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Abstract. Our examination of the 20 years of magneto- 1 Introduction

spheric magnetic field data from ISEE, AMPTE/CCE and

Polar missions has allowed us to quantify how the ring cur-The ring current is one of the oldest concepts in magneto-
rent flows and closes in the magnetosphere at a variety o$pheric physics, yet still one of the most poorly understood.
disturbance levels. Using intercalibrated magnetic field datalhe proposal of a ring of current encircling the magneto-
from the three spacecraft, we are able to construct the statisphere was first introduced byd@tner (1911) and given ad-
tical magnetic field maps and derive 3-dimensional currentditional support by Schmidt (1917). A ring current was later
density by the simple device of taking the curl of the sta-used in the model of the geomagnetic storm presented in a
tistically determined magnetic field. The results show thatseries of papers by Chapman and Ferraro (1931) to (1941).
there are two ring currents, an inner one that flows eastwardn this model an enhanced stream of solar wind plasma com-
at~3 Rz and a main westward ring current-afi—7 R for presses the Earth’'s magnetic field. Thereafter some of the en-
all levels of geomagnetic disturbances. In general, the in€rgetic plasma from that stream enters the Earth's magneto-
situ observations show that the ring current varies agthe  sSphere and inflates it. The last of these papers (Chapman and
index decreases, as we would expect it to change. An unexEerraro, 1941) contains a detailed treatment of the ring cur-
pected result is how asymmetric it is in local time. Some rent that formed during the storm’s main phase. The modern
current clearly circles the magnetosphere but much of theconcept of a radiation belt of bouncing and drifting protons
energetic plasma stays in the night hemisphere. These er@nd electrons trapped within the magnetosphere and produc-
ergetic particles appear not to be able to readily convect intdng the ring current was proposed by Singer (1957) and con-
the dayside magnetosphere. During quiet times, the Symmefirmed with the discovery of the radiation belts by both US
ric and partial ring currents are similar in streng#®(5 MA) ~ and Soviet teams in 1959 (Van Allen and Frank, 1959b; Van
and the peak of the westward ring current is close to localAllen et al., 1959a; Vernov et al., 1969). Shortly thereafter
midnight. It is the partial ring current that exhibits most Dessler and Parker (1959) and Sckopke (1966) showed that
drastic intensification as the level of disturbances increaseghe magnetic field depression at the center of the Earth was
Under the condition of moderate magnetic storms, the totaproportional to the energy content of the particles trapped
partial ring current reaches3 MA, whereas the total sym- in the magnetic field. The depression on the surface of the
metric ring current is~1 MA. Thus, the partial ring current  Earth, the equatorial average value of which we termihe
contributes dominantly to the decrease in hg index. As index, is additionally enhanced by currents within the Earth
the ring current strengthens the peak of the partial ring curthat exclude the field of the newly-formed ring current from
rent shifts duskward to the pre-midnight sector. The partialthe Earth’s interior.

ring current is closed by a meridional current system through At one time it was believed that a magnetic storm and
the ionosphere, mainly the field-aligned current, which max-hence, the ring current was built up from a series of small dis-
imizes at local times near the dawn and dusk. The closurdurbances called substorms (Akasofu, 1968; Kamide, 1979).
currents flow in the sense of region-2 field-aligned currents However, storms occur generally when the interplanetary
downward into the ionosphere near the dusk and upward outnagnetic field (IMF) is strong and steady and not in intervals
of the ionosphere near the dawn. of fluctuating IMF (Russell et al., 1974; Russell et al., 2000).
Using what was understood about the control of the recon-
nection by the IMF, Burton et al. (1975) demonstrated that
¥he ring current could be predicted from solar wind parame-
ters with an extremely simple prescription. Energy is injected
Correspondence tdG. Le into the ring current at a rate proportional to the amount of
(guan.le@nasa.gov) convected southward IMF (i.e. the dawn-dusk interplanetary
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Fig. 1. The evaluation of the Polar orbit from April 1996 to April 2002. The orbit is shown in the solar ecliptic (8SEY. plane for the

orbit that was closest in this plane close to the spring equinox. The tilt of the dipole axis relative to the rotational axis of the Earth and the tilt
of the rotation axis to the ecliptic pole will cause the coverage to spread over a greater area in any magnetically-oriented coordinate system,
such as the solar magnetic (SM) system used in this paper.

electric field) and decays at a steady rate. The solar winglorers/Charge Composition Explorer (CCE), and now Polar
dynamic pressure controls the currents on the magnetopausee have been measuring the Earth’s magnetic field in the re-
that add to the disturbance seen at ground level. Many studiegion in which the ring current is flowing. We have amassed a
of this process have been carried out since that time, somedata set that amply covers the volume of the magnetosphere
times producing complex relations, but none have altered th@ver a large range of geomagnetic conditions. We now can
basic formula of reconnection controlled injection, and mag-make important headway in characterizing the morphology
netospherically controlled decay with a superimposed con-of the ring current by the simple device of taking the curl
tribution from the magnetopause currents. Moreover, theof the statistically determined magnetic field. In the sections
energy-field depression relation of Dessler-Parker-Sckopkdelow we report on our analysis.

has been confirmed by Hamilton et al. (1988) with an impor-

tant contribution by Feldstein (1992).

. Data set
In some senses we now have a very good understanding o

the ultimate source of the energy of the ring c_urrent. Nev-m this paper we use in-situ magnetic field data in the inner
ertheless, there still are many aspects of the ring current for

. o agnetosphere to construct a 3-D map of the average mag-
which our understanding is poor. How does the energy pfrr?etic field and derive the spatial distribution of the ring cur-

the solar wind result in the acceleration of the ionospherlcrent density in the inner magnetosphere. The data used are

ring current flow? |s it symmetric? Is it concentrated at theethe vector magnetic field measurements of a one-minute av-

equator? How dées it couple to fiéld—aligned currents? Whaf 29¢ combined from three spacecraft, including the fIrSt. >

. : o | tyears of the Polar mission (Russell et al., 1995), the entire

is the closure of the partial ring current? 5 years of the AMPTE/CCE mission (Potemra et al., 1985),
For over twenty years with the International Sun-Earth and the entire 10 years of the ISEE mission (Russell, 1978).

Explorer (ISEE), Active Magnetospheric Particle Tracer Ex- Table 1 lists some information about the three missions. The
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Table 1. Data Set Information.

Mission Polar AMPTE/CCE ISEE
Time Coverage 16 March 1996-31 December 2000 21 August 1984—1 September 1989 22 October 1977-26 September 1987
Launch Date 24 February 1996 16 August 1984 22 October 1977

Status Operational Terminated 14 July 1989 Terminated 26 September 1987
Apogee Rg 8.8Rg 23Rg
Perigee 1.Rg 1.17RE 1.04Rg

Inclination 86 4.8 28.76¢
Period ~18h ~16h ~57h

values listed in Table 1 are quite representative of the orbitshe magnetopause current. The magnetopause current re-
of ISEE and CCE over their entire mission, but not so rep-sponds to the solar wind dynamic pressurgjiearly in-
resentative for Polar because of the rapid precession of itstantaneously. Its contribution to th®y; index is propor-
line of apsides. Thus, we display in Fig. 1 the evolution of tional to the square root of the solar wind dynamic pressure,
the Polar orbit to show how in the first five years most of or 13.5 (Ry)Y/2 in nT, on average (Russell et al., 1994a, b),
the Northern Hemisphere was covered, as well as some oivhere Ry is in nPa. Thus, the effect of the magnetopause
the south. The combined data sets from the three missionsurrent can be readily removed from theg, index based on
provide an extensive coverage of the equatorial inner magnePs,, data. The corrected indel; * reflects the true ring cur-
tosphere from 2 to &g in all local time sectors and over a rent strength. After the correction, th#,* index is almost
wide range of théy, index. They are ideal for a quantitative always negative due to the continuous presence of a quiet
study of the ring current. time ring current. On a typical quiet day, the ring current
Before combining the data from the three missions into acreates a magnetic field 6f—20 nT on the ground (Araki et
single data set, we first intercalibrate the scale factors of theal., 1993; Le and Russell, 1998).
magnetometers on the three spacecraft. The scale factor con- The in-situ magnetic field data in this study are thus sorted
verts the magnetic field measurements from the engineeringased onDy,*, the corrected index. We use the hourly solar
unit (counts) into the physical unit (nT). It introduces errors wind proton density and bulk velocity data from near-Earth
mainly in the high field region, if itis not accurate. For exam- heliospheric data set (OMNI) available at the OMNIweb, to
ple, an error of 0.1% in the scale factor will cause a 8 nT errorcalculate the hourly solar wind dynamic pressutg, FRas-
in a region with a 8000 nT field, a typical value aRr} alti- suming 4% helium content. The corrected indexaf*
tude. To intercalibrate the scale factors of the magnetometeris calculated by subtracting 13.5¢(p%2 from the hourly
from the three missions, we use the Polar magnetic field dataD,, index. Then, we tag each one-minute average magnetic
as reference and compare the ISEE and CCE magnetic fielfleld data point with the nearest houry;;* index, and sort
strength to the Polar magnetic field strength &izlaltitudes  the data based on the,,* index. The vast majority of the
in the equatorial plane. The correction factors for ISEE anddata points (96%) fall into thé,,* range from—20nT to
CCE are determined by forcing the observed magnetic field—100 nT. Thus, we group these data into feur20 nT D, *
strengths to agree with each other statistically. The resultsanges.
show that the scale factor needs to be decreased by 0.365% |n the inner magnetosphere, the best coordinate system

for the ISEE magnetometer and increased by 0.397% for theor the ring current study is the solar magnetic coordinates
CCE magnetometer. The intercalibration of the scale factor§sMm), where thez-axis is parallel to the north magnetic pole
significantly improves the quality of the data set in the high and they -axis is perpendicular to the Earth-Sun line towards
field region (L<4 Rg). We note that the Polar magnetometer dusk. In this study, all the magnetic field data points, as well
has been calibrated against the terrestrial field at perigee ogs the corresponding spacecraft positions, are rotated into the
an orbit-by-orbit basis for the entire mission. ISEE and CCE,SM coordinates initially. We then detrend the data by re-
with fewer low altitude data, were not calibrated. Thus, it is moving the internal magnetic field due to the Earth’s core,
quite reasonable to use the Polar data as the accurate refgfsing the International Geomagnetic Reference Field (IGRF)
ence. model. The resulting residualsBy, §By, §B;) are the per-

turbation magnetic field caused by external magnetospheric

current systems. We further transform the data point into the
3 Data binning SM cylindrical coordinatess8,,, §B,, §B;), wheresB,, is

the component perpendicular to the magnetic axis (oZthe
The next step is to sort the data into several ranges baseakis) in the local magnetic meridian plane, aifgl, is the
on the ring current strength. It is well known that the, azimuthal component perpendicular to the meridian plane.
index includes contributions from both the ring current and For each data point, the corresponding spacecraft position
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Fig. 2. Data coverage in the midnight plane fed0 nT> Dg* > — 60 nT for all data sets and for Polar, ISEE and CCE separately.

tag is represented by (¢, Z) in the cylindrical coordinates, normally a number of one-minute data points within each
wherep is the distance from the magnetic axis (or the  grid for each spacecraft pass. These data points are taken
axis), ¢ is the azimuth angle, and Z is the distance from theat nearly the same time and under nearly the same magne-
magnetic equator. The magnetic local time (MLT) can be cal-tospheric conditions, and thus, are not independent of each
culated from the azimuth angle For each of the foubD;,* other. We use the average of these data points as one inde-
groups of data, we further sort the data into 16 local timependent data point in the final binning. This way we ensure
subgroups using overlapped 3-h windows of the MLT. Datathat each spacecraft orbit has equal weight when averaging
points in each subgroup cover the 3-h local time sector centhe magnetic field and all the data points that contribute to
tered MLT=00:00, 01:30, 03:00,..., and 22:30, respectively.the average magnetic field are taken at least 16 h apart.

The final step is to bin the magnetic field to obtain the av-

eraged magnetic field vectors on the equally spaced grids ir;e;Oé(rﬂ]rgi%\éi;h3\,??::\’}5;aedsep?ﬁ'eagiézrmsti%nngter:art'rlﬁec’lrji:
the p-Z plane (the local meridian plane) for each subgroup ' P 9

. o N current distribution is symmetric about the magnetic equa-
identified byDy;* and MLT. tor. Under this assumption, the Z component of the mag-
Each binning grid in the-Z plane is 0.2Rg x0.2Rg in netic field §B; is symmetric, whereas the other two com-
size. Depending on the speed of the spacecraft, there angonents {B,, §B,) are anti-symmetric about the magnetic
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Fig. 3. Data coverage in the midnight plane for the four rangeBgf used in this study.

equator. Thus, every independent data point counts twice ifEarth. The data coverage for the other local time meridian
the statistics, once at the spacecraft position and the othgslanes are similar for the sam®,,* range due to the an-
at its mirror point about the magnetic equator. Specifically,nual “precession” of the spacecraft orbit around the magne-
every independent magnetic field data point is placed at twdosphere.
positions, §B,, éBy,, 3B) at grid point p, ¢, Z) and 3B, Figure 3 shows the data coverage in the MLT=00:00 local
—8By,, 8B) at grid point p, ¢, —2). time meridian plane for all four sub-rangesif,* between
Figure 2 presents an example of the data coverage-20nT and—100nT. As expected, nearly half of the data
in the midnight (MLT 00:00) local meridian plane for points are in theD;* range between-20nT and—40nT, a
—40nT>D,*>—-60nT. The upper left panel shows the to- condition typical for quiet time ring current (top left panel).
tal number of independent data points from all three spaceThe Dy,;* range betweer-40 nT and-60 nT represents con-
craft. The three other panels show the individual contribu-ditions for moderate magnetospheric disturbances (top right
tions from Polar, AMPTE/CCE and ISEE, respectively. Eachpanel). TheD,,* ranges betweer60nT and-100nT cover
spacecraft complements the others in the spatial coveragéimes with moderate magnetic storms and during the recov-
The data from ISEE and AMPTE/CCE are used only for ery phase of larger storms (bottom panels). Most of the mod-
p>2 Rg, because some uncertainty in the spacecraft attituderate storms are the recurrent storms occurring every 27 days
data affects the quality of the magnetic residual data near théthe Sun’s rotation period). We note that there are isolated
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holes in the data coverage fd»;* between—80nT and twist maximizes in the dawn-dusk meridian plane and is in
—100nT (bottom right panel). They are filled with the av- such a way that the azimuthal field perturbation is eastward
erage of the data points in the neighboring grids, in a pro-in the dawn side and westward in the duskside in the North-
cedure to smooth the magnetic field residual vectors. Datarn Hemisphere. These perturbations are caused by distant
points are also present fér,,* greater than-20 nT and less  current systems and thus, are curl-free in the inner magneto-
than—100 nT, but the holes in the data coverage are biggesphere. In addition, currents flowing in the meridian plane
and cannot be filled completely. They are not included in thislocally, mainly the field-aligned currents, also introduce az-
study due to the poor statistics. imuthal field perturbations near where the currents flow.

4 Magnetic field observations Figures 5a—d shows contour imagesé&f, for the four
Dy, * ranges, respectively. Only the northern meridian plane

The data binning described above provides average perturbgs shown. The southern part is anti-symmetric to the north-
tion magnetic field vectors at equally spaced grids in merid-ern part, i.esB, at any point south of the magnetic equa-
ian planes of 16 magnetic local times. These magnetic residtor is equal in magnitude and opposite in sign to that at its
ual vectors are caused by various magnetospheric curremorthern mirror point. We use the same color scale for the
systems, including the ring current, the magnetopause curfour Dy, * levels, and the colors are saturated for large field
rent, field-aligned currents, and the tail current. Figures 4a-perturbation$sB,|>20nT in Fig. 5d. The 8 meridian planes
d illustrate the magnitude and direction éB(,, 6B;), the  are ordered to emphasize morning-afternoon contrast. For all
perturbation magnetic field vectors projected on the merid-four levels of geomagnetic disturbances, the maxindép
ian plane for the fouD,,* ranges, respectively. Note that magnitude occurs near the dawn-dusk meridian plane, and
the magnetic field arrows are plotted using a different scaleéincreases as the level of geomagnetic disturbances becomes
factor for each differentD,,* level. The eight panels for higher. In Fig. 5a for low level disturbances, the azimuthal
the sameD,,* range are grouped in four pairs, each for one field perturbations are eastward in the dawn side and west-
meridian plane with the Earth located in between. Also plot-ward in the dusk side in the region off the equator, mainly
ted are dipole magnetic field lines with magnetic latitudes atcorresponding to realistic magnetosphere configuration. At
their footprints from 46 to 7(°, at 2 increments. next level of disturbances (Fig. 5b), the effect of the field-

From the meridional magnetic field vectors in Figs. 4a—d,aligned currents appears near the dawn and the dusk. The
we can visualize the magnetic field lines caused by the excorrespondingB,, is westward in the dawn and eastward
ternal magnetospheric current systems. For all foyr* in the dusk, mainly at a higher latitude region, thus locally
ranges, the residual magnetic field in the inner magnetoreducing the tailward twisting of the field lines in the re-
sphere exhibits a local time asymmetry. This is in part causedjion with p>3 Rg. As the level of disturbances increases
by the existence of a partial ring current occurring in the (Figs. 5¢ and d), the azimuthal field perturbation associ-
nightside sector, and in part by the effect of the tail cur- ated with the field-aligned currents increases accordingly and
rent. The residual magnetic field strength is much weakereventually becomes dominant near the dawn and the dusk.
in the dayside than in the nightside. In the dayside sector, thet the highest disturbance level, the magnetic field lines are
residual magnetic field vectors change gradually from southtwisted sunward locally due to the strong field-aligned cur-
ward to northward as the distance from the Earth increasesents. The maximum perturbation of the azimuthal magnetic
thus causing a depression in the Earth’s equatorial magnetifield B, reaches-38 nT near dawn (MLT=07:30) and 50 nT
field only inside the ring current. In the nightside, the Earth’s near dusk (MLT=19:30).
equatorial magnetic field is depressed throughout the ring
current region at all distances due to the tail current. The tail We now check if the statistical magnetic field patterns pre-
current also changes the direction of the residual magnetisented above are divergence free, since the sorting and aver-
field by stretching the nightside field lines. Thus, the con-aging used to construct these statistical patterns do not neces-
figuration of the magnetic field in the inner magnetospheresarily preserve the divergence free condition of the magnetic
is strongly influenced by the tail current, even though thisfield. We calculate the divergence of the average magnetic
current is quite distant. We note that these fields due to disfield residual vectors¥-6B) at each grid point and list the
tant currents are curl free and thus, do not contribute to thesalues of the mean, median and standard derivations of the
derived currents in this region. results in Table 2. The same unit of nAdnis used for these

We now examineB,, the azimuthal component of the values, in order to compare them with the derived current
magnetic residual vectors. In a dipole field configuration, density ¢/ xéB) that will be presented in the next two sec-
the magnetic field lines are confined in the meridian planetions. The results in Table 2 show that the divergence of the
and the azimuthal component is zero everywhere. In a restatistical magnetic field is reasonably small in comparison
alistic magnetosphere, the interaction with the solar windto the deduced current density. They are in the same order of
compresses the dayside and creates a long magnetotail in thiee statistical noises shown in the derived ring current den-
nightside. The magnetic field lines are twisted azimuthally, sity patterns, much smaller than the maximum ring current
except at the noon-midnight meridian plane. The azimuthaldensity.
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Table 2. Mean, Median and Standard Derivation\o{B.

Dg*(nT)  V-6B (NA/m2) MLT=00:00 MLT=06:00 MLT=12:00 MLT=18:00

Mean —0.03 ~0.12 ~0.17 -0.25

(—20, —40) Median —0.05 ~0.05 ~0.13 -0.18
Std. Dev. 0.40 0.38 0.34 0.44

Mean 0.07 -0.22 —0.17 -0.38

(—40, —60) Median ~0.02 —0.22 —0.05 -031
Std. Dev. 0.42 0.45 0.66 0.66

Mean 0.05 —0.58 ~0.25 0.00

(—60, —80) Median 0.08 -0.68 —0.24 0.20
Std. Dev. 0.88 1.07 0.79 1.46

Mean —0.05 —0.091 —0.50 -0.18

(—80, —100) Median —0.09 -0.77 —0.38 —0.14
Std. Dev 1.39 2.00 1.97 2.58

-20 nT > Dst* >-40 nT

Westward OBo (nT) Eastward

<-20 -10 0 10 > 20

Fig. 5a. Azimuthal component of perturbation magnetic field with superimposed dipole field lines in each of the 8 magnetic local time bins
and for each of the foub,;* ranges. Only the northern meridian plane is shown. The southern part is anti-symmetric to the northern part:
(@) —20NnT>Dys* > — 40nT.
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Fig. 5b. Azimuthal component of perturbation magnetic field with superimposed dipole field lines in each of the 8 magnetic local time bins
and for each of the foub;;* ranges. Only the northern meridian plane is shown. The southern part is anti-symmetric to the northern part:
(b) —40NnT > Dg*>—60nT.

5 The symmetric and partial ring currents sensitive to statistical noise in the data. Therefore, fine struc-
tures in the current density distribution may not be signifi-
The current density can be derived from the curl of the cant, and one should not attempt to obtain such information
residual magnetic fieldB, based on Ampere’s law. The from this study. The objective of the analysis is to obtain the
magnetic field caused by the magnetopause current and thgtructure of large-scale current systems. The collective cur-

tail current is basically curl-free in the inner magnetosphere rents integrated over a larger region are more significant and
The ring current density can be obtained from the azimuthakeliable statistically.

component of the curl of B ] .
For all four Dy, * ranges, the derived current consistently

iy = i (8(581) _ B(SBP)) , shows the existence of an inner ring current flowing east-
Mo dp 0z ward in the regiorp~2—4 R, in addition to the main west-
where positive (negative), jis for current flowing westward  ward ring current. Such an eastward inner ring current has
(eastward). long been predicted to occur at the earthward edge of the
Figures 6a—d show the derived current density in s plasma sheet, as a result of the negative plasma pressure gra-
the color images for the foub,,* ranges, respectively. We dient in the region inside the pressure maximum. It has been
use the same color bar scales for differBypt* levels and let  observed in the magnetic field data of the DE-1 spacecraft
the color saturate for the current density greater than 6 RA/m (Nakabe et al., 1997). The eastward ring current enhances
in Figs. 6¢ and d, to better illustrate the features for variousthe Earth’s surface magnetic field. However, the total current
D,:* ranges. We should note that the current density is ob-is very small. As it should, the inner ring current also ex-
tained by taking the derivatives of the magnetic field and ishibits asymmetry in magnetic local time as the westward ring
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Fig. 5¢. Azimuthal component of perturbation magnetic field with superimposed dipole field lines in each of the 8 magnetic local time bins
and for each of the foub;;* ranges. Only the northern meridian plane is shown. The southern part is anti-symmetric to the northern part:
(c) —60NT>Dg*>—-80nT.

current with stronger current in the nightside, and the innerrent density in the Z-direction from 1.6 Rg to 1.6 R, the

ring current intensifies as the,,* index decreases. Its peak main region for the westward ring current. This calculation
current density is typically 5 times smaller than that of the slightly underestimates the total current intensity for the in-
main westward ring current. The total current is still smaller, ner ring current, which is mainly confined withinkly from
since it is confined in a small cross section compared to thehe magnetic equator, and the current abowy; flowing in
westward ring current, which is distributed over the region the opposite direction decreases the number. The calculation
p~4—8 Rg. Its major characteristic is a strong asymmetry also underestimates the total current intensity for the main
in magnetic local time due to a partial ring current, regard-westward current because the current density in the region
less of the magnetospheric activity levels. For the quiet timeabove 1.&Rr is not negligible. Nevertheless, Fig. 7 clearly
ring current in Fig. 6a, the peak of the westward ring currentshows the characteristics of the ring current’s local time dis-
occurs near the local midnight. The peak appears to movéribution. Please note that different color scales are used in
more and more towards the pre-midnight sector agihé the four panels to accommodate the large variations in the
index decreases. The peak value reaches 7.6 AilVfig. 6¢ ring current intensity for differenD;,* ranges. Figure 8 re-
and 11.0 nA/rin Fig. 6d. peats this display using a logarithmic color scale that remains

To better illustrate the local time asymmetry of the ring fixed across the four panels.

current distribution, Fig. 7 shows the equatorial current in- The main ring current appears to become increasingly
tensity for the fourD,,* ranges. The current intensity here asymmetric as it develops during the magnetic storms, as evi-
is the total current per meter alongin a finite-thickness dent by the contrast of the nightside maximum to the dayside
equatorial disc. Its value is obtained by integrating the cur-minimum intensities in the ring. It is mainly the partial ring
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Fig. 5d. Azimuthal component of perturbation magnetic field with superimposed dipole field lines in each of the 8 magnetic local time bins
and for each of the foub;;* ranges. Only the northern meridian plane is shown. The southern part is anti-symmetric to the northern part:
(d) —80nT> Dy *>—100nT.

current that becomes more intense at a higher disturbancer/and by the dayside reconnection under persistent south-
level. Meanwhile, the peak of the current intensity shifts ward IMF conditions that transfers the dayside magnetic flux
earthwards, in addition to the duskward move observed ino the nightside. For moderate storms, especially recurrent
Figs. 7 and 8. During the quiet time, the partial ring currentones, the interplanetary magnetic field is generally south-
is distributed nearly symmetrically around the local midnight ward but the solar wind dynamic pressure is normal. The
and is centered gi~6 Rg (panel (a)). In contrast, the par- magnetopause moves earthward as the reconnection occurs
tial ring current is most significantly intensified in the pre- in the dayside magnetopause under southward IMF condi-
midnight sector, and the bulk of the partial ring current movestions.
to p~5 R during moderate magnetic storms (panel (d)). The total westward ring current can be estimated by inte-
The effect of the erosion of the dayside magnetosphereyrating the current density over most of the area of the cur-
during moderate magnetic storms is also evident in the twaent flows. Since the westward ring current flows mainly in
bottom panels (c) and (d) of Figs. 7 and 8. An eastward curthe region from 4 to & in the cylindrical radial distance,
rent gradually appears in the dayside to within8 Rz as  we obtain the total westward ring current by integrating all
the ring current intensifies, especially for the smallegt* the westward current density, §0) over the area from 4 to
range in panel (d)«€80nT>D,*>—-100nT). It is appar- 8Rg in p and—2to 2Rg in Z. Figure 9 shows a polar plot
ently a part of the magnetopause current system. During thef the total westward ring current as a function of the mag-
quiet times or northward IMF conditions, the typical mag- netic local time for the fouD,,;* ranges. In the polar plot,
netopause subsolar distance is 1Rg3(Petrinec and Rus- the radial distance of the curve at a particular azimuth angle
sell, 1996). The inward motion of the magnetopause can beepresents the total current at the corresponding magnetic lo-
caused by an increase in the solar wind dynamic pressureal time.
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Fig. 6a. Azimuthal component of the current density (or the ring current density) with superimposed dipole field lines for each of the four
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Fig. 6b. Azimuthal component of the current density (or the ring current density) with superimposed dipole field lines for each of the four
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Fig. 6¢. Azimuthal component of the current density (or the ring current density) with superimposed dipole field lines for each of the four
Dy * levels: (¢)—60nT> Dg;*>—-80nT.
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Fig. 6d. Azimuthal component of the current density (or the ring current density) with superimposed dipole field lines for each of the four
Dy * levels: d)—80nT> Dy;*>—100nT.
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Fig. 7. Equatorial ring current intensity as a function of magnetic local time and distance from the dipole axis for each of ihg*our
levels. The current intensity is calculated by integrating the azimuthal component of the current densit}.6vef <1.6 Rg. The color
bar is linear and differs for each panel.

During quiet time (20nT >Dy*>—40nT), the total netic storms. The partial ring current is present everywhere
westward currentis-0.5 MA in the dayside and1 MAnear  in the nightside, but its peak shifts from the midnight to the
the midnight. In such a case, the symmetric ring current andpore-midnight sector as the partial ring current strengthens.
the partial ring current are similar in strength. The partial For the range-80 nT> Dy, * >—100 nT, the peak of the par-
ring current is centered near the local midnight. As the dis-tial ring current moves te-19:30 MLT. The total current at
turbance level increases for the three smalbgr* ranges, the peak reaches3.4 MA, in which ~0.8 MA for the sym-
we note that the strength of the symmetric ring current (i.e.metric ring current ane-2.6 MA for the partial ring current.
the dayside value) increases to the similar levél,8 MA. In
contrast, the partial ring current (i.e. the nighttime value with
the dayside value subtracted) exhibits a most drastic increasg Closure of the partial ring current
in strength, which is strongly dependent on hg* index.

Thus, it is mainly the partial ring current that contributes to The existence of the partial ring current requires a field-
the varying depression of the Earth's surface magnetic fieldaligned current system to close the diverging part of the ring
and the consequent decrease in Ihg index during mag-  current through the ionosphere. The current circuit indicates
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Fig. 8. Equatorial ring current intensity as a function of magnetic local time and distance from the dipole axis for each of ihg*our
levels. A logarithmic scale for the color bar has been chosen and is kept constant for each panel.

that the partial ring current is closed by the field-aligned ponent of the magnetic field in Figs. 5a—d. We can use our
currents flowing downward into the ionosphere in the pre-binned average perturbation magnetic field data to calculate
midnight sector and upward out of the ionosphere in thethe current density for the current flowing in the meridian
post-midnight sector. The sense of the directions and thelane using the curl of B as:
location suggest that they are consistent with the region 2
field-aligned currents. The earthward movement of the parj, = i (8(582) _ 3(55w))
. . . . P
tial ring current peak also indicates that the closure region 2 mo \ pog 0z
field-aligned current maps to lower latitudes at a higher d|s—_ 1 (8(psB,) d(5B,)
turbance level. = —
no \  pop poy

The closure field-aligned currents occur mainly in the lo-
cal times where the ring current has maximum divergence, owhere j, and j are the current density components along the
the largest local time variation. It is evident in Fig. 9 that the p and Z direction. The results of the calculations are pre-
field-aligned currents maximize at local times near the dawnsented in Figs. 10a—d for each of the 8 local time planes for
and dusk, and minimize near the noon and midnight. Thisthe four levels ofD,;* used in the study. The arrows repre-
is also consistent with the observation of the azimuthal com-sent the magnitude and the direction of, {i) vectors. Note

Iz
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Magnetic Local Time Distribution
Total Westward Ring Current in MA
-2RE<Z<2Rg
4R < p<8 Re

-20 nT > Dst* > -40 nT
-40 nT > Dst* >-60 nT
-60 nT > Dst* >-80 nT
-80 nT > Dst* >-100 nT

Fig. 9. Polar plot of the total westward flowing ring current obtained by integrating the current density from/4tin8o and from—2 to
2in Z and plotting versus local time for each of the four rangeBjpt.

the calibration factors for the current density are different for The displays in Figs. 10a—10d emphasize the similarity of
different Dy, * ranges. the current patterns across all levels of geomagnetic activity

Figure 10a shows that the meridional current density iSby rescaling the current vector. If we in§tead keep the cur-
strongest at low altitudes, as it should be due to the conver[ent scale fixed and choose the most active _plgne (the dawn-
gence of the magnetic field. It is strongest in the 03:00 anodUSk plane), we can illustrate how the meridional currents
06:00 LT planes where it is flowing upward out of the atmo- strengthen as the level of disturbance increases, as we show
sphere. The strongest downward currents occur at 18:00 andl Fig. 11. Again, we See very litle cha_nge n t.he pattern, ex-
21:00 LT. At other local times (daytime and local midnight), cept that the pattern shifts to lower latitudes, just a rescaling
the current is much reduced. of the level of activity.

Figure 10b shows the same display for the next higher
level of disturbance;-40nT>D,*>—60nT. The scale on 7 Discussion and conclusions
the current arrow has been increased by a factor of 2. The
current flow is very similar to that in Fig. 10a, but the currents Our examination of 20 years of magnetospheric magnetic
(accounting for the scale change) are somewhat strongefield data has allowed us to quantify how the ring current
Figures 10c—d show the two higher levels of geomagnetidlows and closes in the magnetosphere at a variety of distur-
activity and they, too, are qualitatively the same as the twobance levels. The ring current density deduced from mag-
lower levels of activity but with even stronger currents. We netic field observations includes total currents carried by
note that we have checked that the currents found herein anelasma from all species over the entire energy spectrum. The
divergence free, as they should be, if they are derived fromstudy confirms certain expectations and alters others. There
the curl of a magnetic field. are two ring currents, an inner one that flows eastward and
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Fig. 10a.Meridional components of the current density as arrows in equally spaced grids in each of the 8 local time planes with superimposed
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dipole field lines for the fouD;y;* levels. The scale factor for the current density is different for diffe@@pt: (a) —20 nT> Dy;*>—40nT.
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Fig. 10b. Meridional components of the current density as arrows in equally spaced grids in each of the 8 local time planes with superimposed
dipole field lines for the fouD;; * levels. The scale factor for the current density is different for diffeiept:: (b) —40nT> Dy;*>—60nT.
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is due to the inner pressure gradient of the ring current partipossible that at lower L-values the convective transport to
cles, and an outer westward current due to the outer pressutee dayside is not as readily possible as at higher auroral lat-
gradient of the ring current particles, plus their intrinsic drift itudes. Perhaps the dayside conducting ionosphere at low
in the Earth’s magnetic field (e.g. Lui et al., 1987). We recall L-values forms a barrier to the convection and the low en-
that the diamagnetic currents of the magnetospheric radiatioergy plasma builds on the nightside. In contrast, the plasma
belt cause a positive magnetic field at the center of the Earttat auroral latitudes, where the lower electrical conductivity
(while locally depressing the field). The gradient and curva-and the strong field-aligned current systems allow for fast
ture drift of these same patrticles causes a negative downwardonvection to the dayside, has rapid transport from the night-
magnetic field at the Earth’s center. side to the dayside and the reconnecting magnetopause. This
The currents respond very much as we expect them to, asuggestion is in accord with the work of Fok et al. (2003),
D,,;* decreases. The azimuthal current system strengthenwho pointed out that different electric field models resulted in
and the local time of the most intense ring current movesvery different local time distribution for the ring current ions
from post-midnight toward the dusk terminator. The unex-in modeling the stormtime ion drift trajectories. The classical
pected result is that the ring current exhibits a strong day-picture where the partial ring current occurs in the afternoon
night asymmetry for all disturbance levels. It is well known sectors is associated with a strong electric field in the dusk-
that the ring current is asymmetric during the storm mainside, such as that in the Weimer electric field model (Weimer,
phase (Greenspan and Hamilton, 2000; Turner et al., 2001Y1995). When a strong stormtime electric field is present in
Our results show that the ring current is always asymmetricthe nightside, the partial ring current moves to nightside sec-
not just during the storm main phase. During quiet times, thetors and closes by region-2 field-aligned currents near dawn
symmetric ring current and the partial ring current are simi-and dusk (Fok et al., 2001). However, our observations show
lar in strength,~0.5 MA. The partial ring current occurs in nightside partial ring currents for all disturbances levels, not
the nightside centered at midnight. As the level of geomag-only in strong storms. Moreover, we do not see any evidence
netic disturbances increases, it is the partial ring current thain our observations that the peak of the ring current ion flux
shows the most drastic intensification and its peak moves tomoves to the post-midnight sector during storm intensifica-
wards dawn into the pre-midnight sector. Under moderatetions, as predicted by this model. In contrast, the peak of
storm conditions£80 nT> D,,* >—100 nT), the total partial the partial ring current moves towards the dusk terminator
ring current reaches a peak value~dt.6 MA, a factor of~5 as the ring current intensifies in our observations. A recent
increase from its quiet-time value, whereas the total symmetstatistical survey of plasma pressure distribution in the inner
ric ring current remains well under 1 MA. Thus, some cur- magnetosphere yields the same result (Lui, 2003).
rent clearly circles the magnetosphere (the symmetric ring The observed strong day-night asymmetry and the lack of
current) but much of the energetic plasma stays in the nighsignificant partial ring current in the dayside afternoon sec-
hemisphere as the partial ring current, which becomes domitor argues against the details in most drift trajectory models
nant and contributes mainly to the decrease infeindex that predict a morning-afternoon asymmetry due to a partial
during magnetic storms. ring current in the afternoon sectors (Ejiri, 1978; Chen et al.,
The main carriers for the ring current are ions in the 1993; Liemohn et al., 2001). Our results indicate that the par-
medium-energy rangey20—200 keV, and the mean energy tial ring current closes via meridional currents near dawn and
is several tens of keV (see Williams, 1987 for a review). Thedusk and not near noon and midnight. Thus, while the obser-
time for a 50keV proton in the center of the ring current to vations are telling a self-consistent story, the current models
drift completely around the Earth is several hours. Since theof the ring current plasma convection have yet to reproduce
time for the build up of the ring current in the storm main the observed global morphology of the ring current.
phase is much more rapid than that, convection of the ring We do not believe that the strong day-night asymmetry re-
current particles, and not just the curvature/gradient drift,flects the loss processes of the ring current ions due to charge
must be playing a substantial role for the intensification of exchange and ion cyclotron pitch-angle scattering. The for-
the ring current. The convective transport of the plasma-mer process should be slightly stronger on the nightside
sheet plasma into the inner magnetosphere is driven by théhan the dayside, because the hydrogen exosphere is slightly
enhanced convection electric field under a sustained periodenser on the nightside (e.g. Bishop, 1985). We do not ob-
of southward IMF during the storm main phase. Convention-serve a significant day-night asymmetry in the ion cyclotron
ally, the partial ring current is thought to be carried by ions onwave amplitude in the polar data (P. Chi, personal communi-
open drift trajectories and the symmetric ring current by ionscation). Thus, asymmetry in the convective transport is the
on closed drift trajectories. The striking feature of the domi- only remaining logical cause of the large local time asym-
nant partial ring current in the nightside sectors indicates thatmetry. The modeling work by Liemohn et al. (1999, 2001)
the bulk of the ring current ions are not on closed trajectoriessuggested that convective drift loss of the ring current ions at
during magnetic storms. Thus, the partial ring current ionsthe dayside magnetopause is the dominant loss process dur-
that carry most of the energy flow into the inner magneto-ing the early recovery phase of magnetic storms. Both the
sphere, must be at sufficiently low energy that their motion isobservations in our study and this modeling work challenge
dominated by convection and not gradient drift. Since theythe symmetric ring current paradigm, in which the ring cur-
do not appear to be readily convected to the dayside, it igent quickly becomes symmetric after the storm main phase,
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when the ions drifting on open drift trajectories are trappedFeldstein, Y. I.: Modelling of the magnetic field of magnetospheric
in closed drift paths, in response to the decrease in the con- ring current as a function of interplanetary medium parameters,
vection electric field, and subsequent losses are caused by the Space Sci. Rev., 59, 83-165, 1992.

charge-exchange with exospheric neutrals, pitch-angle scaf-ok; M.-C., Wolf, R. A., Spiro, R. W., and Moore, T. E.: Com-
tering into the loss cone by wave-particle interaction, as well prehensive computational model of the Earth’s ring current, J.
as Coulomb drag energy loss (see reviews by Daglis et al., G€OPhYs. Res., 106, 8417-8424, 2001.

. . . Fok, M.-C., Moore, T. E., Wilson, G. R., Perez, J. D., Zhang, X.
1999; and Daglis and Kozyra, 2002). There is yet a weak X., Son Brandt, P. C., Mitchell, D. G., Roelof, E. C., Jahn, J.-M.,

symmetric component, presumably due to the higher energy Pollock, C. J., and Wolf, R. A.: Global ENA Image Simulations,
particles that are less affected by the convective electric field. gpace Sci. Rev., in press, 2003.
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of the plasma and magnetic field in the magnetosphere. How- 5419-5430, 2000.
ever, one feature that was not well extracted from the groundHamilton, D. C., Gloeckler, G., Ipavich, F. M., Studemann, W.,
based data is that the ring current is very asymmetric in local Wilken, B., and Kremser, G.: Ring current development during
time. During a storm period, reconnection on the dayside and the great geomagnetic storm of February 1986, J. Geophys. Res.,
in the tail both seem to be very strong and they pump up the 93, 14343-14355, 1988. )
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