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Abstract. Recently it has been shown that isotropic
precipitation of energetic protons on the nightside is
caused by a non-adiabatic e�ect, namely pitch-angle
scattering of protons in curved magnetic ®eld lines of the
tail current sheet. Here we address the origin of isotropic
proton precipitation on the dayside. Computations of
proton scattering regions in the magnetopheric models
T87, T89 and T95 reveal two regions which contribute
to the isotropic precipitation. The ®rst is the region of
weak magnetic ®eld in the outer cusp which provides the
1±2° wide isotropic precipitation on closed ®eld lines in a
�2±3 hour wide MLT sector centered on noon. A
second zone is formed by the scattering on the closed
®eld lines which cross the nightside equatorial region
near the magnetopause which provides isotropic precip-
itation starting �1.5±2 h MLT from noon and which
joins smoothly the precipitation coming from the tail
current sheet. We also analyzed the isotropic proton
precipitation using observations of NOAA low altitude
polar spacecraft. We ®nd that isotropic precipitation of
>30 to >80 keV protons continues around noon
forming the continuous oval-shaped region of isotropic
precipitation. Part of this region lies on open ®eld lines
in the region of cusp-like or mantle precipitation, its
equatorward part is observed on closed ®eld lines. Near
noon it extends �1±2° below the sharp boundary of
solar electron ¯uxes (proxy of the open/closed ®eld line
boundary) and equatorward of the cusp-like auroral
precipitation. The observed energy dispersion of its
equatorward boundary (isotropic boundary) agrees with
model predictions of expected particle scattering in the
regions of weak and highly curved magnetic ®eld. We
also found some disagreement with model computa-
tions. We did not observe the predicted split of the
isotropic precipitation region into separate nightside
and dayside isotropic zones. Also, the oval-like shape of
the isotropic boundary has a symmetry line in 10±12
MLT sector, which with increasing activity rotates

toward dawn while the latitude of isotropic boundary
is decreasing. Our conclusion is that for both dayside
and nightside the isotropic boundary location is basi-
cally controlled by the magnetospheric magnetic ®eld,
and therefore the isotropic boundaries can be used as a
tool to probe the magnetospheric con®guration in
di�erent external conditions and at di�erent activity
levels.

1 Introduction

A remarkable feature of energetic proton precipitation is
their isotropic precipitation (with ¯uxes being isotropic
over the loss cone) which exists at any local time in any
disturbance conditions (Hauge and Soraas, 1975;
Lundblad et al., 1979) and forms the oval-shaped
isotropic precipitation zone (Sergeev and Gvozdevsky,
1995). Recently this precipitation attracted much atten-
tion because of its potential importance for evaluation
of magnetotail magnetic con®guration. As has been
shown by Sergeev et al. (1993) and Sergeev and
Gvozdevsky (1995), on the nightside this isotropic
precipitation is formed by particle pitch-angle scattering
in the tail plasma sheet where the adiabatic motion is
violated in the weak and curved magnetic ®eld regions.
This ever present and e�ective scattering mechanism
provides the isotropic precipitation if the ratio of
magnetic ®eld curvature radius �Rc� to the proton
gyroradius �q� is <8 (see also Delcourt et al., 1996).
This threshold value corresponds to the boundary
between adiabatic and weekly chaotic regimes of particle
motion, which is seen at low altitudes as the equator-
ward boundary of isotropic proton precipitation (iso-
tropic boundary, or IB). A number of observational
characteristics (the energy dependence of isotropic
boundary etc.), a high correlation (correlation coe�-
cient �0.9) between the IB latitude and magnetic ®eldCorrespondence to: V. A. Sergeev, Sergeevl@snoopy.niif.spb.su

Ann. Geophysicae 15, 1233±1245 (1997) Ó EGS ± Springer-Verlag 1997



inclination at geosynchronous orbit as well as good
quantitative agreement between predicted and observed
positions of isotropic boundaries all con®rm this
mechanism of isotropic precipitation on the nightside
(Sergeev et al., 1993, Sergeev and Gvozdevsky, 1995).

The origin of the isotropic proton precipitation on
the dayside is not as clear as for the nightside. The main
di�culty concerns the complicated shape of the mag-
netic ®eld lines in the proximity of magnetic cusp. There
are two potential regions of weak magnetic ®eld which
may provide the conditions for nonadiabatic scattering
of protons and, therefore, provide their isotropic
precipitation. First, there is a weak magnetic ®eld in
the high-latitude high-altitude cusp region near the
magnetopause (referred to hereafter as the Ôouter cusp'),
where the magnetosheath plasma ¯ows along the
magnetopause surface and does not require substantial
magnetospheric magnetic ®eld to balance the impulse
carried by plasma. The e�ectiveness of ion scattering in
that region was recently con®rmed in trajectory com-
putations for lower energy (<10 keV) protons (Alem
and Delcourt, 1995), it was also discussed by Lyons
et al. (1994). The authors of both papers also presented
the examples of observations to show that isotropic
precipitation of energetic protons extends equatorwards
of the equatorward boundary of cusp-like precipitation,
and argue that it lies on closed ®eld lines. However, it is
unclear from these computations what is the longitudi-
nal extent of the so produced isotropic precipitation,
how it joins the isotropic precipitation from magneto-
tail, and what is the latitudinal extent of that dayside
precipitation for higher energy (tens to hundred keV)
protons.

The question of longitudinal extent of near-cusp
precipitation is especially important in view of another
region of weak magnetic ®eld strength on closed ®eld
lines situated in the equatorial region near the nightside
part of magnetopause. According to the magnetospheric
mapping in the Tsyganenko 1989 model (Tsyganenko,
1989) performed by Kaufmann et al. (1993) this region is
also mapped into the ionosphere along the magnetic
®eld lines very close to the noon. For example, in their
Fig. 1 and 4, the ionospheric footpoints of equatorial
points displaced from magnetopause inward by 0.1 Re
extend in local time from the noon only by 1.5±2 h.
However, as mentioned by Kaufmann et al., (1993) the
mapping in this region using the T89 model is not very
reliable because that model does not include sharp
predetermined magnetopause. Nevertheless it shows
that equatorial near-magnetopause scattering region is
also a possible candidate to provide dayside isotropic
precipitation.

When dealing with isotropic precipitation we must
not forgot the possibility that isotropic precipitation
may be caused by plasma turbulence which may be
strong enough in both these regions. To distinguish this
mechanism from nonadiabatic scattering in a curved
weak magnetic ®eld (which we term Ôregular scattering'
to distinguish it from Ôturbulent scattering'), one may (1)
use the predictions of scattering based on magnetic ®eld
models and (2) check a speci®c feature of scattering in

weak regular magnetic ®eld, namely, the energy-depen-
dent position of isotropic boundary (it should be located
at lower latitude for protons of larger energy and
gyroradius).

The purpose of this work is to study quantitatively
the role of regular scattering in providing the isotropic
proton precipitation near the noon. In Sect. 2 we
compute the regular scattering regions and their iono-
spheric footpoints for a number of magnetospheric
models (T87, T89 and T95). These model predictions are
compared with observations presented in Sect. 3, day-
side isotropic precipitation of energetic protons based
on data from TIROS and NOAA-6,-7,-10 low-altitude
spacecraft are studied. We consider the characteristics of
isotropic precipitation, position of isotropic boundary
with respect to the cusp location and dependence of its
position on particle energy. We also investigate the
shape of isotropic boundary near noon and its depen-
dence on activity indices and interplanetary parameters.
Then, results of modeling and observations are discus-
sed to decide on the possible mechanism of dayside
precipitation and some unresolved issues are mentioned.

2 Regions of regular particle scattering in the
magnetosphere and their ionospheric footpoints
according to empirical magnetospheric models

We used three empirical magnetospheric models T87,
T89 and T95. Whereas the earlier models, T87 and T89
(Tsyganenko, 1987, 1989), had no predetermined mag-
netopause, the last model T95 (Tsyganenko, 1996)
includes the empirically-established sharp magnetopause
where the normal magnetic ®eld component vanished in
the absence of interconnection magnetic ®eld (which
simulates the IMF penetration into the magnetosphere
due to the magnetic reconnection). The computations in
the di�erent magnetospheric models are presented for
zero dipole tilt angle (Figs. 1±4), but we also brie¯y
comment on the e�ects of changing dipole tilt (Fig. 5).

Magnetic ®eld lines were traced starting from the
ionosphere at the given magnetic meridian and identi®ed
the last closed ®eld line. Then we studied a lower latitude
with a 0.1 degree step and, after tracing the ®eld line, the
point characterized by the minimal value of Rc=q was
found and checked whether the threshold of pitch-angle
scattering in curved weak magnetic ®eld was exceeded
on that ®eld line. As a criterion of isotropic pitch-angle
scattering (over the ionospheric loss cone) we used the
same threshold condition, Rc=q < 8, which was previ-
ously determined in the trajectory simulations (Sergeev
et al., 1993; Delcourt et al., 1996).

Examples of magnetic ®eld lines at 12 and 14 MLT
meridians in the T89 model are shown in Fig. 1a, b,
respectively. The regions of regular pitch-angle scatter-
ing are shown by di�erent symbols depending on the
position where the scattering takes place (triangles or
stars in outer cusp and nightside regions, correspond-
ingly). Unlike the magnetotail, the magnetic ®eld
magnitude may have a few extrema (minima and
maxima) on the same ®eld line. At the noon meridian
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(Fig. 1a) the ®eld lines lie in the noon-midnight plane
and the isotropic scattering occurs only in the high-
latitude (cusp) minimum of the magnetic ®eld. In the
equatorial region there is a local maximum of the

magnetic ®eld magnitude (see Fig. 2). Moving away
from noon in magnetic local time (14 h MLT in
Fig. 1b), the outermost closed ®eld line stays approxi-

Fig. 1a±d. Results of tracing the mag-
netic ®eld lines in T89 model with zero
dipole tilt angle. Right panels ¯ank
views of magnetic ®eld lines started
from a 12 h MLT or b 14 h MLT
meridian in the ionosphere with a step
0.1° in latitude. Regions where the
condition of isotropic scattering of 80
keV protons (Rc/q < 8) is ful®lled are
marked by triangles (or asterisks) for
high-latitude cusp region (or nightside
equatorial region near the magneto-
pause, correspondingly). c Ionospheric
projections of isotropic boundaries for
80 keV protons scattered in the high-
latitude cusp region (triangles) or in the
nightside equatorial region (asterisks).
Position of the last closed ®eld line
(LCFL) is also shown. d Equatorial
mapping of the isotropic boundaries
shown on previous plot

Fig. 2. Magnetic ®eld values in equatorial region (circles) and high-
latitude cusp (triangles) on the last closed ®eld line against the local
time of its ionospheric footpoint. The points are labelled with actual
MLT where the ®eld line crossed the cusp region or equatorial region.
(Last closed ®eld line was determined by tracing the ®eld lines starting
at ®xed MLT meridian with a step 0.1° in geomagnetic latitude) Fig. 3. Positions of isotropic boundary latitude at the noon meridian

in T89 model for protons of di�erent energy characterizing the
expected energy dispersion of isotropic boundary
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mately in the meridian plane until it reaches the outer
cusp latitude (with local B-®eld minimum still observed
there). Then it sharply turns tailward and crosses the
equatorial region near the magnetopause where the ®eld
minimum is detected.

A comparison of near-cusp and equatorial B-®eld
values on the same ®eld line in Fig. 2 indicates that on
the outer closed ®eld lines, the near-cusp magnetic ®eld
is the smaller of these two and determines the regular
scattering in the �2 h MLT wide sector centered on the
noon. In this sector our computations (Fig. 1c) predict
the isotropic precipitation region which occupies �1.5°
latitude between the isotropic boundary and the last
closed ®eld line (LCF).

According to Fig. 2, more than 1.5 h MLT later than
noon the equatorial magnetic ®eld is smaller and,
therefore, determines the scattering e�ciency. The reg-
ular scattering in the equatorial region ®rst becomes
possible at ®eld lines with footpoints at�11 h and�13 h
MLT meridians, and the band width of isotropic
precipitation produced in the nightside equatorial region
increases with increasing distance from noon. According
to Fig. 1c, the isotropic precipitation region should have
its minimal width at the distance �1.5 h MLT from
noon.

Fig. 4. Shape of dayside isotropic boundary in di�erent models for
zero dipole tilt. To facilitate the comparison, all pro®les are shifted in
latitude so that last close ®eld line has a zero latitude

Fig. 5. Ionospheric projec-
tions of isotropic boundaries
for 30 keV and 80 keV
protons scattered in the high-
latitude cusp region (trian-
gles) or in the nightside
equatorial region (asterisks)
for dipole tilt angles 0°, )10°
and )20°. Lower left repre-
sents the Southern Hemi-
sphere whereas other three
panels correspond to the
Northern Hemisphere. Only
the afternoon sector is shown
here
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Figure 3 shows how the width of isotropic precipi-
tation zone at the noon meridian increases with
increasing the proton energy. Since this energy disper-
sion is a speci®c feature of the regular scattering
mechanism, its observational con®rmation may help to
distinguish this scattering mechanism from other mech-
anisms, such as turbulent scattering.

Computations with other Kp versions of T89 model,
as well as with other models (T87 and T95) show the
same systematic behaviour as described. The shape of
the isotropic boundary predicted by di�erent models is
shown in Fig. 4, some other quantitative information is
given in Table 1. This shape is a little di�erent in
di�erent models, re¯ecting the di�erent functions used
in di�erent models to describe the contributing current
systems. It is ¯atter in the latest T95 model however the
relative changes of the modeled IB latitude are almost
the same in each model: all models display the highest IB
latitude (and therefore the smallest latitudinal width of
isotropic precipitation) at a distance of �1.5 hours from
the noon position.

A basic di�culty in the comparison between di�erent
models was the problem of how to de®ne the boundary
between closed and open ®eld lines (LCFL) in prenoon
and afternoon MLT sectors. The reason is that the
models are valid in a limited range of distances (until
about 60±70 Re down the tail) and, therefore, the
character (open or closed) cannot be determined for the
®eld lines which exit from this domain. That is why we
show (Fig. 4) the IB latitudes normalized to the position
of the last closed ®eld line at noon, which is reliably
determined in all models.

With this di�culty in mind, most of the features
described here for the T89 model are qualitatively the
same as in other models as well as at di�erent distur-
bance levels. All models predict the isotropic precipita-
tion region of 80 keV protons extending about 1±2°
latitude below the outer cusp projection at the noon
meridian (see Table 1), this width shows a tendency to
decrease with increasing disturbance level. Our compu-
tations also predict a minimal width of the isotropic
precipitation at �13.5 and �10.5 h MLT meridians (see
Fig. 4) as well as the amount of energy dispersion such
as that shown in Fig. 3.

The e�ects of the dipole tilt can be seen from Fig. 5.
For non-zero tilt angle the character of isotropic
precipitation is basically the same but there are some
quantitative di�erences. A separation line between
precipitation regions originated at noon (cusp) and on

the nightside (equatorial region) also exists but it shifts
further from noon, from �13.5 h at DT = 0 to �14±
14.5 h MLT at DT = )20 in the Northern Hemisphere.
Considerable di�erence exists in the shape of boundaries
in the northern (winter) and southern (summer) hemi-
sphere, but the uncertainty in the interpretation of the
LCFL already mentioned (at local times other than
noon it gives only the low latitude limit of the possible
last closed ®eld line) makes sensible comparisons di�-
cult. The latitudinal width of the isotropic precipitation
zone at noon also changes, it becomes smaller (larger) in
winter (summer) season, but its value is still in the range
1±2° found from di�erent models for zero dipole tilt
(Table 1 and Fig. 4).

When discussing the model predictions we mostly
emphasized the region on the closed ®eld lines where a
high ¯ux of suprathermal protons always exists in the
plasma sheet. The actual width of the dayside isotropic
proton precipitation region can be larger because the
precipitated energetic protons may appear on the open
®eld lines as well. These particles (originating from
magnetosheath or magnetosphere) may either be trans-
ported by the poleward convection during their journey
between the magnetopause and the ionosphere, or if
they appear, for some reason, on open ®eld lines and
move through the outer cusp, they may be scattered in
the same way in the highly curved and weak magnetic
®eld of the outer cusp. Accordingly, the poleward
boundary of isotropic proton precipitation at dayside
is expected to be more variable and dependent on both
the pattern and intensity of the plasma convection. That
is why in the following analysis of observations we
concentrate on the study of the equatorward boundary
of isotropic ion precipitation (isotropic boundary) which
is located on the closed ®eld lines and, presumably, is
controlled by the magnetospheric magnetic ®eld con®g-
uration.

3 Observations of dayside isotropic proton
precipitation

3.1 Instrumentation and examples of isotropic
precipitation

We used data from low-altitude polar-orbiting space-
craft (TIROS, NOAA-6,-7, and -10) which made
measurements at �850 km altitude with similar instru-
ments on each spacecraft. Typically two sun-synchro-

Table 1. Latitudes of isotropic boundary of 80 keV protons (IB) and of the last closed ®eld line (LCFL) at noon meridian as well as the
minimal width of isotropic precipitation (LCFL-IB) in di�erent magnetospheric models

Model T87 T87 T89 T89 T95
AE = 200 nT,

Parameters Kp = 0 Kp = 5 Kp = 0 Kp = 5 Pd = 2 nPa,
Dst = )20 nT

LCFL 79.7 72.9 79.0 74.1 78.5
IB 77.4 71.7 77.5 73.0 77.2
LCFL-IB 2.3 1.2 1.5 0.9 1.3
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nous spacecraft were in orbit with orbital planes aligned
approximately along 03-15 h MLT (TIROS, NOAA-7)
and 21-09 h MLT (NOAA-6, -10). Due to peculiarities
of their orbits all dayside crossings occur in the
Northern Hemisphere. The time resolution of the
instruments is 2 s. For more information about the
spacecraft and instruments see Hill et al., (1985).

The MEPED instrument measured the energetic
particle ¯uxes in two perpendicular directions, including
the precipitating ¯ux (pitch angles in the center of the
loss cone at polar latitudes) as well as the locally trapped
¯ux (local pitch angles about 90°). In this study we
mostly use two proton energy channels, 30±80 keV and
80±250 keV �P1 and P2� as well as >30 keV electrons
(channel E1) which indicates closed magnetospheric ®eld
lines. Another instrument (TED) measured the precip-
itated ¯ux of auroral protons and electrons in 11 energy
channels between 0.3±20 keV. Only integral character-
istics (integral energy ¯ux and channel number giving
the largest contribution to the energy ¯ux) and the
energy ¯ux from 4 of 11 channels were received on the
ground. Data from this instrument may be used to
detect the cusp-like precipitation. However the relatively
high low-energy threshold (0.3 keV) and absence of
detailed distribution function prevented us from careful
identi®cation of the cusp proper, LLBL or mantle
plasmas. All these three will be referred to simply as
cusp-like precipitation.

Figure 6a, b shows spacecraft footpoint trajectories
in the Northern Hemisphere during the quiet period on
August 12, 1979. NOAA-6 and TIROS footpoints
skimmed almost simultaneously along the dayside
auroral oval in the afternoon and prenoon sectors,
correspondingly, and isotropic proton precipitation was
recorded continuously throughout the dayside as indi-
cated by crosses. Figure 6c, d shows particle ¯ux re-
cordings for the ®rst event, the isotropic boundaries and
a possible equatorward cusp-like boundary near the
noon position is shown by the vertical lines. The latter
boundary was de®ned here based on (1) large increase of
�1 keV proton ¯ux (in T DP-3 channel, upper block),
combined with (2) decrease of electron average energy to
lowest possible value (0.3 keV, corresponding to chan-
nel number 1 in T E-M parameter, second block from
the top; (the same identi®cations of the equatorward
cusp boundary were used by Carbary and Meng, 1986).

Two peculiarities are seen in these skimming passes.
First, during the observation of isotropic proton pre-
cipitation (between 040529 and 041313 UT on NOAA-6
and between 040110 and 040655 UT on TIROS) the
locally trapped ¯ux of 30 keV electrons (bottom block)
continues to be high. This suggests that the isotropic
proton precipitation was recorded on closed ®eld lines.
Second, the ratio of precipitated proton ¯ux to the
trapped ¯ux may show multiple irregular variations
(encountering alternatively isotropic or trapped proton
distributions) near the equatorward boundary. The
largest temporal drop of precipitated ion ¯ux was
recorded by the TIROS spacecraft in the prenoon sector
at �040130 UT and �040300 UT at �10:9 and �09:9 h
MLT respectively (Fig. 6d), they were associated with a

drop of 1 keV ion ¯ux (T DP-3), increase of electron
energy (T E-M) and with some increase of the trapped
¯ux of high-energy electrons (M E1). All these are
indicators of temporal entrance to the deeper shells of
the magnetosphere. This peculiarity is typical of skim-
ming passes when the spacecraft probably passes almost
along the isotropic boundary. This may be due to small
undulations of the isotropic boundary or due to the
temporal variations of scattering process in that region.

When a spacecraft crosses the dayside region almost
along the meridian the picture typically looks simpler.
An example of such a crossing between 12 and 13 h
MLT is given in Fig. 7, it took place on the same day a
few hours later. The cusp-like precipitation was record-
ed between 76.2 and 79° CGLat. Isotropic proton
precipitation continued throughout most of this region,
however it also extends �2° equatorward of the cusp
precipitation (74.3° CGLat in P1 channel), well into the
closed ®eld line region. Also, in this example the energy
dispersion of the isotropic boundary can be seen clearly
with 80 keV proton IB (channel P2) recorded �0.3°
equatorward of that in 30 keV protons �P1�. No
irregular structures in the precipitated/trapped ¯ux
ratio, as in the previous skimming passes, are seen in
this traversal across the �5° latitude-wide isotropic
precipitation.

3.2 Statistical characteristics of dayside isotropic
boundary

Our primary subject, here is the isotropic boundary (IB)
of the energetic protons which is always located on
closed ®eld lines, equatorward of the cusp-like precip-
itation. The ®rst question is whether the isotropic proton
precipitation has indentations (regions of small thick-
ness) at �10.5 and 13.5 h MLT as is predicted by the
model computations (Fig. 4).

First, we studied the average behavior of the IB
latitude of 30 keV protons as a function of the magnetic
local time. To achieve a homogeneous orbital coverage
we used the data for a six month period in 1979 (July±
December) when data were available from two space-
craft (TIROS and NOAA-6), which had nearly perpen-
dicular orbital planes. There were more than 3000 orbits
for this period which crossed the isotropic boundary in

Fig. 6a±d. Examples of simultaneous observations by two spacecraft
skimming along the dayside oval: a, b spacecraft trajectories for 2
episodes on August 12, 1979. Segments of the orbit with isotropic
precipitation of 30 keV protons shown by circles, positions of
isotropic boundaries by crosses, the cosine approximation of isotropic
boundary shape is also shown by the solid line on each plot c, d
Particle characteristics neasured by TIROS and NOAA6 during the
®rst episode (trajectories shown in Fig. 4A). From top to bottom:
count rate of ~1 keV proton ¯ux; channel number which gives largest
contribution to the energy ¯ux of precipitated electrons (numbers1 to
11 correspond to energies from 0.3 keV to 20 keV); count rates of
trapped and precipitated ¯uxes of energetic particles (P1 and P2
corresponds to protons at >30 and >80 keV, andE1 corresponds to
electrons with E >30 keV)

c
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the local time sector between 08 and 16 h MLT. The
isotropic boundaries were determined by using the
automatic algorithm described in Sergeev and Gvozdev-
sky (1995).

The results averaged in 1/4 hour MLT bins are shown
in Fig. 8. They do not show the well-de®ned indenta-
tions in question, neither in the behavior of average IB
latitude nor in the frequency of the IB registration (real
indentation at ®xed MLT could result in smaller amount
of boundary determination at corresponding MLT).
However, by comparing these with model predictions
(Fig. 4) two interesting peculiarities may be noticed.
One is the obvious shift of the symmetry line of the
isotropic boundary by �1 h towards on earlier MLT.
Another is that the isotropic boundary stays at nearly
constant latitude (a plateau-like IB shape) near noon,
between �09 and �13 h MLT. The local time size of this
region corresponds to the distance in MLT between the
IB indentations in Fig. 4. We shall return to this issue in
the Sect. 4. Note that these results were obtained on a
reasonably large statistical sample about 100 points in
each 1/4 h MLT bin).

We also studied how the shape of isotropic boundary
varies depending on the magnetic activity and solar
wind parameters. According to physical arguments and
previous experience, from a large number of possible
geoe�ective factors we tested the AE index, the solar
wind dynamic pressure �Pd�, as well as the Bz and By
IMF components. Based on their hourly values, we
analyzed corresponding subsets of the IB crossings. We
used the least square ®tting procedure for each subset to
obtain the simplest, cosine-like approximation of the
boundary shape in the form

IBLAT � A0 � A1 � cos�p�MLT ÿMLT0�=12� �1�
To obtain a more accurate shape using limited statistics
with noisy data the following modi®cation was used.

Instead of ®tting each separate crossing, we used pairs of
crossings on the same orbit (at two di�erent MLTs, like

Fig. 7. Same as Fig. 6c, d but for nearly meridional crossing of TIROS spacecraft across the near noon dayside oval

Fig. 8. Statistics of a number of IB crossings near the noon (bottom,
including number of crossings by each spacecraft separately as well as
the total number of crossings by two spacecraft) and the average
behavior of the IB latitude as a function of MLT (top)
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shown in Fig. 6a, b). In that case, the ®tting formula (1)
is reduced to the formula with only two free parameters
(amplitude A1 and phase MLT0). In this way, treating the
double crossings as one measurement we determined the
least square ®t for both the phase and amplitude and
then determined the remaining free term A0 from the
data set. Having in mind the dipole tilt e�ects (Newell
and Meng, 1989), this was done separately for the
equinox season (August 1979, TIROS and NOAA6, and
April±May 1986, NOAA6, dipole tilt angles DT
� 0� 10 °) and for the winter season (November
1981, NOAA6 and NOAA7, and October 1986,
NOAA6 and NOAA10, DT � ÿ20� 5°). We also tried
di�erent MLT ranges at dayside where the double
crossings should occur, however we had a reasonably
large amount of data samples for the largest range only
between 06 and 18 h MLT.

The results are given in Table 2, where we present the
phase �MLT0� and the maximal latitude of the isotropic
boundary �MLAT � A0 � A1� as well as the average
parameters characterizing each subset. These results
con®rm a dawnside rotation of the symmetry line (phase
MLT0 is everywhere between 10.5 and 12 h MLT) in
agreement with the average pattern in Fig. 8. The
strongest in¯uence comes from the IMF Bz component
and the AE index: with increasing activity the symmetry
line rotates to prenoon sector and the maximal IB
latitude decreases. Since Bz and AE are known to be well
correlated, here we could not determine which of them
plays a primary role.

From previous studies (e.g., Newell et al., 1989 and
references therein) one would expect to observe a large
rotation of the pattern toward earlier (later) MLT when
the IMF By component is negative (positive). However,
this was con®rmed only in the equinox subset, whereas
in winter season the di�erence between subsets with
negative/positive By is small and has an opposite sense.

One can notice that this di�erence can be attributed to
the di�erence in average AE �or Bz� in By-dependent
subsets. Therefore we conclude that the By-dependent
e�ect, at least, is modest if it exists at all. A more careful
study based on a larger statistical sample should be
made to distinguish between contributions from IMF Bz
(external) and AE (internal) highly correlated processes,
as well as to study the secondary e�ects of other
parameters.

To characterize quantitatively the energy-dependent
spatial dispersion of the isotropic boundary, we pro-
cessed carefully the near-noon (10±12 MLT) near-
meridional passes for the last 10 days of July 1979
using both TIROS and NOAA6 spacecraft. We always
found the IB of 80 keV protons equatorward of the IB
of 30 keV protons. The average di�erence was
0:23� 0:14° of Corr. Geom. Latitude for 42 passes
processed. The corresponding di�erence predicted by
the model computations is 0.2±0.5° (see Fig. 3 as
example).

3.3 Last closed ®eld line and isotropic boundary
at noon meridian

To compare observations with the modeling results it is
important to de®ne experimentally the latitudinal dis-
tance between the isotropic boundary and the last closed
®eld line (LCFL), i.e., the (outer) magnetic cusp
location. However even the distinction between cusp
proper, mantle and LLBL regions is not always clear
(e.g., Roeder and Lyons, 1992), and the characterization
of the magnetic ®eld topology based on the character-
istics of auroral particles is still more doubtful. Instead,
we exploit a rare possibility to use the solar electron
plateau boundary as the best possible (in our majority
opinion) tracer of the LCFL in the dayside auroral zone.

Table 2. Phase (MLT0) and maximal corr.geom.latitude (MLAT) of the isotropic boundary cosine ®t for subsets ordered by interplanetary
parameters or activity indices for equinox (E) and winter (W) seasons

Parameter Season NN MLT0 MLAT Average parameters
of subset

AE Pd Bz By

(nT) (nPa) (nT) (nT)

AE > 200 nT E 98 11.0 73.6 411 3.3 )1.5 )1.4
AE < 100 nT E 118 12.0 76.4 66 2.1 2.4 )1.0
AE > 200 nT W 81 11.5 74.0 350 3.6 )0.4 )1.2
AE < 100 nT W 129 12.1 75.8 54 2.7 1.7 )2.0
Bz < )2 nT E 42 10.7 73.5 411 3.2 )3.7 )1.7
Bz > 2 nT E 66 11.8 76.2 97 3.0 4.3 )1.5
Bz < )2 nT W 15 10.6 73.1 330 3.6 )2.7 1.1
Bz > 2 nT W 31 12.1 75.7 127 3.5 3.7 )2.0
By < )2 nT E 91 10.9 75.1 231 2.7 0.8 )4.9
By > 2 nT E 50 11.6 74.6 197 2.7 0.6 4.2
By < )2 nT W 62 11.6 75.0 176 2.9 1.5 )3.4
By > 2 nT W 22 11.4 74.4 265 3.8 )0.7 4.1
Pd > 4 nPa E 34 11.6 74.9 298 6.4 1.8 )3.0
Pd < 2 nPa E 110 11.5 75.6 134 1.5 0.6 )0.6
Pd > 4 nPa W 26 11.3 75.4 187 5.4 1.2 0.1
Pd < 2 nPa W 28 12.0 74.8 104 1.5 0.3 )2.3
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Here we show the results for intense solar electron
event on September 16±17, 1979. This period was
characterized by moderate activity (with some moderate
substorms on September 16 and mostly quiet on
September 17). Figure 9 shows an example of the pass
through the dayside and morningside auroral zone with
solar electron plateau boundary (SEB) and isotropic
boundary marked by the vertical lines. High and very
isotropic energetic electron ¯ux continuing at a constant
level at high latitudes is the signature of a well-
recognized e�ect, namely a (rare) solar electron event.
At the dayside, its sharp and non-dispersive boundary
(SEB) is clearly seen approximately at the poleward edge
of energetic electron precipitation (where T-EM panel
shows a sharp drop of electron energy down to the
lowest value 300 eV). The sharp increase of 1 keV
proton ¯uxes (upper panel) occurs here �0.8° poleward
of the SEB. (In other cases considered we always found
SEB poleward of such cusp-like electron signature, but
the relationship with 1 keV proton signature was
variable. More often, the SEB was placed between
electron and proton signatures of equatorward cusp
precipitation boundary described already). The ion
isotropic boundary, as usual, is at lower latitude, �2°
equatorward of the SEB. In this event it is clearly seen at
30 keV energy channel whereas in channel P2 the signal
is variable due to the low count rates.

A summary of locations of isotropic boundaries and
solar electron boundaries for two day period of high
solar electron ¯uxes is given in Fig. 10. The pattern
splits to two (dayside and nightside) branches with gaps
at �10 and �13 h MLT, but the signi®cance of this fact
is questionable due to the limited statistics. However,
four cases of very small distance should be noticed
between SEB and IB (0.2±0.3° CGLat), two of them

occurred at �10.5 h MLT and another two at 12±12.5 h
MLT. However, in the same sector a large separation,
about 1 or 2° CGLat, can also be found showing that
this characteristic may be variable (in space or in time).
The average distance between the SEB and IB was
found to be 1:0� 0:68° for nine passes between 10 and
12 h MLT. We shall use this ®gure later as the estimate
of average distance between the isotropic boundary and
the last closed ®eld line.

Another feature of Fig. 10 is as follows. In spite of
the spread of data points it is clear that SEB latitude
has smaller MLT variation than the isotropic boundary
has. Accordingly, the distance between the last closed
®eld line and the isotropic boundary increases toward
dawn or dusk hours. This parameter also has a large
scatter.

4 Discussion and conclusions

4.1 Dayside and nightside sources of dayside
isotropic precipitation

In this study we performed computations using magne-
tospheric models and analyzed the observations of
energetic particles to investigate the characteristics and
origin of isotropic proton precipitation in the dayside
auroral zone. Our model computations con®rmed that a
week magnetic ®eld in the outer cusp necessarily should
contribute to the regular scattering of energetic protons
on closed ®eld lines in �1±2° wide zone near the cusp
meridian. In a quantitative way, and using existing
empirical models, this con®rms the previous results of
Lyons et al. (1994) and Alem and Delcourt (1995). Our
results also extend previous ®ndings by specifying the

Fig. 9. Same as in Fig. 7 but for the case with large ¯uxes of energetic solar electrons. To facilitate the visualization of the solar electron ¯ux
plateau in the high-latitude region, here we also added data from >100 keV electron channel (E2)
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longitudinal range of isotropic precipitation of energetic
protons (2±3 h of Local Time centered at noon)
produced by this mechanism, as well as providing some
other quantitative characteristics such as amount of
energy dispersion at the isotropic boundary, equator-
ward shift of the IB with respect to the last closed ®eld
line, etc. These characteristics are in a reasonable
quantitative agreement with those found in observa-
tions. Therefore, we conclude that isotropic precipita-
tion in the near-noon local time sector is basically
provided by the regular scattering process (non-adia-
batic pitch angle scattering in the regions of weak and
highly-curved magnetic ®eld).

According to our computations, regular scattering
on the nightside, near the equatorial magnetopause, is
another important contributing process which provides
isotropic precipitation observed as close as �1.5 h
MLT from the noon position. This occurs because of
sharp tailward bending of the near-cusp ®eld lines (see
Fig. 1). At the local times further from the noon
position it joins smoothly the isotropic precipitation
from the tail current sheet (e.g., Sergeev et al., 1993).
Bearing in mind its origin from nightside equatorial
regions, in the later discussion we refer to this part of
the modeled isotropic precipitation as the nightside
equatorial part (or, the nightside part) although in the
ionosphere it may start and end as close to noon as
13.5 and 10.5 h MLT. (These numbers refer to the
model magnetosphere, actually they should be rotated
by �1 h prenoon to be compared with observations, as
discussed later).

4.2 Symmetry properties of magnetospheric magnetic
®eld following observations

The real magnetosphere and models may have di�erent
symmetry properties. Previous observation-based mod-
els (T87, T89), because of the functions employed to
describe the external magnetic ®eld, are dawn-dusk
symmetric and the latest model T95 (with the exception
of interconnection ®eld source) is also only weakly
asymmetric. Also, the models are based on the GSM
coordinate system which ignores the variable direction
of non-radial solar wind, although the authors asked the
users to use the properly aberrated coordinate system.

In the real situation, these symmetry properties are
di�erent and may change with the time depending on
both external and internal factors. First of all, the noon-
midnight (GSM) plane in the models should correspond
to the aberrated system (to the plane containing the
solar wind velocity vector) in the case of observations.
The well-known aberration e�ect due to the Earth's
orbital motion gives on average �4° aberration which
requires a systematic �0.3 h MLT shift of the symmetry
line toward the earlier MLT. (The individual samples of
observed solar wind velocity show the azimuthal devi-
ations from the its average direction as large as 10±20°
on rare occasions. Correspondingly, the actual symme-
try line in some occasions may rotate by as much as
�1 h MLT from its average direction). The empirical

results (R. Lundin et al., unpublished manuscript) show
that the particle ``cusp proper'' region is shifted by as
much as �1±2 h MLT when comparing data sets with
positive and negative Vy components of the solar wind.

Another external factor could be the longitudinal
shifts of the outer magnetic cusp due to the IMF By
dependence of magnetopause reconnection position
(e.g., Crooker et al., 1987). However our results show
that it is probably a secondary e�ect.

Our analysis indicates that the amount of rotation
(up to 10.5 h on average during disturbed conditions,
see Table 2) is much larger than that expected from the
external factors alone. There is some other evidence
supporting so large a shift. As an example, we may cite
the statistical results by Newell et al. (1989) concerning
the cusp latitude as a function of the local time. As
follows from their Fig. 4, the highest average cusp
latitude is observed at 10.5 h MLT (with a di�erence as
large as 3±4° compared to the noon).

As suggested by the strong dependence of the
symmetry line azimuth (MLT0 in Table 2) on the AE
index and IMF Bz component, there may be a stronger
internal (magnetospheric) factor distorting the shape of
the closed ®eld lines and the mapping. Previously the
same amount (and direction) of rotation of the symme-
try line was found by Sergeev and Gvozdevsky (1995)
who utilized the isotropic boundaries for all MLTs, with
some preference for nightside measurements in the data
set. As discussed by these authors, the probable expla-
nation is the distortion of the magnetospheric magnetic
®eld. A corresponding distortion (more depressed mag-
netic ®eld at dusk than at dawn) is consistent with direct
spacecraft magnetic measurements in the inner magne-
tosphere (see discussion and references in this study). A
physical reason providing this asymmetry may be the
that `tail-aligned' ®eld-aligned currents are a part of the
`partial ring current' system as known for a long time.
(Actually, this ®eld-aligned current may ¯ow on the
outer shells of the plasma sheet rather than on dipole-
like ®eld lines, see e.g., Crooker and Siscoe, 1981). A
more detail discussion on that subject is outside the
scope of our work.

These ®eld-aligned currents are not yet (and should
be) properly included into the empirical magnetospheric
models.

4.3 Transition between dayside and nightside parts
of isotropic precipitation

Here we comment on apparent disagreement which
seem to exist between modeling and observational
results concerning the transition between isotropic
precipitation from dayside (outer cusp) and nightside
regions. In the model computations made for zero
dipole tilt angle for a number of models (Fig. 4), both
domains still contribute some isotropic precipitation on
close ®eld lines at 10.5 and 13.5 h MLT meridians.
However, at �30 to 100 keV proton energies its width is
very small, about a few tenths of a degree of latitude,
which is comparable to both the tracing accuracy of the
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last closed ®eld line and spatial resolution of observa-
tions used. In this region we may expect to detect
virtually no isotropic precipitation on the closed ®eld
lines. With a shift of only about 1/2 h in magnetic local
time (Fig. 4), the model predicts rapidly increasing
width of isotropic precipitation. Therefore, according to
the model predictions, that part of isotropic precipita-
tion zone of 30±80 keV protons located on the closed
®eld lines should consist of two separate belts, dayside
and nightside, separated by narrow gaps.

Some limited support for this possibility comes from
a summary of relative locations of the solar electron
plateau boundaries with isotropic boundaries plotted in
Fig. 10. In particular in some passes the boundaries
(SEB and IB) could be detected very close (�0.2°) to
each other, suggesting a very narrow zone of isotropic
precipitation on closed ®eld lines. However, at other UT
times, a wide isotropic zone could be observed at the
same MLT. Also, in Fig. 6 we showed an example of
observations of the high ¯uxes of energetic electrons in
the isotropic proton precipitation zone which continued
from dusk to dawn. Therefore, this e�ect (very narrow
zone of isotropic protons) is certainly not as systematic a
feature as suggested by models.

In Fig. 11 the modeled and average observed IB
positions are plotted together. Assuming that rotation
of the symmetry line to the prenoon sector is a real
feature not yet included into the magnetospheric models
(as discussed already) we rotated modeling results
shown in Fig. 4 by 1 h in local time. Also, taking into
account the fact that average distance between the last
closed ®eld line and isotropic boundary near the noon is
1° (Sect. 3.3), we refered the average observed IB
latitude (Fig. 8) with respect to the LCFL at noon. In
this way we plotted the observation and modeling
results in the same format in Fig. 11. It now shows that
a 3±4 h MLT-wide plateau part of the isotropic boun-
dary centered at the `cusp footpoint' (which is now at
11 h MLT) reasonably reproduces the dayside part of
modeled isotropic precipitation. However, the observa-

tions deviate from model predictions (1) by the absence
of poleward kinks of the boundary (in the gap between
dayside and nightside sources of dayside precipitation,
discussed above), and (2) by a considerably faster
decrease of the IB latitude with a distance from the
symmetry line (�3 h MLT from that line the observed
IB latitude is already 2±4° lower than predicted). While
feature (1) could be, to some extent, explained by the
shifts of the symmetry line, dipole tilt e�ects (shifts of
the gap in the local time) or by other temporal variations
which may smooth sharp features in the longitudinal
distribution, feature (2) certainly shows a large quanti-
tative di�erence. We attribute this di�erence to the
defects of magnetospheric models in describing the
magnetic ®eld structure in such a complicated regions as
the near-cusp domain and the LLBL domain are.

4.4 Concluding remarks

After ®nding the regions of regular scattering (nonadi-
abatic e�ects of particle motion in the regular magne-
tospheric magnetic ®eld) in the magnetospheric models
and comparing predictions with observations we arrive
at the following conclusions.

1. Important characteristics of isotropic proton pre-
cipitation on dayside (the width of proton isotropic
precipitation on the closed ®eld lines, local time depen-
dence and energy dispersion of the IB) are reasonably
explained by the magnetospheric models. This suggests
that isotropic precipitation on the dayside is also caused

Fig. 10. Statistics of SEB and IB locations during solar electron event
on September 16±17, 1979

Fig. 11. Same as Fig. 4, but with overlapping modeled isotropic
boundaries (for zero dipole tilt) and average observed isotropic
boundary. Modeled IBs are here shifted by 1 h MLT toward earlier
time to facilitate comparison with observations. The observed IB is
taken from Fig. 8 but the expected latitude of the last closed ®eld line
at noon is subtracted (distance between LCFL and IB was taken to be
1° CGLatitude according to the results of Sect. 3.3)
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by the regular particle scattering in the magnetospheric
magnetic ®eld. Also this mechanism nicely explains the
continuous existence of the isotropic precipitation on
closed ®eld lines under any activity conditions and for
any solar wind parameters.
2. Quantitative comparison of predictions and obser-

vations reveals some important quantitative di�erences,
including: (1) no clear gaps between precipitation
regions (on closed ®eld lines) produced in the outer
cusp and near the nightside magnetopause; (2) dawn-
dusk asymmetry of the isotropic boundary in MLT,
with lower latitudes on the dusk side and the overall
rotation of the symmetry line toward dawn (which
depends mostly on IMF Bz and AE); (3) the observed
MLT variation of the IB latitude is larger than in any
model tested (however predictions of di�erent models
vary considerably amongst themselves).
After con®rming that proton isotropic precipitation

on the dayside is controlled by the magnetospheric
magnetic ®eld, we interpret these di�erences as indica-
tions of potential problems with existing magnetospher-
ic models and mapping based on them in this
complicated dayside domain near the cusp. Also, we
expect that the comparison with observed isotropic
boundaries will be an independent test for future
magnetospheric models.
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