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Abstract 

The latitudinal morphology of >100 keV protons at different 
local times has been studied as a function of substorm 
activity. A characteristic pattern is found: During 
quiet times there is an isotropic zone centered around 
67° near midnight, but located on higher latitudes 
towards dusk and dawn. This zone moves slightly equa-
torward during the substorm growth phase. During the expansive 
phase the precipitation spreads poleward apparently to 
~71° near midnight. The protons are precipitated over 
a large local time interval on the night side, but the 
most intense fluxes are found in the pre-midnight sector. 
A further poleward expansion, to more than 75° near mid
night, seems to take place late in the substorm. Away 
from midnight, the expansion reaches even higher lati
tudes. During the recovery phase the intensity of the 
expanded region decreases gradually; the poleward 
boundary is almost stationary if the interplanetary 
magnetic field fas a northward component and no further 
substorm activity takes place. Mainly protons with en
ergy below -500 keV are precipitated in the expanded 
region. On the dayside no increase in the precipitation 
rates is found during substorm expansion, but late in the 
substorm an enhanced precipitation is found, covering 
several degrees in latitude. The low-latitude anisotro
pic precipitation zone is remarkably stable during sub-
storms. A schematic model is presented and discussed in 
relation to earlier results. 
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Introduction 

Only a few satellite studies of particle pre

cipitation patterns as a function of substorm activity 

have been published (Hoffman and Burch, 1973j Winning-

ham et al., 1975» Hauge and Søraas, 1975). The first 

two papers investigated the low energy electron preci

pitation, mainly near midnight, while Hauge and Søraas 

studied high energy protons in the evening and fore

noon sectors. One purpose of this paper is to extend 

their limited local time coverage to other local 

times, and to incorporate the behavior of higher energy 

protons. 

A main difficulty with the use of satellite data to a 

study of the substorm dynamics is of course that the 

substorm time scale is roughly equal to the orbital 

period of the satellite, thus making it impossible to 

follow the detailed development of the substorm. How

ever, by examining a great number of substorms, a cha

racteristic pattern is found. In the present paper is 

shown a complete set of data through a number of well-

defined substorms, at different local times, together 

with an extended set of data during more disturbed times. 

In this way the change in the particle precipitation 

pattern is clearly displayed. The main morphological 

features are summarized in the conclusion. 

Instrumentation 

The data to be presented in this report are from the 

S71C experiment onboard the magnetically stabilized polar 

orbiting satellites ESRO 1A and IB. Initial perigee and 
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apogee was 258 km and 1533 km for 1A and 281 km and 

378 km for IB. The experiment employed three totally 

depleted surface barrier detectors, at 0 , 90° and 

45° to the magnetic field (over the northern hemis

phere) t on 1A the 45° detector was shielded by 0.3 mm 

Al. The directional geometrical factor was 0.037 cm: 

sr. Magnets in front of the apertures swept away elec

trons with energy less than 500 keV. The different 

energy channels are counted sequentially, two adjacent 

channels sampled each time. The experiment can operate 

in two modes, the sampling period being 0.022 sec in 

the high speed (H5) mode and 0.346 sec in the low speed 

(LS) mode. A complete sample of all three detectors is 

obtained every 0.225 sec and 3.6 sec, respectively. A 

complete description of the experiment is given by 

Søraas et al. (1970). 

Data presentation 

The substorms to be discussed in this report can all be 

clearly identified in the AE index. However, to estab

lish the onset of substorm expansion phases, individual 

auroral zone and midlatitude magnetograms, and P12 

micropulsation records, were also used. 

Most figures are displayed in a common format. Proton 

fluxes are plotted versus invariant latitude, precipi

tated protons on the lefthand and locally mirroring pro

tons on the righthand side. Three channels from each 

detector are shown. The energy windows are given in the 

figures. The background levels shown in the figures 

correspond to less than 1 count/sampling interval in the 

LS mode. Eccentric dipole time (EDT) and universal time 
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(UT) are given in each figure. Invariant latitude is 
used throughout this report. 

On the top of the figures the AU and AL indices are 
drawn, together with the GSM B component of the inter
planetary (or magnetoyheath) magnetic field. A sketch 
of the ESRO passes in an EDT/ii-v.lat. diagram is also 
shown. 

Nightside precipitation pattern 

Figure 1 shows three latitudinal scans through the pre
cipitation regions during a substorm on October 19, 1968. 
AE started to increase near 1830 UT, with a further 
rapid increase near 1930 UT. Shortly afterwards, posi
tive bays started to develop at midlatitudes in the 
Russian sector, and auroral brightening was observed 
from Kiruna at 1932 UT (Deehr et al.r 1973). Also, Pi2 
pulsation onsets were seen at 1849, 1933 and 1953 UT. 
The interplanetary magnetic field (IMF) turned south
ward at 1815 UT at Explorer 35. 

Orbit 223 took place after about 5 hours with no electro-
jet activity in the auroral zone, as judged from the AE 
index. The latitudinal profile shown in this pass is 
quite typical of what is observed near magnetic midnight 
during quiet times. 

At low latitudes, below 65 in this pass, the pitch 
angle distribution is anisotropic, with few protons in 
the loss cone. Often, the anisotropy is greatest just 
equatorward of the isotropic zone, indicating that the 
protons are most stable to precipitation losses in this 
region. This feature is more prominent for protons with 
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energy of several keV than for protons above 100 keV. 

Going further equatorward protons often start to appear 

near the center of the loss cone, providing evidence 

for enhanced pitch angle scattering. The data in these 

regions have been interpreted in accordance with the 

ion cyclotron wave particle interaction theory (Søraas 

et al., 1977a). These anisotropic regions are very 

stable with time, showing only small variations during 

substorms. 

In this report we will concentrate on the precipitation 

on higher latitudes. ' This precipitation is known to be 

largely isotropic (Amundsen et al., 1972) and situated 

outside the plasmapause (Søraas and Berg, 1974). Note 

that if the flux is isotropic, our figures show flux 

levels along field lines that exceed those normal to 

field lines, due to the difference in the energy windows 

between the detectors. 

The isotropic precipitation zone is seen in all ESRO IA 

passes in the midnight sector, regardless of the degree 

of magnetic activity (Aarsnes et al., 1970; Hauge and 

Søraas, 1975). However, this zone is strongly coupled 

to geomagnetic activity. As will be shown, the high 

latitude part of the isotropic region expands and decays 

in response to the substorm development, while the low 

latitude part is more stable. 

During relatively quiet geomagnetic conditions the iso

tropic precipitation covers a 2-4 latitude interval. 

It is usually centered near 6S-67 invariant latitude 

during periods of low ring current activity. In pass 223 

this region covers the interval ~64-67.3 , end exhibits 

very sharp boundaries, especially on the high latitude 

side. 
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Pass 224 took place at 2030 UT, in the maximum epoch of 
the substorm, when AE reached almost 700 nT. The peak 
intensity of the precipitated protons had increased by 
a factor of 3, and the low-latitude boundary of the iso
tropic zone had shifted slightly fr-2°) equatorward. 
However, the most prominent change i.s the appearance of 
intense isotropic precipitation poleward of 67 latitude. 
The high latitude boundary of the isotropic zone shifted 
—10° poleward between the two passes; this zone now 
covered the latitude interval 66-76.5°. The proton 
energy spectrum is softer in the high-latitude part than 
it is in the low-latitude part of the isotropic zone. 
The intensity of protons above ~500 keV is very low in 
the high latitude part of the isotropic zone. 

In orbit 224 increased precipitation is found at the pole
ward edge of the isotropic zone. Such enhanced flux 
levels covering 2-3 degrees in latitude are seen quite 
often near the high latitude boundary. In pass 225, at 
2213 UT, only minor changes are found in the low-latitude 
part of the isotropic zone, while the high-latitude part 
had almost disappeared. In this case the decay of the 
high latitude zone was quite rapid, taking place in ~100 
minutes. Partly, this may be due to the southward 
turning of the IMF at ~2100 UT and the development of a 
new substorm. As will be shown, the decay seems to be 
more rapid during such conditions than it is if the IMF 
remains northward and the magnetic activity decreases. 

In October/November 1969 ESRO IA and IB satellites both 
made observations near the noon-midnight meridian plane. 
During a well-defined substorm on October 25, 1969 data 
were available from both spacecraft. These data are shown 
in figure 2. 

The onset of a substorm expansion phase occurred at 
2029 UT, when the first Pi2 pulsation onset in the mid-
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night sector was seen. Also, auroral zone bays started 

to develop at this time, while clear positive bays were 

not found until 2045 UT in the midnight sector on mid-

latitude stations available to us. ESRO IB northern 

hemisphere auroral zone pass 378 took place just before 

expansion phase onset. 

The data show a slight equatorward displacement of the 

poleward boundary of the isotropic precipitation zone 

from pass 5553A to 378B. This is apparently not 

due to the 1.5 hours local time difference between the 

two passes, which if'referred to the proton auroral 

oval would be expected to give the opposite tendency. 

Before substorm expansion the precipitation profile is 

characterized by a relatively stable isotropic region. 

There are no dramatic changes in the precipitation 

pattern before pass 5554A, near maximum in the substorm, 

when the isotropic zone has expanded, or spread, pole

ward to 74 inv.lat. The poleward boundary is very 

sharp; the fluxes drop to background over a few tenths 

of a degree in latitude. This is a typical feature 

during the poleward expansion of the precipitation zone. 

Again, enhanced fluxes are observed near the poleward 

boundary, and the energy spectrum becomes softer with 

increasing invariant latitude. The recovery/postrecovery 

passes are characterized by the collapse of the high-

latitude part of the isotropic zone, with the flux levels 

eventually falling below threshold. The difference in 

the anisotropic fluxes measured by ESRO IA and ESRO IB 

below ~64 is due to the different height of the two 

satellites. 

Data from the evening sector, sampled during a substorm 

on December 22, 1968, are shown in figure 3. At Enkøping 

in the early evening sector Pi2 pulsations were seen at 



1642 UT. A negative bay started to develop at Tixie 
at 1648 UT, and H component recoveries were found at 
midlatitudes at 1652 UT. Also, there was an expansive 
phase onset earlier, near 1415 UT. 

The isotropic precipitation zone shifted 2-3 degrees 
equatorward between 1515 and 1654 UT, and peak intensi
ty increased by a factor of 3. This zone was located 
between ~64-68.8° and ~62-66° in orbits 1122 and 1123, 
respectively. The relatively large latitudinal range 
covered by the isotrdpic precipitation in pass 1122 can 
probably be ascribed to effects of the 1415 UT substorm. 
At the time of pass 1123 (1655 UT), a few minutes after 
the onset of the expansion phase, no poleward expansion 
had occurred in the evening sector. This may be because 
the substorm current wedge had its center closer to 
local midnight, with the ESRO IA data sampled outside 
the local time region where the expansion occurred in
stantaneously. A further discussion of the azimuthal 
dynamics of the precipitation zone is deferred until a 
later section. 

By the time of the late recovery pass 1124 at 1838 UT the 
isotropic zone had expanded more than ten degrees pole
ward, covering the region 65-77.5°. In the high-latitude 
part of the isotropic zone the flux level is more than an 
order of magnitude less than that in the low-latitude 
part, probably indicating a decay of the fluxes above ~68 . 

Pass 1124 came ~110 minutes after the 1650 UT onset, 
while pass 1122 came ~60 minutes after the 1415 UT onset. 
In pass 1122 the high latitude isotropic precipitation 
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had almost disappeared, while this part of the isotropic 
zone covered nearly a 10° latitude interval in pass 1124. 
This pattern seems to be typical; if there is no further 
substorm activity, and the IMF has a northward compo
nent, the high latitude isotropic fluxes decay more or 
less uniformly over the whole latitude range, without 
any significant equatorward movement of the poleward 
boundary. 

The data in figure 4 were sampled at 22 30-2 300 EDT during 
a substorm period on 23 November 1968. There was an 
expansive phase onset at 0249 UT, and probably a new onset 
near 0350 UT. 

Pass 706 (0 330UT) took place more than 40 minutes after 
expansion phase onset, and after maximum in the negative 
(positive) H bay at auroral (mid-) latitudes. Note that 
the poleward boundary of the isotropic region is found 
at 70.3 inv.lat. in this pass, while it reached more than 
75 inv.lat. near the end of the substorm period. 
We cannot decide whether this boundary was at that 
time retreating equatorward from a significantly higher 
position. However, chis location of the poleward boundary 
is typical of what is seen by ESRO IA during the substorm 
expansive phase. Magnetic records from Fort Churchill 
and Great Whale River also indicate that the westward 
electrojet current system moved slightly poleward of 70° 
only for a few minutes, near 0320 UT. 

In pass 707 the decay of the high-latitude part of the 
isotropic region is nearly complete. Below ~6 7-68° there 
is no dramatic change in the isotropic precipitation 
during the substorm. 
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The midnight-morning sector 

Qualitatively the proton precipitation pattern in the 

premidnight and postmidnight sectors is quite similar. 

However, the intensity and longitudinal and latitudinal 

extent of the precipitation e :e found to be asymmetri

cal with respect to local midnight, with more particles 

being precipitated in the evening-midnight sector than 

in the midnight-morning sector. 

In figure 5 data from the early morning sector (0 3-04 EDT) 

during a substorm on August 5-6, 1969 are shown. The 

first onset of the substorm expansion phase occurred at 

0120 UT at Leirvogur (OlOOEDT)and Tromsø (0350 EDT), as 

well as in midlatitude pulsation recordings, with new 

intensifications at 0144 and 0157 UT. 

The isotropic precipitation shifted equatorward between 

passes 4369 and 4370, covering the latitude intervals 

65.7-69.2° and 64.7-67.4°, respectively, and the peak 

intensity of the precipitated fluxes increased by a fac

tor of 4. Pass 4370 took place ~20 minutes after the 

first, but before the last Pi2 pulsation onset, but no 

expansion of the isotropic zone had occurred at this 

time. We interpret the absence of any significantly en

hanced precipitation at this time to be due to the 

satellite being located outside the local time sector 

of substorm break-up. In the late recovery (pass 4371, 

0 319 UT) the isotropic precipitation had shifted pole

ward; the poleward boundary is now found at 77.3 , 

indicating also an azimuthal expansion of the precipita

tion region. 

Data from the OGO 5 satellite (courtesy of H.I. West Jr.) 

which was obtained near midnight at X « -18 R , and 
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4-5 R_ above the expected neutral sheet position, show 

that there was no plasma sheet recovery until 0250 UT 

at that position, in agreement with the poleward ex

pansion of the low-altitude isotropic precipitation 

taking place between passes 4370 and 4371. A plasma 

sheet recovery late in the substorm, as observed by 

0G0 5 in this event, is commonly seen at this position 

in the magnetotail (e.g. Hones 1973). 

A clear example of a late poleward expansion is shown in 

figure 6, where data from July 12-13, 1969 are shown. 

Expansion phase onset was at 2156 UT. The isotropic zone 

expanded poleward to about 70 from pass 4018 (2117 UT) 

to pass 4019 (2256 UT); the latter pass took place 

during electro jet recovery, and ~1 hour after expansion 

phase onset. By the time of auroral zone pass 4020 

(0416 UT), in the postrecovery phase, the isotropic pre

cipitation had expanded 7 further poleward. The high 

latitude precipitation could partly be due to the local 

time variation of a source mechanism precipitating 

drifting protons. However, although ESRO IA passed the 

auroral oval between 03-05 EDT during this substorm the 

precipitated high-latitude protons have not been drifting 

azimuthally via the dayside, but are probably injected 

directly from the nightside plasma sheet. This can be 

seen by comparing the dayside and nightside precipitation 

zone. During this period ESRO IA passed the dayside oval 

near noon. At this local time very small fluxes were 

found on latitudes corresponding to the morningside precipi

tation zone. The most intense dayside precipitation was 

found ~5° poleward of the morningside zone, and with much 

smaller intensities. 

Statistical data (Marøy, 1977) also show that the proton 

injection during substorm can "-ake place at least as far 

west as the dawn meridian and that there is a minimum in 

tie intenfwy of precipitated protons in the forenoon sector. 
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The morning-forenoon sector 

During relatively quiet times cusp-associated protons 

can easily be identified at local times at least as 

early as 0800 EDT.The data in figure 7 were taken near 

0700-0800 EDT on February 8, 1969. The IMF had a south

ward component during approximately 1.5 hours before 

expansion phase onset at 1656 UT. During this period 

the high latitude isotropic precipitation zone moved 

equatorward and narrowed, partly due to the change in 

the local time of the satellite (Hauge and Søraas, 1975). 

ESRO IA passed the evening-side oval near 2000 EDT 

between 1702 and 1705 UT. A typical early expansion 

phase profile was found there, with intense isotropic 

precipitation between 62 and 68° inv.lat. By contrast, 

only a weakly enhanced precipitation is found near 

0700 EDT in pass 1804, at 1715 UT, between 66 and 70°. 

Isotropic fluxes are found above 6 7.7 , while in the 

late recovery pass 1805 the isotropic precipitation 

covers a ~10° wide region with poleward boundary at 78.5 . 

No significant changes occirred below ~67 . 

The dawn side data from a substorm on March 19, 1969 

are shown in figure 8. The corresponding dusk side data 

are shown in figure 10. ESRO IA passed the dawn side 

auroral oval at local times between 0800 and 0930 EDT. 

At ~08 UT (pass 2353), 40 minutes after expansion phase 

onset, there is a region of isotropic precipitation 

above ~71.5°. The "spiky" structure of the isotropic 
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fluxes above ~75 is an artifact caused by the data 

reduction procedure. In the late recovery (pass 2354, 

0944 UT) the intensity had increased, the isotropic zone 

is now covering the latitude interval ~71-79°. Compared 

with the dusk side passes, the isotropic regions near 

dawn were displaced poleward by ~5 and peak intensities 

were an order of magnitude less on the morning side. 

The forenoon-afternoon sector 

During relatively quiet times a well-defined zone of weak, 

isotropic precipitation is found around 77 invariant 

latitude. These protons are found to constitute the high 

energy tail of the cusp proton precipitation (Amundsen 

et al., 1975). However, because they may be subject to 

poleward convection while penetrating to low altitudes, 

they need not define the same "polar cleft" as that de

fined by fast-moving (several keV) electrons (Søraas et 

al., 1977b). 

The substorm variation of the cusp proton precipitation 

zone during a substorm on October 21, 1969 is shown Jn 

figure 9. An analysis of auroral zone and midlatitude 

(normal and pulsation) magnetograms indicates that seve

ral expansions took place between 0730 and 0850 L'T. 

ESRO IA passed the cusp region between 1130 and ljOO EDT, 

ESRO IB between 1300 and 1400 EDT. IMF turned southward 

at 0640 UT. Since there is a data gap between 07-09 UT, 

we have no information about the IMF during this time. 

The cusp zone moved equatorward from ~78 to ~72.5 and 

became more narrow between 0620 and 09 UT. ESRO IB pass 

307 took place 1.5 hours after the first expansion phase 
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onset, near the maximum epoch of the aubstorm, and still 
the isotropic zone covered only a ~2 degrees latitude 
interval. Night side data from ESRO IA pass 5487 at 
0810 UT show a typical expansion phase profile with 
isotropic precipitation between 63.8-69.6°. 

Since there is a ~1 hour local time difference between 
the two spacecraft, the difference in the cusp bounda
ries measured by them may partly be due to this diffe
rence. That such a local time difference does in fact 
exist is ciearly borne out by the difference in the 
fluxes of locally mirroring protons around 70 . On 
ESRO IA the 90° fluxes drop down to background above 
~68°, while the 90° flux on ESRO IB continues up to the 
cusp boundary without a decrease in intensity. The 
height difference of the two satellite orbits was 
~350 km, but with ESRO IA at the greatest altitude. How
ever, we believe that the different boundary locations 
of the isotropic zone can be ascribed mostly to the vari
ation of the cusp position with time. It has previously 
been demonstrated that the cusp zone (mostly defined by 
low energy particles or dayside auroras) moves equator-
ward in response to both a southward turning of the IMF 
and an increase in substorm activity (e.g. Burch, 1973; 
Kamide et al., 1976; Horwitz and Akasofu, 1977). The 
similar behavior of the high energy proton precipitation 
zone on the dayside supports the view that these protons 
originate in the magnetosheath. The cusp proton zone 
moves equatorward before the substorm, then poleward 
again between passes 307B and 5488A. Between passes 
5488A and 308B there is an increase in precipitation in 
the latitude interval ~70-73.5°, but in pass 5489A the 
flux in this region has decayed again. The variation in 
the precipitation in this region can probably be explained 
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by assuming that these protons have drifted azimuthally 

from the night side injection region. This would indi

cate that there exists a region of closed field linee 

just equatorward of the cusp boundary where no protons 

are found near noon during quiet times, but where protons 

are precipitated late in substorms. At local times 

slightly later than local noon, a weak scattering of 

protons takes place even at quiet times. A further dis

cussion of these regions is given by Lindalen et al. 

(1971) and Søraas et al. (1977b). 

The afternoon-evening sector 

Going from local midnight towards dusk, the quiet time 

isotropic precipitation is found to be displaced progress

ively towards higher latitudes, and the intensity of 

precipitated protons decreases. Near dusk the intensity 

during quiet times is very low, but increases considerab

ly during substorms. 

In figure 10 data sampled on the dusk side during a sub-

storm on March 19, 1969 are shown. The presubstorm 

isotropic precipitation is found above 70 inv.lat. 

There had been some activity several hours earlier; the 

isotropic zone covered the latitude range 68-78° in pass 

2351 (0428 UT), and the intensity decreased by a factor 

of 3 between passes 2351 and 2352. 

The expansion phase profile (pass 2353, 0751 UT) was ob

served 30 minutes after onset, and still the intensified 

zone covered only a relatively narrow latitude interval, 

67-72 . By contrast, In the late recovery pass 2354 

(0932 OT) the isotropic fluxes did not fall to background 
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until 80° invariant latitude. The high background 
count rates over the polar cap during this substorm 
are due to solar protons. 
Note that even at these local times (1600-1700 EDT) 
a greatly enhanced proton precipitation occur during 
the expansion phase. However, the local time extent 
of the region where the increase in the precipitation 
starts more or less instantaneously at expansive phase 
onset seems to vary somewhat from event to event, but 
with the bulk of the protons being precipitated in the 
evening-midnight sector. 

Observations during periods of prolonged activity 

In order to show the proton precipitation pattern during 
longer periods of magnetic activity at two local times 
simultaneously, we present data from two such periods: 
November 28, 1968 (figures 11 and 12) when ESRO IA was 
near the noon-midnight meridian plane, and March 29-30, 
1969 (figures 13 and 14) when ESRO IA passed near the 
dawn-dusk meridian plane. In the figures the- AE index 
and the B component of the interplanetary magnetic 
field are also shown. Only data from the lowest energy 
channels at 0° (115-180 keV, heavy line) ard 90° 
(150-215 keV, thin line) are shown. 

Two substorms can easily be identified in the AE index 
on November 28, 1968 (figure 11). The magnetic activity, 
as measured by this index, was low for 10 hours preced
ing the first substorm. However, there had been some 
activity earlier, not seen on standard AE observatories, 
leaving a decaying region of isotropic precipitation 
above ~69° in pass 778, at 2200 EDT. 
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The Isotropic zone moved equatorward, the zone narrowed 
and peak intensities increased before the first sub-
storm. The poleward boundary of the isotropic zone 
moved equatorward from 69.5° to 66.2° between passes 778 
and 780. Orbits 781 and 782 are cnaracterized by a wide 
isotropic precipitation with decreasing flux levels to
wards higher latitudes. Between the substorms there was 
a further collapse of the isotropic region. Pass 785 
probably took place in the early expansion phase of sub-
storm 2. The isotropic zone is here located between 
6 2.8° and 66.3° invariant latitude. The data in orbits 
786 and 787 were sampled after the substorn. These 
passes display an almost complete t 1lapse of the high-
latitude isotropic region. As mentioned previously, the 
"spiky" structure of the high latitude isotropic zone 
is partly due to the data reduction procedure. In spite 
of this, it can be seen that the collapse in some cases 
tends to be more pronounced in the middle of the isotro
pic zone. Most often, however, it looks like the decay 
is most rapid in the poleward part of this zone. For 
a threshold detector the more pronounced decay near the 
poleward boundary may look like a continuously equator-
ward movement of this boundary. 

The dayside data from the same period are shown in 
figure 12. ESRO IA passed the precipitation region in 
the post-noon sector before ~1400 UT, pre-noon after 
~1400 UT. '."he interplanetary magnetic field had a south
ward component before each substorm. 

A very weak cusp-associated precipitation is seen at 
high latitudes before the 1000 UT substorm. This cusp 
precipitation, and the proton trapping boundary, shifted 
equatorward between pass 778 (0625 UT) and pass 781 
(1130 UT); the latter pass took place during the early 
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recovery phase of the substorm. In pass 781 a rela
tively strong isotropic precipitation was found between 
71.2° and 73.6°, and the >100 keV proton trapping 
boundary was near 68°. Toward the end of an extended 
recovery phase, however, the isotropic precipitation 
covered a 8-9 degree wide zone. The poleward boundary 
of this zone shifted more than 5 degrees poleward between 
these two passes, in response to a northward turning of 
the IMF and the subsiding substorm activity. Between the 
substorms the intensity of the isotropic precipitation 
decreased, falling below threshold in the equatorward 
part of the zone. Essentially the- same pattern is seen 
during the second substorm period on figure 12. Before 
the ESRO IA dayside pass 785 (~1820 OT) there were 
several expansion onsets, between 1725 UT and 1814 DT, 
and almost no isotropic precipitation was seen in that 
pass. The satellite passed 70° inv.lat. near 1020 EDT. 
The enhanced precipitation is found, as in earlier 
examples, late in the substomt. 

In figure 13 dusk side data from a geomagr.etically active 
period on March 29-30, 1969 are shown. The equatorward 
boundary of the isotropic precipitation zone .moved 
equatorward, more or less continually, during this period, 
from ~72° in orbit 2495 to ~63° in orbit 2506. However, 
also at this local time the dynamical behavior of the 
high latitude part of the isotropic zone is the promi
nent feature. ESRO IA passed the auroral oval near 1800 
hours EDT during this period. The poleward precipitation 
boundary is shifted equatorward in association with new 
expansions (e.g. passes 2499, 2505 and 2506), and expands 
poleward in late recoveries (e.g. passes 2498, 2503, 
2504, 2507). The intensity in the equatorward part of 
the isotropic region is enhanced during injection events 
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and decreases in recovery. The moderately anisotropic 
precipitation zone, around 60° invariant latitude, is 
not much affected by substorm activity. 

The dawn side data from the same period are shown in 
figure 14. Tha dawn side isotropic precipitation is 
mostly more than an order of magnitude less intense, 
and displaced poleward by a few degrees, as compared 
with the dusk side zone. Before the substorm activity 
started, cusp protons can be seen (passes 2492-2494) . 
In later passes we cannot identify the particle sources 
conclusively. There are probably three sources: par
ticles can be partly directly injected from the tail, 
partly azimuthally drifting and partly originating in 
the polar cusp. Field lines from this region may be 
stretched out far down the tail. It can be seen that 
the isotropic precipitation is strongly substorm depen
dent, increasing in the late recovery phase, confirming 
the picture that was outlined in the earlier sections. 

Summary of observations 

We have shown typical examples of the proton precipi
tation pattern during substorms at all local times. The 
main points can be summarized as follows: 

1. During quiet times there is a 2-3 wide isotropic 
precipitation zone which is located around 67 inva
riant latitude near midnight, but located on higher 
latitudes towards dawn and dusk. Moving away from 
midnight the intensity decreases. The dawn side 
zone is located a few degrees poleward of the desk
side zone. Equatorward of the isotropic zone an 
anisotropic precipitation zone is found. The aniso-
tropy is often least around 55-60 , where the preci-
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pitated fluxes are slightly enhanced (Søraas et 

al., 1977a). The latitude position of these 

regions decreases with increasing ring current 

activity (Haugland Søraas, 1975). 

2. The equatorward boundary of the isotropic zone is 

shifted slightly equatorward apparently during both 

growth and expansion phases, more clearly in the 

afternoon-evening sector than in the midnight sector. 

3. At expansion phase onset protons are precipitated 

isotropically over a wide local time sector. The 

width of this sector depends on magnetic activity, 

but during moderate activity it covers roughly the 

range 19-03 EDT. There are probably considerable 

variations from event to event. The bulk of the pro

tons are precipitated in the premidnight sector. 

4. The most prominent feature during substorm expansive 

phase is the poleward expansion, or spreading, of 

the isotropic zone. This expansion seems to begin 

shortly after onset near midnight, but delayed away 

from the midnight sector. The poleward boundary of 

the expanding zone is very steep. On the dayside no 

increase are seen in the precipitation rate during the 

expansion phase. 

5. On the nightside the poleward boundary of the high 

latitude isotropic precipitation zone seems to ex

pand to typically 70-71 during substorm expansive 

phase. Often, a further poleward expansion, to 75 

or more, is seen to occur between two satellite 

passes late in the substorm. This expansion can be 

found well after the maximum epoch of the substorm 

and more than an hour after expansive phase onset. 
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6. During the recovery phase the Intensity of the high 
latitude part of the nighttime isotropic region 
gradually decreases. If there is no substantial 
activity following the substorm, and IMF is i.urthward, 
the poleward boundary is approximately stationary 
during the decay of the high latitude precipitated 
fluxes. The pitch angle distribution remains large
ly isotropic over the whole region. Occasionally, 
a 1-3 wide peak in the fljx level can be found in 
the high latitude part of the isotropic zone, result
ing either from a new intensification of the preci
pitation or from a more pronounced (rapid) decay in 
the center of the isotropic region. 

7. The proton energy spectrum is softer in the high-
latitude part of the isotropic zone than in the low-
latitude part; protons with energy above 500 keV 
are rarely precipitated in the high-latitude part. 

8. The dayside cusp region moves equatorward and becomes 
narrower during the growth phase. There may be a 
slight increase in the precipitated flux in the cusp 
region during expansion phase, but late in the sub
storm the latitudinal extension of the isotropic 
zone, and the flux level, increases considerably. 
After the substorm, the equatorward part of the iso
tropic zone decays more rapid than the poleward part. 

9. The low-latitude (~50-65 ) anisotropic precipitation 
zone is remarkably stable during substorms. There are 
no significant local time variations in the characte
ristics of this zone. 
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Discussion 

In figure 15 our observations of >100 keV protons 
observed on the ESRO IA and ESRO IB polar orbiting 
satellites during different substorm phases and at 
different local times have been summarized in a 
schematic picture giving the precipitation pattern 
of protons during substorms. In this picture we 
have included a separate stage in the substorm de
velopment, the poleward leap, between substorm 
expansion and recovery phases (Hones et al. 1973; 
Pytte et al., 1977, 1978b). The poleward leap 
will be further discussed in a later paragraph. 
In figure 15 the proton intensity as a function of 
invariant latitude during five phases of the substorm 
is drawn, for the four local times sectors given on 
the right side of the figure. In the bottom panel 
inv.lat./EDT diagrams of the precipitation zones 
during these phases are sketched. 

The nightside isotropic precipitation zone located 
around 67 during quiet conditions is here shown to spread 
poleward to typically 71 during expansion phase, 
spread further poleward to more than 75 at the pole
ward leap stage, and to decay more or less uniformly 
during recovery. Qualitatively, the same pattern is 
found near dusk, but the isotropic zone is located 
on higher latitudes and the intensity is lower. On 
the late morning side the intensity is still lower, 
and the isotropic zone displaced further poleward. 
During quiet times this zone is located a few degrees 
poleward of the trapping boundary of high energy 
protons. This is also the case on the dayside, sug
gesting that cusp protons can be found over a wide 
local time sector. Near noon the intensity increase 
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occurs late in the substorm, but apparently with a 

more rapid decay of the flux level in the equatorward 

part of the isotropic zone. 

The data show that the low-latitude part and high-lati

tude part of the isotropic zone exhibit a strikingly 

different behavior during substorms, the low-latitude 

part being quite stable and the high latitude part 

being strongly coupled to substorm activity. The low-

latitude part is located in roughly the same latitude 

interval as the diffuse aurora (Lui and Anger, 1973; 

Fukunishi, 1975). The proton precipitation is found 

coincident with or equatorward of the (diffuse) elec

tron precipitation, for particles in the energy range 

several hundreds of eV to several keV (Eather et al., 

1976; Lui et al., 1977a). Since the high energy pro

ton precipitation reaches down to slightly lower lati

tudes than the low energy proton precipitation (Søraas 

et al-, 1977a), we expect the low-latitude part of the 

isotropic region to be located coincident with or in 

the equatorward part of the diffuse aurora. This is 

also consistent with the observations of Linscott and 

Scourfield (1976). These authors observed the equator-

ward boundary of the diffuse aurora to be located at 

or slightly outside the plasmapause during a magneti

cally active period (Kp 4-5) , which is in the same 

region where the isotropic proton precipitation is 

found during such periods (Søraas and Berg, 197 4) . 

These relationships would place the source of the low 

latitude part of the isotropic zone in the outer ring 

current/inner plasma sheet region. This agrees with 

the results of Winningham et al. (1975) and Lui et al. 

(1977a). These authors argued that the diffuse precipi-
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tation (labelled CPS) originated in the inner, or 
central, plasma sheet. Also, it agrees with the re
sults of Frank (1971), who observed the ring current 
protons to extend from inside the plasmapause outwards 
into the plasma sheet. 

A comparison between typical energy spectra taken at 
geosynchronous orbit (Parks et al., 1977) and in the 
low-latitude part of the isotropic zone, near the ex
pected earth intercept of the ATS magnetic field line, 
also supports this conclusion. The ESRO IA data seem 
to fit in directly as the high energy tail of the ATS 
spectrum. 

These high energy protons may account for the discre
pancy between observed optical intensities and preci
pitated energy flux that sometimes can be found within 
the energy range covered by the Isis instruments 
(Lui et al., 1977a) . 

The source region of the high latitude part of the iso
tropic precipitation, which is seen in the expansion 
and poleward leap phases of the substorm, would then 
be taken to be the outer (or boundary) part of the 
plasma sheet. This was confirmed in a recent study by 
Pytte et al. (1978a),where it was shown that the outer 
plasma sheet boundary corresponds to the poleward 
boundary of the isotropic precipitation zone. This 
region presumably corresponds to the BPS region of 
Winningham et al. (1975) and Lui et al. (1977a). 

According to Lui et al. (1977b) the typical latitudinal 
extent of their BPS region is 1-2.5 . However, in fi
gure 19 of Winningham et al. (1975) this region is taken 
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to be 3-8° wide. This 1B also the typical latitudinal 
range over which the >100 keV isotropic proton zone 
spreads poleward during substorms. 

On the night side the poleward boundary of the isotro
pic precipitation region can often be seen to expand 
to typically 71° during substorm expansion phase, but 
to be shifted further poleward at the same local time, 
to 75° or more, late in the substorm. This late high 
latitude expansion may occur well after the maxirpum 
epoch of the substorm, as judged from auroral zone and 
midlatitude magnetograms, and more than an hour after 
expansion phase onset. These data seem to indicate 
that the poleward expansion takes place in two steps. 
A similar latitudinal behavior has been found by Hones 
and coworkers (Hones et al., 1973; Wolcott et al., 
1976) using optical observations and magnetograms. 
These authors found the high latitude expansion to be 
associated with a plasma sheet recovery in the Vela 
orbit (~18 R^ downtail) . They termed this rapid late 
high latitude expansion the "poleward leap", and sug
gested it be associated with a tailward shift of an X-
type neutral line from its near-earth location during 
substorm expansion phase to a far downtail position 
late in the substorm. Earlier studies (e.g. McPherron 
et al., 1973; Pytte et al, 1976) of the plasma sheet 
dynamics during substorms have shown evidence of a 
neutral line formation near X = -15 IC, at substorm ex
pansion phase onset, with a strikingly different behavi
or of the plasma sheet earthward and tailward of the 
neutral line. The near-earth plasma sheet expands imme
diately following an expansive phase onset, and thins 
down before each new onset during multiple onset sub
storms. By contrast, the plasma sheet tailward of the 
neutral line stays thin during the expansion phase, 
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not expanding until late in the substorm. 

The ESRO IA data presented in this paper seem to fit 
nicely into this picture. The expansion of the iso
tropic zone to typically 70-71° during substorm ex
pansion phase would be the low-altitude manifestation 
of the near-earth plasma sheet expansion/ while the 
expansion of the isotropic zone to or beyond 75 re
flects a tailward shift of an X-type neutral line and 
a reconfiguration of the magnetosphere. 

Indeed, the study by Pytte et al. (1978a) has confirmed 
that a low-latitude '(£71°) location of the precipitation 
boundary is associated with a thin plasma sheet at the 
Vela orbit, while an expanded plasma sheet at the Vela 
orbit, and at very high latitudes near the earth, is 
associated with a high-latitude (£,71 ) precipitation 
boundary in polar orbit.' 

Following this model we have incorporated the poleward 
leap as a separate stage in the substorm development in 
figure 15, between substorm expansion and recovery phases. 
In this picture we have shown the changes in the precipi
tation during the expansive phase and poleward leap to 
take place even as far as to the late morning sector. 
This may be the case only during more intense substorms, 
or during substorms centered in the post-midnight sector. 

Most often when ESRO IA passed the nighttime auroral 
oval during a substorm expansion phase, an enhanced pre
cipitation and a slightly expanded isotropic region was 
found. Since these expansion phase signatures are found 
over a quite wide local time interval, roughly 20-03 EDT, 
this break-up sector probably covers a wide longitude 
interval. The data shown in figures 3 and 5 then indi
cate that the break-up local time sector is relatively 
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well-defined in each event, and that an azimuthal ex

pansion of the active sector takes place. Both an 

eastward and a westward expansion of the precipitation 

region occur. These conclusions are supported by a 

statistical study of the proton precipitation (Marøy, 

1977} and by riometer observations (Berkey et al., 

1974). 

The substorm proton injection is asymmetric with res

pect to local midnight, with higher fluxes precipitated 

into the evening-side atmosphere than on the morning-

side. This is also shown by a statistical study of the 

proton precipitation (Marøy, 1977). A corresponding 

asynmetry of high energy protons is observed in the 

plasma sheet (e.g. Hones et al., 1976). These plasma 

sheet observations showed events of typical 10-20 minutes 

duration. The low-altitude observations indicate that 

a more or less continuous acceleration of protons takes 

place throughout a substorm, lasting perhaps 1-2 hours, 

and energizing protons up to several hundred keV on 

field lines threading the outer plasma sheet. Such an 

acceleration process would presumably necessitate the 

existence of induced electric fields for prolonged 

periods during substorms. That such fields are able to 

accelerate protons up to these energies have been shown 

by Pellinen and Heikkila (1978), who have argued that 

proton acceleration would be especially important along 

an X-type neutral line. 

Fukunishi (1975) has examined the dynamics of the proton 

auroral substorm. The overall pattern found by him 

seems to agree reasonably well with our observations. 

However, his pattern seems to be displaced towards later 

local times compared to our observations (cf. his 
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figures 21-23). 

Fulcunishi's post-midnight pattern may partly reflect 

transient expansions to 70-72 (we note that the pole

ward horizon at their observatory is located near 

L~10, 71-72° inv.lat), near midnight. Fukunishi did 

not observe poleward expansion of the proton aurora in 

the evening hours during the expansive phase, whereas 

our data indicate that such expansion may take place 

as far west as the late evening sector. However, we 

note that the proton aurora is excited mainly by low 

energy protons, which are more influenced by the sub-

storm electric fields than the high energy protons. 

This may explain the proton auroral break-up post-mid

night, while the high energy protons are preferenti

ally dumped in the pre-midnight region. Low energy 

protons may be accelerated by field-aligned potential 

drops in the post-midnight sector, as suggested by 

Fukunishi. 

The high and low energy protons seem to follow each other 

quite well in latitudinal position, but with the high 

energy protons precipitated on slightly lower latitudes 

than low energy protons. This'difference decreases with 

substorm activity (Søraas et al. 1977a). This is con

sistent with the slightly more dynamic behavior of the 

(diffuse) proton aurora relative to the high energy 

protons. Also, it confirms that the low latitude part 

part of the isotropic zone corresponds to the diffuse 

auroral belt. 
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The dayside cusp proton precipitation zone shifts 
equatorward/poleward in response io changes in the 
IMP (and possibly substorm activity) in a manner 
similar to that found for lower energy particles. 
However, it is interesting to note that the increase 
in the dayside precipitation comes late in the substorm, 
with a delay time that is longer than expected drift 
time for protons injected over the night side region at 
expansive phase onset. This precipitation seems to 
take place over an ~5 wide region on closed field 
lines just equatorward of the cusp zone, and are pre
sumably protons that have been drifting azimuthally 
from the night side. In this region there is a clear 
local time variation of the proton precipitation, the 
scattering being stronger in the early afternoon sector 
than near noon. 
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Figure caption 

Figure 1 Latitudinal profiles of precipitated (left side) 
and locally mirroring (right side) protons 
measured by ESRO IA on October 19, 1968. Data 
from three energy channels from each detector 
are shown. Note that the energy windows of the 
two detectors are slightly different. Eccentric 
dipole time (EDT) and universal time (OT) are 
given for each pass. At the top of the figure 
the interplanetary magnetic field (IMF) and the 
AU and AL '(AE=AU-AL) indices are shown, together 
with the satellite trajectory in an invariant 
latitude-EDT diagram. 

Figure 2 Latitudinal profiles measured by ESRO IA and IB 
on October 25, 1969. Two channels from the 0 

are shown. 

Figure 3 Same as figure 1, for December 22, 1968. 

Figure 4 Same as figure 1, for November 23, 1968. 

Figure 5 Same as figure 1, for August 5-6, 1969. 

Figure 6 Same as figure 1, for July 12-13, 1969. 

Figure 7 Same as figure 1, for February 8, 1969. 

Figure 8 Same as figure 1, for March 19, 1969. 

Figure 9 Same as figure 2, for October 21, 1969. 
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Figure 10 Same as figure 1, for March 19, 1969. 

Figure 11 Precipitated (heavy line) and locally mirroring 
(thin line) protons measured in the lowest 
energy channels on ESRO IA plotted versus invariant 
latitude during an extended period of geomagnetic 
activity on November 28, 1968. The UT, orbit 
number and EDT of the satellite at 70° inv.lat.. 
are given. The AU/AL indices and the IMF are also 
shown. 

Figure 12 Same as figure 11; dayside passes on November 28, 
1968. 

Figure 13 Same as figure 11, dusk side passes on March 29-30, 
1969. 

Figure 14 Same as figure 11, dawn side passes on March 29-30, 
1969. 

Figure 15 A schematic summary of the proton precipitation 
pattern as measured by the lowest energy channels 
of the S71C experiment on ESRO IA. Heavy lines 
show locally mirroring protons and thin lines 
precipitated protons. The profiles are drawn for 
five different phases in the substorm, and at 
four local times. In the bottom panel the 
precipitation zones are shown in an EDT/inv.lat. 
diagram. For a further discussion of this model 
see text. 
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