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Origin of Interplanetary Southward Magnetic Fields Responsible for

Major Magnetic Storms Near Solar Maximum (1978-1979)

Bruck T. TSURUTANT,! WALTER D. GONzALEZ,*? FRANCES TANG,”? SYUN [ AKASOFU,* AND EDWARD J. SMITH'

The origins of the interplanetary southward B, which cause the 10 major (D, < —100 0 T) mugnetic
storms detected during the 500 days of study (August 16, 1978, to December 28, 1979} of the Gornzalez
and Tsurutani (1987} work are examined in detail. A full complement of ISEE 3 plasma and field data, an
I1-station AE index and the ncar-cquatorial D, index, are used in this analysis. It is found that the
otigins of the interplanetary southward B, events are quite varied. I it is defined that the B, event which
leads to O, < — (00 aT is “the cause™ of the storm, then one of the storm intensifications is cavsed by
shock compression of preexisting southward inlerplanetary megnetic fields, four (or five) are related to
driver gas magnetic felds, one (or 1wo) are caused by shocked kinky heliospheric current sheets, two (or
three) by turbul or waves behind interplanetary shocks, and one possibly by draped fields associated
with a noncompressive density enhancement event {without a shock or a high-speed stream). In simplistic
terms, four (or five} storms are caused by driver gas fields, four by shocked (sheath) fields, and one
possibly by high-intensity draped fields. In actuality, many of the interplanetary southward B, and
corresponding magnetic storm (D,) structures are more complex than stated above. At least four of the
interplaneliry evenis have both major sheath and driver gas southward B, events. In two storms, sheath
southward B, features led to D_ reaching levels of —90 nT prior to driver gas southward B, features; the
following driver gas fields then caused I, to exceed our stotm criteria of < — 100 nT. In two other cases,
sheath B, features led to magnetic storm onsets (D, < — 100 nT); the following driver gas southward B,
features cause further storm iniensifications. The above magnetic storms therefore displayed two-stage
development characteristics. The results of this study indicate the equal importance of both sheath fields
or draped fields and driver gas fields for the generation of major geomagnetic storms. Because of the
importance of the sheath fields the intensity and duration of geomagnetic storms cannot be predicted by

solar abservations of active regions alone. Tang et al. (1988) will address this topicin detail.

IntroDUSTION

To be able to eventually forecast impending geomagnetic
storms at the earth in a quantitative {ashion, the causes of
responsible interplanctary events and their solar origins must
be thoroughly understood. The first step of this important link
(working frem Earth backward) is well established. Intense
southward interplanctary magnetic fields (IMFs) are well doc-
umented as causing magnetic storms [Rostoker and
Fatthammar, 1967, Hirshberg and Colburn, 1969; Patel and
Wiskerchen, 1975; Burton et al., 1975; Akasofu er al., 1985;
Murayama, 1986; Smith et al., 1986; Zwickl et al., 1987, Gon-
zalez and Tsurutani, 1987] presumably through the process of
magnetic reconnection [Dungey, 1961}, Gonzalez and Tsuru-
tani [1987] have demonstrated that interplanelary events with
dawn-dugk E > 5 mV/m (approximately IMF B, < — 10 nT)
and with t > 3 hours have a one-to-one causal relationship
with intense (D, < —100 nT) magnetic storms. They es-
tablished that 9 out of 10 B, events followed interplanetary
shocks within 36 hours; the tenth event was a noncompressive
density enhancement event [Belcher and Davis, 1971; Gosling
et al,, 1977] for which the B_ event was delayed by 15 hours.
The delay of the southward IMF events from the leading edge
of the interplanetary disturbances gives important clues as to
the origin of the responsible interplanetary magnetic fields.

Several works have focused on the interplanetary phenome-
na associated with the large southward IMF events. Klein and
Burlage [1982] have identified “magnetic clouds,” which,
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when oviented in the vertical direction, have large southward
(then northward) field components (or vice versa). The criteria
of a “cloud™ are a radial dimension of -0.25 AU at ! AU,
high, > 10 nT, field magnitudes, and magnetic field directional
changes by a rotation in a plane. Klein and Burlaga note that
this field geometry is consistent with a magnetic loop or
bubble [see Burlaga and Behanneon, 1982] but cannot be
uniquely determined because of the limitation of single-
spacecraflt measurements. In a sense the above clasgsification is
unfortunately too broad for the purpose of this present study.
As examples, kinky heliospheric current sheets [Smith, 1981;
Akasofu, 1981; Tsurutani er al., 1984, 1985] that are present in
the compressed and heated plasma behind interplanewary
shocks (which we hereafter call the “sheath™ region) and
draped interplanetary magnetic fields [Gosting and McComas,
1987) might also fit the general classification of a magnetic
cloud. The fields may be sufficiently intense and the duration
sufficiently long to meet Klein and Burlaga’s criteria. The
latter category, draped interplanetary fields, would have the
configuration of & magnetic tongue, but would be caused by
an entirely different process (se¢ Gosling and McComas [1987]
for discussion). Thus although we do not use the magnetic
cloud categorization in this paper, (or the above reasons, some
of the southward ficld events presented are indeed “clouds.”
We will point this out to the reader where appropriate.

It is the purpose of this paper to use simultanecus ISEE 3
field and plasma information to detetmine the interplanetary
phenomena associated with the 10 well-documented storm
events identified in the work of Gonzalez and Tsurutani
[1987]. These were all of the storm events with D, magnitude
of < —100 nT during a continuous 500-day interval of 1978-
1979. In this study we will attempt to determine whether the
IMF southward field is caused by postshock turbulence, field
draping, shocked kinky current shects, driver gas magnetic
ficlds {(bubbles or tongues [Gold, 1962]) or other factors not
previously hypothesized. The purpose of this effort is twofold:
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Fig. 1.

Schematic model iMlustrating a possible geometry for plasma driving an interplanetary shock (from Bame et al.,

1979). The “N spike” is a density enhancement that is sometimes observed at the boundary of the driver gas. There often
are eleciron and ion temperature depressions (T depression) within the driver gas.

(1) to get a somewhat limited but statistical sample of the
origins of the southward fields causing large magnetic storms
and (2) in a future paper (F. Tang et al, Solar sources of
interplanetary southward B, events responsible for major
magnetic storms {1978-1979), submitted to Journal of Geo-
physical Research, 1988; henceforth referred to as Tang et al.
(submitted manuscript, 1988)) to study the solar origins of the
interplanetary events, We will also address the controversial
topic of the possibility of predicting the orientation of inter-
planetary magnetic fields by using solar observations and
simple radial convection of solar magnetic fields [Pudovkin
and Cherthov, 1976; Pudovkin et al., 1979; Pudovkin and Zait-
seva, 1986, Tang et al., 1985, 1986]. Clearly, only driver gas
magnetic field events could possibly be predicted using
ground-based solar observations. Events associated with the
interplanetary “sheath” fields would be associated with the
slow solar wind (whose origin is not well understood) or dy-
namical compression of such plasma and fields. Thus il a sig-
nificant [raction of the storm events is caused by phenomena
within the shocked interplanctary gases due to the interactions
of high-speed streams and upstream slow streams, the statis-
ticat results of Pudovkin and Cherthov [1976] and Pudovkin et
al. [1979] will need to be reevaluated due to their a priori
assumption of knowledge of the solar origin of the interplan-
etary magnetic fields,

METHOD OF ANALYSIS

A 500-day interval (August 16, 1978, to December 28, 1979
was chosen such that there was a cotmplete high time resolu-
tion data set available: magnetic field, solar wind electron,

proton and helium densitigs, temperatures, and anisotropies
[Frandsen et al., 1978; Bame et al, 1978]. A complete plasma
and field data set was necessary to identily shocks and driver
gases. The interval starts at the spacecraflt launch and ends
near the failure of the ISEE 3 ion detector. In essence, essen-
tially atl of the complete data set available is used.

The driver gas, if present. will be identifled by plasma and
field characteristics cited by Zwick! et al. [1983]. As noted by
Zwick! et al, there is not a single set of parameters that will
always be present in a driver pas. Depending on the spacecraft
trajectory through the interplanetary shock and plasma driver,
patches of enhanced helium may or may not be detected (the
Bame raisin pudding model—see Figure 1), One can also note
that it is easy to miss the driver gas if the spacecraft passes
through the flank of the shock.

The 10 magnetic storm events that occurred during the in-
terval of study are given in Figure 2. The figure contains
information concerning the magnetic storm peak strength
(D), the interplanetary event which preceded the southward
IMF (shock or no shock), and peak B, values following the
interplanetary events. The figure is taken from Gonzalez and
Tsurutani [1987, Figure 2. It can be noted that most, but not
all (9 of 10 events), are preceded by interplanetary shocks. The
one event that was not associated with a shock had a precur-
sor density compression, possibly a noncompressional density
enhancement (NCDE), as discussed by Gosfing et al. [1977].

As previously mentioned, all magnetic storms were caused
by targe southward IMF (B, < — 10 nT) events with long du-
rations (v > 3 hours). All of the peak southward B, events
occurred within 36 hours after the shock or NCDE passage.
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Fig. 2. Overview of the 10 large (D5t < — 100 nT} magnetic storms and associated interplanetery phenomena. This is
taken from Gonzalez and Tsurutani [1987]. (Lelt to right) interplanetary phenomena detected prior to the large southward
IMF evenis causing the magnetic storms (shock Mach nombers), peak southward B, values. and TMF magnitudes and
peak Dsr values. All southward IMF evenis accur within 36 hours of a leading interplanetary shock (9 out of 10 events) or

a noncompressed densily enhancement event (one case).

The majority (7 of 10 events) occurred within 10-20 hours
after the onset of the interplanetary disturbance. OF the other
three events, one occurred 4 hours after a shock, and ‘the
others 30 and 36 hours alter their precursor shocks.

Storm D, developments do not always intensily in a mono-
tonic fashion. This will be shown to be related to the presence
of several interplanetary southward B, events within the high-
speed strecam or NCDE event. Each southward turning causes
a subsequent D, decrease. To keep the accounting of the cause

,of the storm simple and straightforward, we will list the B_
event that causes D, to reach — 100 nT first as the one re-
spousible for the storm. Prior B, events which do not quite
lead to D, = —100 nT or subsequent B, events which cause
the storm to intensify will not be “counted.” These events will,
however, be cited both in the text and in the discussion for
completeness.

Event Case STUDY

Since it is not possibie 1o discuss and illustrate the features
ol all 10 events for this paper, we will show examples of five
different types of southward B, events and, at the end, give a
summary of all 10 evenis.

September 29, 1978 (Day 272)

Figure 3 illustrates the plasma, field, and geomagnetic ac-
tivity associated with this event. From top to bottom are the
helium density, proton temperature, velocity and density, the
magnetic field GSE y, z, and magnitude components, an 11-

station AE index, and D, (see Baker et al. [1983] for dis-
cussion of the geomagnetic stations used for the construction
of the geomagnetic indices). This same format will be used for
all of the events shown.

The collisionless shock preceding the high-speed stream
otcurs at 2040 UT, day 271. This can be identified in the
figurc by the increase in proton density, velacity, temperature,
and magnetic field intensity. The jumps are relatively small,
consistent with a ~ M, = 1.3 shock strength determination
(indicated in Figure 2). The shock normal was first calculated
wsing the Abrakam-Schrauner [1972] mixed mode method
(which assumes the Rankine-Hugoniot. relationships) using
high time resolution magnetic field and plasma data. The
shock velocity is determined by assuming conservation of
mass flux { Tsurutani and Lin, 1985]. The shock Mach numbet
is derived by calculating the upstream fast mode speed at the
determined propagation angle. In this and other calculations
the electron temperature is assumed to be 1.5 x 10° K, and
helivm ions were neglected. Galvin et al. [1987] have reported
that there was a second shock at ~0230 UT occurring in the
3-hour telemetry gap. This shock was detected by Earth-
orbiling spacecraft. An analysis of the properties of this shock
at ISEE 3 is not possible.

The southward IMF responsible for the storm starts ab-
ruptly as a discontinuity at 0620 UT, day 272, The field turns
northward at ~0800 and southward a second time at 0813
UT. This second southward turning is the most intense and
leads to the intensification of the storm {(defined in this paper
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Fig. 3. The interplanetary ficld and plasma for the September
20-30, 1978, geomagnetic storm. The southward (and then north-
ward} fields are located within the driver gas plasma. This field could
be a magnetic bubble or 1ongue.
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as D, < =-100 nT). This occurs 11 hours, 33 min following the
first shock. Figure 4 shows this in higher time resolution, The
magnetic field z component decreases (rom + 10 nT to —235
aT across the discontinuity. The magnetic ficld magnitude is
~25 nT in the postdiscontinuity region, so the field is almost
tolally southward in direction, Afterward the field slowly ro-
tates until it reaches a more northward orientation. At 1800
UT, day 272 (sce Figure 3), it reaches a value of +12 nT. The
slow decrease in the IMF southward component (starting at
0800 UT September 29) starts the recovery phase of the mag-
netic storm  (see W. D. Gonzalez et al. (Solar wind-
magnetosphere coupling during major magnetic storms of
1978-1979, submitted to Journal of Geophysical Research,
1988) for detailed discussion).

The plasma and fields at and after the discontinunity are
consistent with their being part of the driver gas plasma. The
discontinuity has been anailyzed using a printcipal axiz analysis
program [Smith and Tsurutani, 1976] applied to high time

cating an accurate determination. It has a small but definitely
nonzero value, implying a rotational discontinuity. The field
in the maximum variance direction (8,) changes in two steps,
similar to the event previously shown and discussed in detail
by Unti et af. {1972). The above authors interpreted this as
magnetic reconnection gceurring across the discontinuity.

The magnetic field is very smooth (low variances) altet the
discontineity {shown in Figure 4). The field magnitude de-
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and a hodogram of the vecior rotation in the B, — B, plane. There is
a smail but constant field component in the discontinuity normal
direction (B, = B, = 0.29|8|). This is a rotational discontinuity.
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creases monotonically until 0250 UT, day 273 (not shown),
when the field becomes more turbulent, thus ending the clearly
identifiable driver gas [Zwick! et al., 1983; Smith et al., 1986].
Most of the plasma parameters also fit the identification of 2
driver gas as given by Zwick! et al. {19831: there are (small)
proton density and temperature decreases across the disconti-
nuity. The helivm density becomes higher near the disconti-
nuity but possibly somewhat ahead of the discontinuity (see
an excellent detailed discussion of the ion charge states in this
region by Galvin et al. [1987]).

From the above, we have identified the southward IMF
responsible for the magnetic storm as the magnetic field within
the high-speed stream driver gas. The sudden turning of the
field toward the southward direction occurs at the discontj-
nuity separating the shocked solar wind plasma from the
driver gas plasma [see Galvin et al., 1987, The southward-
then-northward characteristic indicates that this event may
possibly be a Klein and Burlaga “magnetic cloud™—a closed
bubble or magnetic tongue [Gold, 1962] extending from the
Sun. Gosling et al. [1987] have indicated the presence of a
bidirectional solar-wind electron heat flux during this event,
arguing for magnetic closure,

November 25, 1978 (Day 329)

This southward TMF event begins exactly at the shock lo-
cated at 1140 UT, day 329. This is shown in Figure 6. The
shock is clearly identifiable by jumps in Toe N, V... and B
The jumps in the plasma parameters are small, and the calcu-
lated shock magnetosonic Mach ntimber is approximately 1.0,
indicating a very weak event. The upstream IMF had a
—7-nT B, component {out of an $-nT field), and the shock
compression causes a downstream B, value of —10 nT (fur-
ther increasing to — 15 aT in time), in agreement with a weak
shock, Thus the field responsible for the magnetic storm is
simply shocked interplanetary magnetic fields. The southward
IMF ends sharply with a discontinuity at 1714 UT, day 329,
There is a constant normal component of the field across the
discontinuity (0.27]8]), and the magnetic field magnitude re-
mains relatively constant. The hodogram in Figure 7 shows a
clear rotation indicating it is a rotational discontinuity. The
antisunward (upstream) side of the discontinuity is
characterized by high proton and helivm densities (Figure 6,
first and fourth panels), which abruptly decrease across the
discontinuity. A substantial proton temperature increase is
found at the discontinuity. The discontinuity is located ap-
proximately midway between the forward shock (1140 UT)
and a reverse shock at (140 UT, day 330. The reverse shock is
identified by a velocity increase, temperature and density de-
crease, and magnetic field decrease. For more details con-
cerning lhe jump comditions across collisionless shocks, see
Tidman and Krall [1971] and Stone and Tsurugoni [1985].

The interplanetary event appears to possibly be a corotat-
ing structure. Previous appearances of shocks are observed on
September 5, October 3, October 29, and an event following
the November 25 event, December 21. Thus the discontinuity
ending the southward field event discussed above cootd be the
stream-stream interface of the corotating interaction region
[Smith and Wolfe, 1976; Gosling et al., 1976). The event has
the classic corotating interaction region (CIR) “boxcar™ shape:
a forward shock and reverse shock bounding the intense fields
with a discontinuity in the middle separating the (ast plasma
from the shocked slow plasma [Smith and Wolfe, 1976]. There
is also no evidence of the presence of a driver gas, On the
other hand, this event could be produced by a coronal mass
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Fig. 6 The inwerplanetary magnetic field and plasma for the No-
vember 24-26, 1978, geomagnetic storm. As indicated by the Dst
value, the magnetic storm was ongoing al a relatively intense level
prior to the interplanetary shock and high-speed sclar wind stream
that was detected at 1140 UT November 235. The ongoing activity was
caused by the southward interplanetary magnetic field that was pres-
ent in the quiet solar wind prior 10 the shock arrival. The interplan-
etary shock compressed and intensified the preexisting southward
fields, leading 1o storm intensification o Dst values of < — 100 nT.
MNate the presence of Auctuations in the B, and B, components
{Allvén waves) and resultant high-latitude AE activity during the re-
covery phase of the storm (November 26 and 27). Such Alfvén waves
and AE activity were not present in the recovery phase of the Septem-
ber 29, 1978, storm (Figure 3).

ejection event which is centered away from the Sun-Earth line
(see discussion by Cane [1938]), such that the driver gas is
missed. An additional argument for this hypothesis is that
forward and reverse shocks associated with corotating streams
do not generally form untit ~1.5 and 2.5 AU, respectively
[Smith and Wolfe, 1976], considerably more distant from the
Sun than the present event.

One final comment about this event concerns the effect of
the southward B, prior to the interplanetary shock. Note that
this “quiet” interplanetary ficld led to D, reaching values of
— 80 nT. Thus if one uses less stringent requirements for mag-
netic storms (say, D, < — 50 nT), presumably there will be
many events of this type.
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Fig. 7. High-resolulion magnetic fields illustrating the discontinuity associated with the termination of the November
25, 1978, magnetic storm. The large constant normal component (5,) and constant magnitude across the discontinwity
indicate it is a rotational discontinuity. This discontinuity is believed to be the intetrface between the high and stow stream

plasmas.

April 4, 1979 (Day 94)

The shock which precedes the southward B, event occurs at
0925 UT, day 93. This is illustrated in Figure 8 and is taken
from Gonzalez and Tsurutari [1987]). The upstream northward
directed IMF is intensified at the shock from +2 nT to +7
nT. The Mach number is determined to be ~ 1.0. Note that a
far more intense shock (and high-speed stream) foliows on day
95 which does not cause intense geomagnetic activity. The
reason for this is that the magnetic field which follows is pri-
marily northward (see Gonzalez and Tsurutani [1987] for
more details}.

There are three important broad directional “dis-
continuities” following the shock which bracket important B,
changes and will be discussed below. They are the first south-
ward turning at 1430-1450 UT, day 93, a second, deeper
southward {(complex) event at ~ 1930-2020 UT, day 93, and a
third broad “discontinuity™ at 2018--2026 UT, day 94. The first
of the three discontinuities is responsible for the start of the
magnetic storm but causes it to reach a magnitude of only
D, ~ —90 nT. Because of our method of accounting for the
cause of the magnetic storm discussed previously, this south-
ward ITMF event will not be listed as the responsible source,
The following deeper southward B, event at ~ 1930-2020 UT
which causes D 1o reach =< —100 nT will be listed as the
event responsible for the magnetic storm,

The first “discontinuity” is quite broad, lasting from 1430 to
1450 UT. As can be noted in Figure 8, it is accompanied by a
density decrease and temperature increase without any change
in B magnitude. Principal axis analyses indicate that this is a
tangential discontinuity with 8, = 77°. There are no en-

hanced helium values throughout the event (N /N, < 0.05).
This does not appear to be a discontinuity at the edge of a
driver gas. One interpre!ation is that this is a discontinuity
that has been swept up and compressed in the solar wind
interaction region. This conjecture will be strengthened by the
discussion below,

The second “discontinuity” is also thick, lasting from 1930
UT to 2020 UT. It is accompanied by a sharp, intense spike in
N, and a |B| enhancement. The proton temperature is low
following the discontinuity, and the magnetic field relatively
quiet. The discontinuity has a normal component of 0.31|B],
and the field magnitnde change across the discontinmity is
substantial, ~3 nT out of a 15-nT total field. There is a sub-
stantial field decrease in the center of the discontinuity {to 12
nT), indicative of an intense current sheet. All of the above
criteria identifly this as the discontinuity bounding the driver
gas of the high-speed stream.

The third “discontinuity” at 2018-2026 UT causes re-
duction of the large northward B, component to a value near
zero, There is a small normal component across the disconti-
nuity (8, = 0.30|8(}, with little or no change in field mag-
nitude. It should be noted that this “discontinuity” is actually
composed of twe very sharp discontinuous changes. They
occur at 2018:00 and 2023:36 UT and are quantitatively simi-
lar to the Unti et al. [1972] event.

If one considers the interval between the second and third
“discontinuities,” there is an initial, abrupt southward field at
the second discontinuity, a gradueal rotation in direction
toward the north, then a cutofT at the third discontinuvity. This
overall field rotation and structure is consistent with a mag-
netic cloud contained within the driver gas.
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The southward field of the driver gas {second discontinuity)
is responsible for the magnetic storm. The sheath southward
fields led to a4 D,, of only —90 nT.

August 29, 1979 (Day 241)

The shock occurs in a data gap around 0500 UT, day 241,
as indicated by the jump in the proton temperature, density,
velocity, and magnetic field lollowing the gap (Figure 9). From
an analysis of the high-resolution upsiream and downstream
plasma and field data the magnetosenic Mach number is de-
termined to be 2.3. The shock intensifics a presumably preex-
isting northward field (within the data gap just preceding the
shock). A southward turning occurs from 0700 to 0725 UT,
day 241, just behind the shock. The field stays primarily
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Fig. 8 The interplanetary magnetic field and plasma for the April
3-4, 1979, magnetic storm. A broad discontinuity at 1430-1450 and
trailing southward fields are responsible for the onset of the magnatic
storm and cause il to reach a Dst magnitude of < —90 nT, The
discentinuity appears (o be a tangential discontinuity with 6, = 77°.
One interpretation is that this is a discontinuity that has been swept
up and compressed (and distorted) in the solar wind interaction
region. Another thick discontinuity occurs about 5 hours later, 1930—
2020 UT. The proton temperaiure is low, and the magnetic field
intensity is highler) and quiet following the discontinuity. This dis-
continuity is thus believed to bound the driver gas plasma. The IMF
following the disconlinuity has a south-then-north rotation, consis-
igent with a magnetic tongue or bubble. The driver gas fields are
responsible for the storm reaching Dst intensities of < —200 oT. Note
the much more intense interplanetary shock event on April 5, follow-
ing the April 3—4 magnetic sterm recovery. Because there are not
long-duration soulhward fields sssociated with the second high-speed
stream (the fields are primarily northward), the geomagnetic activity
is a minimum (sec di ion by Gc lez and Tsurutani (1987
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Fig. 9. The interplanctary magnetic ficld and plasma for the
August 29-30, 1979, geomagnetic storm. The southward magnetic
fields which cause ihe magnetic storm start at 07000725 UT, just 2
hours after the shock (~ 0500 UT). From the Jocation (relative to the
shock) and the character of the fleld and plasma the southward fields
are part of the r tosheath pl Argumenis are presented indi-
cating that the abrupt change in the field direction is either a crossing
of the heliospheric current sheet or a distoried and compressed inter-
planetary discontinuity.

southward after this time but is highly variable in nature. This
can be seen in the large-amplitude Auctuations in the B, and
B, components shown in the figure. This fluctuating south-
ward is correlated with and presumably responsible for the
magnetic storm.

Gosling and McComas [1987] have discussed this intgrplan-
etary event and indicated that there is a possibility of the
presence of driver gas starting at ~ 1800 UT, day 242. This
oceurs at the time of the peak D, value and is associated with
the recovery phase of the magnetic storm. The storm initiation
and intensification are due to the shocked fields discussed
previously. The fields and plasmas after 1800 UT are some-
what different, and the evidence for a driver gas is present, but
not particularly compelling. Within the region where the fields
are southward (0725-2000 UT) the proton temperature is
high, the density is high, and the He/H ratio is typical of the
solar wind, <5%. Gosling and McComas indicate that the
proton temperature drops just after the discontinuity. How-
ever, it is initially at values above the upstream slow solar
wind stream and is not unusually low. The magnetic field is
relatively quiet (but not as quiet as shown in Figure 4) from
1800 10 2400 UT. After this interval the field is typical of the
regular solar wind,

The magnetic field orientation for this B, event is shown in
higher time resolution (1-min averages) in Figure 10. The plots
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Fig. 10. The “sheath” ficlds in GSE polar coordinates. The multi-
ple switching of the § angle fram ~ 135° to 315° indicates changing
from a positive (owiward) Parker spiral direction to s neguative
(inward) spiral direction. Multiple crossings of the heliospheric cur-
reni sheet provide one possible explanation; swept up interplanciary
discontinuitics and waves are another.
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are given in GSE polar coordinates. In this systern, ¢ has a
valoe G° toward the Sun and increases with the sense of the
rotation of the planets about the Sun. Thus ¢ = 135° and
—45° correspond to positive and negative polarity interplan-
etary magnetic fields, respectively (denoted by solid lines). The
north ecliptic pole is at & = 90°. From 0600 to 1130 UT the
magnetic field was in a Parker spiral configuration with strong
out-of-the-ecliptic components. This includes the 0700-0725
EIT interval where the southward turning of the field led to
the onsct of the geomagnetic storm. From 1200 to 1600 UT, ¢
varied considerably but often had values near —45°. The
latter is consistent with negative sector fields. Thus one possi-
ble interpratation of this event is that the fields represent
multiple crossings of a distorted heliospheric current sheet. On
the other band, the current sheet crossing at the sun oceurred
on August 20, some 9 days earlier, detracting from this inter-
pretation. A more probable interpretation is that the south-
ward turning is an interplanetary discontinuity that has been
swept up, compressed {and distorted) by the interplanetary
shock. Gosling and McComas [1987] have concluded that this
event is a draped magnetic field event, consistent with the
above interpretation. This event has also been listed as a mag-
netic cloud by Burlaga et al. [1987].

September 18, 1979 {Day 261)

This event is illustrated because it is unexpected, according
to “conventional wisdom.” There is no shock preceding the
event. There is also not a high-speed solar wind stream with
traiting driver gas or with an interaction region (with the up-
stream slower speed stream providing the highly compressed
magnetic ficlds) necessary for the identified interplanctary cri-
teria causing magnetic storms, B, = —10 nT for over 3 hours,
The velocity, shown in the third panel of Figure 11 [from
Gonzalez and Tsurutani, 1987, Figure 4], remains under 425
km/s throughout the entire magnetic storm. Althoupgh this is
the only event of this type found in the interval of study, it is
one of the 10 events analyzed (10%). It should be pointed out
that for high-intensity, long-duration continuous AE (sub-
storm) events (HILDCAAs) caused by interplanetary Alfvén
wave trains [ Tsurutani and Gonzalez, 1987), similar interplan-
etary events (led by large density enhancements) were again
nonnegligible, representing three of eight occurrences (37%).
Thus, NCDEs may be a very important, relatively unexplored

.
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solar wind phenomenon that can have major impacts on geo-
magnetic activity, Further study of the causes and effects of
NCDEs are needed.

The interplanetary density enhancement that precedes the
southward field event staris gradually at ~900 UT, day 260.
The noticeable features are both the gradual density and mag-
netic field magnitude increases to unusually high values from
the “quiet” solar wind (3-10 cm~?). The proton density is
characterized by two very large density spikes reaching values
up to 35 cm™?. These occur at ~2300 UT, day 260, and
~0500 UT, day 261. Between the two density peaks is a local
minimum. The interval from the onset of the first density peak
to the density minimum is associated with a large southward
IMF event. However, D, docs not become less than — 100 nT
due to this cvent. Because the southward TMF event does not

-3
e cm

T v 1T T T T 1T T7T

1, Kix ]

AE, nT

st

17
SEPTEMBER, 1979

12

Fig. 11. The interplanetary magnetic field and plasma for the
September 8, 1979, geomagnetic storm. This geomagnelic slorm is
not caused by magnetic fields associated with a high-speed sotar wind
stream (and shock). The high (southward) ficlds causing the magnetic
slorm start in the middie of the second of two unusually large density
spikes (N , 35 cm ™%, This is indicated by the dashed vertical line.
Omne possible interpretation is that the southward fields are created by
draping over the high-density plastna (see schematic of Gosling and
MoeComas [1987]). Another possible scenario is that these hields are
part of the driver gas of a coronal mass ejection that has the same
velocity as the upstream solar wind.
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cause the magnetic storm, we will not discuss it further. There
is a broad discontinuity from 0400 to 0600, day 261, that is
associated with the trailing edge of the second major inter-
planetary density enhancement. The magnetic storm is pri-
marily caused by the very intense, long-duration southward B,
event that follows this southward turning (Figure 12). The
southward field event ends abruptly at 1435 UT, day 261, with
a directional discontinuity. The responsible IMF B, onset is
very broad, characterized by intense fiuctuations. It is not a
discontinuity in the classical definition. The IMF B, termina-
tion is caused by a rotational discontinuity at 1435 UT. The
discontinuity has a very large normal B, = 0.6718| and no
change in field magnitude across its surface. The magnetic
field throughout this interval is not particularly quiet.

One possible interpretation of the southward field event is
that it is caused by magnetic ficlds draped over the high-
density regions. At 1800 UT, day 260, prior to the first density
enhancement, B, > 0, and B, < 0, consistent with a negative
IMF polarity. From 1300 to 2400 UT, B, decreases to a value
ol zero. The B, component has a positive component from
~2300 UT, day 260, to ~0025 UT, day 261, correlated with
the (first) proton density enhancement. The zecond proton
density enhancement is again correlated with strong and posi-
tive 8, components. The onset occurs at 0230-0245 UT, and
the termination is near 0600 UT. The latter time is coincident
with the onset of the IMF B, event which is responsible for
the magnelic storm.

We mention other [eatures of this event for completeness.
The interval 0400-0500 UT, day 261, has characteristics that
are very similar to the driver gases discussed previously. The
He/H ratio is specifically quite high (> 10%), and the proton
temperature is very low. From 0600 UT, day 261, to 0130 UT,
day 262, the magnetic fiedd is intense and relatively devoid of
waves and discontinuities. The characteristic south-north rota-
tion of the magnetic field idenlifies this as a magnetic cloud.
However, it should be mentioned that the high helium den-
sities occur in the middle of the second proton density en-
hancement and there is no discontinuity associated with the
onset.

Other Events

The above is a description of 5 of the 10 events, Below we
will describe the other five events briefly and, for brevity, with-
out illustration.

August 27, 1978 (day 239). This magnetic storm event is
initiated by a broad southward turning at ~2000 UT, day
239. This is preceded by a sharp discontinuity at 1826 UT.
The discontinuity bas a normal component equal to 0.06{B|.
The field magnitude change across it is 0.15]B81. The event is a
tangential discontinuity. The fields behind are smooth, identi-
fying it as possible driver gas plasma. However, the proton
remperatures and densities are not particularly low, nor is the
He/H ratio high.

Based on the magnetic fields alone, this IMF southward
event will be labeled as being related to driver gas plasma. The
magnetic fields, however, only have a southward component.
There is no northward component for a “magnetic cloud,” as
described by Klein and Burlaga [1982]. The B, component
does have a negative-then-positive characteristic, so one possi-
bility is that this could be a cloud that is highly tilted, In
support of the closed magnetic field picture, Gosling et al.
[1987] have indicated bidirection efectron heat flux from 1000
UT August 27 to 0200 UT August 28,
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Fig. 12. The high-rtsélution interplanetary magnetic field for the
September 18, 1979, event.

It should be noted that this event is associated with a “com-
pound stream.” There are two and maybe three high-speed
streams involved. The proton densities rsach values of =40
cm™*, For further discussion of compound streams scc Bur-
laga et al. [1987].

February 21, 1979 (doy 52). This event has two major
southward events, similar to many of the previous examples
illusirated. The first event is initialized immediately behind the
shock at ~0240-0330 UT (the shock is at 0220 UT) and lasts
until ~0800 UT. This causes a substantial decrease in D, to a
waximum of —90 nT. The IMF B.-B, components remain
relatively consistent throughouot this B, event. B, < ©, imply-
ing a positive Parker orientation. It is unlikely that the B,
event is a twisted heliospheric current sheet, but most prob-
ably it is a shock-intensified discontinuity or locally generated
field distortion event.

The second major event starts at 1501 UT and ends at 2035
UT. This second major B, cvent is responsible for the mag-
netic storm with D, < — 100 nT. The onset of the southward
TMF event is caused by a discontinuity with B /|B| = 0.37, and
the field magnitude change is —6 nT in a 21.5-nT back-
ground. From the Smith [1973] criteria the discontinuity is
presently identified as “indeterminate,” having properties of
both a rotational discontinuity and a tangential discontinuity
[Landau and Lifshirz, 1960]. Further analyses of high-
resolution field and plasma data will have to be performed to
determine whether more can be learned about the nature of
this particular discontinuity [see Neugebauer et al., 1934]). The
He/H ratio, behind the discontinuity, is oflen > 10%, and the
temperatures arc low, identiflying it as driver gas. The mag-
netic field is quieter than usual but not as gquiet as some of
those previously illustrated. .

March 10, 1979 (day 69). The storm is associated with a
multiple high-speed stream structure with the IMF B, event
associated with the (compound) steeam. The first stream is Ted
by an interplanetary shock at 0723 UT, day 68. The second
complex stream starts at Z~2130-2330 UT, day 68. There is
no shock associated with this event. The responsible IMF B,
event has an abrupt onset at 1800 UT, day 69, and gradually
terminates at ~ 035000600 UT, day 7). The discontinujty has
a very small normal component B, = 0.0075{B|, and the field
magnitude change across the discontinuity is unusually large,
~13 nT in a 14.8-nT ambient ficld. This is a tangential dis-
continuity,

From 0600-1000 UT, day 69, B, > 0 and B, <0, or the
ficld has a negative sector polarity; from 1100-1300 UT, B, <
0 and B, > 0, or the field has a positive sector polarity. From
~ 1500 to 1800, B_ ~ 0 nT, and the entire ficld lies along the y
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direction. At the discontinuity at 1800 UT, B_ becomes slight-
Iy negative, B, ~0nT, and B, =~ —12 nT. At 2235-2249 UT
there is a broad discontinuity, and B, again changes from
—10 to —15 nT te +15 nT. B, remains intensely negative
throughout the interval. The field has orientations reasonably
close to the Parker spiral prior to the IMF B, event. Switching
of B, and B, values indicates possible crossings of the heli-
ospheric current sheet. However, during the — B_ event the
fields have highly unusual orientations. The distortions pre-
sumably are due to the stream-stream interaction.

There is little evidence that this storm event is associated
with driver gas fields. At the onset of the B, discontinuity the
helium density decreases, and the proion temperature in-
creases slightly. The magnetic fields are not particnlarly quiet.
The solar wind velocity increase may imply that this is the
interface of another stream within the second (complex) event.

March 29, 1979 (day 88). This is a complex interplanetary
event possibly composed of two high-speed streams. The frst
starts with a shock at 0754 UT, day 87. The second, smaller
stream has a graduval onset at ~0400 UT, day 88. The south-
ward IMF event responsible for the storm is a dual event
which occurs during, the second solar wind stream. The first
event staris abruptly at 0448-0500 UT, day 88, and lasts until
0800 UT. The second event starts gradually at ~0%00 UT and
lasts until an abrupt northward turning at 2023 UT. The first
southward event drives D, to —100 nT, and the second to
—125 oT. One may again call this two separate storms, but
for simplicity we will only consider it as one and will con-
centrate on the first event which leads 1o D, values of < — 100
nT, the criteria in the Gonzalez and Tsurutani [1987] study. In
actuality the field data show that the interval OROO-0%00 is
only a gradual deflection of the field in the northward direc-
tion and then southward again, possibly a kink in the heli-
ospheric current sheet.

The onset and termination of the southward events have
been examined using principal axis analyses, Both are found
to be rotational discontinuities. The first event has a normal
component equal to .99 times the ambient field strength. The
“wave” is propagating at an angle of 5° relative to B. There is
little field magnitude change across the discontinuity.

The second southward event initiated at 0900-1000 UT is
accomparnied by smooth magnetic ficlds and a broad density
spike followed by low temperatures, The event is terminated
by a tangential discontinuity at 2023 UT, day 88. The mag-
nitude is constant across the discontinuity, and Oy, 2= 37°, The
field behind the discontinuity is quiet, However, other than
this featurs there is no further evidence for a driver gas. The
temperature and densities are normal, and there is no helium
enhancement.

Our conclusion is that the initial southward B, occurs on
the rising portion of the stream, ahead of any possible driver
gas. It appears as if it is caused by distorted, shocked inter-
planetary plasma, possibly the heliospheric current sheet.

April 25, 1979 (day 115). This is apparently a two-step
southward B. event (due to tracking limitations, there are
large data gaps within these events). The D, also has two
corresponding decreases, — 125 nT and — 145 nT, respectively.
Since the first D, decrease is above — 100 nT, as before, we
will focus on this event as the cause of the magnetic storm.

A florward shock occurs at 2325 UT, day 114, 1979, Sub-
stantial increases in field magnitude (up to 26 nT), density (20
cm %), velocity (750 kmys), and temperature (7, = 8 x 10° K)
identify the Mach 1.5 shock. The B, component becomes large
and positive at the shock (+ 18 nT) and becomes negative just
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behind the shock (—~15 nT at 0100 UT, day 115). The data
gap between 0130 and 0600 UT prevents further knowledge of
the TMF variations. Presumably, because of the closeness of
the southward field event to the shock the southward fields
are shocked plasma that has been swept up by the fast stream.

Sudden spikes in H and He densities occur at ~0700 UT,
day 115. Values of >75 cm™? and >2 cm™?, respectively,
were detected. A solar wind velocity increase of ~75 km/s
occurs coincident with the density spikes, but the magnetic
field is variable and shows no clear trend. Luarge, +20-nT B,
transients are associated with the interval near the dansity
increases, possibly ending the first B, event. The second south-
ward turning starts somewhere in the middle of the (second)
data gap and terminates from a slow northward turning at
100-1130 UT. This is accompanied by decreases in the H
and He densities.

An abrupt discontinuity occurs at 1250 UT, day 115, after
the second B, event has terminated. This discontinuity is
cither a weak reverse shock or a tangential discontinuity at
the leading edge of the driver gas. A substantial field decrease
occurs at the discontinuity (from 27 nT to 15 nT within 1 s).
There is a very slight (50 km/s) rise in V,, and decreases in
helivm and proton densities across the discontinuity. How-
ever, the sharpness of these changes cannot be determined
because of the data gap following the discontinuity. The mag-
netic field magnitude change across the discontinuity is ex-
tremely sharp (<1 s), supporting the possibility of a2 shock.
There are high-frequency waves emanating from the disconti-
nuity. The feld normal to the discontinuity is B, = 0.51|8],
again consistent with a shock. On the other hand, the fields
from 1245 to 1900 UT are very smooth, and the proton den-
sity and temperatures are quite low, consistent with a driver
gas. Further study will be needed to determine the cause of
this event. This event was listed as a magnetic cloud by Bur-
laga er al, [1987].

E\&NT SUMMARY

A summary of all of the 10 B, events is given in Table 1 and
pictorially illusirated in Figure 13. The causes of the negative
B, events responsible for the storms are quite diverse and
complex. Four of the storm intensifications {to Dst < — (00
nT) were related to driver gas magnetic fields: August 27,
1978; September 29, 1978; February 21, 1979; and April 4,
1979, Of the other six cvenis, one is a shock field intensi-
fication event (November 25, £978), possibly one or twa
{March 10, 1975, and Avugust 29, 1979) are caused by kinky
heliospheric current sheets, three or four are due to turbulent
(sheath) magnetic fields behind the interplanetary shock
{(March 10, 1979; March 29, 1979; April 25, 1979; and August
29, 1979), and one event is due to draped fields or driver gas
fields associated with a NCDE (September 18, 1979). The
above breakdown is, of course, quite simplistic. Tt only focuses
on the causes of the storms reaching Dst < 100 nT. Many
storm evenis were two-step processes (or more). One event
had an initial major southward B, event that initiated the
storm and led to Dst intensities of —83 nT (November 25,
1978). Two other sheath events prior to driver gas fields led to
Dst ~ —90 nT (February 21, 1979, and April 4, 1979). Driver
gas events lollowing two sheath events {which caused siorm
developments) were associated with storm intensifications to
Dst levels of —125 nT and —145 nT (March 29, 1979, and
April 23, 1979}, The sheath events were credited with the cavse
of the storm intensifications for these events. Thus it is obvi-
ous that if one changes the threshold in the definition of a
magnetic storm, considerably different statistics may result.
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TABLE 1. Summary of the Interplanetary Phenomena Causing the 10 Large (Dst < —100 nT)
Magnetic Storm Events Occurring Mear Solar Maximum
Date Day Time of IMF B, Onset {at ISEE 3) Phenomencn
Aug. 27, 1978 239 1826 UT driver gas
Sept. 29, 1978 72 0813 UT driver gas
Nov. 25, 1978 329 1140 UT (-8B, prior to shock leads to shocked —B,
D, = -80 0T

Feb. 21, 1979 52 1501 UT (kinky current sheet in driver gas
magnetosheath leads to D, = 90
nT; onset 0240-0330 UT)

March 10, 1979 69 1800 UT distorted sheath
fields (current
shee1?)

March 29, 1979 88 (448-0500 UT (possible driver gas leads distorted sheath

to D,, intensification to - 125 nT; fields
onset 0900 UT)

April 4, 1979 94 1930-2020 UT {compressed driver gas

inteplanetary discontinuity in
magnetosheath leads to D, = =90
nT: onset [430-1440 UT)

April 25, 1979 115 0100 UT (driver gas? causes distorted sheath

intensification to P,, = — 45 oT; fields
onset 1245 UT)

Aug. 29, 1979 241 0000724 UT distorled sheath
fields (current
sheet?)

Sept. 18, 1979 261 04000600 UT draped fields/driver
gas

CoNCLUSIONS AND DiIscussion

We have examined the interplafnetary causes of 10 large
magnetic storms (Dst < ~ 100 nT) that occurred between the
launch of ISEE 3 (August 16, 1978} and December 28, 1979
(500 days). Previously, Gonzalez and Tsurutani [1987] have
shown that during this interval of study it was a necessary and
sufficient criterion Lo have a dawn-dusk E > 35 mV/m (ap-
proximately B, < — 10 nT) with a duration =3 hours to gen-
eraie the storms. Because of the required intensity of the
southward magnetic fields the responsible interplanetary
events would be expected to be associated with the high mag-
netic fields in the stream-siream interaction regions (sheaths)
or driver gases, Nine of the 10 cases had such dependences,
and the field events followed interplanetary shocks. The tenth
event was somewhat of a surprise. It was associated not with a
high-speed stream, but with a NCDE event.

In this study we have shown thal four of the B, events
causing Dsr to initially reach -~ 100 nT were associated with
the plasma driver gas, with two having north-south {or vice
versa} long-period magnetic oscillations, consistent with {but
not proving) magnetic closure. One event had a south-north-
soulh canfiguration, and the fourth event only a southward
configuration. The other six storm events are due to an as-
sorted variety of causes: one associaled with shock intensi-
fication of “upstream” southward fields, possibly one or two
with compressed kinky heliospheric current sheets, three or
four with turbulent magnetic sheath fields, and one with possi-
ble field draping.

From the variety of causes of the responsible southward
field events it is obvious that ong cannot simply compare
southward interplanetary magnetic fields at 1 AU and try to
refate them to solar fields from the active “source™ regions.
The five events that are not related to driver gases are due to
“upsiream” quiet solar wind stream plasma that has been in-
tensified (compressed) by the passage of collisionless shoeks.
This quiet solar wind plasma probably has an entirely differ-
cnt solar source [Hollweg, 1978; Marsch and Richter, 1984;

Freeman and Lopez, 1985). Because of this finding, much of
the prior work based on the assumption that storms were
simply caused by outwardly convected magnetic fields from
the solar active regions will have to be reevaluated.

One of the major goals of this study is to try to understand
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Fig. 13. A schematic of all the interplanetary magnetic fisld con-
figurations which have led 10 geomagnetic storms in this stody: (@)
shocked southward interplanetary magnetic fields, () compressed
kinky heliospheric curren: sheets, (¢} cempressed turbulence, waves,
or disconlinuities, (d) draped interplanetary magnctic fields, and (£)
driver gas fields {magnetic bubbles and tongues).
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the interplanetary and solar causes of major geomagnetic
storms and to be able te determine whether it is possible to
predict when they will occur and with what intensity. Clearly,
at this stage it seems possible to understand this only lot the
cases where plasma drivers are responsible for the magnetic
storms, For these specific cases we can test the model of
simple outward propagation from the Sun without major feld
distortion [Pudovkin and Chertkov, 1976]. If we can demon-
strate that there is a relationship between the driver gas B,
and the solar photospheric B, (see Tang et al., submitted
manuscript, 1988), there will be hope that quantitative predic-
tions of the intensity of 40-60% of all major magnetic storms
could be made, that is, il the doration of the southward IMF
could be determined. If this cannot be done, then the percent-
age of predictability will decrease further.

The five interplanetary evenis which do not have any ap-
parent relationship to driver gases can be understood if the
entire time history of the slow solar wind plasma as it propa-
gates from the Sun 10 1 AU can be modeled. First, the solar
sources of the slow stream plasma and fields will have to be
identified. Then the evolution of the stream, as it interacts
with other streams and the high-speed stream of interest, will
have to be calculated, Computer simulations as described by
Dryer and Steinolfson [1976] and Han er al. [1988] (see the
particularly nice review by Pizze [1985] and references
therein) will be applicable. This task is quite difficult and
should offer theoretical solar wind modelers a substantial
challenge.
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