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Geomagnetic response to magnetic clouds of different

polarity
F. R. Fenrich and J. G. Luhmann
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Abstract. The polarity of a magnetic cloud refers to its
changing magnetic field direction. It is classified as S-N po-
larity when the magnetic field rotates from southward to
northward and N-S polarity when the field is initially north-
ward and rotates southward. A study of 29 magnetic cloud
events has found that 40-45% of magnetic clouds, indepen-
dent of polarity, are followed by a fast solar wind stream
which compresses the tail end of the cloud. The compres-
sion results in an increase in the solar wind plasma density
and in 64% of the cases an increase in the magnetic field
strength towards the latter part of the cloud. Such tail end
compression can have a significant effect upon geomagnetic
storm intensity if the magnetic cloud is of N-S polarity. This
is because only in the N-S polarity case does the compres-
sion coincide with the southward IMF portion of the cloud.
To test the “geoeffectiveness” of N-S versus S-N magnetic
clouds three selected magnetic cloud events, two of S-N po-
larity and one of N-S polarity, are investigated in terms of
their geomagnetic response through measured and estimated
Dy values. It is found that there is an increased geoeffective-
ness of N-S polarity clouds due to both an increased solar
wind dynamic pressure and a compressed southward field
associated with a following fast solar wind stream.

Introduction

A Magnetic cloud is a solar wind structure characterized
by a strong, usually smooth magnetic field and a low plasma
temperature and Beta. The magnetic field in a cloud often
rotates through a large angle from strongly southward to
northward (S-N) or vice-versa (N-S). Studies of their so-
lar origin have shown close associations with coronal mass
ejections (CMEs) and disappearing H-alpha filaments [Both-
mer and Rust, 1997]. It is now well known that magnetic
clouds in the interplanetary medium can produce large ge-
omagnetic storms when they pass by the Earth [Zhang and
Burlaga, 1988].

The polarity of magnetic clouds has been linked to the
sun’s global magnetic polarity and thus varies with the so-
lar cycle [Bothmer and Rust, 1997]. S-N clouds occur most
often during the period between even and odd solar maxima
while N-S clouds occur most often between odd and even so-
lar maxima. Currently, we are between even and odd solar
maxima and so S-N clouds are presently the most common
type. In recent observations of magnetic clouds such as the
January 10-11, 1997 event it has been observed that a large
trailing density enhancement near the end of the magnetic
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cloud is a relatively common feature. Such a large density
could have a potential significant effect upon the magneto-
sphere particularly if it occurs simultaneously with a large
southward IMF as it would in the case of a N-S cloud. In this
paper we investigate a total of 29 magnetic cloud events to
determine how common a large trailing density is and what
causes it. We then look at three of these events in detail to
see how a trailing density enhancement can affect the geo-
magnetic response of a magnetic cloud as a function of its
polarity.

Occurrence of Trailing Density
Enhancement

To get a reasonable estimate of the occurrence frequency
of the trailing density enhancement a large sample of mag-
netic clouds is required. Bothmer and Rust [1997] have
investigated the field structure of 67 magnetic clouds (33
N-S and 34 S-N) for the years 1965-1993 using the OMNI-
database. Our own investigation of these same events using
the OMNI-database yielded only 27 events for which the
plasma data was continuous enough to determine whether or
not a trailing density enhancement existed. Within this set
of 27 events, plus two additional recent events, there were
8 out of 18 S-N clouds and 5 out of 11 N-S clouds which
had a large trailing density. Thus the occurrence rate of
the trailing density enhancement is approximately 40-45%,
independent of cloud polarity.

In all cases the enhanced trailing density was associ-
ated with a fast solar wind stream following the magnetic
cloud. In addition 64% of those clouds with a trailing den-
sity enhancement also showed an increase in magnetic field
strength at the same time. On the other hand, those clouds
with no trailing density enhancement also had no following
fast stream and exhibited a decreasing magnetic field in the
latter part of the cloud. Thus the amount of plasma and
magnetic field compression at the end of a magnetic cloud
depends upon the structure of the background solar wind
stream within which the cloud is embedded. Large Varia-
tions in flow speed are characteristic of the solar wind stream
structure when the solar magnetic dipole is tilted relative to
the solar rotation axis [Gosling, 1996] bringing polar coronal
hole flows to low latitudes. Substantial quadrupole contri-
butions to the solar field can also produce this effect.

Given the occurrence rate of fast solar wind streams fol-
lowing magnetic clouds it is very important to determine
what effect the tail end compression has upon the geomag-
netic response. To this end three magnetic cloud events,
shown in Figures 1, 2 and 3, have been selected and ana-
lyzed in terms of their Dy response. Figure 1 and Figure 2
are of S-N polarity while Figure 3 is of N-S polarity. The
three events were chosen for their ideal magnetic cloud sig-
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Figure 1. Solar wind and Ds parameters for the Jan-
uary 9-11, 1997 magnetic cloud event. Both the original and
modified versions of the Burton Formula (BF) ring current
injection rate, F(E), and Ds estimate are shown.

natures which include slow, steady magnetic field rotation
preceded by a forward shock region of high pressure. All
three magnetic cloud events are followed by a fast solar wind
stream and thus exhibit the trailing density and magnetic
field enhancements.

Geomagnetic Response

The interaction of a magnetic cloud with the Earth can
produce a large geomagnetic storm, the size of which can
be measured by the change in the Dy index. The Dy index
is a measure of the average horizontal component of the
geomagnetic field measured at mid-latitude and equatorial
stations around the world. Negative changes to the Dy are
caused by an enhanced ring current, and therefore larger
negative Ds; values indicate a more intense magnetic storm.
The measured Dy; for each of the events is shown in the
bottom panel of Figures 1-3. Also shown are estimates of
the Dy measurements. These estimates are made using both
the original and a modified version of the formula derived by
Burton et al. [1975]. Burton et al. found that the Dy could
be predicted quite successfully using the following formula.

d(D3)
dt

— F(E) - aD;, (1)

where

D:t =Dst—b den +c (2)
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Figure 2. Solar wind and D, parameters for the October
18-21, 1995 magnetic cloud event. Both the original and
modified versions of the Burton Formula (BF) ring current
injection rate, F(E), and Ds: estimate are shown.

and

=0, E, <05 mV/m (3)
F(E) = d(E, — 0.5),

E, > 0.5 mV/m (4)

with
a=36x10"" s!

b= .20 nT/\/eV/cm3

c =20 nT
d=—-15x10"° nT/(smV/m)

In the above equation D} is the change to Dy from only
the injected ring current. The constant b is a measure of
the Ds; response to solar wind dynamic pressure (Pgyn),
while ¢ is a measure of the quiet time ring current. F(E) is
the ring current injection rate and only depends upon the
dawn to dusk solar wind electric field, E,, which is given
by —(VxB)y, V being the solar wind velocity and B the
solar wind magnetic field. The constant d is a measure of
the response of the injection rate to £, which is assumed to
be linear, and the parameter a is a measure of ring current
decay, the value of which corresponds to an e-folding time
of 7.7 hours.

To obtain better Dy estimates two modifications to the
above formula are made. First, the injection function F(E)
is modified to be dependent upon the solar wind dynamic
pressure as well as E,. This modification is based upon the
study done by Murayama [1982] which found better correla-
tion between estimated and measured Ds; when the injection
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Figure 3. Solar wind and Ds: parameters for the March 31
- April 2, 1973 magnetic cloud event. Both the original and
modified versions of the Burton Formula (BF) ring current
injection rate, F(E), and Ds estimate are shown.

function was of the form Ey(Pay,)'/3. Thus the injection
function used is

F(E) = d (Payn)"*(Ey — 0.5), (5)

where d' = —1.2 x 107 nT/(smV/m) is chosen such that
d'(Payn)'/? is consistent with Burton et al.’s d value for the
case where Py, is a typical 2 nPa.

The second modification is in the ring current decay pa-
rameter, a. Feldstein [1992] presented a summary of numer-
ous studies of ring current decay and found that variations
in a during a single storm must be taken into account. The
value of a depends upon geocentric distance, ion composition
and ion energy of the ring current which can vary substan-
tially between the main phase and the recovery phase of the
storm. Numerous authors [eg. Feldstein et al., 1984] found
improved Dy estimates by using faster decay rates during
the main phase of storms. Thus for the modified Burton for-
mula we use a decay rate corresponding to an e-folding time
of 3 or 5 hours (whichever produced the best fit) during the
main phase of the storm when E, is greater than 4 mV/m
and an e-folding time of 7.7 hours for the remainder of the
event.

In the last panel of Figures 1-3 the modified Burton For-
mula provides a much better estimate of the Dy than the
original Burton Formula. This indicates that during storms
the ring current decay is indeed bi-exponential and also that
the ring current injection rate increases during periods of en-
hanced solar wind dynamic pressure.
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Figure 4. Modified Burton Formula D, estimates cor-
responding to real and reversed polarity magnetic clouds
during (a) the January 1997 event, (b) the October, 1995
event, and (c¢) the March-April, 1973 event. The reversed
polarity estimates are determined by reversing the sign of
Bz and recalculating the Dy estimate. For each event the
N-S polarity Ds; estimate is plotted as a solid line and the
S-N polarity estimate is plotted as a short dashed line.

For all magnetic cloud events (Figures 1-3) the measured
Ds: exhibits a significant decrease only during the extended
periods of southward IMF. Thus the large trailing densities
in the two S-N cases (Figures 1 and 2) have little effect upon
the storm in terms of the Dy response. However, the trailing
density enhancement does appear to have a significant effect
in the 1973 N-S cloud event (Figure 3) which is indicated
by the larger ring current injection rate, F(E), determined
using the modified Burton Formula.

The differences in geomagnetic response between the
three magnetic cloud events can be seen by comparing the
minimum measured Dy value in each of the three events,
taking into account the strength and duration of solar wind
positive E, in each case. The best comparison is between
the 1995 S-N cloud (Figure 2) and the 1973 N-S cloud (Fig-
ure 3). Both of these events have approximately the same
strength and duration of positive E, and yet the Dy excur-
sion of the S-N cloud, -127 nT, is much less than that of
the N-S cloud, -211 nT. The 1997 S-N cloud (Figure 1) is
expected to have a smaller Dy excursion, -84 nT, due to a
weaker F,. However, the difference in Ds; between this S-N
cloud and the 1973 N-S cloud (Figure 3) is greater than can
be attributed to just the difference in Ey,. Since the simul-
taneous occurrence of a trailing density enhancement with
the southward IMF period is the only significant difference
between the 1973 event (Figure 3) and the other two events,
the above comparisons support the conclusion that a density
enhancement at the tail end of a N-S cloud can increase the
geomagnetic storm intensity.
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Figure 4 presents another means of illustrating the po-
tential difference in storm intensity between S-N and N-S
clouds. For each of the three magnetic cloud events the fig-
ure plots both the Ds; estimate corresponding to the real
polarity and the Dy estimate corresponding to the opposite
polarity for that particular cloud. Both estimates are calcu-
lated using the modified Burton Formula. The Dy for the
opposite polarity is determined simply by reversing the sign
of Bz and recalculating the estimate. In all three cases, the
Dyt depression is not only delayed by approximately one day
but is significantly larger for the N-S estimate by as much as
a factor of 2 to 3. The large increase in the storm intensity
for the N-S polarity estimates is due to two factors: (1) the
simultaneous occurrence of increased solar wind dynamic
pressure during the southward IMF portion of the magnetic
cloud, and (2) a compressed and therefore stronger south-
ward magnetic field towards the end of the cloud. Both of
these factors are a result of a fast solar wind stream following
the cloud.

Conclusions

A combination of magnetic cloud polarity and solar wind
stream structure within which a cloud is embedded can dra-
matically affect a cloud’s geomagnetic response. When a
magnetic cloud is followed by a fast solar wind stream the
tail end of the cloud becomes compressed resulting in an
enhanced plasma density at the end of the cloud and often
an increase in magnetic field strength as well. Based upon
a set of 29 magnetic cloud events it is found that tail end
compression associated with a fast stream occurs in about
40-45% of all clouds, independent of polarity. If a cloud is of
S-N polarity the compression is coincident with the north-
ward IMF portion of the cloud and will have little effect in
terms of the Dy response. However, if the cloud is of N-S
polarity the compression is coincident with the southward
IMF portion of the cloud and therefore can have a signifi-
cant effect upon the Dy response. An examination of three
magnetic cloud events trailed by a fast stream shows that
clouds of N-S polarity can generate magnetic storms up to
2 or 3 times more intense than similar S-N clouds. This
enhanced geomagnetic response to clouds of N-S polarity is
due to both the increase in solar wind dynamic pressure and
the larger southward field associated with the tail end com-
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pression. For cases where there is no following fast stream
and thus no tail end compression, there is no significant dif-
ference in the geomagnetic response between N-S and S-N
polarity clouds.

The results presented here have very important implica-
tions for space weather prediction. A N-S polarity magnetic
cloud in combination with a strong, high speed stream struc-
ture may be considered a condition with particularly high
potential “geoeffectiveness”. N-S polarity clouds occur most
often between odd and even solar maxima. We should there-
fore be on the lookout for such an effect after the next solar
maximum.

Acknowledgments. F. R. Fenrich is supported by the
Natural Sciences and Engineering Research Council of Canada.
The authors thank K. Ogilvie for the Solar Wind Experiment key
parameters, R. Lepping for the WIND Magnetic Fields Investiga-
tion key parameters, and WDC-C2 Kyoto for the measured Dst.

References

Bothmer, V., and D.M. Rust, The field configuration of magnetic
clouds and the solar cycle, in Coronal Mass Ejections, AGU
Geophysical Monograph 99, pp. 139-146, 1997.

Burton, R.K., R.L. McPherron, and C.T. Russell, An empiri-
cal relationship between interplanetary conditions and Dst, J.
Geophys. Res., 80, 4204-4214,1975.

Feldstein, Y.I., Modeling of the magnetic field, Space Sci. Rev.,
59, 83, 1992.

Feldstein, Y.I., V. Y. Pisarsky, N.M. Rudneva, and A. Grafe, Ring
current simulation in connection with interplanetary space con-
ditions, Planet. Space Sci., 32, 975-984, 1984.

Gosling, J.T., Corotating and transient solar wind flows in three
dimensions, Annu. Rev. Astron. Astrophys., 34, 35-73, 1996.

Murayama, T., Coupling function between solar wind parameters
and geomagnetic indices, Rev. Geophys. Space Phys., 20, 623-
629, 1982.

Zhang, G., and L.F. Burlaga, Magnetic clouds, geomagnetic dis-
turbances, and cosmic ray decreases, J. Geophys. Res., 93,
2511-2518, 1988.

F. R. Fenrich, J. G. Luhmann, Space Sciences Labora-
tory, University of California, Berkeley, CA 94720. (e-mail:
ffenrich@ssl.berkeley.edu; jgluhman@ssl.berkeley.edu)

(Received October 15, 1997; accepted March 18, 1998.)



