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Abstract

The super-storm of 1859 gives an opportunity to apply models to predict Dst that have been exercised mostly on non-extreme cases.
The exercise gains significance through a Bombay magnetogram that Tsurutani et al. (2003) recently published showing a negative H
excursion of ~1600 nT, which is unprecedented for the latitude of the station, and which presents difficulties of interpretation if the neg-
ative excursion is taken to be equivalent to Dst. Following a suggestion by Li et al. (2005), we have replaced the original Bombay magne-
togram, which has many points per hour during the interesting phase of the storm, by hourly averages, thereby constructing a time
profile that is closer to a Dst profile as it is usually calculated. Then, the maximum H-depression is ~—850 nT, which lies not so aston-
ishingly outside the officially observed range. The Bombay magnetogram exhibits two major H-depressions, which we interpret to mean
that the event was caused by a geoeffective ICME-sheath followed by a magnetic cloud across which the magnetic field rotated from
north to south. On this interpretation, the ICME-sheath caused the extraordinary —1600 nT excursion in H. Then, the issue is whether
this large excursion was produced by ionospheric currents (in which case it is not so exceptional) or by magnetospheric currents (in which
case it is unprecedented)? To explore the second possibility, we use empirical models that relate the measured shock transit time to the
ICME speed and peak magnetic field strength at 1 AU together with average pre-shock interplanetary conditions to construct geoeffec-
tive parameters throughout the ICME-sheath. We use the Burton et al. equation as modified by O’Brien and McPherron to calculate Dst.
The resulting Dst profile lies reasonably close to hourly averaged Bombay magnetogram, especially if one uses the upper limit allowed for
field strength in the ICME-sheath or if one discards the most extreme outlier of the Bombay measurements. We conclude that it is pos-
sible to interpret the Bombay magnetogram as having been produced by the magnetospheric currents.
© 2006 Published by Elsevier Ltd on behalf of COSPAR.
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1. Purpose of modeling the 1859 storm

The Carrington storm of 1859 provides a useful test case
on which to exercise models that relate ICME parameters
to shock transit time and that predict associated magneto-
spheric effects. Because there are so few measurements to
work with, however, it is unrealistic to expect the exercise
to be definitive. Indeed, the basic data on the event are
merely its position in the series of sunspot cycles (the rising
phase of cycle 10), the location on the sun of the associated
flare (20° N, 15° E), and the shock transit time (~17.6 h)
(both given in Carrington, 1860, but see below for a revi-
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sion of the shock transit time), the information that the
storm produced auroras seen overhead in Florida at mag-
netic latitude of 37° (Loomis, 1866), and a magnetogram
from Bombay, India, that has been recently calibrated
(shown below) (Tsurutani et al., 2003).

By itself, the shock transit time, from which one can
infer the speed of the ICME at earth, is an unreliable pre-
dictor of the intensity of a magnetic storm. For example,
the fastest ICME on record (flare-to-SSC transit time of
14.6 h, August 4, 1972) produced a storm of relative mod-
est intensity as measured by Dst (—125 nT), whereas by the
same measure a rather slow ICME on 13 March 1989
(flare-to-SSC transit time of 54.8 h — 3.8 times longer than
the shortest time just mentioned) produced the most
intense super-storm on record (Dst= —589 nT) (Cliver
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et al., 1990, 1992). Obviously, therefore, the ICME speed,
which can be inferred from the shock transit time, must
be supplemented with information on the IMF to predict
even the category — small, moderate, major, or super — into
which a storm will fall.

Regarding supplemental information on the IMF for the
1859 storm, we know only that during even-numbered sun-
spot cycles (into which 1859 fell) there is a statistical ten-
dency for the IMF to rotate from northward to
southward through the magnetic clouds of ICMEs (Both-
mer and Rust, 1997; Mulligan et al., 1998). Nonetheless,
the fact that the 1859 storm produced auroras seen over-
head in Florida means that it fell in the super-storm catego-
ry, which, despite the lack of direct measurements, means
that the IMF must have pointed southward for a sufficient
time. But whether the IMF depressed Dst as far as it could
have done, by pointing straight south, or only partially, we
cannot say by direct measurement.

We can, however, determine the maximum Dst that
empirical models predict for the 1859 ICME, and this
determination is the value of the exercise. The exercise also
bears on an ambiguity regarding the interpretation of the
Bombay magnetogram (Fig. 1). We proceed, therefore,
by subjecting the 1859 event to an idealized, ‘“‘textbook”
analysis using only climatological (and therefore unbiased)
values for quantities not determined by models. Under this
constraint of unbiased input parameters, the intention is to
set up the analysis so as to maximize the effects of the Car-
rington ICME and thereby to calculate how severe, accord-
ing to the models, it could have been, especially as
measured by Dst.

2. Connection between the Bombay magnetogram and Dst

The Bombay magnetogram shown in Fig. 1 has played
an important role in rekindling interest in the 1859 storm.
On the basis of this magnetogram, Tsurutani et al. (2003)
concluded that Dst dropped to the extraordinary value of
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Fig. 1. Magnetogram of the horizontal geomagnetic field intensity from
Bombay, India, covering the magnetic storm of September 2, 1859.
Modified from Tsurutani et al. (2003).

—1760 nT, which if true, would be nearly three times lower
than the great storm of March 1989, which, as previously
noted, reached a Dst of —589 nT (Cliver et al., 1992).
For the 1859 storm, Loomis (1866) cites magnetic distur-
bances at other magnetic observatories as being either off
scale or between 1/30th and 1/8th of the mean horizontal
strength, which corresponds roughly to 1000-3000 nT.
But these observatories were at high magnetic latitudes or
in the case of Rome, Italy, reported overhead auroras, so
it is likely that the cause of the unusually strong magnetic
disturbance in these cases was ionospheric current rather
than the ring current, which governs Dst. Probably an
upper limit on the depth of the 1859 Dst depression is
around —950 nT, which Siscoe (1979) found by extrapolat-
ing to 37° (the latitude in Florida at which an aurora was
seen overhead) a plot of the lower latitudinal limit of quiet
auroral arcs versus Dst that Akasofu and Chapman (1963)
compiled using IGY data. This extrapolation of their result
to 37° should be an upper limit for the 1859 Dst depression
because the Akasofu and Chapman compilation refers to
discrete arcs visible in IGY all sky cameras, whereas the
aurora seen overhead in 1859 in Florida might have been
a sub-auroral red arc (Silverman, 2005, this issue) at a lat-
itude lower than discrete arcs.

The southernmost appearance of the aurora in the Unit-
ed States coincided very nearly with the maximum drop in
the H component around 11 a.m., local Bombay time seen
in the Bombay magnetogram (Loomis, 1866). At this same
time the magnetometer at the astronomical observatory in
Rome, Italy, registered an unprecedented horizontal field
excursion of nearly 3000 nT (Loomis, 1860, p. 397). These
supplementary pieces of information indicate that the deep
excursion of H seen in the Bombay magnetogram between 9
and 12 h local time indeed marks the peak of storm intensity
for the entire storm, which continued until September 4.

Fig. 1 shows the Bombay magnetogram of the 1859 mag-
netic storm presented by Tsurutani et al. (2003) with lines
added to mark extremes of field excursions. Diamond sym-
bols were also added that give hourly averages. Hourly aver-
ages, as Li et al. (2005) point out in connection with this
magnetogram, better represent Dst, which is normally taken
to be an hourly index. The hourly average diamonds begin at
10 a.m. on Sept. 2nd when the cadence of recording changed
from the standard (for the time) one measurement per hour
to a faster rate evidently instituted in response to the advent
of the storm. They end 14 h later after the difference between
hourly averages and actual measurements becomes unim-
portant for the purpose of modeling.

Besides taking hourly averages as a step toward bringing
the Bombay magnetogram closer to a representation of
Dst, one must also consider a possible correction for the
disturbance field asymmetry, which during major magnetic
storms can be comparable to Dst itself. For example, the H
value that the magnetometer recorded when the storm
peaked might have been, say, 50% higher or lower than
the actual Dst or anywhere in between depending on the
local-time phase of the asymmetry relative to the local time
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Fig. 2. The H component of the disturbance field measured at 23 low-
latitude observatories at the peal of the magnetic storm of March 31, 2001.
The solid line is a smooth fit to the points. The thick horizontal and
vertical lines mark Dst at this time and the local time of Bombay at the
peak of the 1859 storm. They cross at the observed value of the H
component.

of Bombay (~11:00). Fig. 2 illustrates the point for the
major magnetic storm of March 31, 2001. The plot shows
the H component measured at 23 low-latitude stations, well
distributed in longitude, at the peak of the storm. Values
vary from about —270 to about —490 nT, the average being
very close to the official Dst at this time (—387 nT). Note
that the value at 11:00 h local time (where Bombay was
at the peak of the 1859 storm) is nearly identical with Dst.

This rather fortuitous circumstance — that the value of
the H component of the disturbance field at 11:00 h local
time happens approximately to equal Dst — seems to be a
general rule for major magnetic storms as shown in Table
1. Here, the values of the H component of the disturbance
field at 11:00 h local time are compared with Dst at peaks
of nine magnetic storms. (The Oct. 30, 2003 storm appears
twice as it had two main phases.) In most cases H and Dst
differ by less than 20 nT. The last two entries in the table
show the biggest differences. In one case, Dst is 71 nT more
negative than H, in the other 58 nT more positive. The

Table 1

A comparison of the peak Dst values for nine recent major magnetic
storms and the corresponding values of the H component of the
disturbance magnetic field at 11:00 h local time (the local time of Bombay
at the peak of the 11859 storm)

Date and time Dst (nT) HnT)at 11h LT
March 25, 1991, 01:5 UT —293 —280
Nov. 9, 1991, 01:31 UT —354 —335
May 10, 1992, 12:05 UT —266 -270
April 7, 2000, 00:09 —288 -290
July 15, 2000, 21:55 —289 —290
March 31, 2001, 08:15 —387 —387
Oct. 30, 2003, 00:30 —363 -390
Oct 30, 2003, 22:30 —401 -320
Nov. 20, 2003, 19:10 —472 —530
Average —346 —344

averages are nearly equal. As far as the disturbance field
asymmetry is concerned, therefore, the value of the Bom-
bay magnetogram at the peak of the 1859 storm can be tak-
en as a reasonable proxy for Dst.

3. Interpretation and set up

We think that the simplest interpretation of the Bombay
magnetogram is that it shows a storm with two main phas-
es, which happens for more than 50% of intense magnetic
storms (Kamide et al., 1998), the first of which, lasting
approximately between 09:00 and 11:00 h on Sept. 2nd,
was driven by the ICME-sheath (the region between the
ICME shock wave and the ICME body) and the second
main phase, lasting approximately between 17:00 and
19:00 h, being driven by the trailing half of the ICME
body. Regarding the global nature of the second phase of
the storm, we note that on Sept. 2nd the vertical magnetic
field component at the Rome observatory mentioned above
went off scale just when the second phase seen in the
Bombay magnetogram peaked (19 h local Bombay time,
Loomis, 1860, p. 397). This two-main-phase interpretation
implies a southward IMF in the ICME-sheath followed by
a north-then-south rotation of the IMF as the ICME cloud
swept over the earth, which is consistent with the statistical
expectation for even-numbered sunspot cycles. Our inter-
pretation differs from that preferred by Tsurutani et al.
(2003) who think that the storm was driven not by the
ICME-sheath, which they assume lasted only about 1h
and had little effect, but by the leading half of the ICME
body, which they assume also lasted about 1 h.

The primary solar wind parameter that we shall use to cal-
culate Dst is the interplanetary electric field (E = —V x B).
To specify E for the 1859 storm, we assume that the ICME
hit the earth dead-on, which means that in the ICME frame
of reference the earth moved through the ICME-sheath from
the ICME bow shock to the ICME-pause along the ICME
stagnation stream line. We then apply to the following mod-
els: maximum speed of the ICME driver gas (¥ .y, presum-
ably the leading edge of the ICME itself) versus average
shock transit speed ({(Vyi)) (Cliver et al., 1990):

Vmax = 0-775<Vshk> —40 km/s (1)

This formula gives a value very close to 1900 km/s for
Vimax- By analogy to planetary magnetospheres where, for
steady solar wind conditions, a standing bow shock sits
at a fixed distance in front of the magnetopause, we assume
that the ICME bow shock and the leading edge of the
ICME move at the same speed (1900 km/s at 1 AU). For
pre-shock solar wind and IMF parameters, we use clima-
tology (i.e., values that typify the ordinary solar wind):
V =400 km/s, n = 5/cm?®, and B= 5 nT. To maximize the
geoeffectiveness of the storm, we point the IMF straight
south throughout the ICME-sheath. Post-shock solar wind
and IMF parameters we determine by the strong shock
jump conditions applied to the pre-shock values (in the
shock frame of reference these are a factor of 4 jump in
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density, field strength, and inverse velocity). These give
post-shock values of 20/cm?, 20 nT, and 1523 km/s after
adding the shock speed to convert to earth’s reference
frame. Based on MHD simulations for earth’s magneto-
sheath (Siscoe et al., 2002), density remains approximately
constant between the shock and the leading edge of the
ICME (ignoring here the so-called depletion layer), and
velocity rises linearly from its post-shock value in the
earth’s reference frame to that of the leading edge of the
ICME.

To specify the variation of the magnetic field strength
from its post-shock, factor-of-four jump to its value at
the leading edge of the ICME, we again appeal to MHD
simulations of earth’s magnetosheath. Fig. 3 shows mag-
netic field strength along the stagnation stream line in earth
magnetosheath and adjacent regions for MHD simulations
of five IMF orientations (clock angles 0°, 45°, 90°, 135°,
and 180°), as indicated in the figure. Horizontal lines mark
special values of field strength: the pre-shock value (5 nT),
the post-shock value (~20nT), the ‘merging’ value
(~32nT, explained below), and the stagnation value
(~50 nT). All are self-explanatory except the ‘merging’ val-
ue, which, as the figure indicates, is the peak sheath value
attained when the IMF has a non-northward component
(the clock angle = 90°, 135°, and 180° cases), and so, pre-
sumably corresponds to an upper limit set by dayside, sub-
solar merging. Its value agrees with an empirical formula
found by Crooker et al. (1982): two times the geometric
mean of the transverse component of the IMF and the
stagnation field strength. The important point for the pres-
ent application is that the sheath portions of all five curves
are self-similar in that if they are translated and stretched
to make their beginning and end points match, the curves
nearly coincide. Thus, a single formula appears to fit the
five curves reasonably well:
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Fig. 3. Magnetic field strength along the stagnation streamline in earth’s
magnetosheath for five IMF orientations, as indicated by clock angles.
(Computed with the ISM MHD code, White et al., 2001) (Wiggles in the
lines are, of course, artificial and result from connecting values interpo-
lated at discrete distances between grid points.)

B (&) = Bl + (B2 — B1)(—0.008164 + 0.41054¢
—0.32648% +0.917528%), (2)

where Bl is the post-shock field strength, B2 is the field
strength at the magnetopause, and £ is the normalized dis-
tance between the shock and the magnetopause measured
earthward from the shock.

¢ = (x(shock) — x)/(x(shock) — x(m’pause)). (3)

Although this formula was obtained from simulations of
earth’s magnetosheath, we use it also to specify the field
strength in the magnetosheath of the ICME, for several
such algorithms we have considered (e.g., Lees, 1964), none
has more physical justification.

To apply Eq. (2) to the magnetosheath of the 1859
ICME, we need to specify only B2, the value of the magnet-
ic field strength at the leading edge of the ICME, since, as
already noted, we assume that Bl =20 nT. To specify B2,
we use an empirical relation derived by Owens and Cargill
(2004) for the peak field strength in ICME-sheaths, which
we take to be the value that applies at the leading edge
of the ICME body:

peak By = 0.08(Vmax — Vsw) + 12.12 0T, 4)

where Vsw is the speed of the solar wind ahead of the
ICME bow shock (400 km/s assumed in this case). This
gives a peak value of 132 nT. To test the sensitivity of
the calculated Dst profile to the value chosen for B2, we
bracket the Owens and Cargill empirical value (132 nT)
with a lower limit (66 nT) and an upper limit (217 nT).
The lower limit corresponds to the merging value in
Fig. 2, and was obtained with the Crooker et al. (1982) for-
mula mentioned earlier. The upper limit is the stagnation
field strength for this case.

To calculate Dst, we use the Burton—-McPherron—
Russell formula (Burton et al., 1975) as modified by
O’Brien and McPherron (2000). This formula relates the
time rate of change of Dst to the interplanetary electric
field (E), solar wind dynamic pressure (P), and the decay
rate of the ring current (7).

dDst/dt = —o E (mV/m) + b P'/?
— Dst(nT)/t(h) nT/h, (5)

where o = 4.5 nT/h/(mV/m), b, as specified by McPherron
and O’Brien (2001), is a function of E, which varies from
~12nT/nPa'? for small E to ~2nT/nPa'’? for large E,
and 7, as specified by O’Brien and McPherron (2000), is a
function of E, which varies from ~19 h for very small £
to ~2 h for very large E. The value of E in (5) is the recti-
fied (i.e., zero if negative) GSM y-component of the
motional electric field (—V x B).

4. Phase 1 of the storm: The ICME-sheath
Following Tsurutani et al. (2003), we interpret the high

point in the Bombay magnetogram at 9 h local time as indi-
cating that the shock had arrived at this time (despite the
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beginning of a rise at the previous hour). The shock transit
time (from flare to arrival) was, therefore, about 16 h
40 min, based on the flare time being 11 h 20 min on Sep-
tember 1 Greenwich time (Carrington, 1860) and a 5 h time
difference between the local times of Greenwich and Bom-
bay (although the time difference based on the current
international time zones is 5 h 30 min).

Based on a 16 h 40 min transit time, the assumed ambient
solar wind and IMF conditions, and the suite of formulas
described in the last section, one can obtain time profiles of
the electric field in earth’s reference frame through the
ICME-sheath for the chosen three values of B2, an upper
limit (217 nT), Owens and Cargill empirical value (132 nT),
and a lower limit (66 nT). Substituting the electric field pro-
files thus obtained into Eq. (5) for Dst (assuming that the
electric field was zero but the dynamic pressure remained
the same after the passage of the ICME-pause when the pre-
sumed-northward phase of the ICME body passed over the
earth) gives the Dst profiles shown in Fig. 4 superimposed on
the reconstructed Bombay Dst profile of Fig. 1.

We suggest (as other have for different reasons) that the
figure might retrieve the 1859 storm from the realm of unique
mutant monstrosities — a singularity in a class by itself — and
place it instead in the regular population of magnetic storms
arranged as the end member in order of strength. The sugges-
tion is supported by the procedure, often adopted when
faced with data containing suspicious outliers, of discarding
the extreme point. Then, one is left with a maximum negative
H excursion (~—1200 nT), which is still well below any mea-
sured Dst, but which gives an hourly average of ~—625 nT.
This value lies just below the tip of the middle, calculated Dst
curve for B2 = 132 nT and suggests that the middle calculat-
ed curve might represent the actual Dst for the 1859 storm
better than either the Bombay magnetogram as originally
interpreted or the extreme calculated Dst in Fig. 4 based
on the stagnation field strength. Two other factors argue
for this conservative, greatest-but-still-regular classification
of the Carrington storm. First, the middle curve in Fig. 3 is
the a priori expectation for this storm based on models
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Fig. 4. Dst calculated from the E field and ram pressure throughout the
ICME-sheath modeled as described in the text and using the Burton et al.
formula (Eq. (5)) with the O’Brien and McPherron (2000) specification of
the decay time as a function of E and the McPherron and O’Brien (2001)
specification of the pressure coefficient as a function of E.

obtained by empirical fitting to other ICME storms. Second,
the recovery phase calculated for the middle curve fits most
of the observed recovery fairly well.

We turn now to comment briefly on the second phase of
the storm, the main phase of which occurred from 17:00 to
19:00 h on Sept. 2nd. This, too, was a major storm. As
inferred directly from the Bombay magnetogram, Dst
dropped about 500 nT. Since unlike the earlier main phase
this one lies within the range of known storms, no mystery
needing to be resolved is present here. Its relevance to the
present discussion is that it clearly calls for incorporation
into the whole storm scenario — two large main phases sep-
arated by a recovery phase. To us the simplest explanation
of this sequence of events is the one we stated earlier, that
both storms were caused by a single structure of which there
many known examples, namely, a geoeffective ICME-
sheath pushed earthward by a magnetic cloud across which
the IMF rotated from northward to southward. What dis-
tinguishes this example of the south-north-south ICME
complex is that the independent parameters that manifest
storms combined to maximize the storm effect: speed of
the ICME, southward IMF in the sheath, and a direct hit
on the earth. Had the cloud been of the first-south-then-
north type, the effect could have been more severe.

5. Loose ends and implications

It is, of course, unjustified to assume that just because
we have managed to construct an interpretation of the
Bombay magnetogram that allows it to be seen as having
been produced by a regular (albeit extreme) storm (instead
of a one-of-a-kind storm) that the interpretation is there-
fore necessary. We have shown only that such an interpre-
tation is possible but not that it is unavoidable since many
parameters had to be assumed, and although we justified
our assumptions, the range of physically allowed alterna-
tives is large. For example, we assumed that the solar wind
ram pressure was continuous across the ICME-pause,
which implies that the density was continuous. This is a
reasonable a priori assumption since we took the density
in the ICME-sheath to be 20/cm® and the density in aver-
age ICME clouds is about 11/cm® (Lepping et al., 2003)
and here we have an exceptional cloud for which the den-
sity could have been twice the average. As a result of the
assumption that the ram pressure was continuous across
the ICME-pause the calculated Dst increased discontinu-
ously there because E dropped to zero, which increased
the pressure coefficient, b, discontinuously. Thus, although
the ram pressure was constant, the ram pressure contribu-
tion to Dst increased. We could have increased the size of
the jump more, and so have obtained a better fit to the
recovery phase, by choosing a larger density in the ICME
body, as did Li et al. (2005) to fit the full recovery of H
from —1600 nT (which in their case required an implausi-
bly large density discontinuity).

Apropos of uncertain ram pressure effects, according to
Vasyliunas et al. (1982), if the driving term in the Burton



178 G. Siscoe et al. | Advances in Space Research 38 (2006) 173—-179

et al. equation (5) is interpreted as giving the rate of energy
input to the ring current then it should be multiplied by the
one-sixth power of ram pressure. If, following this direc-
tive, we redo the calculations with the pressure factor (nor-
malized to the climatological value 1.34 nPa) included in
the driving term, the drop in Dst approximately doubles.
Indeed, Li et al. (2005) state that it is the existence of a
ram-pressure factor in the driving term of the Temerin
and Li (2002) model that allows them to fit the full H
depression in the Bombay magnetogram. But, since none
of the empirical parameters that have been determined
for the Burton equation and its enhancement take this pres-
sure factor into account, one cannot justifiably simply
include it at this stage. The safer approach is to use the
equations as they have been derived and tuned, which is
what we have done. Finally to this list of reasons to keep
an open mind regarding the meaning of the Bombay
magnetogram despite our conservative interpretation of
it, we add the fact that to arrive at our interpretation we
used the O’Brien—-McPherron enhanced Burton et al. equa-
tion beyond its tested range of validity.

All of this leads to interesting implications. The issue
regarding the Bombay magnetogram for the 1859 storm
is whether its unprecedented negative excursion resulted
from ionospheric currents or magnetospheric currents. If
it resulted from ionospheric currents, then the size of the
excursion is not so exceptional, but the fact that ionospher-
ic currents could profoundly affect a magnetogram at such
low latitude remains an exceptional aspect of the storm.
Such an interpretation would seem to imply that overhead
auroras might have reached the latitude of Bombay, yet
against this inference Green and Boardsen (2005) report
that auroral records for the storm indicate that overhead
auroras came no closer to Bombay than 10° latitude. If
instead of ionospheric currents the deep negative excursion
in the Bombay magnetogram resulted from magnetospher-
ic currents, then we learn that in the case of super-storms
the hourly averaged Dst index could be under-representing
the actual extent of H-depression that we normally associ-
ate with the ring current. It would be interesting to recalcu-
late the Dst of super-storms with higher cadence to see
whether the real main phase excursion has been seriously
truncated, in effect, by low-pass filtering.

Another lesson from the exercise is that the empirical
coefficients that enter the enhanced Burton et al. equation
should be recalculated with one-sixth power of ram pres-
sure multiplying the driver term. Without recalculating
the coefficients, this factor has the potential of changing
the result by a factor of 2 for super-storms.

6. Summary and conclusions

e Taking hourly averages of the Bombay magnetogram
gives a proxy for Dst in which the maximum negative
H excursion is 850 nT instead of 1600 nT as in the un-
averaged magnetogram. The local time of Bombay at

the peak of the storm happens, by coincidence, to lie
close to one of the local-time null points in the distur-
bance field asymmetry as determined from nine recent
major magnetic storms, which means that as far as the
asymmetry is concerned, the Bombay magnetogram is
a reasonable proxy for Dst.

e The Bombay magnetogram exhibits two major H-depres-
sions, which we interpret to mean that the event was
caused by a geoeffective ICM E-sheath followed by a mag-
netic cloud across which the magnetic field rotated from
north to south. The first depression reached the extraordi-
nary —1600 nT value. The second depression, although
also large, was not outside of precedents for Dst.

e Using empirical formulas that relate the measured shock
transit time to the ICME speed and peak field strength at
1 AU together with standard assumptions to specify pre-
shock interplanetary conditions, we have constructed a
model of geoeffective parameters throughout the ICME-
sheath.

e With these as input to the Burton et al. equation for Dst
as modified by O’Brien and McPherron, we have calcu-
lated three Dst profiles representing upper and lower
limits bracketing an empirical a priori best case.

e The upper limit Dst profile lies reasonably close to hour-
ly averaged Bombay magnetogram. If one discards the
most extreme outlier of the Bombay measurements,
the empirical best case Dst profile lies reasonably close
to most of the hourly averaged Bombay magnetogram.

e It seems to be possible, therefore, to interpret the Bom-
bay magnetogram as having been produced by magneto-
spheric currents instead of by ionospheric currents.

e There are interesting implications of this conclusion, one
of which is that the hourly averaged Dst index might
under-represent storm-time H-depressions during the
main phase of super-storms.
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