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Abstract

The average plasmapause radial position is highly dependent on the electric field convection pattern in the inner

magnetosphere. We present correlations relating the plasmapause position directly to interplanetary parameters. The

plasmapause position is found to be strongly correlated with the interplanetary magnetic field (IMF) Bz component, IMF

clock angle, and f, a merging proxy. Delay in the plasmapause response to the arrival of both IMF Bz and IMF clock

angle at Earth is found to be 180 min while the delay to the arrival of f is found to be 240 min. A relation is derived

between IMF Bz, f, and the plasmapause position. Avoiding the use of geomagnetic indices removes any requirement of

knowledge of the current state or response of the magnetosphere.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The location of the plasmapause is known to vary
with geomagnetic activity (Chappell et al., 1970;
Carpenter, 1970). Recent work by O’Brien and
Moldwin (2003) and Moldwin et al. (2002) has
shown correlations between in situ radial plasma-
pause position determinations and several geomag-
netic indices, including Kp, AE, Dst, AU , AL, ASY ,
and DDst. They suggest that both convective and
substorm electric fields are involved in the determi-
e front matter r 2006 Elsevier Ltd. All rights reserved
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nation of plasmapause position due to a stronger
correlation between the plasmapause position and
AE than with AL or AU . The best model discovered
by O’Brien and Moldwin (2003) (as defined by a
strong correlation) is based on the minimum Dst in
the previous 24 h suggesting that Dst is a better
proxy for the maximum convection electric field
strength than is Kp. They also separate out the
differences between parameters responsible for fast
relative motion of the plasmapause (DDst, ASY Þ

and for the absolute plasmapause position (min Dst,
Kp). The study shows a clear indication of the
importance of geomagnetic activity in determining
the state of the plasmasphere and the difference in
the effectiveness of the various parameters.
.
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Changes in the strength of the inner magneto-
spheric convection electric field alter the local
particle drift paths which in turn determine the size
of the plasmasphere and correspondingly the loca-
tion of the plasmapause (Kavanagh et al., 1968).
Computations of the convection electric field have
advanced from the simple uniform convection
electric field model of Kavanagh et al. (1968) to
the various electric field models based on the
Volland–Stern electric field model (Volland, 1978;
Stern, 1975). The latter allows inclusion of some
shielding effects. The further addition of sub-
auroral polarization streams (SAPS), overshielding,
and other localized phenomena (Goldstein et al.,
2002, 2003, 2004a) to the field structure has allowed
the introduction of localized structure on the
average plasmapause.

In this study we explore the correlations of
upstream parameters with the average plasmapause
position. The parameters explored include the raw
ACE measurements together with several derived
parameters. These include the IMF magnitude and
orientation (jBj, Bx;y;z, d, l, y ¼ arccosðBz=BT Þ,
dBrms), the solar wind velocity, and composition
data (V sw, Vx;y;z, Np, Tp, a ratio). Also included
are several derived parameters (Pdyn ¼ NpV 2

sw,
Ekl ¼ VBT sin

2
ðy=2Þ, f ¼ VB sin2ðy=2Þ). Of these

parameters the only ones to show a strong correla-
tion at a particular time delay are the interplanetary
magnetic field (IMF) Bz component, the IMF clock
angle, and the merging parameter as defined by
Kan and Lee (1979). Studying the time delay
between changes in interplanetary conditions and
any effect that can be seen in the plasmasphere
provides not only information on the response or
the inertia of the magnetosphere but also possible
mechanisms involved in propagating the effects
inward. Response times of the plasmasphere to
changes in various conditions in the upstream solar
wind have been touched on by several authors
(Goldstein et al., 2002; Brandt et al., 2002; Gold-
stein et al., 2005) but never rigorously computed.
Using inversions of the EUV plasmaspheric image
data we are able to monitor the entire plasmapause
for extended periods of time providing excellent
statistics. In this initial study we have used an
average plasmapause position determined by aver-
aging in magnetic local time (MLT) along the
actual boundary. This effectively removed the
effects of local plasmapause features such as bite-
outs, shoulders, notches, and undulations which
have no place in a statistical study of this nature.
A study which includes MLT dependence is
upcoming. Correlations and time delays between
solar wind parameters and plasmapause position
(averaged in MLT) provide information both on the
overall effect of different upstream parameters on
the plasmasphere and how this relates to the
magnetosphere as a whole.

2. Data

This study makes use of both the ACE inter-
planetary field and particle data sets as well the
IMAGE EUV plasmaspheric images. The EUV
instrument measures the global distribution of Heþ

by imaging the resonant scattered emission at
30:4 nm (Sandel et al., 2000). Each image pixel
provides the Heþ column density along a line of
sight. The images can be inverted to give a mapping
of the Heþ density in the SM equatorial plane. The
inversion technique is described in detail by
Gurgiolo et al. (2005).

The initial step in the inversion process is the
removal of background and noise in the measured
image. A first estimate is then made of the solution
density map and from this a synthetic image is
constructed. Comparing the synthetic image to the
measured image allows a standard deviation to be
computed which provides a measure of the accuracy
of the current step in the inversion. A new solution is
generated by correcting the previous solution accord-
ing to the difference seen in the synthetic and
measured image pixels. This continues until the
synthetic and measured images converge to a
minimum standard deviation at which point the
inversion is terminated (approximately six iterations).

The plasmapause is then determined from the
equatorial density maps derived in the inversion
using a semi-automated procedure developed for
this study. We have adopted the definition of the
plasmapause as the innermost factor of 5 drop in
density in less than 0:5 Earth radii ðREÞ (e.g.
Carpenter and Anderson, 1992; O’Brien and Mold-
win, 2003), we adopt the same definition in this
study. The definition does not handle times when
the plasmapause is observed as a gradual decline in
density sometimes stretching to geosynchronous
orbit. Generally in these cases the location of the
plasmapause will be underestimated. Fig. 1 shows
an example of the global plasmapause determina-
tion from the semi-automated plasmapause locator.

Each plus sign ðþÞ in the figure marks the
plasmapause and is obtained by computing the
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Fig. 1. Example inverted EUV image with the semi-automated

extracted plasmapause overplotted. The sun is to the right and

the ‘bulge’’ at about 1300MLT is an anomaly in the data (light

contamination) and therefore does not have plasmapause points

for that region.
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density gradient along a radial cut and setting the
plasmapause at the location which meets the criteria
stated above. This removes any subjectiveness from
the process of the plasmapause determination which
is often present when hand selecting the locations.
Each mapping can be quickly scanned for accuracy
to be sure that we are not, for example, setting the
plasmasphere at the outer edge of a drainage plume
(Goldstein and Sandel, 2004b) rather than at the
edge of the bulk plasmasphere. Badly determined
points are manually deleted from the plasmapause
data sets prior to usage.

The base data set used in this study consists of
1365 measured plasmapauses. Fig. 1 is representa-
tive of a plasmapause determination. All of the
plasmapauses used in this paper come from images
taken in 2001. While most consist of full MLT
coverage, some have only partial coverage due to
data dropouts and light contamination in one of the
three IMAGE EUV heads. Averaging over each
plasmapause position in a given image (over all
MLT) provides a single plasmapause location which
is used in the analysis.

Data from the ACE spacecraft (Stone et al., 1998)
are used to provide the interplanetary indices used
in the correlative study. The data are binned
to 10 min averages to match the IMAGE EUV
accumulation time. This averaging also acts as a
smoothing filter on the interplanetary data. Each
10 min ACE average is time delayed by the
measured solar wind speed to the Earth before
usage in the correlation analysis.
3. Analysis

The analysis consisted of first identifying a large
number of interplanetary parameters and indices
which could be either obtained directly or con-
structed from the ACE data sets and which are
candidates to show a correlation with average
plasmapause location, Lpp. Initial tests showed both
the ACE and plasmapause data to be free of
significant autocorrelated errors which removed
the need to correct for these (Neter et al., 1996).
Each of the identified solar wind delayed ACE
generated parameters was then correlated with Lpp

using a nonparametric, rank-order correlation
analysis, which made it unnecessary to have any
information about the underlying distribution of the
data (Press et al., 1992). The Spearman rank-order
correlation method was used throughout. The first
correlation coefficient is generated using a delay
time of �20 min (20 min into the future). Successive
coefficients were generated by incrementing the
delay time by 5 min at each step, stopping at a
delay time of 600 min. Each delay represents a
plasmaspheric reaction time. A parameter which is
correlated with the average plasmapause location
exhibits either a peak or valley in its spectrum at the
most probable delay time. A negative time delay
(occurrence before the fact) and a zero time delay
(instantaneous reaction) are not considered as
physical solutions since we assume that there is at
least some time delay associated with each response
of the system to changes in the external parameters.

The initial set of correlations yielded only three
parameters which were found to exhibit a significant
correlation peak with Lpp. These were the IMF
clock angle (y), IMF Bz component, and the
merging proxy, f, defined in Eq. (2). IMF Bz is
one of the directly measured ACE products, the
IMF clock angle is defined in terms of IMF By

and Bz as

y ¼ arccos
Bzffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

B2
y þ B2

z

q
0
B@

1
CA (1)
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and f is defined as

f ¼ vB sin2ðy=2Þ, (2)

where v is the solar wind speed, B is the magnitude
of the IMF, and y is the IMF clock angle from
Eq. (1).

The correlations for each of the three parameters
above is shown in Fig. 2. Also shown is the
correlation derived for the solar wind pressure
(Pdyn). The latter is included to show an example of
a parameter showing no correlation peak with Lpp.

With the exception of the Pdyn correlation in the
lower right-hand plot, each plot shows a significant
peak or valley in its correlation which occurs at the
most probable delay time between the measured
parameter arriving at Earth and its affect on the
location of the plasmapause. The arrival at Earth is
used to avoid ambiguities in the location of the
magnetopause. The absence of a peak in the Pdyn

correlation delay plot indicates that the value of
the dynamic pressure has no systematic affect on the
plasmapause location. This is not to say that the
arrival of interplanetary shocks, high speed streams,
and other fast fluctuations of pressure have no effect.
They do, but there is no effect for slow changes and
near steady state values of the dynamic pressure.

The peaks in the correlated parameters have
different widths and positions. The maximum
correlation peak in Bz occurs at a delay of
180 min, the y correlation peak occurs at a delay
of 175 min while the f delay is 240 min. The curves
relating to Bz and y are identical within the error
bars. (In fact they are essentially identical but
mirrored about the Y-axis.) This shows that at the
level of precision shown here Bz and y have the same
effect, or more simply only one of them needs to be
considered in the end analysis. For the most part we
will ignore the y in the remaining analysis in
preference of Bz.

Once the delay times are calculated the next step
is to derive expressions which relate the position of
the plasmapause as a function of each parameter
using the indicated time delay. Using the delay times
indicated above (Bz; y : 180 min, f : 240 min) the
linear regression equations are shown in Table 1.
The single regression equations yield the following
maximum and minimum plasmapause locations for
the indicted range of each parameter: 2:99! 4:83,
3:55! 4:59, and 2:95! 4:53RE for Bz, y; and f,
respectively.

Creating one multiple regression equation for the
plasmapause from all the parameters (with the
appropriate delays for each) yields

Lpp ¼ 0:050Bz;180 þ 0:108y175

� 1:110� 10�4f240 þ 4:23. ð3Þ

The 1s bootstrap uncertainties computed for the Bz,
y, f slopes, and the intercept are 0:0068, 0:035,
1:59� 10�5, and 0:060, respectively. The subscripts
on each variable is the delay associated with each
parameter. Eq. (3) states that Bz can act to both
increase and decrease the average radial position of
the plasmapause, y acts to increase the radial
location and then only by a small amount, and f
acts to decrease the average radial position. The
total change in the plasmapause radial location
available from each parameter is 1:47, 0:34, and
0:89RE for Bz, y, and f, respectively, showing that
the important parameters are Bz and f and not y.
A statistical t-test verifies that the y coefficient is not
statistically different from zero.

Omitting clock angle the multiple regression
analysis yields the equation for the plasmapause
location below which as expected is almost identical
to Eq. (3).

Lpp ¼ 0:0374Bz;155 � 1:05� 10�4f275 þ 4:38. (4)

Fig. 3 is a graphical representation of the data used
to derive Eq. (4) with Bz and f varying along the
abscissa and ordinate, respectively, and the average
radial plasmapause position shown in color. It is
easy to see that a large plasmasphere occurs when f
is at its lower range with a higher probability when
Bz is positive than when it is negative (as might be
expected in quiet time conditions).
4. Discussion

Correlation provides a simple means to test for
the dependency of one variable on another. In this
case, because the correlations are made against
time, they also can be used as a predictive tool
which allows knowledge of the upstream conditions
to be translated with some degree of confidence to
conditions at the plasmapause. The large response
time in the correlations coupled with the propaga-
tion time of the observations at ACE to the Earth
allows for Lpp to be estimated 324 h in the future
from real time solar wind measurements.

It is important to remember that the delay times
given in a correlation analysis are valid for the
10 min smoothed interplanetary parameters, impul-
sive events including shocks and IMF turnings
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Fig. 2. Rank-order correlation coefficients as a function of solar wind delay (reaction time). The error bars denote 1s confidence found

using bootstrap resampling with replacement. The dashed vertical line denotes the strongest correlation and the dashed lines show a

Gaussian fit to the curve used to find the peak.

Table 1

Equations relating plasmasphere position to the three solar wind

parameters studied in the paper

Parameter Slope Intercept

Bz 0:062� 0:0027nTR�1E
4:11� 0:018RE

y �0:33� 0:021R�1E
4:59� 0:040RE

f �1:97� 10�4 � 8:2� 10�6 NC�1 R�1E
4:53� 0:022RE

Parameters studied are IMF Bz, IMF clock angle, y, and polar

cap potential drop, f, as defined in Eq. (2). The uncertainties are

1s confidence found using bootstrap resampling with replace-

ment.
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are not covered in this analysis. We studied the
relaxation times of the magnetosphere to a changing
input. The system will respond to impulses in
any parameter on time scales faster than that
produced in the correlations but the time required
for the system to reach its final state will be on
the time scales similar to those derived in the
correlations. As an example, Goldstein et al. (2003)
have reported response time of 32 min from the
southward turning of Bz to the start of the erosion
of the plasmasphere which is considerably more
rapid than the 180 min response time predicted in
the correlation for Bz. These quick changes in
plasmapause position are seen in the statistical
study as only starting and ending points of the
erosion.

Both Bz and f represent proxies for either
conditions or mechanisms in the inner magneto-
sphere which establish the average radial location of
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Fig. 3. Contour plot showing the plasmapause reaction to different observed combinations of IMF Bz and the merging proxy, f.
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the plasmapause. There is no known direct relation-
ship between the interplanetary conditions and
Lpp. As such they do not, in themselves, detail
how the changes in the Lpp occur and must
be associated with processes which set up the
convection electric field. The key is then to identify
the conditions or mechanisms which each proxy
represents.

The average plasmapause location is controlled
by the combination of the co-rotational and
convection electric fields with the convection electric
field forming the variable part of the system. It is
reasonable to expect then that both Bz and f are
proxies for some aspect in the setting up or
regulation of the convection field.

It is not surprising that Bz is strongly correlated
with Lpp. When Bz turns southward, subsolar
reconnection becomes possible and the magneto-
sphere is much more convective thereby increasing
the convection electric field. The correlation puts
the delay between the arrival of Bz and the new
plasmapause position at about 2:5 h.

The correlation of f with Lpp is not as obvious as
that of Bz. While it contains a dependence on Bz and
appears as it should be a reasonable proxy for
the interplanetary electric field, it has a significantly
longer delay time than associated with Bz which
suggests coupling to an additional process. It is
reasonable to assume that 3 h of the 4 h response
time seen in the correlation is derived from the
Bz dependence in the parameter. The source of
the remaining hour has yet to be identified but may
derive from processes associated with the reconnec-
tion of the draped solar wind fields lines in the
tail. The 4 h delay time indicated in the correlation
is in agreement with the decay times associated
with shielding affects mentioned by Dezeeuw
et al. (2004), Peymirat et al. (2000), Goldstein et al.
(2002).

We can put forth a simple picture of the plasma-
sphere in which there is a southward turning of the
interplanetary field which then remains constant by
taking Eq. (4) together with the known plasma-
spheric response to impulsive changes in Bz. After
approximately 30 min of the interplanetary field
turning southward the plasmasphere begins to erode
in response to changes in the overall convection
field. As the interplanetary conditions steady, the
delay between the plasmasphere response to the
external changes lengthens to about 3 h. This can be
the continuation of the response to the initial
turning proceeding at an overall slower pace.
Shielding, overshielding, and SAPS which may have
been initially set up begin to decay which modifies
the convection field and drives the plasmapause at
about 4 h from the initial onset, to finally reach
its minimum extent. The process reverses when
Bz returns northward. Note that in Eq. (4) the
expansion of the plasmapause is controlled only by
the Bz term.
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5. Conclusion

The ability to predict the plasmapause location
based solely on upstream parameters is a first step in
a predictive model. Using an upstream monitor
such as ACE, we can predict the position of the
plasmapause at a time in the future determined
by the response time as shown in Fig. 2 plus the
propagation delay.

Future work will provide the plasmapause loca-
tion as a function of MLT. Correlations will then
show whether the plasmasphere responds as a whole
to the changes in the interplanetary conditions or
whether different regions respond differently. These
future studies, in turn, can be used to provide
estimates of the convection electric field which is the
ultimate driver of the plasmapause location.
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