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DMSP F7 Observations of a Substorm Field-Aligned Current

R. E. Lopez!

Applied Research Corporation, Landover, Maryland

H. E. SPENCE

Space Sciences Laboratory, The Aerospace Corporation, Los Angeles, California

C.-I. MENG
The Johns Hopkins University Applied Physics Laboratory, Laurel, Maryland

In this paper we present observations of a substorm field-aligned current (FAC) system that DMSP F7
traversed just after 0300 UT on April 25, 1985. Ground magnetometer data show that a major substorm was in
progress at that time and that DMSP F7 flew through a region of predominantly upward FAC. The DMSP F7
magnetic field data are consistent with this interpretation. The precipitating particle data suggest that there
were three distinct large-scale FAC systems. In ascending latitude these were a downward current, an upward
current, and a paired upward/downward current system. We identify the first current, which was coincident
with the diffuse aurora, as region 2. The next (upward) FAC was coincident with a spatially unstructured
region of energetic (~12 keV) electron precipitation. This was the substorm-associated FAC that made up part
of the current wedge. The upward/downward current pair was coincident with a region of highly structured
precipitation. We suggest that these currents may have been the duskside region 1 and, poleward of that, the
extension of the dawnside region 1. The particle data show that the upward substorm current lay well
equatorward of the boundary between open and closed field lines. In fact, using a model field, the equatorward
boundary of the substorm FAC maps to the neutral sheet at 6.9 Rz. While one should be cautious in stressing
results obtained by mapping model ficld lines, our result is consistent with scenarios for substorms which
postulate a disruption and diversion of the near-Earth cross-tail current.

INTRODUCTION

At substorm onset there is a reconfiguration of the magnetotail
magnetic field toward a more dipolar orientation [McPherron et
al., 1973]. This reconfiguration is due to the reduction of a portion
of the cross-tail current [Lui, 1978; Kaufmann, 1987]. The change
in the cross-tail current has been interpreted in terms of the forma-
tion of a substorm current wedge [e.g., McPherron et al., 1973]
which diverts a portion of the current into the ionosphere via field-
aligned currents (FACs), thereby reducing the equatorial current
within a longitudinally limited sector. The current wedge closes in
the ionosphere via the westward traveling surge (WTS) [Lihr and
Buchert, 1988]. The WTS is composed of a western region of
intense net upward FAC and a more diffuse region of net down-
ward FAC to the east [Inhester et al., 1981; Baumjohann et al.,
1981]. Upward FAC also flows from the Harang discontinuity
[e.g., Kunkel et al., 1986], which extends east of the WTS. This
upward FAC is fed by the divergence of both eastward and west-
ward electrojets. However, the bulk of the westward leg of the
substorm current wedge corresponds to the upward current from
the WTS.

The origin of the FACs which feed the substorm current wedge,
and thus the WTS, is an important question which bears on the
basic nature of substorms. The boundary layer model [e.g.,
Rostoker and Eastman, 1987) explicitly addresses this issue. That
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model postulates that the WTS is composed of upward FACs
associated with the Harang discontinuity flowing through the
plasma sheet boundary layer (PSBL) and mapping to the distant
tail. On the other hand, other models, such as the near-Earth neutrat
line model [e.g., McPherron et al., 1973] and the current disruption
model [e.g., Akasofu, 1972], suggest that the FACs which consti-
tute the current wedge (and thus the WTS) have a relatively near-
Earth origin. In this paper we will examine a case in which DMSP
F7 flew through a FAC system during a substorm. Precipitating
particle and magnetic field data from DMSP F7 and ground mag-
netometer data are available for this event. We will identify the
substorm FAC portion of the current system and show that it was
located well equatorward of the boundary between open and closed
field lines. Moreover, we have mapped the equatorward boundary
of the substorm FAC into the magnetotail using the Tsyganenko
[1987] model, and we find that the boundary corresponds to 6.9 Rp.
This result is consistent with the idea that the region of substorm
initiation lies relatively close to the Earth [e.g., Akasofu, 1972;
Lopez and Lui, 1990] and that an essential feature of substorms is
the disruption and diversion of the near-Earth curmrent sheet.

OBSERVATIONS

We begin by presenting an overview of the observations. The
event in question occurred during the early hours of April 25, 1985,
and Figure 1 presents AE for that day. The previous day there had
been an extended quiet period of several hours which began at
1900 UT. At ~0111 UT a small substorm occurred; that event has
been studied in detail by Lopez et al. [1990]. A much larger
substorm began just after 0200 UT. Figure 2 presents magnetogram
data from Great Whale River (GWR; 67.4°, 356.6°). All ground
station positions are given in PACE (Polar Anglo-American Con-
jugate Experiment) geomagnetic coordinates, described by Baker
and Wing [1989]; the magnetograms were digitized with a
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Fig. 1. AE for April 25, 1985. A period of strong substorm activity began
just after 0200 UT.

1-min resolution. Given the extremely quiet magnetosphere prior
to the active period [Lopez et al., 1990], we may consider the
values of the magnetic field at 0000 UT in Figure 2 to represent the
background levels for those components. Significant substorm ac-
tivity was recorded at GWR beginning after 0200 UT, and there
were several distinct onsets, as evidenced by the repeated sudden H
and Z variations and the positive D spikes. Churchill recorded
similar variations (not shown), which indicates that the region
affected by the substorm extended at least 2 hours to the west of
GWR. The continuously negative Z component recorded after
~0230 UT indicates that the center of the westward electrojet
remained poleward of GWR. Just before 0300 UT (when GWR
was at 2202 MLT) a sharp negative Z, accompanied by a positive D
perturbation, was observed. We associate these perturbations with
one of the distinct onsets. Figure 3 presents mid-latitude magneto-
grams from Furstenfeldbruck (FUR; 42.54°, 87.45°) and Argen-
tine Island (AI; -50.35°, 8.07 ). We wish to focus on the interval
beginning ~0245 UT, when both stations observed large positive H
perturbations, a traditional indicator of substorm activity [e.g.,
Kokubun and McPherron, 1981]. In addition to the positive bays,
both stations also recorded negative D perturbations. It is important
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Fig. 2. Ground magnetometer data from Great Whale River.
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Fig. 3. Magnetograms from Furstenfeldbruck and Argentine Island.

to note (for purposes of interpreting the D perturbations) that the
stations are in opposite hemispheres. One should also note that the
D perturbation at Al was weak relative to the H perturbation, and
vice versa at FUR.

DMSP F7 is a Sun-synchronous polar-orbiting satellite with an
altitude of about 840 km, a period of 101.5 min, and an orbital
plane approximately along the 1035-2235 local time meridian.
Particle data (electrons and ions from 30 eV to 30 keV) and
magnetic field data are available during the period of interest. A
more detailed description of the DMSP spacecraft and the in-
strumentation is given by Hardy et al. [1984] and Gussenhoven et
al. [1985]. Observations made by DMSP F7 of particle precipita-
tion as the satellite passed over the southern polar region are
presented in Plate 1 in spectrogram format; both ions (bottom
panel) and electrons (top panel) are plotted. The lowest-energy
ions (electrons) are at the top (bottom) of the panel, so that the
lowest-energy particles of both species are at the center of the plot.
The magnetic coordinates in the figure are PACE coordinates.

The particle data show an empty polar cap, a sharp poleward
edge on the nightside, and a narrow dayside cusp; these features are
indicative of southward interdisplanetary magnetic field B,
[Makita and Meng, 1984; Hardy et al., 1986; Newell and Meng,
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Plate 1. DMSP F7 ion and electron data during a polar cap pass on April 25, 1985. The data show a narrow cusp, an empty polar
cap, and a sharp boundary between open and closed field lines.
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Plate 2.

Four minutes of DMSP F7 particle data. The data show three distinct regions (from cquatorward to poleward): (1) a

region of diffuse precipitation (a small discrete arc was located within this region), (2) a broad, spatially unstructured region of
energetic (12 keV) electron precipitation, and (3) a highly structured region whose poleward edge marks the boundary between

open and closed ficld lines.
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1987]. We have confirmed this by examining IMP 8 magnetic field
data (not shown); although those data are only available beginning
0240 UT, they do show that B, was southward with a magnitude of
the order of 2.0 nT. The poleward boundary of the nightside
Pprecipitation marks the boundary between open and closed field
lines. Plate 2 presents data from the same pass on the nightside, but
at an expanded scale. At 0301:37 UT, DMSP F7 entered the diffuse
aurora, which is characterized by spatially and spectrally unstruc-
tured precipitation [Feldstein and Galperin, 1985]. Imbedded
within this region was a narrow discrete feature that the satellite
encountered at 0302:12 UT. Following that, at ~0303 UT, DMSP
F7 entered a broad and spatially (though not spectrally) unstruc-
tured region of precipitating energetic (~12 keV) electrons. Con-
tinuing poleward, there was a region of highly structured discrete
precipitation that was quite different from the unstructured region
both in spectral and spatial characteristics. Finally, the boundary
between open and closed field lines (the poleward edge of the
precipitation marking the boundary between plasma-filled and
plasma-empty flux tubes) was encountered at —73.2° magnetic
latitude (MLAT).

We would also like to mention two other points of interest
relating to the particle data. First, the average energy of the ions
shortly after 0302 UT increased as a function of geomagnetic
latitude. This is in contrast to the statistical result of Hardy et al.
[1989], which shows that the ion energy decreases with increasing
latitude, and which was generally the case until just after 0302 UT.
Thus the conditions observed were far from the statistical ones,
suggesting that DMSP F7 detected freshly accelerated ions. Sec-
ond, the DMSP F7 auroral image for this pass (not presented)
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shows that the region of intense electron precipitation coincided
with bright aurorae. However, the highly disturbed nature of the
aurorae in the image makes unambiguous identification of any
specific surge feature problematic.

Figure 4 presents the magnetic field deflections measured by
DMSP F7 in two formats: a polar plot (which is a south polar
projection from inside the Earth) and a line plot. The polar plot
shows only those components perpendicular to the radial vector.
The line plot shows all three components of the field, where AB, is
the component parallel to the satellite trajectory, AB, is the radial
component, and AB, is the cross-track component; this component
points essentially westward. Also indicated on the figure is the
location of the conjugate point for GWR at 0300 UT. The data
show a clear net eastward deflection of the magnetic field vector
during the passage through the auroral zone as DMSP F7 moved
poleward (north to south). This is consistent with a passage by the
satellite through a net upward FAC sheet. It is important to note
that the data come from the southern hemisphere and that the polar
plot presents the perspective of an observer looking from a north-
ern position down to the Earth, so that in that plot an upward FAC
(i.e., negative AB,) corresponds to a current going out of the back
side of the figure.

The magnetic field deflection appears to have been composed of
three major regions, each of which was coincident with a distinct
precipitation region. The first region was marked by a slow west-
ward deflection of the magnetic field which lasted until ~0303 UT;
this was coincident with diffuse auroral precipitation. Superim-
posed on this deflection, just after 0302 UT, there was a small
bipolar structure, the poleward part of which was coincident with
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Fig.4. Magnctometer data from DMSP F7 during a south polar pass. AB, is the component parallel to the satellite trajectory, AB,
is radially inward, and AAB, is essentially westward. The data show a net eastward deflection of the magnetic field that we interpret
as being due to a substorm-associated upward FAC. It is important to note that the polar plot is a south polar projection from inside
the Earth, so an upward current in the polar plot corresponds to a current going out of the back of the figure. The conjugate point for

GWR at 0300 UT is indicated by the dot.
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the discrete particle feature observed at that time. The second
region was characterized by a large eastward deflection that began
at 0302:56 UT. The smooth variation in AB, in this region was
coincident with the spatially uniform 12-keV electron precipita-
tion. This region ended at ~0304:20 UT, at which time DMSP F7
exited the uniform precipitation region. After the small precipita-
tion gap seen in Plate 2, the slope of the AB decrease changed
significantly. A minimum AB, value was soon reached, AB, oscil-
lated near that value and then increased to a value roughly equal to
the AB, level at 0304:20 UT. This third region was coincident with
the region of highly structured energetic electron precipitation.
Also, it is important to note that the major part of the AB, decrease
was located poleward of the GWR conjugate point. Having
presented an overview of the observations, we now proceed to
examine their implications.

DiscUsSION

The AE data show that during the period in question, consider-
able substorm activity occurred, and this is reflected in the mag-
netograms discussed above. The sign of the D perturbation indi-
cates whether a given mid-latitude station is east or west of the
center of the substorm cumrent wedge [e.g., Nagai, 1982]. Both
Argentine Island and Furstenfeldbruck observed a negative D
deflection, and since Argentine Island is in the southern hemi-
sphere, the current wedge was centered between those two stations.
‘We have confirmed this by examining other mid-latitude magneto-
grams (not shown) from San Juan, Fredericksburg, and Tucson.
All those stations, which are west of Al recorded positive D
perturbations in association with the positive bay, which is ex-
pected when a northern hemisphere station is west of the center of
the current wedge. Similarly, the station at Toledo, located between
Al and FUR, recorded a negative D deflection (not shown). More-
over, the relative sizes of the D and H perturbations lead us to
conclude that Al was near to and just west of the center of the
current wedge.

The substorm was composed of multiple onsets, and the mid-
latitude data show that an onset occurred at 0245 UT. It is that onset
that we associate with the perturbations recorded at GWR from
~0245 UT onward. This includes the D spike at GWR that peaked
at 0300 UT, which we interpret as being related to a surgelike
feature, although we have no visual evidence that a surge moved
over GWR at that time. The behavior of the H component also
suggests that the western edge of a WTS passed directly over
GWR [e.g., Akasofu et al., 1966). This implies that at 0300 UT,
GWR was underneath a region of upward FAC [e.g., Samson and
Rostoker, 1983], which is consistent with the mid-latitude observa-
tions.

The magnetic field observations made by DMSP F7 are consis-
tent with southern hemisphere and heading poleward, an eastward
deflection of the magnetic field can be interpreted as a net upward
field-aligned current. As was pointed out above, the FAC system
traversed by DMSP F7 appears to have been composed of three
major regions. Assuming that the azimuthal deflections were
caused by FACs, in increasing latitude those regions correspond to
a downward FAC (with an upward/downward/upward structure
imbedded within it), an upward FAC, and an upward/downward
pair.

The most equatorward FAC was downward, and it was coinci-
dent with the diffuse aurora. We identify this current as region 2
because the sign and the latitudinal location of the current are
consistent with region 2 and because region 2 has its origin in the
near-Earth ring current [lijima et al., 1990]. Within the region 2
cumrent was a small, discrete, precipitation structure; associated
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with that structure was a bipolar magnetic perturbation. This sug-
gests that discrete auroral arcs can map to the very near-Earth
region that is the source of region 2.

The third current system was directed upward, and it was coinci-
dent with a broad region of unstructured precipitation; it was also
responsible for most of the AB, variation. We believe that this
current was the substorm-associated FAC and that the region of
precipitation corresponded to a portion of the WTS east of the
westernmost edge but well within the region of intense upward
FAC. This interpretation is consistent with the observations of
GWR, which suggests that a surge moved over the station just
minutes before DMSP F7 traversed the current system. The lati-
tude of point conjugate to GWR would place that station within
(but on the equatorward side of) the uniform precipitation region
and the upward PAC, which is consistent with the negative Z
observed at GWR. Our interpretation is also consistent with the
result of Craven and Frank [1987]. They found that the substomm
auroral brightening often begins at near 66° or 67° (magnetic
latitude) and then expands primarily poleward. Furthermore, the
spectral structure of the precipitation is typical of WTS precipita-
tion, although the latitudinal extent of the feature is larger than one
might expect (D. Gorney, personal communication, 1990). Since
the aurora was probably expanding poleward [e.g., Craven and
Frank, 1987], it is possible that some of the latitudinal extent was
temporal in origin, rather than spatial. Also, the previous expan-
sions may have been responsible for generating some of the ob-
served precipitation region. Moreover, the DMSP F7 image (not
presented) shows that the satellite passed through bright aurorae,
lending further support to our interpretation. However, given that it
is not possible in this case to unambiguously identify a specific
surge in the image, our identification of the 12-keV electron
precipitation and its associated upward FAC with a portion of a
WTS should be considered tentative.

Another possible interpretation is that DMSP F7 traversed the
Harang discontinuity, which is generally believed to be a source of
upward FAC [e.g., Kunkel et al., 1986). The observations, howev-
er, suggest that this scenario is unlikely. The relatively large nega-
tive Z perturbation relative to the small negative H perturbation
that occurred at 0300 UT suggests that GWR was located poleward
of the center of the eastward electrojet and equatorward of the
center of the westward electrojet. In that case, GWR was located
very near the Harang discontinuity itself. Since GWR was in the
northern hemisphere and DMSP F7 was in the southern hemi-
sphere, one should ask ‘“How well can we trust the conjugate point
for GWR?” Wu et al. [1991] have recently addressed this issue,
and they found that during the spring and fall, geomagnetic coor-
dinate conjugacy holds rather well. We find additional support for
that result in this case using the Tsyganenko [1987] model, which
shows that the southern ionospheric footprint of the field line
originating at GWR (at 110 km altitude) is located at (—67.27°,
357.62°). Thus the conjugate point for GWR (see Figure 4) sug-
gests that the bulk of the upward FAC that we call the substorm
FAC was located poleward of GWR. The bulk of that FAC would
have been drawn from the substorm-enhanced westward electrojet.
Only a small portion at the equatorward edge of the westward
electrojet might have been related to the upward FAC at the Harang
discontinuity. However, any association between the equatorward
portion of the upward FAC and the Harang discontinuity does not
affect the conclusion that the upward current was a portion of the
westward leg of the substorm curment wedge.

The final current system was composed of two FACs of roughly
equal magnitude. These FACs were coincident with the region of
structured precipitation poleward of the broad upward FAC. That
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region was quite different from the region equatorward of it, and it
seems reasondable to suspect that these two currents were part of a
system scparate from the broad upward FAC. This is consistent
with the fact that the currents were roughly of equal magnitude.
lijima and Potemra [1976] showed that the dawnside region 1
current (downward) extends into the premidnight sector poleward
of the duskside region 1 current (upward). This comresponds to the
observed pattern of currents in our case. Moreover, such quasi-per-
manent paired current sheets have been observed in the PSBL by
Nagai et al. [1990], and they are reldtively independent of the
substorm-associated curmrents. Therefore it is reasonable to postu-
late that this poleward system of roughly equal and oppositely
directed current sheets may comrespond to the quasi-permanent
region 1 currents. The overall structure of the particle precipitation
regions and their associated FACs is illustrated in Figure §.

. 12 keV
. Diffuse Muttiple
Particles aurora e(l;:vct_rrggl)s arce Polar Cap
Field-aligned T l
currents
(Region 2) (Cumrent wedge | (Region 1?)
FAC)

Fig. 5. Schematic illustration of the particle precipitation regions and
their inferred field-aligned currents.

‘We may estimate the position of the source region in the magne-
tosphere of the substorm current using the magnetic field model of
Tsyganenko [1987]. We find that the equatorward edge of the
substorm FAC maps to a radial distance of 6.9 Rp and that the
poleward edge of that FAC maps to 24.9 Rg. Thus the near-Earth
region would appear to have been the source of much of the
substorm current that directly connects to the WTS. A similar
conclusion was reached by Lopez et al. [1990], who examined
multipoint observations of the small substorm which occurred just
after 0100 UT. We would like to point out that results obtained
using a model field, especially during a substorm period, can be of
questionable reliability. However, the mapping of the equatorward
edge of the FAC cannot be greatly in error since at those distances
from the Earth the dipole component is quite strong. In fact,
SCATHA data (not shown) indicate that the near-midnight mag-
netic field at R = 5.8 Rz was not extremely taillike at the time of the
event.

Regardless of whether one believes the above mapping, it is
important to note that both the substorm FAC and the upward
region 1 FAC were located well equatorward of the boundary
between open and closed field lines and that the main substorm
current in that local time sector was upward. In fact, the open-
closed boundary was located 6 ° poleward of the equatorward edge
of the substorm-associated upward FAC. Given that the iono-
spheric projection of the PSBL is <1° [Dandouras et al., 1986],
the current must have been flowing through and connected to the
central plasma sheet. Thus the observations appear to be consistent
with substorm models which require the disruption and diversion
of the cross-tail current sheet in the near-Earth region [e.g.,
Akasofu, 1972; McPherron et al., 1973], and are inconsistent with
substorm models which locate the upward substorm currents in the
PSBL.

LOPEZ ET AL.: STUDY OF A SUBSTORM FIELD-ALIGNED CURRENT

CONCLUSION

On April 25, 1985, DMSP F7 flew through a field-aligned
current system in the auroral region. Ground magnetic field data
show that the local time sector traversed by DMSP F7 was located
in the western part of the current wedge and that the net FAC was
upward. The FAC system was composed of three major current
systems. The most equatorward current was downward; it cor-
résponds to region 2, and it was colocated with the diffuse aurora.
The next current was upward, coincident with a region of spatially
unstructured energetic electron precipitation, and it corresponds to
the PAC in the substorm current wedge. We have tentatively identi-
fied this precipitation region and its attendant upward FAC with a
portion of a westward traveling surge. The two other currents were
of roughly equal magnitude and coincident with a region of highly
structured precipitation. These currents may comrespond to the
region 1 current system. All upward FACs were located well
equatorward of the boundary between open and closed field lines.
Moreover, using the Tsyganenko [1987] model, we estimate that
the equatorward edge of the substorm current system mapped to
the neutral sheet at 6.9 Rg and the poleward edge mapped to the
neutral sheet at 24.9 Ry. The observations and model mapping are
consistent with scenarios which place the region of substorm initia-
tion in the near-Earth magnetotail and inconsistent with scenarios
which place the region of substorm initiation in the distant tail.
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