and S. Kokubun: "On the Earth 
Storms, IV., Polar Magnetic Storms, with Spe
cial Reference to Relation between Geomagnetic 
Disturbances in the Northern and Southern 
Auroral Zones," Rep. Ionosphere and Space 
Res. Japan 14, No. 3, Sept. (1960) 273- 290. 

Nagata, T . and N. Fukushima: "Constitution of 
Polar Magnetic Storms," Rep. Ionosphere Res. 
Japan 6, No. 2, June (1952) 85- 97. 

.Newton, H. W.: 'Sudden Commencements' in the 
Greenwich Magnetic Records (1879- 1944) and 
Related Sunspot Data," Mon. Not. Roy. Astron. 
Soc., Geophys. Suppl. 5, No. 6 (1948) 159- 185. 

Oguti, T: "Notes on the Morphology of SC, Rep. 
Ionosphere Res. Japan 10, No. 2 (1956) 81-90. 

Sugiura, M.: "The Solar Diurnal Variation in the 
Amplitude of Sudden Commencements of Mag
netic Storms at the Geomagnetic Equator," 
J. Geophys. Res. 58, No. 4, Dec. (1953) 558- 559. 

Sugiura, M. and S. Chapman, "The Average Mor
phology of Geomagnetic Storms with Sudden 
Commencement," Abh. Akad. Wiss., Gottingen, 
Math.-Phys. Klasse, Sonderheft Nr. 4, Gottingen, 
(1960) (reprinted by Geophysical Institute, Univ. 
of Alaska, Sci. Rep. 2, March (1961)). 

Vestine, E. H., "Remarkable Auroral Forms, Mea
nook Observatory, Polar Year, 1932- 33," Terr. 
Mag. and Atmos. Elec. 48, No. 4, Dec. (1943) 
233- 236. 

Vestine, E. H., et al.,: The Geomagnetic Field, 
Its Description and Analysis, Carnegie Institu
tion of Washington, Publication 580, Washington, 
D.C., (1947). 

Discussion 

Discussion for Papers I-1- Pl and I-1-P2 is combined and given after the Paper I-1- P2. 




