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Decay rate of recovery phase of Geomagnetic Storms
and dissipation of associated Ring Currents
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ABSTRACT. Decay rates of the recovery phases of some 130 geomagnetic storms recorded at Alibag
during the period 1924 to 1959, classified as great, are investigated with a view to ascertain (1) the
precise relation between amplitude of depression of the main phase and the rate of decay of the recovery
phase of storm, (2) the possibility of more than one ring current being associated with each storm and (3)
the solar-cycle variation in the decay rate of the recovery phase. .

Decay times are determined for the first 86 hours of the recovery phase by fitting an exponential
curve and finding the time constant for the amplitude of the fitted curve to decay to 1/e of the initial ampli-
tude. As a second method, free-hand smooth curves are drawn best fitting the 36-hourly depressions
and picking up the time for the initial amplitudes, given by the fitted curve, to decay to 1/2 its initial
value. The recovery phase appears to have two distiact portions, an initial portion of less than 12 hours
with a rapid decay rate and a later portion with a slower decay rate, suggesting the possibility of two ring
ourrents being associated with each storm. Decay rates for the two portions of the recovery phase are sopa-
rately investigated by the method of free-hand smooth curves,

The generally known characteristic that decay rates are faster for the larger intensity storms is seen,
but consigzmblomtterin decayratesis observed for any storm-intensity group, Thescatter is less for
decay rates of theinitial portion of the recovery phase. There is a clear tendency, especially for storms of
more than 200y main-phase depression, for decay rates to be faster for the solar minimum epoch than for
the maximum epoch. But the relative rates are far from the factor 3 expected by Dessler ef al. Thisfactor
is, however, a%proa.chedif extreme values of recovery rates of the initial portion of the recovery phase
only are considered. For the later portions of the recovery phaseno significant differences in decay
ratesare observed for the twosolar epochs, Currents of the order 0f10% amperes are associated with the inner
ring current which is considered large enough to produce shielding effects on the outer ring current
field. The main phase depression appears, therefore, to be largely the effect ofthe inner ring current, es-

pecially for the large intensity storms.

1. Introduction

Geomagnetic storms are believed to be
caused by solar plasma interacting with
the magnetosphere and eventually forming
a ring current to encircle the earth (Chapman
and Ferraro 1931, 1932, 1933, Alfven 1955,
Chapman and Bartels 1940). In the ecase
of the sudden commencement geomagnetic
storm, its different distinct phases in the
element H, viz., the initial (positive) phase,
the main (negative) phase and the recovery
phase, correspond respectively to the initial
pressure of the solar plasma on the magne-
tosphere, the westward-directed ring current
formed by the plasma and the dissipation
of plasma energy with time. The concept
of solar plasma being trapped in the geomag-
netio field and then producing the ring current

responsible for the main phase of geomag-
netic storms, was put forward by Si
(1957). With the discovery of the inner and
outer terrestrial radiation belts by Van
Allen et al. (1958), this concept has been
generally accepted and applied with advan-
to the formation of ring currents res-
ponsible for geomagnetic storm (Dessler et
al. 1961). The main phase of the storm
is attributed to drifts in longitude of solar
plasma trapped in the geomagnetic field,
the drift being normal to the fleld line as
well as to its gradient. As the trapped char-
ged particles oscillate between mirror points
along field lines, they also drift in longitude
with a velocity roughly proportional to
their energy and inversely proportional to
their oyclotron frequency and the radius




580

of curvature of the point on the field line
occupied by the particular charged particle.
Experimentally too, it has heen shown that
radiation trapped in the geomagnetic field
does in fact produce field disturbances akin
to geomagnetic storms, though on a much
smaller scale. The Argus experiments of
August-September 1958 (Christofilos  1959)
and the Johnston Island experiment of 9
July 1962, may e mentioned here. The lo-
cation of ring currents associated with the
former events were too distant to produce
any noticeable storm-tyvpe eftects, thongh
however, they produced auroral effects at
the conjugate points of the field lines where
the bursts occurred. But the expesiment
of 9 July 1962 did produce werldwide ehanges
in the geomagnetic field much a kin to geomag-
netic storms though on a very much recduzes
scale (Pisharoty 1962, Shirgaokar, cf al.
1963).

Dissipation of energy of the trap; el eharged
particles forming the ring current naturally
means a weakening of the strengthi of the ring
current formed by them and as i conseqi-
ence the lessening with time of the depression
in the geomagnetic field, I (the recovery
phase). Dissipation of energy of the trapped
radiation (charged particles) sets in mainly
in two ways. First, the pitch-angles ol the
charged particles being reduced by the provess
of random collisions and as a consequence
the charged particles are dumped along field
lines into the denser atmosphere and thus
theiv energy getting ahsorbed (Christofilos
1959). Secondly encrgy is lost by the process
of charge exchange with low energy neutral
particles (Dessler and Parker 1959). 1t is
easy to see that jor both the processes the
rate of energy dissipation will largely depend
on the density of the outer atmosphere
where the ring current is formed.  In addi-
ticn, the rate of energy dissipation will
also depend on the number density cf the
trapped charges as well as on their cnergy
since a greater number deasity should be
deemed to take a longer time to lose their
integrated energy and also the greater the
initial energy of the charges the longer should
be the time required for their ultimate dissi-
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pation. But the number density of the char-
aes and their energy together determine the
extent to which the original solar plasma
penetrates into the magnetosphere (Obavashi
and Hakura 1960, Chapman 1960). this being
dependent on the equality of particle pressure
of the solar plasma and the aeomagnetic
field pressure. Thus ultimately the rate of
energy  dissipation  is mainly  dependent
upon the distance of the ring current from the
eartl’s surface, dissipation being rapid
it it is formed in the lower and denser part cf
the outer atmosphere and aradual  when
formed in the raver distant part.

That ring eurrents associated with the madin
phase of geomagnetic sterms are formed in
the outer atmesphere at varying distanecs
from ihe earth may be inferred with the
vesults from Explorer 12 (Cahill and Amazeen
1962). It is also known that with greater
intensity of the main phase of  storms,
anroral  phenomena ocenr at very much
lower latitndes than the wusual region cf
about 67° geomagnetic latitude. One good
example of such an incident 13 the one
ausociated  with the main  phase of the
ciorm of 11 February 1958, when aturora
wis observed at  geomagnetic latitude of
about - 23° (Belon and Clark 1959). The
areatest of such events is perhaps the one that
ocerrred on 4 February 1872 with a very
vreat storm of that day, when aurora was
coen even at Bombay, 107 geomag. lat. (Rao
1964). If the fermation of aurora is taken to
be due to dumping of encrgetic charged
partizles of the ring current on the lower
ionosphere, along field lines, then the equa-

torial  distances of the lower fringe of
the rving current from the earth’s surface
in 11 February 1958 event and in the

4 February 1872 cvent werk out to culy
about 1200 km and 600 km respectively
Alkasofn and Chapman (1963) have aivell
cevera] evidences during the 1GY. of low
latitude auroras associated with great sterms.
They have shown that the minimum latitude
attained by auroral phencmena is related to
Dst (1) decrease, Thes» ave clear evid.nces
fhat ring currents are formed at varying dis
tunces from the carth's surface, and also
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that the radial distance of the ring current
tends to decrease with increasing intensity
of sterm. This tendency has also been indi-
cated by Forbush (1963), according to whom,
geocentric altitude of the ring current de-
creased by one earth radius for an increase
of 100y in the ring current field produced
at the earth’s surface.

Frem what hasbeen said above about ring
currents and geomagnetic storm main phasas
it is to be expected that much useful infor-
mation regarding the formation of ring cur-
rents and their decay can be gathered by a
study of the main and recovery phases of
geomagnetic storms. It is with this view that
the presert study was commenced. Yacoh
(1963) in a preliminary note connected with
this study indicated the possibility of two
preferred regions for the formation of ring
currents associated with geomagnetic storms
and that there was a tendency for dissi-
pation time of ring currents to be larger during
years of high sunspot numbers than during
years of low sunspot numbers. Akasofu,
Chapman and Venkatesan (1963) examin-
ing several magnetic storms at Honolulu,
find that the recovery phase is cemposed
of two porticns, an initial portion with rapid
decay and a later portion with a much slower
decay. It is supposed that there are two ring
current, belts with one closer to the earth
and the other further away. The sloser one,
being lozated in comparatively denser at-
mosphere, dissipates more rapidly than the
distant cone. According to Vestine (1963)
eviden e is to be had for the presence of three
ring currents R, K, and Ry with maximom
particle flux at squatorial heights of 1-6,
3:5 ana 2 to 8 earth radii respectively,
The ring current R, is said to be the main one
responsible for most of the main phase inten-
sity. But R, is conceived capable of being
directly formed within the confines of R, and
R, or driven to these confines by crossed
electric and magvetic fields. An irteresting
concept put forward by Dessler et al. (1961),
is that the solar plasma interacting with the
magnetosphere is not capable of producing
effective ring currents to account for the in.
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tensity of the main phase of storms. Accord-
ing to them the hydromagnetic waves gene-
rated at the interface of the solar plasma and
magnetosphere serve to energise  the
trapped radiation in the Van Allen belts
and that these energised radiation that
form the ring current responsible for the main
phase of geomagnetic storms. Similar views
have also been put ferward by Kern (1962).

It is abundantly clear that ideas about ring
currents are still ina fluid state, with plenty
of scope for speculation based on observation-
al and theoretical evidences. In this paper
the recovery phases of 130 gecmagnetic
storms recorded at Alibag during the period
1924 te 1959, classified as great are examined
for (@) any precise relationship between
rate of decay and the intensity of the main
phase, (b) the possibility of more than one
ring current being associated with storms,
and (c) any solar eycle variation in the decay
rate of the recovery phase of storm . The
list of geomagnetic storms is given in Table 1.

2. Rate of Decay and Main-Phase Intensity

For each storm the storm-time hourly
values in H are freed from the corresponding
mean quiet-day hourly values (mean of five
quiet days of the month in which the storm
occurred), to give the hourly disturbance
magnitudes.  The largest hourly difference
(negative) thus obtained marks the minj-
mum epoch of the main phase of the storm,
With this hour as the beginning which here-
after may be called 0% recovery-phase time,
36 consecutive hourly depressions in f7 are
considered for analysis in two different ways.
One is to fit an exponential curve of the form
Ae—ht, where A4 is the amplitude of the fitted
curve, and ¢ is recovery-phase time. The time
required for the initial amplitude, 4, to
decay to A/e is given by 1/b which is eva-
luated for each storm recovery pbase. The
second way is to draw a free-hand smooth
curve best fitting the 36 recovery-phase-time
depressions in H. The depressicn in H as
given by this smooth curve at 0k recovery-
phase time is taken as the initial amplitude,
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TABLE 1 TABLE 1 (conid)
List of geomagnetic storms taken for analysis
of decay times of recovery plkases U.T.
Ris the annual mean relative sunspot number of
S.No.  Year Month Day  begin- R
U.T. ning
of
S8. No. Year Month Day  begin- R B
ning 35 1930 Mar 11 1130 36
36 Jun 16 0412 36
1 1924 May 21 0558 17 37 Sep 18 0850 36
2 Jun 9 1906 17 38 Oct: 17 0530 36
3 1995 May 3 1523 44 390 ({ct. 25 1504 36
" Sep 91 0317 “ 40 Nov 13 1930 36
5 Diss 57 1445 44 41 Dec 3 0108 36
6 1926  Jan 06 1700 64 % W Os S
7 Feb 23 1625 64 43 1933 Apr 30 1628 6
8 Mar 5 1004 64 44 Sep 8 2124 6
9 Apr 14 1401 64 45 1934 Jul 30 0319 9
10 Jun 1 1106 64
i Sep u — ak 46 1935 Jul 7 2106 36
2 Oct 13 1924 G4 4 Och = 0042 36
i - 48 1036 Jul 2 0448 80
Wy Jam roum @ 19 Oct 31 0126 80
14 Apr 13 2349 69 b B ) - -
o o '.' P s 50 Nov 28 2336 80
16 Jul 21 2105 60 5l 1937 Mar 51 0728 114
17 Aug 19 1321 G0 h2 Aug 22 0308 114
18 Aug 29 0002 6 . . )
1 oot @ i 0 53 sSep 30 1346 114
54 Oct ] 0636 114
20 1928 Mar 11 0337 78 55 Dec 23 0810 114
P - 27 8 7
21 May ; ‘“4 " 56 1938 Jan 16 2232 110
22 Jul ’ “’T: ! 57 Jan 92 0242 110
Aug 25 2236 ,
23 ) us N - LS, '_i 58 Jan 25 1150 110
] ne b i
24 c’)“: 1; P - 59 Apr 16 0545 110
a5 ; bl B
25 ¢ o ! 60 May 11 1531 110
26 1920 Feb 26 1924 65 61 Jul 15 0314 110
27 Mar 11 1355 63 62 Oct 7 0613 110
28 Mar 15 n:ga) "? 63 1030 Apr 17 0157 80
29 Jul 1 ]‘ l’;‘ ue 64 Apr 24 1737 89
30 Jul :1 X ‘:' i’“‘ 65 Fon 13 1647 89
. 230 35
31 ;u‘: - - {‘;’ 66 Aug 12 0142 81
32 e i Dl 5]
33 Nov 2 2018 65 67 1940 Mar 24 1350 68

34 Dee 21 2358 65 08 Jun 25 0254 68
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TABLE 1 (contd) TABLE 1 (contd)
U.T, U.T.
of of
8. No.  Year Month Day  begin- R S. No.  Year Month  Day haé,rin- R
ning ning

69 1941 Mar 1 0358 47 100 1951 Oct 28 1153 69
70 Jul 5 0459 47 101 1952 Jan 27 0400 31
71 Sep 18 0414 47 102 Apr 21 1150 31
72 Oet 31 0342 7 103 Jun 20 1931 31
73 o e L e 104 1953 Jan 5 0546 14
K S L L 105 1955  Oct 25 0200 38
75 1944 Apr 2 0:! 1 U 10 106 1656 Feb 95 0306 142

76 Dec 16 0346 10 ;
2y Dei o8 1099 i 107 Mar 2 2342 142
108 Apr 26 2111 142
o TME - Dee 13 1238 33 109 May 16 0417 142
79 1946 Jan 3 0806 93 110 Sep 8 1006 142
80 Mar 28 0635 03 111 Nov 14 0200 142
. Jul 26 16 98 112 1957  Jan 21 1255 190
8 Sp 1 I m 113 Mar 10 0022 190
83 1947 Feb 16 0239 152 114 Jun 30 0528 100
84 Apr 17 1224 152 115 Sep 13 0046 190
85 Jul 17 1748 152 116 Sep 29 0016 190
86 Aug 15 0950 152 117 Nov 6 2350 190
7 Ang 23 0910 152 118 1958 Fob 11 0650 185
98 Sep 2 2324 152 119 Jul 8 1318 185
89 1948 Mar 15 (1334 136 120 Sep 3 1412 185
an 1910 Jan 24 1827 135 121 Oct 28 1221 185
1| Mar 21 2127 135 122 Dee 4 0604 185
92 Apr 7 1049 135 123 1950 Mar 26 0842 155
93 May 12 0640 135 124 Apr 9 1826 155
04 Oct 13 2011 135 125 Apr 23 1036 155
95 Nov 18 1150 135 126 May 11 2320 156
06 1950 Jar 23 0700 84 127 Jul 15 0803 155
97 Feh 19 2340 84 128 Jul 17 1638 155
98 Mar 19 0544 84 120 Nov 27 2351 155
99 Aug 19 1006 84 130 Dec 5 0659 155

A, and the time for this amplitude to decay
to half ifs value is picked up from the smooth
trend of the fitted curve. It should be men-
tioned here that the fitted curves (exponential
and free-hand smooth curves) did not closely
fit the 36-hourly depressions in H. The
maximum depressions given by the fitted
curves were often much less than the maxi-
mum depressions of the main phases. The
fitted curves, however, indicated the average
trends of decay of the reccvery phase as a
whole (36 hours) and the decay rates are

gtudied against maximum amplitude of
depression in H at 0% recovery—pha.sq time
(hereafter referred to simply as amplitude)
as given by the fitted eurves. For each method
of investigation the decay times obtained
are plotted against the amplitude. Such
a plot for all the storms are shown in Fig. 1,
for the second method of investigation
(smooth curve fitting the 36-hourly depre-
ssions). Plot for the first method is not
shown, since the distribution of points are
more or less the same,
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Fig. 1. Plot of decay time for amplitude of free-hand
smooth curve, flited te 36-hourly depressions in // of
the recovery phase, to decay to half the value, against

initial amplitude (at 0" recovery-phase-time). The
years in which particular storms occurred has been
indicated for extreme points

The seatter of points in Fig. 1 is very con-
siderable and it is almost impossible to make
out any systematic relationship between am-
plitudes A4 (which are taken to vepresent the
intensities of the main phases of the different
storms), and the decay times, except for
a very broad trend for decay time to decrease
with inereasing amplitude. In order tc have
a closer examination cf this trend the ampli-
tudes were grouped into classes of H0y inter-
vals as follows : << 75, 75-125, 125-175, .......
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Figs. 2 (A, B). Plot of mean decay times against mean
amplitudes for different 150+-interval class-groups of
amplitudes of curves fitied to 36-hourly depressiens in
1/ of the recovery phase. (A) is [or the case of exponential
curves flited to recovery phases and (B)is for the case of
free-hand smooth curves fitted to recovery phases. No. of
storms falling into each class-group has been indicated

For each class group the mean amplitude
and the mean decay tine were computed
for both the methods cf investigation, and
shown plotted in Figs. 2A and 2B. In each
figure the standard error of the mean
decay time for the mean amplitude of each
¢lass group hasbeen indicated. Best passible
«mooth zurves are drawn through the plots
in Figs. 2A and 2B. No reasonably smiooth
curve can be drawn through all the points
in either figure. But two smeoth curves can
casily connect groups of points in .ach figure,
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which show the tendency for decay times to
decrease with increasing intensity of storms,

Inx each of the Figs. 2A and 2B one smooth
curve connects the points up to 300-350y am-
plitudes while another from about 350-400y
upwards. In each of these portions an initial
bulge of increased decay time is seen and
thereafter a fairly systematic decrease of de-
cay time with increasing amplitude is in evi-
dence. The bulges of increased decay times
oceur at about the amplitudes of 100y and
350y in both figures, correspending approxi-
mately to main phase maximum depressions
of 150y and 450y respectively. Their signi-
ficance is not clear, apart from the indi-
cation of two regions in the outer atmos-
phere where the ring currents take
a little more time to decay when formea in
these particular regions than when they are
formed in adjacent regions. What appears
ta be significant in Figs. 2A and 2B is the dis-
continuity in the curve of mean amplitude
vs decay time when the amplitude increases
beyond about 300-350y, ie., roughly
when the maximum main phase depression
increases beyond about 450y, This naturally
leads to the inference that possibly there are
two preferred regions for the formation of ring
currents responsible for the main phase of
gecmagnetic storms and that one region is
characterised by high values of dissipation
time and the other by low values and it was
so inferred in a preliminary note connected
with this investigation (Yacob 1963). But
it is felt that the discontinuity ncticed in Figs.
2A and 2B is a consequence of the particular
methods of investigation employed in pick-
ing up recovery times for amplitudes to decay
to certain fra tions (4/e and 4/2) of the ini-
tial amplitude. If the recovery phase is made
up of an initial portion of high rate of recovery
and a later one of a slower rate, the chances
are that, for greater intensity storms, the
fraction of the amplitude decided upon may
oceur within the portion of high rate of re-
covery, thus giving small recovery time for
such storms. In fact even a casual inspection
of the recovery phases of geomagnetic storms
shows that they do have two clear portions
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Figs. 2 (C, D). Plot of decay times against mean ampli-
tudes for different 50y interval elass-groups of
amplitudes of free-hand smooth eurves fiited to the
earlier portion of the recovery phase (C) and to the later
portion of the recovery phase (D). No. of storms falling
into each class-group has been indicated

with distinctly different rates of decay, a
higher rate of decay for the initial part and a
much lower rate for the later part. This aspect
of the recovery phase will be examined in the
next section.

3. Possibility of more than one Ring Current associated
with the Main-Phase
While drawing free-hand smooth curves
through the first 36 recovery-phase-time
hourly depressions in H, it was definitely no-
ticed that, for eachstorm, the decay was very
rapid for the initial portion (less than 12 hours)
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Figs. 3(a) and 3(b). Recovery phases of some geomagnetic storms.
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The hourly points are depressions in I7.

The dashed curves indicate the two clear irends in the decay rate of the recovery phase. The rate for
the earlier portion of the recevery phase is much more rapid than that for the later portion

and gradual for the later portion of the ve-
covery phase. Some examples of such trends
are shown in Figs. 3(a) and 3(b). Thereis a
clear possibility that these two portions are
due to two ring currents. In order to investi-
oate the decay trends of the two portions of
the recovery phase separately one free-
hand smooth curve was drawn best fitting
the initial portion and another fitt ing the later
portion. In these cases good fitting eurves
could be drawn, unless the recovery was very
disturbed.  As before, the time required
for the amplitude A to decay to half its
value was picked up for each portion. The
smooth eurve throngh the later portion of
the recovery phase was produced hackwards,
following the smooth trend, so that its ampli-
tude of depression A at 0% recovery-phase-

time could he evaluated. The plot of ampli-
tudes at 0h recovery-phase-time vs decay
times (to reach half initial amplitude) is shown
in Fio. 4. for the initial portion of recovery-
phaze and that for the later portion in Fig. 5.

An examination of Figs. 4 and 5 shows
that decay times for the earlier portion of
the recovery phase are on an average half
of those for the later portion. The amplitudes
of depression A are much greater for the ini-
tial portion than the later portion, being
about double those of the later portion.
These characteristies show that the earlier
portion of the recoverv-phase is the result
of a rving current close to the carth, while
the later portion is associated with one, more
distant from the earth. The ring current
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Figs. 4 and 5. Plot of decay time for amplitude of free-hand smooth curve, fitted to the earlier portion (Fig. 4)
and fitted to the later portion (Fig. 5) of the recovery phase, to decay to half the value, against Initial amplitude
(at ot recovery-phase-time). The years in which particular storms occurred has been indieated for each
point (Fig. 4)/for extreme point (Fig. 5)

closer to the earth being formed in the denser

part of the outer a.tm(hphem decays much
more rapidly than the outer ring current.
The scatter of the points in Fig. 4 is still
large but is much less than that seen in Fig. 1,
1.e., for the recovery-phase as a whole. Here
again only a broad trend of decay times de-
creasing with increasing amplitude is seen.
(In the case of the smooth curves fitted
to the earlier portion of the recovery phases,
the amplitudes are almost the same as the
maximum depression of the main-phase).
If the points for years of high sunspot num-
bers and those for low sunspot numbers are

considered separately, a more systematic
decrease in decay time with increasing ampli-
tude is very much in evidence, though, there
it a good deal of mixing towards the low amp-
litude side. This is unambignously clear for
years of high sunspot numbers. Moreover,

examination of points in Fig. 4 shows that
the extreme low decay times are associated
with solar minimum epoch and extreme
high decay times with solar maximum epoch,
This feature brings up the question of solar
cyele variation of decay times of the recovery
phase which will be examined in detail in the
nextisection.
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Fig. 6. Plots of mean decay times against mean ampli-
tudes of curves, fitted to recovery phases, for different
amplitude class-groups. (A)is for the case of exponential
eurves fitted to 36-hourly depressions in // of the
recovery phase. (B) is for the case of free-hand smooth
curves fitted to the 36-hourly depressions. (C) and (D) are
respectively for cases of free-hand smooth curves fitted
to the earlier and the later portions of the recovery phase.
No. of storms falling into each class group has been
indicated

The points in Fig. 5 show extremely large
scatter and there is very little of an indica-
tion that decay times decrease with increas-
ing amplitude. The variation in amplitude
is itself confined to narrow limits, There i<
much mixing of points for years of high
and low sunspot numbers.

As was done for the recovery-phase as
a whole, mean decay times were determined
for different class groups of amplitndes of 50y
intervals for the earlier portion and the later
portion of the recovery-phase and the plot
of mean decay time rs mean amplitude of
class group is shown respectively in Fig. 20
and 2D. In the case of the earlier portion of
recovery-phase a definite tendency for decay
time to decrease with inereasing amplitude

is seen up to an amplitude of about 4004,
A sudden inecrease in decav time occurs at
about this amplitude and thereafter again
the same relationship between amplitude and
decay time is seen. What is striking in Fig.
2" is the sudden increase in decay time at
about the amplitude of 4004, in contrast
with the sudden decrease seen in Figs. 2A
and 2B (for the recovery-phase as a whole).
The sudden increase in Fig. 2 ('is accountable
by the fact that higher amplitudes pertain
to very great storms which mostly occur dur-
ing the solar maximum epoch. Decay times
tending to be high during the maximum epoch
(Section 1), a sudden shift of the amplitude
vs decay-time curve oceurs towards the high
decay time region at about the amplitude
of 400y. In the case of the later portion of
the recovery=phase (Fig. 2D) there is no indi-
cation of a systematic relation between decay
times and amplitude. Decay times appear
to be rather random with respect to ampli-
tude.

4, Solar-cyele variation in decay time of the recovery-

phase

In Figs. 6 A and 6B are shown mean decay
times for different class-groups of amplitudes
separately for years with sunspots greater
than 100 and for years with sunspots less
than 50. Fig. 6A is for the method of investi-
gation in which exponential curves were
fitted to the 36 recovery-phase-time hourly
depressions, and Fig. 6B is for the method
of drawing free-hand smooth curves fitting
them. It is obvious that the comparison
in decay rates between the sunspot maximum
epoch and minimum epoch has to be confined
to lower amplitudes since high intensity
storms are rare duving the solar minimum
epoch. Further, the comparison  should
be made with approximately equal ampli-
tudes for the two solar epochs to ensure
that the associated ring currents are located
at more or less the same region of the outer
atmosphere. It is readily seen in Figs. 64
and 6B that there is a clear tendency for de-
cav times to be higher during years of high
sunspot numbers than during years of low
sunspot numbers, In Table 2 are collected
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TABLE 2

Mean decay times of recovery-phase for years of suns
and the significance of the difference in d

Ppot numbers 2 greater than 100 and less than 50
ecay times between the two groups of years

Amplitude Mean amplitude Mean decay time  Difference  Stardard Ratio
class- ¥ (hours) d in mean error F d/E
group p A - —— A — decay times ;Ji.' the
Ty years years years years  for the two  difference

R<H0 R=100 R<d0 R=100 groups
of years
(brs) (hrs)

For 26 hours of 75—125 101 102 29-1 36-3 7-2 1-61 ]
recovery-phuse jo5 75 147 150 19-8 27-7 7-9 2.85 2-8
fitted with expo-
nential enrve

For 36 hours of 75—125 07 143 17:5 211 36 1-64 2.2
recovery-phase a5 )75 149 154 141 18:0 39 1-79 2-2
fitted with free-
hand  smooth
eurve

For earlier portion  75—123 104 114 7-2 @90 1-8 1-41 1-3
of recovery- a5 75 143 151 7.2 79 0-7 0-57 12
phase fitted with |75 9a5 199 204 58 81 2.3 0-73 3.9
fres-hand
smooth curve

For later portion 75—125 a7 103 19-5 215 2:0 1-90 1-1
of recovery- jsg 175 137 1563 17-6 18:8 1-2 211 0-6

phase fitted with
free-hand
smooth curve

the mean decay times for different class-
groups of amplitudes and the statistical signi-
ficance of the difference in the mean decay
times for solar maximum and minimum
epochs has been indicated, Tt may be seen
that for each class group the difference in the
mean decay times for years of high sunspot
numbers and low sunspot numbers is a
little more than twice the standard error
of the difference indica ting that the difference
is just about the level of being statistically
significant. The number of storms making
up each class group bheing small the signi-
ficance shown may not be considered con-
clusive.

For the initial portion of the recovery
phase, the differ-nce in the mean decay times
for years of high sunspot numbers and low
sunspot numbers, for different amplitude
class-groups, has been shown in Fig. 6C and
also in Table 2. The differences for low

amplitudes are small and no significance is
indicated. But for the higher amplitudes the
differences are significantly appreciable, A
more convineing difference in decay times
between years of high sunspot numbers and
years of low sunspot numbers, for the initial
portion of the recovery phase, is noticeahle
in Fig. 4 when extremes of decay times are
taken for exclusive consideration. In this
figure the extreme high decay times are for
years of high sunspot numbers, while the
extreme low decay times are mainly for years
of low sunspot, numbers, for amplitudes grea-
ter than 150y. The areas of extreme decay
times in Fig. 4 have been demarcated by pairs
of broken lines. The axis of each pair of lines
may be taken to represent the run of
average extreme values of decay time. The
order of extreme difference in decay times,
for solar maximum and minimum epochs
may then be readily gauged. Thus for the
amplitude of depression (which is almost the
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same as main phase maximum depression)
equal to 150y decay time (for amplitude
to reach half its value) for solar minimum
epoch is 5+4 hrs and that for solar maximum
epoch it is 13-5 hrs. Corresponding pairs
of decay times for initial amplitudes 200,
950, 300 and 350y are respectively 5:0 and
12-5 hrs, 4-6and 11-5 hrs, 4-2and 10-5 hirs,
3.8 and 9-5 hrs. It thus turns out that for
the initial portion of the recovery-phase
decay times for solar maximum epoch is
about 2-5 times those for solar minimum
epoch when only the extreme decay times are
considered.

For the later portion of the recovery-phase
decay times between years of high sunspot
numbers and those of low sunspot numbers
are not significantly different (Fig. 6 D and
also Table 2).

5. Diseussion

The generally known characteristic that
the decay rate of the main -phase of geomag-
netic storms has an inverse dependence on
intensity of the main phase (Chapman and
Bartels 1940, Sugiura and Chapman 1958)
has also emerged in this investigation. Con-
siderable scatter is, however, seen when the
entire recovery phase (up to 36 hours of re-
covery-phase-time) is studied for all vears.
The large scatter, in a way, indicates the
extent of variability of storm parameters.
The ring enrrents respousible for the main-
phase of storms are formed by the drift in
longitude of charged pa rticles and the intensi-
ty of the current depends on the mumber
density of the charges, their enersy, as well
as on the geomagnetic field lines where the
charges are trapped. The rate of decay is
thus dependent on all these factors, which i
themselves are capable of varying through
considerable ranges.

If, on the other hand, attention is restricted
to the earlier portion of the recovery=phase
the scatter in decay time for any intensity
group 18 very much reduced. The extreme
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values of decay times for sunspot maximum
years and minimum years in Fig, 4, especially
for higher storm intensities (main-phase
depression > 150y) show well defined trends.
In fact more precise relationships between
decay times and amplitudes are in evidence
for the different solar-cyele epoch if only the
extreme vilues are considered. The linear rela-
tionship between decay times and intensity
of main-phase for the solar maximum epoch
is of the form Tmax = 165 — 0-02 A
and for the solar minimum epoch it is of
the form Tiin =66 — 0-003 A H, where
7 is in hours and A H in gammas. It thus
appears that not only the decay times are
higher for the solar maximum epoch, but the
rate of change of decay time with intensity
of the main phase is also higher by a factor
of about 2-5.

Johnzon (1961) has given the distribution
of atomic hydrogen concentration in the exo-
sphere up toa distance of 60,000 km from
the earth, for solar maximum and minimum
epochs. The differences are about constant
till about the diztance of 20,000 km from the
earth. the minimum epoch concentrations
heing about :wo-fold those of the maximum
epoch. TFor lower altitudes the difference
tends to increase so that for the altitude of
10,000 km the minimum epoch concentration
is three-fold that of the maximum epoch.
The distribution of the atomic-hydrogen con-
centration in the exosphere has a bearing on
the decay-rate of the main phase of geomag-
netic storms, The energetic trapped charges
lose their energy in collisions with neutral
particles, and also among themselves, which
cause their piteh angles to be randomised,
{ceding particles into small pitch angles and
causing them to be dumped into denser alti-
tudes. Another way by which the energefic
particles lose their energy is by the
process of charge-exchange with atomic-
hvdrogen, which aceording  to Dessler,
Hanson and Parker (1961) is the main energy
loss process. Accordingly the rate of decay of
the recovery phase of geomagnetic storms,
ws a consequence of dissipation of the ring
currents, will depend on the concentration
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of atomic hydrogen, in the regions where
the ring currents are formed.

In the present investigation it has been sean
that differences in the decay rates of the
recovery phase exist for solar maximum and
minimum epochs. The difference for average
extreme values in the case of the initial por-
tion of the recovery phase, is such that, for
comparable main phase depression the re-
covery time for the solar maximum epoch
is about 2-5 times that for the minimum
epoch. This is approximately the factor
by which the concentration of atomic-
hydrogenis said to vary through the solar
cyele by Johnson (1961). Thisagreement bet-
ween the variation in decay times and the
variation in atomic hydrogen concentration
through the solar cycle implies that the main
process by which the trapped energetic
charged particles losc their energy is by
charge exchange with atomic-hydrogen.

Matsushita (1962) has analysed gecmagne-
tic storms for the solar maximum epoch and
the minimum epoch and given their Dst
variation. He has shown that decay of the
recovery phase is much faster for the mini-
mum epoch than for the maximum epoch.
He estimates the difterence as of the same or-
der as expected by Dessler et al. (1961).
It has, however, to be noted that the maxi-
mum depressions for the two solar epochs
are not comparable in his presentation,
Actually the average main phase intensity
for the solar maximum epoch is about twice
as large as for the minimum epoch, which
apparently means that the average ring
currents for the two solar epochs are not
located in about the same region of the
outer atmosphere. Since, as indicated in this
investigation, decay rates are dependent
on the main-phase intensity, Matsushita’s
presentation for the solar maximum and
minimum epochs will not be strictly compara-
ble, though the trends may be indicated.
The present analysis has shown that, when
the entire recovery-phase is taken into ac-
count, there is, no doubt, a difference in
recovery times for the solar minimum and
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maximum years which is just about the level
of being statistically significant (Section 3),
but the difference is far from the factor of
about 3 expected by Dessler et al. (1961).
The expected factor is indicated only when
the initial portion of the recovery phase is
taken for analysis and extremes of decay
times only are considered.

In this investigation it has emerged beyond
reasonable doubt that two ring currents
are associated with the main phase of geo-
magmetic storms, which is in agreement with
the findings of Akasofu, Chapman and Ven-
katesan (1963). The main-phase depression
1s apparently the sum of the effects of the two
ring currents, assuming that the effect of the
outer one is not appreciably shielded by the
inner one. It follows that the initial portion
of the recovery phase is the sum of the dissi-
pation effects of the two ring currents while
the later portion is largely due to the dissi-
pation of the onter ring current. If the effect
of the outer ring current from 0% recovery
phase time can be ascertained, the effect due
to the lower one can be found by sub-
traction from the total effect of the two, as
given by the initial portion of the recovery
phase, The separate effects of the two ring
currents for any storm were estimated by
fitting quadratic curves (of the form
AH=a-F-bt--ct® where AH in y is the depres-
sion and ¢ recovery-phase time in hours) to
the smooth curves (Figs.3 a and 3 b) drawn
for the initial portion and the later portion
of the recovery phase, by considering three
points along each of the free-hand smooth
curves (at 0% , 5% and 10% for smooth curve
of the initial portion and at 104 | 20k and 304
for smooth curve of the later portion) and
then subtracting one from the other. This
was done in the case of 15 storms of fairly
large main phase depressionto examine the
relative magnitudes of maximum effects
(depression at 0% recovery-phase-time) due
to the two ring currents.

The results are shown in Table 3. Tt is
seen that the effect of the inner ring current

is greater than that of the outer one for only
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TABLE 3

Estimates of maximum field contributions by the
inner and outer ring currents for a few storms

Maximum Field,
—_————— A
{or inner for outer
ring current  ring current
=4 7

Date of storm
commencement

(U.T.)

1928 .

1938 . 0242
1938 . 1150
1941 Mar 0358
1941 04359
1044 0410
1046 ] 0635
1951 1153
1952 . 1931
1956 Feb 2 (306
1957 J: 1255
1957 Mz 0022
1457 Se
1959
1959

2311

0016
0803

0630

storms of very large intensity. while for others
it is often smaller, even for some whose maxi-
mum main phase depressions are of the ovder

of 400y, These relative effects tend to con-
form to the expectations of  Akasofu,
Chapman and Venkatesan (1963}, (Fig, 2 of
their paper). But the comparatively smaller
effects shown for the inner ring curvent even
for fairly large intensity storms, appear to
indicate that probably the initial recovery
phase is not exactly the sum of the eflects
of the two ring currents, hut mainly that of
the inner one. Perhaps the inner ring curvent
has some shielding effeet on the outer ving
current field. This view is compatible with
the laroe current intensities associated with
the inner ring current. For a ring current
of geocentrie distance of 3 earth radii,
ducing magnetic field effects of -~ 100y on
the earth’s surface, the current intensity is
of the order 10% amps, which should be con-
sidered large enoungh to produce eflective
shielding on the other ring cwrvent

}I]'l )=

hevond its location. It. thus appears that the
nitial portion of the recovery phase is mainly
the effect of dissipation of the inner ring

(rrent 1 dissipation

and not the summed

eflects of the two ring currents.

It is matural to expect the outer ring
current to be formed first. The solar plasma
retarded by the magnetosphere and
trapped there, drifts in longitude to form the
ring  eurrent, The inner ring
should be considered to he formed

bheing

oter

current
later. The mechanism of its formation can
be the downward  acceleration of charged
patticles, arising from the crossed electric and
magnetic fields in the vicinity of the outer
rine cuvrent, these being ultimately tmmw(l
in field lines much closer to the earth to aive
rise to the inner ring eurrent. With the fur
mation of the inner ring current the effect
of the outer ring current presumbaly gets
shiclded off, till it dissipates to a large extent.

6. Conciusion

The decay characteristics of the recovery-
phase of  some 130 geomagnetic storms,
recorded ot Alibag during the period 1924 to
1959 have been investigated and the following
findings have emerged,

. The generally known characteristic
that decay rates are faster for the larger in-
tensity storms is seen but a good deal of scat-
ter in decav rates is observed for any stoim
intensity group,

2. Two elear trends in decay rates are
seen for each recovery phase. The initial
]Nlmln ol less than 12 hours, decays more
rapidly lui-]ll the later portion of the recovery
plmnl-

3. As a consequence of (2) two ring cur-
rents with different geocentrie radii appear to
he associated with the main and recovery
phases of geomagnetic storms.

. The relative maximum magnitude
ol the two ring current fields at the earth’s
surface vary according to the intensity of
the main phase. For the greatest storms
the field of the inner ring current is larger.
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But for a number of great intensity storms
it is smaller than the outer ring current field,
Currents of the order of 108 amperas are asso-
ciated with the inner ring current. This order
of magnitude for the current can have consi-
derable shielding effect on the outer Ting eur-
rent field with the result that the main phase
depression is not exactly the sum of the
effects of the two ring currents but mainly
the effect of the inner ring current.

5. There is a clear tendency, especially
for storms of main phase depression greater
than about 200y, for decay rates to be faster
during years of low sunspot number than du-
ring years of high sunspot numbers, But the
relative rates are far from the factor of 3
expected by Dessler et al. (1961). This factor
18, however, approached if the extremes of
recovery rates of the initial portion of the
recovery phase only are considered. For the
later portion of the recovery phase no signi-
ficant differencesin decay ratesare observed
for the two solar epochs,
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In conclusion it has to he pointed out that
the treatment the recovery phase has receiy-
ed here is not adequate, since the hourly
depressions of the recovery phase are not
pure ring current effects. A considerable
part of the hourly depressions arise from the
disturbance effects that vary according to
local time (SD or DS) and ionospheric currents
are supposed to he associated with them.
Perhaps more tangible results would emerge
if the pure Dst part of the recovery phase of
individual storms is taken for analysis,
Derivation of even the approximately pure
Dst involves a very elaborate process. This
aspect will, however, be examined as a conti-
nuation of the present study.
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