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of the severity of scattering from the steep polewardiwall of the trough and
the fluciuations embedded in it. Knowladge of the IMF’B \component in near realt
time would allow a dynamic ‘prediction' of the trough wafl. Such a prediction
S could be used to allow reconfiguration of systems affected by the trough wall
> and fluctuations at or near it. “
It is recommended that

o 1. Verification tests of the derivation of < 300 eV electron fluxes based
i on 6300A images should be undertaken. This could be achieved with either exis~
ting or new data secs.
o 2. Model calculations of ionospheric parameters based on particle and
- optical data should be undertaken. The results should be compared with concur-
- rently obtained ionospheric data. If positive the results of such calculations
: could be used to predict ionospheric parameters based on satellite images. This
technique would be extremely powerful if high-altitude 6300A cinematography were
available, A first attempt at this could be made with results from the NASA
i Dynamics Explorer A & B particle and cinematography data.

3. Verification tests of the accuracy of trough wall prediction based on
OF B, data and the empirical relations derived in the work should be undertakenﬁ
§ Such Zverification tests would probably lead tc further refinements of the ®pred
e icative' formulas, If proved reasonably accurate these empirical predictions
could form the basis for operational decisions for systems affected by the phys-
ics occurring at the trough wall.
4. If the results derived under this contract are proven to be 'reliablel
and the derivable results relevant to Air Force needs then high-altitude (> ZRE)
3 satellite imaging should be considered as a test mission. Such a test could
be used to define the operational utility of a real-time, fine time scale (< 10
min) monitoring of auroral emissions.
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I, Introduction

Research perfomed during the period of this contract represents a
continuation of work begun under AFGI. contracts F19628-72-C-0230 ard
F19028-75-C-0032, Technical reports AFCRL-TR-74-0379 and TR-75-7404

should be consulted as background refe rénces.
The objectives of this contract are: (1) to relate the 6300A emissions
as observed by the ISIS-2 scanaing photometer to the causative electron
fluxes which are simultaneously observed by the ISIS-Z Soft Particle
Spectrometer, The energy sub-region of the electron flux which is
primarily responsible for the 6300A cmissions will be delineated to the
accuracy available with the ISIS-2 instrumentation, It is hoped that an
empirical relation can be derived that relates electron energy flux to
6300A flux., (2) To compare the particle fluxes and 6300A emissions (and
the conclusions derived in Item 1) with simultaneous electron density
profiles obtained by the ISIS-2 topside sounder, The basic goal of such a
canparison will be to ascertain if it is possible to infer gross
characteristics of the ionosphere (e.g. EOE‘z, olasma trough
boundaries) from 630JdA and particle flux measurements., (3) To welate,
whem possible, the results obtained in Items 1 and 2 to the dynamiczl
effects produced by substoms, Specifically we will evaluate if it is
possible to infer the motion of boundaries such as the poleward edge of the
low-altitude plasma trough fron indirect measurements, (4) To analyze the
simultancous data obtained with 1S15-2, the AFGL Airbome Ionospheric

Laboratoty, and the Defense Meteorological Satellite System, Again the
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goal will be to ascertain if ionospheric parameters can be detemmined by
indirect means, In the following sections it will be shown how each of
these goals were accomplished,

Copies of the nin: »neavre »blished with the support of this contract
are enclosed in Section VII. In addition two papers arme in press but are
not included as part of this report, They will be sent to AFGL upon
receipt of the reprints., The reader will be referred to the published

papers for detailed infometion during the course of this report,

I, 6300A - Electron Flux Bupirical Relation,
A. In:roduction:

Considerable attention has been given to the calcuvlation of
optical auroral emissions fron a knowledge of the primary electiun
spectrum, and reasonable success seamad to have been obtained for the major
amissions (Rees and luackey, 1974). However, at that time adequate
experiments to test the validity of the calculations had not been done, A
coordinated exporiment with this objective was conducted by Rees et al,
(1977) and they obtainad from satellite measured primaty spectra measonable
ag reament for the 3914 A N; emission, excellent agmeement for the
6300 A atomic oxygen emission, and poomr agreement for the 5577 A atamic
oxygen amission, [n 2 subsequent analysis of the same experiment, but
using the secondat electron spectmum measured on the mocket, Shatp et al,
(1979) found the calculated 8300 A emission an owmder of magnitude too low,
and concluded that the excitation mechanism for the 6300 A emission was

unknown, Still more recently, Rusch et al, (1979) proposed that enewyy
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transfer £ ram N(?'D) to O2 would produce enough ﬂ(lD) to explain

the results, If the above were confimed, the puzzle would be solved, but
at the present time one cannot confim that the 6300 A excitation processes
are fully understood,

The difficulcies with the 5577 A owission have extended over a longet
period of time, beginning with the rocket measurements of Donahue et al,
(1968) ., Ten years later, Deans and Shepherd (1978) made rocket
measurements that were nearly self-consistent, using enewyy transfer from
Nz(A3 T u+) to O(BP) as the major source (in
contrast Rees et al, (1977) found it unnecessaty to use this reaction),
Solheim and Llewellyn (1978) and Yau and Shepherd (1978) have proposed
+

enemyy transfer from 02(11\3 )3 q C3 A g OF

cl L u—) as an important mechanism, with the fomer authors
considering it to be the daminant mechanism, with C>2(cl :

u-) the only important agent, So the 5577 A puzzle may also be

solved, though it is probably too early to be sure of that as well,

An interesting aspect of the puzzle is that the older Rees and Luckey
(1974) fommulation seems to give the correct 1(6300)/1(5577) intensity
ratio, This point has been discussed by Amoldy and Lewis (1977), and
examples of situations where it seems to work are given by M, M. Shepheni
and Bather (1976) and by McEwen and Bryant (1978). The use of ISIS-2
satellite maps of these emissions (Shepherd et al, 1973) in morphological
interpretation requires some procedure for converting optical emissions to

patticle fluxes, Auroral spectroscopists lLave long known that this was

possible in principle, but the difficulties with the mechanisms described
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seemed to preclude a satisfactory quantitative fomulation, In view of
these theoretical difficulties it was decided to make an empirical
detemination, using the optical and particle detectors on the same
spacecraft. This has the practical advantage that any calibration or like
factors are self-consistent fram the parameter detemination to the
morphological interpretative analyses, (The accuracy of the particle flux
detemination will still be dependent on the precision of the particle
spectrometer calibration). The Rees et al, {1977) and Sharp et al. (1979)
studies when taken together raise the very important aquestion as to whether
the primary electrons observed by a higher altitude satellite do in fact
produce secondary electrons measured at lower altitudes by a rocket through '
simple ionization and energy degradation processes or whether some other
acceleration or plasma instability processes are at work, If the latter is
true, then the ISIS results derived here may be at variance with those of
other experiments, especially rockets, and may not apply in all situations,
nor may they agree with theoretical calculations., Nevertheless, such
canparisons are important for this very reason, and may serve as a guide to
further work, However the prime motivation for this work is the
establishment of an empirical procedure that will work for satellite data
analysis,
B. Data:

Figure 1 shows an example of what might be considered raw optical
data, The intensity of the 6300 A emission .is shown on a linear scale, "’
plotted versus Universal Time (UT). The spacecraft was in a cartwheel mode

for these data, so that the perpendicular viewing photometer (Shepherd et
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al,, 1973) sees the same emitting region on many successive spacecraft
spins, For each latitude viewed,the data are selected from the spacecraft
rotation which yields the minimum time delay between the optical viewing of
that latitude, and the crossing of the spacecraft past the magnetic field
line that intersects this latitude point at the emission altitude, In this
"minimm-time-delay" analysis the delay can never be more than one-half
spin period which means a maximum of ten seconds in general. This
continuous curve is therefore camposed of segments of data spliced from
many rotations: thus the time scale at the bottom does not correspond to
the viewing time, but is the smoothly varying time of the spacecraft, for
which the invariant latitude is shown at the top.

Figure 2 (bottom frame) shows the same minimum time delay 6300 A
trace again, except that the scale is logarithmic, and the 5577 A emission
and the N2+ 3914 A emission from Dr, C, D, Anger's Auroral
Scanning Photometer (Anger et al,, 1973) have been added as well., The
upper part of the diagram contains data from the Soft Particle Spectrometer
(Heikkila et al, 1978) which we now discuss.,

For reasons that will became clear later, the electron spectra
have been integrated over enemy into four directional energy flux bands,
which from bottom to top correspond to 5-60 eV, 60-300 eV, 40 eV - 1 keV,
and 1-15 keV. The SPS looks perpendicular to the spin axis and in this
cartwheel mode a full rarnge of pitch angles is scanned; the pitch angle
sawtooth is shown at the top such that a downward tooth corresponds to
downgoing ei:ctrons. In these instantaneous fluxes one can see the nature

of the pitch angle distributions, For the 1-15 keV channel (the top trace)

(%4
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the fluxes fom a smooth symmetrical narrow region centered at 65°
Invariant; this is the continuous (diffuse) auroral belt, The
distributions appear isotropic in the poleward half of this distribution
but going equatomward from the center the loss cone deepens and the flux
peaks are at 99°, finally corresponding to trapped particles, For the
B.3-1 keV channel there is a similar distribution, except that anisotropy
sets in further equatomward than at higher cneryies, More importantly,
there are now lamge structured irregqular fluxes in the 68-73° invariant
region, where the 1-15 keV fluxes were small, This is the discrete aurora,
which appears as a region of low-energy, enhanced precipitation in ISIS
data viewed this way. The same trends continue in the 68-308 eV band, with
the discrete auroral fluxes substantially higher than for the diffuse
region, and with the flux extended both further equatomward and poleward,
Isotropic fluxes in *uLis band continue the trend seen in the other bands,
i.e, lower energy particles remain isotropic over a wider latitudinal range
as a function of decreasing latitude, The discrete and diffuse auroral
pattems are readily seen in the linear 6360 A data of Figure 1,

The lowest energy channel, 5 - 68 eV, continues the same trend,
except that there seems to be no equatomward limit to the flux., This
effect is explained by noting the additional scales at the top of Fig. 2.
"INVT" stands for invariant. time, "SDEP" for solar depression at the viewed
point, “CDEP" for the solar depression in the conjugate hemisphere to the
viewed point and "SANG" denotes sun angle, the angle between the photometer
axis at the time of viewing and the satellite-sun line. The indication

"DARK" means that the spacecraft was in darkness and so SANG is not
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relevant. The solar depression angles show that the local ionosphere is
very dark, but that it is twilight in the conjugate hemisphere. The
conjugate sun sets at 63.5° invariant but the 5-68 eV fluxes

continue undiminished to a conjugate solar depression of 10° at

52.7° invariant - beyond this the fluxes decrease as expected. These
are clearly fluxes of conjugate photoelectrons. Additional evidence for
this fact is provided by the minimum in the energy flux at 180° pitch
angle, i.e. upcoming fluxes.

These plots of "instantaneous" fluxes and intensities are
interesting and useful in their own right, but for quantitative flux and
optical emission comparisons further analysis is required. To improve the
quantitative aspect of the data we have calculated the precipitated energy
flux. For each energy band the precipitated flux is integrated over the
loss cone - this is done for the two halves of the cone - ascending and
descending from the zenith., These two values are the same in a region of
stable precipitation; their difference gives a measure of this stability.
For the optical emissions corrections must be made for airglow background
and for earth albedo. The airglow is subtracted by manually selecting
baseline regions outside the auroral region, on one or preferably both
sides of the aurora. A linear interpolation is used inside the auroral
region. An albedo correction is made using the method of Hays and Anger
(1978) . As applied to the 6308 A emission the method assumes that the
aurora is of uniform intensity in the east-west direction. An albedo of
8.5 was used, as larger values gave evidence of overcorrection. The data

resulting from these corrections are plotted against invariant latitude,
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one data point per spin as shown in Figure 3, For the electron fluxes,

each half-cone flux is shown by a short bar, with the bars connected with a
vertical line, These values are also stored in an on-line data base for an
analysis to be described later, Values of optical emission rate averaged )
over the corresponding time regions are also stored in the data base along

with other temporal and spatial parameters,

C. The Analysis Approach:

Barlier analyses by Bunn (1974) had shown non-linear relationships
between total energy flux and 6300 A emission rate, in agreement with the
known energy dependence of excitation of the emission., More enemgetic
precipitation penetrates to lower levels of the atmosphere where the
O(lD) level is more heavily quenched by N, (Hays, 1978) and yields
correspondingly less emission. The non-linear plots obtained by Bunn
(1974) are interesting in that they imply a systematic relationship between
energy spectrum and energy flux but that will not be pursued here,
However, for a given enewmgy band, if it may be assumed nonoenewetic, there
must be a linear relationship between the precipitated energy ard the
amount of emission it produces, For the ith energy band we can therefore
define a production coefficient as follows:

I. = e, P, (1)

1 171

whe e Ii is the emission intensity and By is the energy flux for

the ith band, For the units used here the production coefficient e, ¢
will be in Rayleighs erg"l an2 sec, A given aurora may

then be represented by a linear superposition of energy fluxes giving some

total intensity I:

- N
i=1
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We had originally proposed to detemnine the coefficients e by a
regression analysis of the data base, using the stored values of I and

Fi; it was later discovered that. four bands was about as many as the
method and data would cope with, at least for an initial study. The bands
were originally divided in a way that allocates roughly the same enemgy
flux to each'band, and that associates certain geophysical significance
(e.g. photoelectrons, E & F~region energy deposition) with each, The
result was the four bands shown in Figures 2 and 3. A regression analysis

- was perfomed, to minimize the sum of the squares of the differences

between the obgerved intensity, IOBS' values and the right side of
equation (2). To illustrate the quality of the results, Figure 4 shows
plots for each band of F; versus I, where I; is calculated

£ rom:

S jﬁi e Fy (3)
Logarithmic plots are used even though the regression was linear and thus
the value fitted by regression is constrained to be a line of constant
slope, as shown by the regression-detemined line on each plot, The
logarithmic scale makes the scatter look worse than it is and scatters it
unequally about both sides of the fitted line - the fitted line tends to
follow the upper limit of the data points, It should also be pointed out
that the actual I, values cannot be calculated since the regression is
simultaneous on all four plots; the total error is thrown into each plot
individually and is not the sum of all of the scatter on all of the plots.,
Bearing in mind then that the plots are illustrative the following comments

are in order, From a lamer number of candidate orbits, 12 orbits were

N T VS N
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selected for the regression analysis, yielding 172 data points. These
orbits were between Oct. 2 and Nov. 24, 1971, so that a rather narrow range
of season and local time is represented. Returning to Figure 4 (b), the
60-308 eV band shows a convincing regression fit, in terms of the linearity
within this band. Figures 4 (c) and 4 (d), which show the .3-1 keV and
1-15 keV bands respectively, show less convincing but nevertheless
satisfactory relations. For the 5-60 eV band shown in Figure 4 {a) the
intensities seem rather independent of the fluxes and one cannot have as

much confidence in the value, but because of the low epergies involved this

: band did not contribute much to the regression and the coefficients
- obtained for the other bands.
D. Results:

J The production coefficients obtained are shown in Table 1, in

1 cm2 sec, along with their probable errors and

z Rayleighs erg™
limits on the regression estimate.
Table 1
6304A Production of Coefficients Determined by Regression Analysis
Energy
5-60 eV 60-300 eV .3-1 keV  1-15 keVv

: 63080A production

: -1
3 : Coefficients R erg™d
E m? s 1120 1520 277 14.3
E - Probable error 262 84 22 1.2
e Lower limit 603 1354 231 11.8
3 Upper limit 1462 1688 322 16.7
g{ Weighted mean energy 30 ev 200 eV .5 kev 5 keVv
iﬁ Production Efficiency

Photons/electrons 0.05 0.49 0.22 g.11
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A more fundamental way to express the production efficiency is in temms of

2 column for each

the number of photons that are emitted from a 1 an
incident electron that enters the column at the top (unit incident flux).
The production coefficients are also given in these units in this table,
but since the conversion factor is enemyy dependent it is necessary to

assign an "average" energy to each band to make the conversion, We have

assigned subjective weighted average values that reflect the shape of the

spectrum within each band, and these values are given as well,

Although as explained in the introduction we do not wish to became

embroiled in a discussion of excitation mechanisms, it is still appiopriate

to make some comparisons with theoretical calculations. In Figure 5 the
values of production coefficient are shown as a function of enewyy for the
6300 A data of figure 4, for the calculations of Banks et al. (1974), for
the calculations of Mantas and Walker (1976), and for an in situ rocket
measurement into conjugate photoelectrons by Shepherd et al, (1978). The
values of Rees and Luckey (1974) cannot be compared directly because their
results are for power- exponential spectra, But taking their production
coefficient for the 4278 A N2+ band at 1 kR emission rate of

1 cm2 sec and their I(6300)/ I(4278) ratios as a function

160 erg
of characteristic enemy, ¢ , and using the average enemgy which is 2a ,
we obtain the points shown in the figure (a constant I(3914)/I(4278) = 3
was applied). The agreement between all of these is surprisingly good,
considering that no attention has been paid to standardization of model
atmospheres, ionospheric electron densities, reaction rates and the like,

and further considering the order of magnitude discrepancies cited in the

introduction,

@ 'U‘i
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COMPARISON OF THEOQRETICAL AND
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PRODUCTION OF 6300A EMISSION BY
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EXPRESSED IN UNITS OF PHOTONS/ELECTRON.

keV

ELECTRON ENERGY

Jolo] o
sV

? O BANKS, CHAPPELL AND NAGY {1974)
L @ MANTAS AND WALKER (1976)

[0 1StS AURORAL ELECTRONS
W X9M CONJUGATE PHOTOELECTRONS

4

10 4 l l

eV ! 2 3
PRQDUCTION EFFICIENCY (photons)

Figure 5

featcranaiisan o e m———.

T 7, o 5w, AT VS At I e R PR AP E W T, WS T TR £ e - R
e S e b T L e R RN ik i e ot e R R e DR R




‘f*’.’iv A A BN ey P Sk e T g L AT R A "}fff@r;?‘“if‘“r%"f??«?fﬁﬁ%% e
i ~20~
E. Estimation of energy fluxes from optical emissions:

As an initial test of the regression fit, we show in Figure 6 the

calculated 6303 A emission for otbit 2848 obtained from using the measured

energy fluxes and the fitted coefficients, The agreement is entirely .
satisfactory, giving one confidence in the procedure, It may be noted that

4 the regression coefficients obtained when orbit 2848 is deleted from the

data set are essentially identical in ey eqy and ey and

show only some variation in ey, SO that the agreement is an indication

of the stability of the whole dataset, not just the regeneration c: a

limited amount of data fram itself,

In applying this infomation to deduce energy fluxes from optical
emissions one notes from Table 1 that a lame fraction of the 63 A
emission comes from the 60-308 eV band, If it all came from only this band
then the 6309 A emission could be used to calculate the 68-308 eV flux very
simply, To improve this procedure one notes that for most energy spectra,
b at least on the nightside, that most of the precipitated flux lies outside
2 the 68-300 eV band. Since the 3914 A emission is a measure of the total

energy flux, this emission can be used to detemine the energy flux above

300 eV and to correct for the amount of 6300 A emission produced by
electrons above this energy., Unforturately we cannot distinguish between
the .3-1 keV and 1-15 keV flux channels in this way, but since the latter
is wider and carries most of the energy it does not matter too much.

1

Cambining the 168 R erg” a? sec efficiency for 4278 A emission »

from Rees and Luckey (1974), the I1(3914)/1(4278) ratio of 3 and the
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production coefficients of 15208 and 14 R erg ™t am? sec for the

66-308 eV and 1-15 keV bands respectively one obtains:

14

Figure 6 shows a comparison between the calculated and measured fluxes, but

= -2
F(60-3080ev) = (1/1520) (16366 - 13914/30) erg cm © sec

as we might have expected, the agreement is better if we compare the
predicted fluxes with the sum of the two low energy bands, 5-300 eV. The
above equation can therefore be applied to the calculation of the F(E<308
eV) flux. The agreement is satisfactory, although the calculated fluxes
are consiscently higher. This probably results from neglecting the .3-1
keV band. We make an upward adjustment by a factor of 2.5 to bring these
curves into agreement and the final equation is therefore:
F(E<300 eV' = 2.63 x 1072 1(6300) - 8.77 x 187° 1(3914) erg e %sec™  (5)
F. Discussion and Conclusions:

At the present time we have in the datu base only low resolution
preliminary values of the 3914 A emission, uncorrected for albedo. When
corrected 3914 A values are incorporated it will be possible to refine the
above equation further. while the formulation has been based nn
approximate arguments one can see that it could be determined from a
strictly empirical "“inverse" regression fram the data base, where the
coefficients of the optical intensities in equation /{5) are found by
regression against the flux in the two lowest energy bands.

Although our confidence in the method is iimited to use with ISIS
data, there is in principle no reason why it cannot be applied in general,
and specifically with ground-based data. However, one would like to

calibrate this application and the only comparisons we have are those using
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rocket data, which as explained, seem at variance with satellite data.
Applying our formulation to the estimation of 630@ A emission rate, using
the measured fluxes of Arnoldy and Lewis (1977), Rees et al. (1977), and
Sivjee and McEwen (1976), values obtained are lower by at least an order of
magnitude than observed experimentally. This is surprising, but is at
least consistent with the result that the ISIS data and theoretical
calculations agree, and the theory is an order of magnitude too low

compared with rocket results.

III. Camparison of Particle, Optical, and Electron Density Data

Item 2 of the contract has as its basic goal the inference of gross
characteristics of the ionosphere such as the trough poleward boundary from
optical and particle data from satellites. Item 4 had the same basic goal,
i.e. to ascertain ionospheric parameters by indirect means, as item 2
except that joint data analysis of DMSP, ISIS, and AFGL Airborne
Ionospheric Laboratory was to be the means. These basic goals were
accomplished in the paper 'A Case Study of the Aurora, High-Latitude
Ionosphere, and Particle Precipitation During Near Steady State Conditions'

(See Appendix). The abstract for this paper is given below.

An ISIS-2 pass is singled out for a
detailed examination of the particle fluxes,
optical emissions, and ionospheric parameters
observed during a quiescent period (late
recovery) between two substorms. This pass
was chosen because it was part of a
coordinated data acquisition period between
the Air Force Geophysics Laboratory (AFGL)
Airborne Ionospheric Observatory, ISIS-2, and
DMSP (Defense Meteorological Satellite
Program). As a result, both long-duration
measurements (aircraft) and transient,
snapshot (spacecraft) data are available.
This allows, on a macroscopic level, the
separation of space and time effects.
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3.6

On the basis of the joint data set it
was established that the latitudinal
morphology observed by the satellite is
basically spatial in nature. It is concluded
that the observed particle fluxes are most
easily understood in terms of precipitation -
from the quiet time plasma sheet without i
3 intervening acceleration. The observed '
: optical emissions and ionospheric parameters
are found to be in good qualitative and *
: quantitative agreement (within experimental
3 error) with the electron fluxes, although
establishment of this point has required
1 careful determination of the viewing
: direction of the optical instruments, removal
i of scattered light (albedo) from underlying
g cloud and snow, and consideration of the
¥ effects of photon-counting statistics on
contour plots of the optical data.

oo

B N e

Figure 4 (see Section VII) of this paper graphically summarizes the

PR

: results obtained for this winter pass. Panel E provides a measure of the
¢ particle energy fluxes in two bands corresponding roughly to E & F region

energy deposition. Comparison of panel E with the electron densities at i

i e T

various heights given in panels A & B clearly demonstrates that the

equatorward edge of precipitating electrons corresponds to the poleward

trough wall and poleward precipitation boundary to the polar cap. It can

L be seen in panel C that the eguatorward precipitation boundary also

corresponds to the onset of 6308 A ( and also 5577 & 3914) auroral ﬁ
emissions. ‘

As would be expected the maximum E region response (See panel D)

e

observed by the aircraft occurs at the point of highest average electron
energy observed by ISIS. The stars in panel D are calculated foEiibased
on the observed particles. Good agreement is observed between the

calculate? and observed values. The aircraft also observed FLIZ over the

particle flux region that it sampled.

e e
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indirect means.,

(1)

. (2)
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Based on the data presented in this paper one can derive the

following conclusions.

The poleward trough boundary corresponds

to the equatorward edge of >108 eV electron
precipitation during local sunset conditions.

The equatorward edge of enhanced 6386 A emissions
coincides with the equatorward edge of >188 eV electron
precipitation and thus with the poleward trough wall.
One can infer the instantaneous latitude of the
poleward trough wall as a function of local time
from 6300 satellite images during sunset.

If high-altitude cinematography of 63080 A were
available then the gross dynamics of the trough

could be ascertained.

IV. Dynamical Bffects
The ultimate goal of this contract is expressed in item 3, namely the

determination of the dynamical position of the poleward trough wall by

It has been shown in the previous sections that

it is possible to define an empirical relationship
between <300 eV electron fluxes and 6300 A fluxes

based on ISIS-2 results.,

the equatorward boundary of enhanced 6380 A emissions
and low-energy electrons coincide and that both coincide
with the concurrently observed poleward trough wall

during sunset periods.
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What is needed now is to relate one of the observed ISIS particle

or optical boundaries to substorm and IMF variations in order to evaluate the
dynamic behavior of the coincident poleward trough wall. We have chosen the
electron fluxes as the unifying (and obviously causative) agent. In the
paper "A Statistical Study of the 'Instantaneous' Nightside Auroral Oval:

The BEquatorward Boundary of Electron Precipitation as Observed by the ISIS 1
and 2 Satellites" (See Section VII) this goal was accomplished. The abstract
of the paper is reproduced below and the reader is referred to Section VII

for the entire text.

Electron spectrograms from 351 passes of the ISIS
1 and 2 satellites were utilized to study statistically
3 the effects of the interplanetary magnetic field
: (IMF) , substorm activity, and the earth's dipole
tilt angle on the latitude of the equatorward
boundary of the nightside (2000-0400 magnetic
local time) ‘'instantaneous' auroral oval. The
boundary location (in invariant latitude) of the
3 instantaneous oval at hourly local time intervals
E was identified in terms of the equatorward
3 boundary of the diffuse > 100 eV electron
3 precipitation. The following characteristics
were noted: (1) The north-south component (B,)
of the IMF plays the dominant role in controlling

9 the motion of this boundary. The invariant

3 latitude of the b8undary is shown to shift by

9 approximately 4~ depending on the direction

A of the IMF (northward and southward, respectively)
“ relative to its position corresponding toB_ = @,

This indicates an inward motion of the assdtiated
- boundary in the magnetotail by about 5 earth radii
. ‘ when the IMF changes its direction from northward
k- to southward with large magnitude. There is a
significant difference in the amount of the shift
between the evening and morning sectors: i.e., for
the same decrease h\Bz value the boundary moves

3 more equatorward in the morning sector than in the
3 evening sector. When the obtained oval particle
- boundary was projected onto the equatorial plane of
- the magnetotail along magnetic field lines, good

agreement was found between the projected boundary
and the drift boundary (the Alfven layer) of low-energy
q lectrons in the presence of the dawn-dusk electric

E: R
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field. Thus this agreement gives new evidence

showing that the diffuse electron precipitation that
produces the diffuse aurora originates near and at the
inner boundary of the plasma sheet. (2) Substorm
activity seems to have a separate role in determining
the latitude of the equatorward boundary of the nightside
auroral precipitation region., The bougdary during substorm
periods is statistically found to be 2° - 3° 1ower in
invariant latitude than that during quiet times. Even a
simple classification into quiet and disturbed
conditions improves the accuracy with which the auroral
oval location can be inferred. By combining the IMF
effect and the substorm effect it is indicated that

the boundary is located at the lowest latitudes when

a substorm takes place during a southward IMF with

large magnitude, whereas the boundary is located in

the highest latitudes when the IMF has a northward
camponent during quiet times. (3) The equatorward
boundary of the nightside auroral oval is located at
higher latitudes in the winter hemisphere than in the
summer hemisphere, although this effect of the earth's
dipole tilt is usually smaller than the effects of the
IMF and substorm activity.

Figures 3a to ¢ and Table 1 of this paper provide an empirical
relationship that relates the > 108 eV equatorward boundary of
precipitating electrons to the IMF B, component. These
relationshhips can be used in conjunction with knowledge of the IMF B,
component to 'predict' the location of the > 100 eV electron boundary and
thus the poleward trough wall for darkened conditions. However, the
following caveats must be remembered.

(1) Substorm effects are not uniquely separated. If concurrent knowledge
of the AE or better index is available then the values predicted by the
coefficients in Table 1 should be revised downward by 1 to P depending
on swbstorm magnitude.

(2) Dgp effects were purposefully excluded from this study and thus
caution must be used when applying the formulas for ‘'predictive' purposes

during very disturbed periods.




With the above caveats in mind one can now ‘'predict' the poleward trough

wall during darkened conditions in the local time range 2008 to 0408, based
on near real-time knowledge of the one-hour average IMF Bz component.,

If one wishes to ‘'‘measure' the local time, latitude location of the .

Y

poleward trough wall during dark periods then 6386 A images obtained in
near real-time by polar orbiting satellites can be used. Such data can be §
used to refine the predictions based on averaged IMF B,. These

B 'images' provide an ‘instantaneous' position independent of magnetic 3

e ~ activity of the low-energy electron boundary and thus the trough wall. One
caveat should be applied to the above, namely that during periods of
decreasing activity the trough wall could be at slightly lower latitudes as
a result of recombination hysterisis.

If no optical data is available then electron data obtained in the é

2000 to 0400 LT sector could be used to measure the local trough

5
At S st AT i < 5 ] B YA

S position and extrapolations to other local times based on Table 1 could

be made. If both low-energy electron data and 6300 A images are

concurrently available, then cross checks can be made. This also holds

true for checking the prediction based on IMF data if the one hour

R o S A R e S S e

B o T At o Ut b L 2B
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average of Bz is concurrently available with the polar satellite data.

e BB e et -

V. Sunimary and Conclusions

Based on the ISIS 1 and 2 data set it has been possible to meet

LA K T A ke Rra

? the goals set forth in this contract. The relationships derived in >
: section 2 can be used to relate 6300 A emissions to low-energy (<300 eV) :
3 fluxes in a quantitative way and vice-versa. If suitable ionization ’

2 production models were available then < 300 eV energy fluxes 'images',

)

derived from concurrent 6308 A images, could be utilized to predict
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F-region behavior. One possible result would be the derivation of

an estimate of FoF.,, during darkened conditions. This result along with
the local time position of the trough would allow an estimate of the
severity of scattering from the steep poleward wall of the trough and
the fluctuations embedded in it, Knowledge of the IMF B , component in
near real-time would allow a dynamic ‘prediction' of the trough wall,
Such a prediction could be used to allow reconfiguration of systems

affected by the trough wall and fluctuations at or near it,

VI. Recommendations

1, Verification tests of the derivation of < 388 eV electron
fluxes based on 6308 A images should be undertaken., This could be
achieved with either existing or new data sets.

2., Model calculations of ionospheric parameters based on
particle and optical data should be undertaken. The results should
be compared with concurrently obtained ionospheric data, If positive
the results of such calculations could be used to predict ionospheric
parameters based on satellite images. This technique would be extremely
powerful if high-altitude 6300 A cinematography were available, A first
attempt at this could be made with results from the NASA Dynamics
Explorer A & B particle and cinematography data,

3. Verification tests of the accutacy of trough wall prediction
based on IMF Bz data and the ampirical melations derived in the work
should be undertaken. Such verification tests would probably lead to
further refinements of the 'predicative' fonmwlas, If proved
reasonably accurate these empirical predictions could fom the basis
for operational decisions for systems affected by the physics occurring

at the trough wall,
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4. If the results derived under this contract are proven to be
‘reliable' and the derivable results relevant to Air Force needs then
high-altitude (>2RE) satellite imaging should be considered as a

test mission. Such a test could be used to define the operational
utility of a real-time, fine time scale (< 12 min) monitoring of

auroral emissions,
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A Statistical Study of the ‘Instantaneous’ Nightside Auroral Oval:
The Equatorward Boundary of Electron Precipitation
as Observed by the Isis | and 2 Satellites
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Cooperanee Insutute for Research tn Envircantental Sciences, Umiversity of Colorado. NOAA, Boulder, Colorado 30302
Geophvaucal Insite, Umiversity of dlaska, Farbanks, Alaska 99701

J. D. WINNINGHAM
Center Jor Space Sciences, Umversity of Texas at Dallas, Richandson, Texas 75080

Electron spectrograms from 381 passes of the lsis t and 2 satellites were utilized to study statistically the
cifects of the interplanctary magactic field (IMF), substorm activity, and the earth’s dipole tilt angle on
the latitude of the equatorward boundary of the nightside (2000-0400 magnetic local time) ‘instanta-
neous' auroral oval. The boundary location (in invariant kititude) of the instantaneous oval at hourly
local time intervals was wdentified in terms of the equatorward boundary of the diffuse > 100-eV electron
precipitation. The following characteristics were noted: (1) The north-south component (8,) of the IMF
plays the doninant role i controlling the motion of this boundary. The invariant latitude of the
boundary is shown to shifl by approximately +4* depending on the direction of the IMF (northward and
southward, respectively) relative to its position corresponding to 8, = 0. This indicates an mward motion
of the ussociated boundury in the magnetotail by about § earth radit when the IMFE changes its direction
from northward to southward with large magnitude. There is a signiticant difference in the amount of the
<hift between the eveming and morning sectors: e, for the same deceease in 8, vatue the boundary moves
more equatorward in the morning sector than in the evening sector. When the obtained oval particle
boundary was prajected onto the equatonal plaae of the magnetotal along mugnetic fickd hnes, good
agreement was found between the projected boundary and the dat boundary (the Alfvén fayer) of low.
energy electrons in the presence of the dawnedush electric icdd Thus this agreement gives new evidence
showing that the diffuse electron precipitation that produces the diffuse aurora onginates near and at the
wner boundary of the plasma sheet. (2) Substorm activity seems 10 have a separate role in determining the
latitude of the equatorward boundury of the nightade suroral precipitation region The boundary durng
substorm periods is statistically found to be 2°-3* lower i inverant lantude than that during quiet imes
Even a sumple classification nto quiet and disturbed conditions improves the accuracy with which the
auraral oval location ¢an be inferred. By combining the IME effect and the substorm effect 1t s indheated
that the boundary is located at the lowest latitudes when a substorm takes place duning a couthward IMEF
with large magnitude, whereas the boundary i located w the highest fatitudes when the IME has
northward component during quiet imes () The equatornard boundary of the mphtside aurorat oval
located at higher Latitudes s the winter henisphere than m the summer hemsphere, although this efect of
the earth’s dipole tlt i usually smaller than the effects of the INME and substorm acteity

e m—
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INTRODUCTION

The *classical’ auroral oval (or belt), which is defined as the
locus of high frequency (>75%) of auroral appeacance (Feld-
stein, 1963, 1966}, has been used extensively to order geophysi-
cal data Eather [1973] has pomted out several putfalls in this
usage He states that it s the mstantaneous region of visual
end subvisual auroral emissions that 1 most relevant Hereals
ter, the term auroral oval should be interpreted to mean the
“stantaneous’ region of particle-produced optical emissions,
both diffuse and discrete The “classical® auroral oval will be
that defined by Feldstein

The size of the auroral oval is not fined but vanes with
magnetic activity  Duning geomagnetically active penods the
classical auroral oval expands equatorward, reaching the lat-
tude of the auroral zone, while 1t contracts poleward durimg
penods of low actaaty [Feldstemn and Starkov, 1967] Since
Dungev's [1961] suggestion, that ¢ southward inteeplanetary
magnete field (IMF) results i a net magnetic flun transfer
from the dayside to the mghiade, the equatorward shilt of the

L Onleave of absence from Ky oto Industznal Umversity, Nvote 603,

Japan

Copynight ® 1977 by the Amenican Geophysical Unton

Paper number 7AQ716 5573

auroral oval has been actively discussed ¢ ., Coronin and
Aeanel, 1973), Indeed, an extensive study of avroral and mag-
netie substorms and the dy namies of the classical aurorat oval,
based on data from a meridian chamn of allshy cameras and
magnetometers, suggests that the north-south component of
the IMF controls the size of the auroral oval [dhasofu e1 al.,
1973, Kamude and Akasofu, 19M]. However, there » 2 dith-
culty  exanunmg whether the tocanon of the auroral oval
depends sokely on the north-xouth componem of the IMY or
ont both the IME and the substorm actinaty, because of the
close relationshyp between the southward component of the
IME and geomagnetie atnwy [Farrpeld and Cahidl, 1966,
Schatten and Wilcox, 1967, Hurshberg and Colburn, 1969) Re-
cently, Aamide et al [1976) reported separate effects of these
o parameters on the locaton of the clelt (the dayade por-
tion of the auroral o al), while no such aastematie study on the
nightwide has yet been made

Anather dificiy i previows all-shy camera studies of the
classical auroral oval s that even the combined *tield of view’
of the cameras was not extensive enough 1o study the auroral
distetbutton imultancously over the entire polar region Ths
dflicuity has been removed 1o 4 sigmficant extent by auroral
wageny from seanming photometers aboard the Ias 2 and
DMSP satetites [Hnger eral . 1973 L and {nger, 1973, Prhe
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ter pictures and determined the equatorward boundary of the
diffuse 3914-A and 5577-A auroral belt at magnetic local mid-
night to the nearest latitudinal degree for 58 satellite passes.
The equatorward houndary of >100-¢V electron pracipitation
studied in this paper would be more closely related to the 6300
A diffuse aurora. When the latitudinal patterns presented in
Winningham et al. [1975] are considered, the >100-¢V electron
boundary will be equatorward (approximately 1°) of that de-
termined from the 3914-A and $577-A emission lines. The
accuracy of the boundary determination in the present study is
approximately 0.1°,

We first examine a long period during which the data were
taken on successive orbits, Then, on the basis of a large data
set (a total of 351 Isis | and 2 passes) covering a wider area of
the nightside auroral region, we exumine quantitatively the
dependence of the equatorward boundary not only on geo-
magnetic activity but also on the IMF and the carth's dipole
tilt angle.

ANALYSIS

In this study we used data from the following periods: June
710 July 26, 1969 {isis | data), May 2910 August 20, 1971 (Isis
2 data), and October 18, 1971, to January 13, 1972 (lsis 2
data). We chose the 351 satellite pusses for this particular
study by the following criteria:

. The satellite pass occurred over the auroral region
within 2000-0400 MLT (magnetic local time).

3578

2. The equatorward boundary of the diffuse auroral pre-
cipitation along the sutellite pass could be determined with
little difficulty in the electron spectrogram (see Figure la).

3. Simultanecous IMF values were measured by the Ex-
plorer 33 and 35, Imp-G (Imp 5), or Lmp-1 (Imp 6) satellites
for an interval of at least | hour preceding the Isis pass over
the auroral oval.

4. The Dst index [Sugiura and Poros, 1971, 1972] during
the entire period across the auroral region was above ~40 4 (=
nT, nanotesla). High-Dst intervals were excluded to eliminate
a possible effect of the large magnetospheric inflation due to
the storm time ring current [cf. Akasofic and Chapman, 1963).

Details of the Isis suft particle spectrometer (SPS) can be
found in the work by Heikkila et al. {1970), Heikkila and
Winningham (1971], Wimningham et al. (1973), and Lui et a!.
(1977). For details of the format of electron spectrograms
based on data from the SPS, see Winningham et al. [1975,
Figure la}.

LATITUDINAL MORPHOLOGY OF NIGHTSIDE
ELECTRON PRECIPITATION

In Figure la we show a series of Isis electron spectrograms
for six pusses which occurred on July 26, 1969, The Isis SP3
measures electrons between 10 ¢V and 12 keV in 22 bands as
opposed to $ eV and 13 keV in 38 contiguous samples for 3sis 2,
The data are presented in an ‘energy-time® spectrogram for-
mat, in which the number of electrons per @ s is logarith

a
(4]
2 Explorer 33 132 M,38)
O i —-Explorer 35 1-40,40,-3) @ @
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Fig 16  Solar wind parameters and geomaguetic activity indices (4 £ and Dse) for July 25226, 1969, The IME » ginven
by the 8, component i sokie magnetosphenie coordinates observed by two satethites The tunes of the st bas 1 passes,

whose $PS data are shown in Figure la, are indicated by

vertical hines A-F. The A& wdey 5 goen by the separanon

between the upper and lower envelopes of the superposition of the H component magnete records at dureral latitudes
Here, we used data from Lt observatories, which are College, Barrew, Cape Wellen, Tinie Bay, Cape Chelyushin, Dinon
Ishand, Abisho, Lairvogur, Narssarssuaq, Great Whate Raver, and Fort Churechill
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8576 KAMIDE AND WINNINGHAM: NIGHTSIDE AURORAL Oval

mically coded as a shade of gray, with larger counts indicated
by increasing whiteness. The ordinate 1 a logurithmice scale of
encrgy. and the abscissa 1s inear in increasing spacecraft time.
The scale of tnvanant latitude given at the top and the bottom
of the spectrograms 15 adjusted to be most accurate at 65° for
all the satelhte orbits but becomes less accurate (although not
seriously) at higher and lower latitudes. The magnetic local
time of the satellite varied between 2000 and 2300 on these six
passes.

In the SPS data shown in Figure la we can see two fattudi-
nally separated precipitation regions with different character-
istic patterns. the region of relatively uniform precipitation
(with gradually increasing energy toward higher latitude) and
the region of intense and highly structured precipitation lo-
cated on the poleward edge of the auroral oval. Throughout
the enure region of auroral preaipitation the energy flux of
protons was at least 1 order of magmtude lower than the
electron energy flux [Klumpar et al.. 1976, Lui et al., 1977).
Winmingham et al. [1975) referred to the umformy precipitation
region as the central plasma sheet (CPS) und to the imtense and
structured precipitation region as the boundary plisma sheet
(BPS). In this paper we use the equatorward edge of the diffuse
>100-eV clectron precipitation (CPS) as the equatorward
boundary of the diffuse aurora, which is indicated by an arrow
for cach pass, Note that the approximate collocation of the belt
of the diffuse optical aurora and diffuse clectron precipitation
has recently been identified by the simultaneous observations
by the auroral scanner and the SPS aboard the Isis 2 satellite
|Deehr et al., 1976; Lut et al., 1977},

The corresponding interplanctary and geomagnetic data are
shown i Figure 1b, plotted here, from the top, are the north-
south component of the IMT 1n solar magnetospheric coordi-
nates (Explorer 33 and 35), the solar wind density, velocity,
and pressure (Explorer 33), the superposition of auroral zone
H component magnetograms, and the Dst index. The IMF
data show well-defined southward and northward turnings at
about 2143 UT on July 25 and 0540 UT on July 26, respec-
tively. Thus the southward field lasted for more than 7 hours,
except for occastonal brief northward turnings, There was no
significant change i the number densty, velocity, and pres-
sure of the solar wind throughout the penod of our interest
During the period of the predominantly southward-directed
IMFE, there occurred only one wolated substorm of medium
ntensity, at least 3 hours after the well-defined southward
turning.

These sty traverses of the mghtside auroral precipitation
zone by the satellite duning this period are indicated by siy
vertical hines, denoted by A, B, C, D, £, and V' 1n Figure 1b
Pass A took place about 3 hours after the southward turing,
well before the ground magnete records showed any sign of
substorm activity (unfortunately, the Isis 1 data are not aval-
able for at least 12 hours priar to pass A). [Uis quite likely that
the magnetosphere had adjusted aself to the IMF southward
field by the time of pass A. Further, since there was then no
appreciable geomagnetic actinty, the latitude of the equa-
torward boundary of the ditffuse auroral precipitation ob-
served duning pass A may be taken to be a typieal value for a
southward IME of about 5 5 On the other hand, pass |
took place well after the northward turnang and abso during no
substorm activity, so that the latitude of the equatorward
boundary observed during pass F mdy be tahen to be a typreal
value for a northward IMF of about § 4

The equatorward boundary of the electron precipitation
during passes B, C, D, and E may be affected by substorm

activity, as well as by the IMF north-south component Dur-
g pass C a significant equatorward shift (~3.1°) of the
cquatorward boundary from the location observed during pass
A occurred during the maximum phase of the substorm. It
should be noted that pass C occurred over the southern hemi-
sphere auroral region. As will be seen in the statistical exami.
nation given m the following section, the latitude of the equa-
torward boundary in the winter hemisphere (southern
hemisphere in this particular example) tends to be higher than
that 1n the summer hemisphere (northern hemisphere) by
1°-2°. Thus 1t may well be that the actual equatorward bound-.
ary in the northern hemisphere was located at somewhat lower
latiudes than what was observed in the southern hemusphere
Unfortunately, there is a large difference in the B, values
observed at Explorer 33 and 35 at the time of pass B. If we
assume that the Explorer 33 data reproduce closely the IMF
near the magnetosphere, which controlled the state of the
magnetosphere during this period, there was no significant
difference of the B, values between the times of passes Band C,
Thus the shift (~1.6° or more) observed between the two
passes may be attributed to the effect of the substorm. On the
other hand, if we assume that the Explorer 35 data reproduce
the needed values better than the Explorer 33 data do, we may
infer that the shift associated wath the substorm was partially
masked by a sigmificant decrease of the southward component,
which could have caused a poieward shift of the oval, that is to
say, the substorm-associated shift could have been larger than
what the observed value of shift indicates. Thus in cither case
the observed equatorward shift during pass C may be attrib-
uted to the effect of the substorm. However, the northward
shift observed during pass D took place duning the penod
when the substorm was recovering and the magmitude of the
southward component of the IMF was decreasing, so that it is
difticult to separate the contnbutions of both effects,

The examples shown here point out the need (or us to sort
out the independent effect that the IMF and substorm activity
have on the lattudinal shift of the nightside auraral precipi-
tation region. Most of the observations (or southward IMF
were made duning substorms, and thus st is difficult in individ-
uil cases to differentiate the latitudinal movement of the au-
roral belt caused by the IMF and by the development of a
substorm. In the net section we will examine statstically the
shift of the equitorward boundary of the electron precipi-
tation on the basis of a large number of satellite passes.

STATISTICAL NIGHTSIDE AURORAL
Oval DATA Skt

Appendix 1 summanyzes the conditions under which all the
350 Isis 1 oand 2 traverses oceurred, It appears that the cases
were collected quite umformly and in sufticient numbers over
such parameters as magnetic local tme, polanty of the IMF,
season, and substorm activity. Thus we believe that the present
data set allows us to make some statistical tests

We have utihized solar magnetosphenc coordinates i de-
sunbing the IME. Here, we used the north-south component
of the IMF (denoted by B,) averaged for | hour preceding the
tume of the satetlite passage over the equatorward boundary of
the diffuse auroral particle precipitation dentified in the soft
particle spectrogram data for each of the Isis passes In caleu-
lating the {-hour average IMFE value the transit tme for the
interplanetary mgnal to the magnetopause (which was assumed
1o be located at X' = 10 Ry) was tahen mto account in ach
case, by assunung the solar wind speed to be 400 hm »

The observations were grouped into quiet penods and sub-
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Histogram showing the latitudinal distribution of the equatorward boundary of the diffuse electron precipitation

in the midmight sector. The intervals of latitude 6 (in degrees) are defined such that @ represents 6 = 0.5. Symbols for
difTerent categories of substorm activity are defined in the inset. The latiwudinal area of the normal auroral oval defined by
Lui et al. [1975] on the basis of 58 auroral images is also indicated.

storm times. This division was made primarily by referring to
the presence of a sharp increase of the AE index {Allen et al.,
1974, 19734, b] and of structured discrete auroral precipitation
in the SPS data; for the typical pattern of the spectrogram
corresponding to quiet and substorm times, see Winningham et
al. [1975] We also checked carefully individual magnetograms
whenever it was necessary. It was, however, sometimes impos-
sible to determine, from the AE index and available geomag-
netic records at individual observatories and the SPS data,
whether there occurred polar substorms or just minor fluctua-
uons. These cases are represented by ‘uncertain’ in Appendix
I.

Distribution of the Oval Latitude
Around Midnight

The histog.am in Figure 2 shows the latitudinal distribution
of the equatorward electron boundary defining the auroral
oval near magnetic midmght. This was obtained from a partial
data set (113 satellite passes) in which the boundary crossing
occurred between 2300 and 010C MLT. The histogram is es-
sentially the same as Figure 2b of Lui et al. [1975), except that
they classified substorm conditions into three categones (quiet
condition, bright aurora, and substorm in progress) in terms
of global auroral featuses, whereas we defined them by geo-
magnetic activity and the pattern of the auroral particle pre-
cipitation. The invanant lattude of the boundary 1s found to
vary between 55° and 70°, the most probable latitude being
63° for this particular data set, Although there 1s general
agreement with Lt et al. [1975], 1t appears that the fatitudes of
these data are distributed somewhat lower than those pre-
sented hy Lui et al. 11975) This apparent difference may be
explained by the different data sets used in the two independ-
ent studies M mely, our data set includes more disturbed
periods than that examined by Lut er a/ [1975), and they
exanuned only data from the winter season in which the au-
roral oval 1s found to he in higher latitudes than it does in
summer season data Also, as was mentioned earlier, their
study involved the 3914-A and 5577-A emission hines which
are most indicative of >1-keV electrons Our study delineates

the >100-eV electron boundary which would more ciosely
relate to the 6300-A linc. The work of Winningham et al. [1975)
demonstrated the softness of the electron spectrum at the
equatorward edge of the CPS.

It is one of the striking features in Figure 2 that with the
decrease of latitude the probability of seceing a substorm in-
creases while the probability of observing a quiet oval de-
creases. The probability of observing a substorm along the
cxpanded oval (i.e., <60°) is essentially 100%. It is also notice-
able that the probability of seeing substorm activity decreases
to about 50-60% along the oval which is located at 63°-64°
invariant latitude. It is, how~ver, uncertain at present whether
this probability of secing substorms by the Isis satellites repre-
sents the probability of substorm occurrence. We must be
careful in discussing these two probabilities by taking the
following facts into account: First, substorins along the con-
tracted oval tend to recover faster than the intense ones along
the expanded oval [Montbriand, 1971), so that data taken
every 2 hours by a polar-orbiting satellite cannot properly
monitor the substorm occurrence frequency. Second, Kamide
and Akasofu [1974] have shown that weak substorms tend to
occur along the contracted oval, whereas intense ones tend to
occur along the expanded oval. Thus it may wel! be that some
of the cases which we identified as ‘uncertain’ take place dur-
ing weak substorms of which the latitudinal pattern of the
auroral particle is somewhat different from that of the normal
substorm.

We also applied the same method to the data of the other
Local time sectors and found results similar to the above. This
work will be the subject of a separate paper.

Effect of the Interplanetary Magneuc Field

In Figure 3a the invariant latitudes of the equatorward
boundary of the diffuse aurora are plotted as a function of the
corresponding B, values of the IMF (averaged over | hour
preceding the satelhite passage time) for the 33 orbits available
between 2000-2100 MLT. The observations made during quiet
periods are shown by open circles (for summer season ) or open
squares (ior winter season), and those made during substorms
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‘quiet times,' the previously noted B8, dependence can clearly
be seen with few exceptions, especiatly when successive data
points are considered.

From Figures 3a-3d we note the following characteristies:
(1) The north-south component of the IMF is one of the
important factors that controls the location of the equa-
torward boundary of the nightside auroral oval. Even when
the IMF is directed northward, a significant equatorward shift
of the auroral ovil boundary 1s observed in conjunction with
the decrease in the magnutude of the 8, component. (2) For a
given B, value (say, 8, = 0) the equatorward boundary of the
auroral oval is generally located at lower latitudes in the
moring sector than in the evening sector. This is in good
agreement with the *classical” optical auroral oval as given by
Feldsiem and Siarkov {1967) and Starkov [1969). () The inag-
mitude of the shaft in mvariant latitude at various local times 1s
not statstically the same for a given clange in the B, value but
has a sigmticant local time dependence. 1t was found from the
least squares fits that the equatorward boundary of the auroral
oval shifts equatorward by 0.49° and 0.76°, corresponding to
the 1.y decrease of the 8, value w the 2100-2200 and
0100-0200 M1 T sectors, respectively: note that the correluttion
coetlicent i the morming sector s rather low . In order to show
that this local tme dependence of the oval response to the
IMFE 15 not the effect of the biased data set in terms of the 8,
(or 8,) component of the IMF we show the distribution of all
the observation pomts in (MLT, 8;) coordinates in Figure 4, 1t
can be seen that there 18 no biased refutionship between MLT
and B, i the present particular data set, all 351 powats are
distnbuted guite umformly over the parameters

Figure § shows the average location of the equatorward
boundary of the auroral oval mn invariant latitude-MLT
caordinates for three different 8, values, $ 4,049, and ~Sy. It
can be seen clearly in this diagram that the IMF dependence of
the oval locatton in the morning sector 1s stronger than that in
the evening sector. When the 8, value decreases from § 5 to
-5 y. the boundary tends to move equatorsard from about
68° to 60° in the morning sector and only from 68° 10 63°
the evening sector. This motion of the auroral oval will be
discussed in more detail Inter in conjunction with the drift
bourdary of low-energy plasma sheet particles

Substorm Effect

The magnetospheric substorm may be another factor which
contrels the location of the equatorward boundary of the
nightside auroral oval. However, it s generally ditlicult to
single out this effect an andividual events, since other factors
such as the north-south component of the IMF are also in-
volved in complicated ways. Only a staustical analysis will
define any posstble substorm eflect.

It s clear m Figure 3 that almost all the points observed
dunag substorms lie below the sohd lines 1t should be remem-
bered that the sohd hines represent the average latitude of the
>100-eV electron boundary determined empincatly on the
basis of the B, values of the IMF only. In contrast. the oval
equatorward boundary during quiet times 1s located at higher
latitudes than the staustical sohd hnes. This feature can be
clearly seenan the range of -2 y < B, < 29, where the sample
number for quict times i almost the same as that for disturbed
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EQUATORWARD BOUNDARY OF AURORAL OVAL
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times  The fact that almost all the passes for the southward
IME with large amplitude took place during sabstorms mahes
separition of the IMEF and substorm etfects ditticult,

In tagure 6 we show the invariant lantude of the equa
torwied boundary of the auroral electrons in the sector
2100-0100 MLT as a function of the AL mden, which may
represent the nuimum inteasity of the westward electrojet.
Since we first eiminated all times during magnetic stormy, the
AL wdey ranges from quiet to moderately disturbed actinuy
values  There s a considerable scatter in the latitude for a
given 44 vadue Nevertheless, there s o trend for the lattude
(m particular, the lnghest tatitude tor a given 44 value appron-
inated by the dashied line) to move equatorwerd for greater
electrojet activity - The catter ot the pomnts may be eyplamed
by one or both of the following reasons

1 The AL wmdex s not the most suitable indey for mon-
worng properdy the substonm intensity mamly because of an
nadeguate network of the present obsenvatories along the
auroral belt Thus at may well be that the actual auroral
clecirojet v more awtense than what the mndey indwates In
other words, f we could plot the real value of the electroet
wtensity s absensa, the distnbuted powts would tend to be
shifted towards the left hand side approaching the dashed line

2 Av hay been shown previowhy, the north south com-
ponent of the IME has the main role in conteotling the lattude
of the aurorab oval, and is eflfect soncluded in Figure 6 1 we
could awdenufy the separate roles of the IMT and substorm
actnaty talthough 1t i datlicult), some of the wattered pomts

T T T 1 | [5) T ¥
Ll o o |
CORRELATION COEFFICIENT » 0 83
- O O QLY TivE &
©® B SUSSTORM IN PROGRESS >}
o8 - n o J

1HR AVERAGE B (gammas)

Fig Je o Same ay Bigure 3 exeept tor logal time sector 0100-0200 Mt T

would tead to be moved upward, thus approaclung agam the
dished line

Eflect of barth's Dipole Tilt
tSeasonal Changel

The tlt aongle dependence of the equatorsard boundary of
the nightaide auroral oval has also been stundied, after ehaunat-
ing af times when there was a southward IME and a north-
ward IME with large magimtude (greater than t43) We have
apo climunated all cases before 2100 and after 0300 ML,
siee the aumber of samples i these local thne sectors » not
Large enough to allow us to sngle out the seasonal effect Note,
however, that the data set i stll not umtorm cnough over
seasonts and universal tme for us to evamine the dependence
on the wide range of the tdtangle (£ 35%), since our data were
tahen mostly from two different seasons June, July, wnd Au-
g, and November, Uecember, and January Nevertheless, a
satennatie seasonal dependence was Jound  In Figure 7 we
show the average focation of the equatorward boundary ot the
dilfuse aurora as a tunction of MLT tor the winter and sum-
mer henpheres, sepatately I actotal of 129 cases (82 tor the
sumnier hemphere and 47 for winter) there iy a seasonal stuft
of 19227 1 the nnanant latitude, which s found to be a lttte
weaher tlt angle depeadence than that tor the Jeft tatitude
Burch 11972] has shown that there s a total seasonal sl of 4°
w the Jeft lattude even for gquiet tme obsersations: Note that
the sgn of the seasomal silt s reversed between the cent and
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Fig. 3¢, Equatorward boundary of the suroral precipitation dur-
ng quiet periods plotted on the corresponding 8, value of the IMF lor
the evening and morming sectors (2000-2400 and 0000-0400 MLT,
respectively ) Symbols used to distinguish ditTerent seasons are defined
1 the inset. The observations made within 6 hours i the same hem-
sphere are connected with sohd hines,

mghtside oval latitudes. in agreement with the tield line config-
uration modeled by Mead und Fairfield {1975].

This same summer-winter asymmetry can be found in Fig-
ure 3, where cases for the wanter season are marked by squares
Points n the winter scason generally lie in higher latitudes
than ponts in the summer season, except for several points in
the 0100-0200 MLT sector (Figure 3¢) which occurred during
substorms,

On the basis of the magnetospheric configuration model
obtmned by Mead and Fairfield {1975), Fairfield and Mead
{1975} calculated the latitudes where field hnes onginating
from the synchronous satetlite orbit at 6 6 Ry in the equatoria
plane mtersect the earth for difterent tilt angles, see Figure 8 of
Farrfield and Mead (1975). They found that the earh inter-
section location is,approximately 1 higher in the winter hems-
sphere than in the summer hemusphere, which 1s in good
agreement with the present observations by the Isis satellites
given in Figure 7.

Discusston
Lunutations of the Present Study

In this study we have constructed the statisucal configura-
ton of the equatorward boundary of the mghtside >100-¢V
electron precpitation at hourly local tme mtervals as func-
tions of the north-south component of the IMF, substorm
activity, and the dipole ult angle However, several fuctors
limit the usefulness of the location of the nightside auroral

oval presented in this paper. First of all, only the equatorward
boundary of the diffuse auroral particle precipitation is pre-
sented to characterize the size of the auroral oval. We have not
considered the boundaries of the discrete aurora, which are
usually located near the poleward boundary of the diffuse
aurora. This is simply because the equatorward boundary of
the diffuse aurora is relatively steady in comparison with the
boundaries of the discrete aurora. Thus the use of the discrete
aurora boundary from a polar-orbiting satellite with the long
orbital period is inadequate for a statistical study; the electron
and proton flux distribution over the discrete auroral region is
highly variable during a polar substorm. In particular, if the
satellite passes through the auroral surge or torch structure,
which is one of the main substorm features of the discrete
aurora, the poleward boundary of the discrete aurora depends
strongly on which portion of this structure is traversed latitu-
dinally by the satellite, In such a case a 5° error can be casily
introduced.

Second, the obtained oval location can only represent an
average configuration of the cquatorward boundary and can-
not represent the rapid change that might take place between
successive satellite orbits [Eather, 1973; Creutzberg, 1976).
This is limited by the availability of the data, as well as by the
method of calculating the IMF value. Although in this study
an average value of the IMF over | hour was used as a typical
value of the IMF, different values can of course be obtained by
choosing different combinations of time delay (of the oval in
response to the IMF) and time interval (over which the IMF is
uveraged). Such an extension to include time variations at
different local times would obviously be highly desirable.

Fally, no Dst effect was taken into consideration in the
present statistical analysis by eliminating cases in which the
Dst was below —40 v. In the 351 cases examined, no signifi-
cant dependence of the oval location on the Dst index was
found. In other words, the Dst effect, if any, is small in this Dst
range. Ahasofu and Chapman (1963] showed that the latitude
of the equatorward boundary of the *classical’ auroral oval
varied for different intensities of magnetic storms, sometimes
being as low as 50° in geomagnetic latitude during large
storms. Since there is a close relationship between Dst and the
IM} (and also substorm activity), it is at present uncertain
whether the Dst effect indicated by Akasofu and Chapman
[1963) 1s included in the IMF and substorm effects examined in
this study. This point could be checked by using a larger data
set including a variety of magnetic storms

Equatorward Boundary of the Diffuse Aurora

Lut et at. [1975) found the equatorward boundary of the
diffuse auroral belt at local midnight to be a useful paraneter
w charactenzing the size of the auroral oval and thus of the
polar cap, We have amplified their results to all local times of
the night sector and by including the IMF effect.

1t should be stressed that the distinction between the diffuse
and discrete auroras is important in studying auroral physics
and associated magnetospheric structure, Although 1t is not
the intent here to repeat the description of the characteristic
difference between these two types of auroras, we would hike to
note that the equatorward boundary of the diffuse aurora
corresponds to the iner (carthward) edge of the plasma sheet
[ather and Mende, 1971 Lassen, 1974, Wuwnngham et al.,
1975. Lut et al, 1977]. As 15 shown m the examples i Figure
la. there 1s a gradual decrease in the energy of plasma particles
with decreasing latitude an the diffuse aurora region Sumiar
softenimg’ of the electrons has been reported near the 1nner
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LOCATION OF EQUATORWARD BOUNDARY
OF AURORAL OVAL
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Fig § Locaton of the equatornvard boundan of the dilluse election preapitation at dallerent loval times  the dard
sevtor for three B, values of the IME Siae anly eight data points were wed i the satsties lor the 0300-0400 Mt )
wtenval, the B, dependence v shown by dashed ines i this locad e sector
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edpe of the plasma sheet by Fasvinmas [1968], Frank [1971),
and others,

Eflect of the mterplanetary Magnene Field

Several workers [Burch, 1972, 1973, Yawhara et al | 1973,
Aamude et al . 1976] have presented clear evidence of an
equatorward st of the cleft assovtated wath the southward
IME This paper has statsticalls showa that the north-south
omponent of the IME plays the domunant role w determnmuing
the location of the mghtside auroral oval The equatornard
boundary of the diffuse auroral preapitation dunng petods of
southward EMT s found at lower latitudes than duning north-
ward IME - This IME effectis observed at all lovad tames i the
dark sector

The role of the southward IME i iitating magactosphetic
comection and the net transport of the magnete iy into the
magnetotal has been discussed i the Weratune [Caoromn and
Aennel, 1973, Burch, 1973 Aanand Akavofu, 19™4] That i, the
chiciency of the Bun transport depends on the amount ot the
southward IME Quy impinging on the magaetosphere One of
the mamtestations ol the process near the cartlos the enhaie-
ment of the electie field across the polar cap, and another s
the expansion of the polar cap  The latter has recenth been
vonfirmed by Holeworth amd Meng [1978] who correlated the
area of the poldar cap wath the IME 1t may be noted that o
signiticant equatonnaid shdd of the oval boundary i obwerved
dassocition with the decrease v the 8, magnitude even
duning the northward IME (see Bigure 3 This tact indicates
that the dasa-dush electin field does not vansh when &, - 0

Thin indication does not seem to be i acvord with the sugpes
ton by Burton et al 1978} and Caan et al {1977) who showned
that only the southward-onented 1M ampotant i the
development of subntorms and storm

Our statstieal analysis has mdreated that the magiatade ot
the Latitudinal shatt i conjunetton with the EME Qhange s not
necensartdy the same at all Toval tmes but has a loaal tme
dependence as shown i Fagures Vand 8 Fora given change in
the B, component of the IME, the response ot the aoraboval
i the monmng sector seems sttonger than i the evemng
sector T tevapitulate, we show a Figuee 8 tor each of the 8,
valies (45000 and S ) the approvimate location w the
equatonal plane of the magactosphere that corresponds ta the
equatorwitd boundan ot the mghtade aurotal oval Here we
larve projedted the boundan fatitude obtaaed trom the T
satelhites along the magnetic hield lines gven as M 7D (a
Ap > 2y by Racepreld and Mead [1973] The wse ol dillerent
magnetospheric models has been tound to ke no sigoilcant
chaage wn the groas teatuees, exeept for 8, Sy whh the
cotresponding boundary i i the distant tal The avenig
morning asvmmetny iy evadent i that foe o Change o the 8,
value from 18 w0 Sy the boundany moves approvmaiely
trom? 9t St 2100 ML T whereas o changes tom ]
SRt S at 00 MET Simlar dractenntins aan be
notieed ithe e boundary of the plasing sbiect observed
banilinnay [1968], although he avanined the boandany aose
g by osatethte ooy the prenidimght sector, there v a
tendenay tor the tadial distainee of the plasing shect i adge
to decrease with imaaeasing Tocal e, te, approachag md
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LOCATION OF EQUATORWARD BOUNDARY
OF AURORAL OVAL

| \
° )
MAGNETIC (ocar TIME thoutt

Fig. 7. Location of the equatorward boundary of the diffuse electron precipitation at different local times i the durk
sector for the winter and summer henuspheres. Standard deviations are also given,

night; se¢ his Figures 20 and 24. More recently, Mauk and
Mcllwain {1974) and Freeman [1974] have shown that the
injection of low-¢nergy particles at geostationary orbit is ob-
served at earlier local times at higher Kp index. Since the Kp
index is highly correlated with the dawn-dusk electric field
[Mozer and Lucht, 1974, Kivelson, 1976}, those observations
indicate that for a given uniform dawn-dusk electric field the
injection boundary is located closer to the earth at later local
times.

This local time dependence of the location of the plasma
sheet inner boundary inferred from the present study of the
auroral precipitation boundary may be accounted for by the
low-energy plasma motion in the magnetotail in which a large-
scale uniform electne field is superimposed on the corotation
electric field. In such a situation, plasmus dnfting {rom the
distant tul toward the earth terminate at the boundury catled
the Alfven layer (Alfedn, 1939, Alfeén and Filthammar,
1963]. lnside the boundary the drilt orbits of particles encircle
the earth. The location of the Alfvén layer can be obtained for
a particle of magnetic moment 4 by tracing the pasticle tragec-
tories [Kavanagh et al., 1968; Schield et al., 1969: Chen, 1970]
A simple discussion of the particle dnft boundary » mcluded
in Appendix 2.

The two dotted lines i Figure 8 represent the locations of
the Alfvén layers for clectrons and protons with ¢ = 0 in the
presence of the 0.4-mV/m and 0.17-mV/m celectric fields in the
tal to compare them with our oval boundarnes for 8, = - S 4
and 0 9, respectively, The O4-mV/ ey and 0 17-mV/m values
are denved from an empineal relation [Gonzalez and Mozer,
1974] between 8, and the clectrostate field (see Appendix 2)
Note that the Alfvén layer for clectrons with higher u (for
example, g = 0.005 keV/ 9 corresponding to 100-eV electrons
i the tal) is located shightly outward of the shown boundary
for each electric field strength A good agreement can be seen
between the Alfvén layers and the auroral oval boundaries,
which are projected onto the equatonal plane of the magneto-
sphere wlong the ficld hines Displacement of the plusma sheet

boundary more inward in the morning sector than in the
evenmg sector can be simply explained by considering that the
drifts of particles (except high-energy protons) due to the tail
electric field and the corotation electric field supplement each
other in the morning sector, whereas they oppose each other in
the evening sector. Thus this good agreement gives new evi-
dence indicating that the diffuse electrons originate in the inner
boundary of the plasma sheet.

It is noted. however, that there is no reason 10 believe thut
the celectric field that was assumed in obtaining the drift
boundanes is uniform across the entire magnetotail  Further-
more, an asymmetry of the magnetic field between the morn-
ing sector and evening sector may not be neglected in the
explanation of the local time dependence of the IMF response
of the plasma sheet boundary. That is, the magnetic field in the
evening sector is always inflated owing to the partial ring
current which develops in conjunction with the southward
IME [Aamude, 1974), thus indicating the stroager magnetic
field there than at the same L value in the morning sector. This
difference between the morning and evening sectors causes
difference in the drift velocity of plasma sheet particles, which
is faster m the morning sector than in the eveming sector

The followimg points should further be noted m interpreting
the statistical results presented in this paper: First, although
the statistical behavior of the oval boundary was obtained in
termy of the IMFE, this may include the substorm effect in
particular for cases with the southward IMEF wath large magni-
tude. Thus the evening-mocning asymmetry of the response
may actuatly be affected by the particular behavior of the tal
particles i response to the substorm expansion Second, there
Are SOME Crron in using the static magnetosphene configura-
ton to project the wnospheric points to the equatonal plane of
the magnetotal

Substorm Effect

In this study we have abso denufied the separate role of
substorm actinity from the IME effect in controlling the lau-
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tude of the clectron precipitauen boundary It has been in-
dicated that the occurrence of substorms has been shown to
add noticeably to the equatorward shift of the boundary,
although 1t is not easy to distinguish the substorm effect from
the IMF effect dunng individual cases. This equatorward mo-
tion of the regron of the diffuse aurora by a few degrees can
clearly be wdentified 1n all cases shown by Suvder and Akasofu
[1972). who ¢xanuned the *cross section® of the auroral oval as
obscrved by the Alashan menidian chain of all-sky cameras

Vasyliunas [1968] showed the radial distance of the Ogo |
crossings of the plasma sheet inner boundary m the evenng
sector with the dimsion into two classes, quict time and sub-
storm time. It was found that all the observed crossings at
umes of substorm activity accurred carthward of those with no
activity, This 1s aiso i agreement with our results,

The substorm cflect (mamiy an increase m Aun producing
the diffuse aurora) has been reported by Wnningham et al.
{19758]. Iy pattern is relatively sable during substorms in
companson with the structured discrete aurora The enhance-
ment of the brightness of the diffuse aurora duning substorms
can canfy be found in the auroral images observed repeatedly
by 1an 2 and DMSP satelites

[U s not obvious why the equatorward boundary of the
mghtade auroral oval durimg substorms is located more equa-
torward than s quiet tme position, regardless of the well-
knowa *poleward expansion’ of the discrete aurora duriag the
expansive phase of substorms, There i, however, at least one
possimhity of explaining the process which causes the equa-
torward shift of the boundary  In thewr recent model caleu-
tation for a substorm, Yasuhara et al [1975]) have shown that a
three-dumensional current systemt can shft the mghtade au-
roral oval poleward by several degrees This current system,
proposed by Ahasofu [1972], Aamude and Fukushuma 19721,
Crooker and MePherron (1972), and McPherron e al. [1973] 1o
explin the ground magnetic distribution occurnng in the
course of substorms, comsts of a flow nto the mormng part
of the auroral oval atong magnetic field lines, along the auroral
oval, and out from the evemng part of the oval along ticld
hines On the other hand, the Tnad satellite observations have

£QUATORIAL PLANE

MF73D Model

M

recently revealed that the field-aligned current system is not so
simple as above but is of double structure in all local times,
consisting of two oppositely directed currents [Zmuda and
Armstrong, 1974), Indeed, Kamide and Akasofu [19761 have
shown that in the evening scctor the region of the upward
ficld-aligned current on the poleward side of the oval coincides
well with the region of the discrete aurora and that the down-
ward ficld-aligned current on the equatorward side of the oval
corresponds to the diffuse aurora, Thus the enhancement of
this field-ahigned current system on the equitorward half of the
oval (upward in the mormng sector and downward n the
evening sector) during substorms can produce the cequa-
torward motion of the equatorward half of the oval by a few
degrees, since such a system produces the mflation of the
magnetic field there.

Contracted Oval

The present study contirms the carhier works by Feldstem
and Starkov {1967), Stringer and Belon [1967), Starkor {1969},
Lassen [1972], and Lua et al. [1975] wdieating that the auroral
oval s quite dynamne, it expands and contracts, as s evident
from the stogram ginven in Figure 2 Berkey and Kamide
[1976] showed by use of DMSP auroral photographs durmg
quict pertods that the size of the auroral ovalis nghly sensitinve
even o relatively small changes in the geonagnete activity
Our study has shown the ninimuwm size of the auroral oval to
be located at 70° w ivariant lattude near nudmght Tt should
be noted that the parameter we have used i tas paper to
charactenize the “nize of the oval’ w the lanitude of the equa-
torward boundary of the diffuse anrora Therefore since the
width of the ditfuse auroral beltis usually of a few degrees and
there s the duserete aurora poleward of i, the actual size of the
polar cap, which seems to relate more directly to the IMF wa
few degrees smatler than what Pigure 2 ndicates.

The equatornard boundary of the diffuae aurora at the 70°
invanant latitide around midaight can be mapped to the wmner
termnation of the plasma sheet at 12-17 R, (depeadmg on
different models) by using recent magnetoaphenie configura-
ton models consteucted by Mead and Fawrfield 11978] The

Pig ¥ Lovaton of the oval boundans tor ditferent 8, values of the IME - The boundan focation i the equatonial plane
was obtamed by projecting the location of the electron previpitation boundan afong magnetin held lines of ME 73D model
f Mead and Favfield 1975] The Aitven layers for electron amd protons wath g umagnet momentequal to O the pravence
ot 04 md nvand 0 s m dawn-dush electnn fields are shown by dotted bines (e Appeadin Y
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contricted oval is probably associated with a weuker dawn-to-
dusk electric field across the magnetotatl. It has been shown
that if a substorm takes place along the contracted ovai, it is
weak in terms of the optical encrgy and Joule heat energy
[Kamide and ARasofue, 1974; dhasofic and Kamide, 1976},

1t has also been shown in Figure 2 that the probability of
seeing substorms decrenses as the oval contracts, This is in
good agreement with the finding of Lui et al. [1975) who
identified the occurrence of a substorm in terms of the aurorat
pattern. As has been suggested by Lui et al, [1975]. the proba-
bility of seeing substorms is not equivalent to their probability
of occurrence. However, since the probability of observing
substorms along the expanded oval is 100% (see Figure 2) and
substorms are absent during a prolonged period of a large
northward IMF [dkasafie, 1975], it is not unreasonable to
assume that there is a latitudinal dependence of the substorm
occurrence frequency.

APPENDIN

The following tabulation summarizes conditions dunng the
351 satellite passes used in this analysis. The number of cases
associated with each condition is shown,

Magnetic local ime

Evening (2000-2400) 198

Morning (0000-0400) 183
Interplanetary magnetic ficld

Northward (8, 2 0) 169

Southward (8, < 0) 182

Toward sector (B, 2 0) 178

Away sector (8, £ 0) 1M
Secason

Summer N

Winter 128
Geomagnetic activity

Quiet time 138

Substorm in progress 170

Uncertain 46

ArpiNnn 2

The Alfvén layer s defined for a particle of magnetic mo-
ment #oas @ Now boundary, mside which the dnft orbu that
completely enairetes the garth lies, w the presence of & dawn-
dusk electne field. Particle orbats and the Alfvén Lners in a
dipole magaete field and a umform electric field have been
calcutated by Kavanagh et al. [1968] and Chen [197%] The
mner edee of the plasmi sheet then corresponds to the dnify
boundary evaluated for the low-energy end of the range of
energies found 1 the plama sheet (100 eV 10 1 keV) Tt
noted that for these 100-eV electrons the correction to the zero
energy solution is neghgible [Awelson and Southwood, 1973)
and that the Alfvén layer for T-keV clectrom is found 1-2 Ry~
outward of the zero energy boundary depending on local time,

There are several papers which deseribe the derivation of the
clectrie potential duced by the reconnection between geos
magaetic field and the arbitrary IME [Hdl, 1973 Sonnerup,
1074, Gonzale: and Mozer, 1974 Cowler, 1974} 1t is not easy
1o estumate at upper haut of the electn field streagth wsed for
abtanung the Alfvén Laver, stnce this vatue s lghly varable
depending on different wsumptions Here we estimae the
dawn-dusk electne field intensity m the magaetetl produced
by the IME on the basis of the work by Gonzale: and Mozer

{1974] because (1) they compared their models with the ob-
served polar cap electric field and (2) they obtained the field
intensities as functions of the 8, values of the IMF which can
readily be compared with our results, For 8, = ~§ y (with 8,
= () they obtained the maximum potential difference &,
across the entire tail as about 290 AV, By using the best
emprrical fit ¢ = 0359, (see their equation (17)). we can get ¢
= 102 kV, When we assume a 40-R; magnetotail thickness,
the average electnic field £ across the tal is estimated to be 04
mV/m, In a similar way, & = 43 kV and £ = 0,17 mV,/m are
aobtained for the IMF condition 8, = 0 with {8, = 5y see
Figures & und 10 uf Gonzale: and Mozer [1974], These estis
wated poteatl differences are in reasonable agreement with
Hepprer's [1972, 1977] measurements of the integrated poten-
tal drop across the polar cap, which ranged from 20 to 100
WV, 1o this fashion, in Pigure 8 we plot the Alfvén luyers for £
= 0.4 mVZm and 017 mV/m and compare them with our
auroral oval boundaries (projected into the equatorial plane)
for 8B, » -5 y and 0 ¥, respectively.

By using the empincal expression £ (KV. Ry} = 0L (1 -
0.097Ap) given by Kivelson [1976) Ap values can be esimated
to be 6 and 4 for B, = § 5 and 0. respectively, These
values are in basic accord with the observational relationship
between Ap and IMF parameters obtained by Schatten and
Wilcax [1967] and Hirshberg and Colburn [1969),
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A Case Study of the Aurora, High-Latitude lonosphere, and Particle
Precipitation During Near-Steady State Conditions
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An lag 2 passas singled out for a detuled examination of the particle fluves, optical entisstons, and
1onospheric paraneters observed durnng a quiescent period {late recovery ) between two subatorms Thes
pass was chosen becanse it was part of a coordinated data aequisition penod between the An Foree
Geophysies Laboratory (AFGL) Airborue lonospheric Observatory, Ins 20 and DMSP{Defense Meteors
ologtead Satellite Program), As a result, bath long-duration measurements Gurerall) and transient,
snapshot (spacecealt) datit are available This allows, on & mucroscopic level, the separation of space and
tme clfects

On the basiy of the jomt duta set it was sstablshed that the karudinal morphology obawerved by the
satellite is basicatly spataal i nature. 1 as concluden hat the observed particle hunes are mont easil)
understood i erms of precipitation from the queei tume plasina sheer waithout mtenvening acceleration,
The obsersedt optical emisvons and fonosphenie parmmeters are found o be i good quahtatne and
quantitative agreement (wathin expertimental ecror) with the electron ttunes, although establishment of this
point has required careful determmation of the viewing direction of the optical instrumenty, removat of
scattered light (atbedo) from underlymg cloud and snow, and comderation of the ellects of photon-
counting stutistics on contour plots of the optical data.

INTRODUCTION storm activity lowered the boundary no matter what the value

in a recent paper, Winningham et al. [1975] expanded upon of 8, was.

. Dechr et al. [1976] compared photometric, all-sky, and par-
parli ctron Nux morphology studies of Haoffman and . : N N N
the curlier electro ‘ﬂ x morphology stu N 1 ” ticle data obtained concurrently by Isis 2 and the NASA 990
Burch [1973) und Frank and Acherson {1972). Winningham et~ » N oY N ‘
. » . wweraft, In this paper it was shown that the CPS and BPS
al. [1975] demonstrated that in the 2100-0300 dipole magnetie discussed in Winni -
; N iscussed in Winningham et al. |1978) correspond to the dilfuse
local time (MLT) sector, distinet and repeatable electron lat Lo d )
. NN N X N and discrete auroral regions, respectively, The penod studied
tudinal distributions were observed as a function of substorm b ‘ ' X
- \ A . y Deehr et al. [1976]) was an early recovery phase with the 1sis
phase. Two regions, the boundary plasma sheet (BPS)and the Y 0 7 L ‘ N "~ )
) N L satellite passing just to the east of the westward traveling
central plasma sheet (CPS), were delineated by Winningham et
al. [1975]. The BPS corresponds to the upper (lower) portion surge. ,
of the masmia sheet adiacent to the taul lobes, and the CPS the In il the preceding papers, no concurrent auroral images or
n po‘rii );\ of m; jl‘-:-m-\ \‘hcc: “‘ d'accnl‘ m the outer Van ionospheric data obtained by lsis 2 were examined. In the
u\"elr‘ {:cll tl'h VBPS c:\h;:m Can c\u‘cmjcl "y namic behavior g PrESENt paper an Isis 2 pass (orbit 3194, 0600 UT on December
Alle 10 S ¥ gy S 9.1971) a8 singled out for a detailed examination of the particle
flunes, optical emissions, and ionospheric parameters observed
during a quescent period (late recorvery ) between two sub-
storms. This puss was chosen because ®was part of & coordr-
nated data acquisition period between the AFGL Arcborne
tonospheric Observatory, 1sis 2, and DMSP (Defense Meteor-
ological Satellite Program). As a result, both long-duratton
measurements (rircrall) and transient, snapshot (spacecrait)
data are avadable, This allows, on a macroscopie level, the
separation of space and ume etiects.

Although these eritenia were well satwstied, it was found that
other factors himted the accuracy obtanable wm a tullbmod.
ching caleulanion. tn particutar, alt the plasma parameters are
not avilable m the orbit-aligned mode used herer con-

Copvright © 1978 by the Amencan Geophyaical Union sequendy, a dotated model analysis 1 not presented nere hat
Paper number ¥A0779 s The U.S. Governmwnt 1s suthonzed to
0148-0227 78 128A-0779801 0 Petmission tor further ¢

the copyright owner.

a Tunction of substorm phase. The CP§, in comparison,
chunges very litle, exlubing masaly & shght spectral hard-
ening and an equatorward shift followed by a poleward shift as
the substorm proceeds, No detaled correlition with parame-
tees other than magnetic field data was attempted by Winning-
ham et al. [1975),

Kamide and Wummgham [1977] studied i detail the depen-
dence of the equatoria! boundary of the CPS on the IME 3,
component and substorn® phise (A£). 1t was deternuned that
the IM¥ B, componeut was the dommant milueice on the
CPS equitonal boundary with substorm actnuy playmg a
secondary role The CPS lower bugadary moved equatorward
(poleward) us the IMF component decreased (increased). Sub-

reproduce and selt this 1epors,
eptoduction by others must be obtained from
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Fig la. Electron spectrograms for December 9, 1971, Sce Winningham et al. [1928) for u description of the spectrogram
format,

will be the subject of later cartwheel studies, The senm-
quantitative comparisons available in this pictorial photomet.
ric mode nevertheless provide useful insights into the auroral
process and luy the groundwork for precise optical-particle-
plasma comparisons.

OBSERVATIONS

Particle Data.  Figures 1a and b are energy-time spectro-
grams of the electron and proton fluxes observed by the soft
particle spectrometer (SPS) on lsis 2 during the northern
nightside portion of orbit 3194 on December 9, 1971, For a
discussion of the spectrogram presentation, see Winningham et
al. {1975). From the beginning of the spectrogram at 0605:04
UT (invariant latitude A of 83.0, dipole magnetic local time
(MLT) of 20.4 hours) to 0606:52 UT (A = 78.6°, MLLT = 21.9
hours) a flux of low-intensity low-energy (<200 V) electrons
wrs observed (1t should be noted that the magnette attitude
torquing coils were on untit 060732 UT. As u result, the prtch
angle given i the spectrogram is incorreet, and the clectron
spectrum below a few hundred electron volts is quanttatively
ncorrect This electron data can be used 1 a qualitative sense,
however) The atorementioned low-energy clectrons poleward
of A = 78 6° have been wdenufied by Winningham and Heikkila
(1974} as bang of probable magnetosheath origin That is,
they are sinlar in spectral shape to magnetosheath electrons
but are reduced i ntensity by ~ 1077 Because of ther umfor-
nuty and spatial extent (most of the polar cap), Wmmngham
and Heikkila {1974) tenmied these flunes polar ram, Withi the

sensitivity of the SPS, no proton fluxes were observed in con-
Junction with the electron polar rain,

Equatorward of 78.6°, a region of relatvely uniform and
more intense electron and proton flux was observed, Both
particle species eahibited a hardening and intensification of
their spectra as a function of decreasing latitude (see Figure 2).
The maxtmum in the ¢lectron and proton energy flux was at A
> 69.2° and A x> 68.7°, respectively, Equatorward of 69.2°,
the electran spectrum became progressively weaker (see Figure
2), softer, and exhibited an increasingly trapped angulur distri
bution. Below 68.7°, the proton fluxes rapidly decreased in
mtensity and sotropy. The sensible ¢nd of the ¢lecteon and
proton fluxes occurred at A > 65.9°,

In Figure 2, representative electron spectra at mimmum
pitch angle are presented, The spectra are taken at the posi-
tions marked with arrows i Figure la. Spectra 1-7 demon-
strate the spectral hardemng with decreasing tatitude, and
spectra 8-10 the subsequent softemng. Spectrum 11 1s due to
atmospherie conjugate photoclectrons, The most stiking feu-
ture of each of these spectra s thewr basic shape, which varies
between a power law and an exponential. No prominent
‘monoenergetic’ spectral peaks are observed. Companson of
spectra -3 wm Figure 2a with spectrum 10 wm Figure 2e shows a
marked simulanty of shape in the energy range greater than
~50 eV, even though these spectra are separated by 10° of
imvanant fattude (1., at the polar boundary of the BPS and
the equatonal CPS boundary ).

Data from several chaancls of the lss 2 encrgetic particle
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Fig. 1 Protos spectrograms for Decembier 9, 1971, Sce Winmmgham et ol [1975] lor a descripron ot the spectrogram
format,

detector (EPD) [Verhatarangan et al., 1975] mdieate that the
bachground boundary Ay [MeDigrmid and Wilson, 1908] for
clectrons having energy of 40 heV wan located at ~70.8°, In
some works [Frank «and Ackerson, 1972), Ax has been asvour
ated with the last closed ficld hing. However, during this pass
the low-energy (<20 heV) channels of the FPD eaxlnbated
cvidence of an angulir distnbution peaked at 90° up 1o ut least
76°. Above 76° the solter specteum (Figure 2a) placed the
below the EPD'N energy range.

Magnetic Data Fagure Xy the L station A £ inden geaer-
ated by the World Data Center A Tor Sular- Verrestrial Phyaies,
(We recogmze the imutatons of thas index, but it the only

one readily avinlable) Examnauon of the AR mdey indicates

pass 194 (indicated by a bar) occurred subsequent to a small
subistoron starting at ~0307 U T wnd prioe to o larget substorm
beginmng at 0847 U T, .
Figure 3b qives the H, D, and Z components from Rosto-
her's chain of magnetoneters i western Canada [Aisabeth and
Rostoker, 197t Ias 2 paratleled the 101Y west mendun dur-
ing pass 94, winch placed it ~ 147 to the east of Rostoker's
chain linpection of Figure 3b reveals that the penad of orbn
JI94 wan one of relative magnetic quicscebee priot o the
substorm commencing at 0847 UT Highersresolution (N 10)
plots indicate that even low-level activaty was abaent
tnterplanctary nagnetie field data were availuble from lmp
Lowhieh was located o the eveming sector magnetosheath,
durig otbit 194 he magnetosheath IME was southward (in
SM coordinates) trom 0528 to 0543 UT, northward from 0543

to 0604 U1, and slightly southward from 0604 to 061t U,
alter which time the field was northward. The t-hour average
IME changed from northward to southward from 0600 to
0R00 U1,

lonospheric Data,  Fagures dq and 4b give the locul values
and isodensity contours of electron denwmty tor orbit 3194, In
Egure da, from A = 83° (060504 UT) to A = 78.0° (060648
UT) (the polar ruan regron), the tocal electron density was ver)y
low, 10t em 2, 4 value typiead Tor the wanter polur cap Owing
o the sounder sweep periog of 27 s, the next density profile
after 78.0° was not obtwned untd A > 77.8° (0607 12 U1), or
20 v after Iais 2 entered the maore intense particle fux repon 1t
van be seen that the local electron denmity had nicreased by
factor of 8.5 The local density was observed to werease tet-
ther dunng the nent *ounder aweep. Structute wis evident in
the local deasity untit & = 66.8° (0611.25 UT), after which
tume u stead) dechne to o mumum density at A~ 62 8°
(0012 S2 UT) was observed Subsequent to the munmum, the
density tereised steadily untd the plot was ternunated

Figure 4b reveals that inereases indensity of varying degree
were observed at all haights above F; man betv ecn Oolo 48
and 001200 UL, As m the locad densty, Buctuations wers
observed untd 001128 UL, after whnach time i relative minge
mum was observed. After the nuntwm a steady inerease m
denaity was obaserved at all heights 1t should be noted that the
wodensity contours within the auroral regron are detived by
real beight prosites which we mugnetie hield uligned (e, the
sotimder wave s propagated along the field fine)

L T ‘;_%,ﬂ, ;“}?
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Laanination of the toval demnty measured by the Laaginua
probe reveals exsentially the same morphology as the seunde
The mayor dillerduee between the two resubts i vie of spatial
temporal resoluteon, the Langmiue probie having much greatet
reaolution Both the Langmur probe and the sounder nuidicate
the regon of mtense particle fuves o be coitieident with a
region o topside spread ¥, ST1Z [Dyson and 1 pimngham,
1974]. Fine scale abolute denmty fuctuations as lage as 10
Wt erelateve fuctnations were as Tatge as 0% were obvened
by the Langmuir probe (L HL Brace private conuiation,
1976) w4 fned buas mode of operation  The ductvations
ceared @t 061200 U, comnadent waith the end of awmoral
ey

1he watellite attitude was optionzed tor amaging by the

anrort seannier durfig thix pass, Ax a result, the attitude was
toss than tdead for the fon wmass sprotrometer and the retarding
potentind analyzer, However, these tnxtruments indicated that
the particle luaes ovenrred within the light fon trough,

Ontical Date.  “lnager' ol the nightside auroral vval on
buth sides of the spaceerall track were obitaited by the optical
{nstraments o Ixis 2 [Shephend et ol 1970 dnger et al, 1973)
during this pass. The speeiite wavelengths covered were 3914 A
{Ng*), 5571 A, and 6300 A © 1. The data are presented as
pietures vh a geographie voordinate grid in Figure 3 (8577 A
and 14 A only) andd ay contour plots Tor all three wave:
fengths in Figure 6 The comtoured I91-A and 85774 data
are derived from the lowsresolution pulse code nwdulation
datu that are vlectronivally averaged fro the trequency mode
ulativn-lrequeney  wuodulation data used W vonstruet the
fmages of' Figure §.

The DMSE novn-midurght satellite and tas 2 were in ap-
provivately the vame Tocal tive plane during mid:Devember
1971, amd telemetry was sehieduled for passes that were elose in
UEE. Digure 7 presents the DMSE auroral image of the north.
e nightime sector at 0601 UT Abw shown are WI4-A
miemity contoms mened by Isis 2 at Be0Y UT and pro.
Jeeted onto the HDMSP peture at 100k alinude, Inis was o
the west ol DMSE; however, owimg to the higher alutude (1420
A ) of Idy, ity fnage ehcompasaes neatdy alt ot the area ol the
DMSP praure Close coineidemve v obsernved between the
3914 A roon w the Ty 2 image and the =ion of diffuse or
contioun aurora seen i DMSE as a rather wnlorm belt of
uintrgctured glow with a simouth equatorsard boundary It
should be noted that the DMSE data are somewhat com
promeed by muoonhight scattered by snow and dowds. Also,
the dwth area iy the venter ol the DMSP tnage w an .
Attment artbact

A Broad region of diltuse aurora iy evident i Eigares §-7on
buth sdes ot foval oudisght (whidh iy at approvmately 207°
longitide). Tn addibion, o weak anc i present at Tugher lat-
tudes extending to the east ol die bas 2 otbat ¢t gures Saud 1)
Lty mtensiy ix approvmately 1 AR (WId) and 2 AR (3877)
Thee ane sepresents the venter of @t broader regon w
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AE INDEX
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9 DEC 1971

Fig. 3a. AE index for the period encompassing Isis 2 orbit 3194

which the 6300-A intensity (figure 6a) is enhanced relative to
its value in the diffuse aurora where the maximum 3914-A and
$577-A intensities (Figures 66 and 6¢) occur. The ratio
1(6300)/1(5577) has a value of ubout 1 in the vicimty of the ure
but is well helow 0.1 in the diffuse awrora. Figure 6a also
reveals that the 6300-A region is broader in latitude than for
the other two lines at all local times shown in the figure,

Aircraft Data.  During this coordinated data acquisition
period the AFGL NKC- 135 aircraft flew across northern Can-
adu following a truck designed to intersect several passes of the
Isis 2 and DMSP satellites. At the time of this pass, the aircraft
was traveling directly equatorward in corrected geomagneti
cootdinates atong the 2230 CG local time meridian, The objec-
tive was to make measurements of atmospheric iomzaton and
luminosity resulting (rom the precipitating particles measured
by Isis 2. Because of the relatively long time required by the
aireraft to traverse the latitude region of particle precipitation
(~2 hours from 75.3° t0 67.6° CGL) compared with the
satellite (n few minutes) we have chosen this pertod of low
magnetic activity to make the comparison.

The wircraft Qight track has been annotated onto Figures
6a~6¢ as u series of dots, with the dots 15 min apart in each
figure, The direction of teavel was (geographic) southwest, and
the right-hand dot indicates the aircraft position at 0500 UT,
The point of closest approach between aireraft and satellite
wis 0609 UT when Isis pussed slightly to the west of the
aireraft,

During thus southbound flight leg, ionosonde returns in-
dicated a region of particle-produced ionization wt E layer
hetghts (auroral £). £ layer tontzation could be deteimined in
the airerall ionograms from 0541 to 0700 UT and was collo
cated i space with the optical enissions onginating primarily
from £ layer heights (3914 A Ny* and §577 £ O 1) and with
nmimum (6300 A), 13914 A) ratios, This agreement is dem
onstrated in Pigure 4, which shows the latitude profiles of the
optical entiasions, ¢lectron densities, und particle energy funes
along the subsatelhite track together with the measured £ layer
critical frequencies (foka).

Beeause of the good spatial agreement between opucal,
particle, and ionoaphene parameters an attempt was made to

9 DEC 1971
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two cnergy bands and average energy for electron spectra
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o DECEMBER "9:,197L .

YN

- ISIS 2 AURORAL

0.3-2.3kR

for g

IMAGES:

1-8 kR

2.5-14kR

’ © LOCAL MIONIONT

b, §

Geographie projections of (a) $577-A and (b) 3914-A data. The coordinate grids shawn apply 10 all pretures,

which dilter only m the wavelength and range of mtenvities presented  1he longitudes shown should e multiplied by to
he pictures are i tegative format, with wteasties greater than the mdiated range represented as black and those below éx
white Ditensiies shown are observed oblique values, uncorrected for albedo  The maguetic subsatellite trach wandicated
squares which correapond 1o E-min imtervals of spacecrall e startng at 0604 U1 at the top of the prtures and gomg to

0612 wt the bottom

calculate the magmitude of the auroral & layer (foF,) expected
from the electron precipitation for comparon with the mea

sured values. Protons contributed only about 0% to the total
preciptated energy luy and were not considered to be a gl
want wization source, The wmzation production rates of
Rees [1963], together with the clectron spectra shown m big

ures 2a-2c, were used to compute the total £ layer iwomzation
rate. Only clectrons with & > 700 eV, which penetrate below
150 km [Rees, 1964), were wncluded. byotropy of the clectron
flux over the upper hemasphere was obscrved and was wed in
the calcutation, Since the aircraft all shy camera photographs
show only a weak steady glow and no discrete auroral forms
| W eber etal . 1977), the assumption of equilibrium dunag tns
period 1y reasonable, and thus sMeady state conditions were
apphied to arnve at clectron deasity profiles An eftective te

cotubination coetlicient, a, of 3 X 10 Tam *y P was wsed o
represent clectron losses duning moderate auroral conditions
(Swider and Marcist, 1974) The ambient noctucnal wnosphere

was ignored, as this amounts o a entical frequency at £ layer
heights of 0.6 M Hz [Amg, 1962] or, equivatently, to only about
10 * of the wonzation rate required to produce a -MH2
awroral £ layer

The tmavimum vadue meach electron density height profile
wats converted to a plasma frequency and taken to be the layer
critieal frequency, the mavimum frequency reflected by the
tayer. The measured and caleulated values of fof, are shown in
bigure 4d Comparinon with the measured values shows rea-
sonable agreement, espeaally at 71 8° Lattude (0609 U'T) at
the point of closest areeaft satellite approach |rom the com
parison it evident that small changes w the partidle spatial
wotphotogy and posably i mtensity occurred during the
atreraft southbound flight leg  The wircrall measurcients
show the peak value ot fok 4 sutted equatorward 1° compared
with the satellite mcasurements  This slow equatornard shifl
of the continuois aurmia and accompanying patticle produced
& layer durig this period has been tepotted by Whalen et ol
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181 2
POLAR GEOGRAPHIC PROJECTION
OF 63004 ISOINTENSITY CONTOURS
TO 250km

40N

20N
140°w

100°w

1 MAXIMUM OF AURORAL € LAYER

>
W o
\ 20°N

80°N

. /} [
Al 20 40°N

40°W

(3ol

Fig. 6a. Isointensity contour plots of 6300-A emissions for December 9, 1971, Contour labels are in umts of 10 R

[1977). Considering the time separation between aircraft and
suiellite measurements of 45 min in the poleward direction,
with the data recorded simultaneously at 71.5°, and $1 min in
the equutorward direction, E layer ionization and auroral
emissions measured by aircrall and satellite compare favor-
ably over a wide latitude range,

Because of the generally accepted proportionality hetween
3914-A emission and jonization rate {Vallance~Jones, 1974) u
comparison was made between the sputial intensity distribu-
tion of the 3914-A emission and the magnitude and extent of
the particle-produced auroral £ layer. The £ layer ionization
was obsarved simultaneously by ionospheric sounders located

I1Sis 2
POLAR GROGRAPRIC PROJECTION

OF 55778 ISGINTENSITY CONTOURS
TO 100km

100°wW

t MAXIMUM OF AURORAL £ LAYER

80°w

Fig. 6b. Same as Figure oa except for $577-A cnnssions
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1818 2
POLAR GEOGRAPHIC PROJECTION
OF 3914 ISOINTENSITY CONTOURS
TO 100km

20°N
140" w

100°w

t MAXIMUM OF AURORAL E LAYER

80'W

Fig. 6. Same as Figure 6a except for 3914-A emissions.

at the ground stations and aircralt shown in Figure 7. The
3914-A intensity is proportional to the ion production rate and
(foE,)* is proportional to the recombination rate at the height
of the maximum £ layer electron density. Under steady stute
conditions these quantities will be equal,

As is seen in Figure 7, the 3914-A intensity at the location of
the aireraflt was 750 R, £ layer cntical frequencies measured by
the airborne sounder were 2.7 MH2z at 0604 UT and 2.7 MH2
at 0615 UT, with (fbE)* = $3. At Churchill's tocation, 1(3914)
= 1400 R, and at 0600 UT, Churchill recorded fo&, = .15
with (fE) = 98, For both amultancous measuretnents, the
relation is

H39I4XR) ~ 15(fE) (MH2) (0

Ground stations at Narssarssuaq and Godhavn are not cov-
ered by the 0600 UT Isis scan. However, 1 (1) were applied o
the f,E, values of 2.1 Mtz and 1.5 MHez measured at Nars-
sarssuaq and Godhavn, the 3914-A mtensities would be 290 R
and 76 R, respectively, Considering that the intensity contours
are oval ahigned, the contours may be extrapolated to place
Nurssarssuayg between the 200-R and 500-R contours of 3914-
A enussion detected by Isis 2. Comparison of these independ-
ent measurements shows excellent agreement between the re-
glon of 3914-A enussion measured by Usis 2, the location of the
continuous aurora measured by DMSP, and the magnitude
and spatial extent of the particle-produced auroral E layer
measured by ionospheric sounders.

The areraft ionosonde and photometer also identitied a
regton of enhanced F layer wregulantics and 6300-A auroral
emisson (see Pike et al. [1977) for a more complete dis-
cusston). Reference to Higures 4 and 6 reveals the observable
region of F layer ieregulantues (F L1Z) and 6300-A emission, as
measured by the awrcralt, w he withun the regior of soft par
wele preaipitation and enhanved 6300-A emsston measured by
the satellite. No quantitative results can be obtained from

aircraft photometer owing to lack of reliable calibration data.

Comparison of Optical and Particle Data. The upparent
quiescence and homogeneity of the aurora during this pass
provides an almosi ideal opportunity to compare particle and
optical fluxes. The difference between times when the particle
detectors sampled the precipitating fluxes and times when the
optical instruments viewed the 100-km projection of these
same magnetic field lines is ulso very favoruble (10 s at high
latitudes increasing to 45 s at the lower auroral latitudes).
Smce the intercomparison requires several steps, cach of which
wvolves signilicant potential sources of error, it seems worth-
while to describe the process in some detail,

First, extraction of the appropniate data from the two-di-
mensional optical images to form an optical profile which can
be compared with the particle fluxes depends upon a precise
knowledge of where the instrument was looking at any given
tune. This can be derived i a straightforward manner given
the spacecrafl position (which is well established), the onenta-
ton m space of the spaceeraft spin axis, and spin rate, phase
angle information which we derive ourselves from observed
limb-crossing times. In a pass such as this where good §577-A
airglow limb data are available, uncertainty i the spin axis
coordinates normally represents the most significant source of
error. In this case we have been able to use sightings of cities
and stars together with the data from both limbs to correct the
spin axis coordinates, resulting in a probable error n com-
puted position of no more than 20 km,

As with other cases where detatled comparisons have been
carried out under quiet conditions [Luf et al., 1977), we ob-
seived an apparent discrepancy between the resulting optical
and particle profiles, especially at the equatorward boundary.
In particular, the particle flux dechined to a very low level at a
latitude (appronimately 66.7°) where there was still consd-
crable optical flun. Litorts to explamn this excess m terims of
protons or other particle thines outside the range of energies
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measured by s are uncomvieing However, iemoval of the
opticat albedo contnbution trom underhaing cloud, snow, and
we {Havs and dnger. 1978] has the eflect of sharpeting the
optical protile and removing most of this dierepancy A vor-
rected optical profife was produced (Figure 40) by assunung
that albedo equaly 07 and by usng the weratne procedure
desenibed by Havs and Anger in which the eftedts of paralian
and vanable Yan Rhgn tactor are abso taken into account
Wath approprate alfowances tor statintieal vanations and the
lumted (onee per spind samphng rate ol the partide detecton
the agreement between particle encigy flun protde and the
contected W L optical prodile appears quie good, although
o regrons remam where there s some temaning disvtep
amy shighthy below the equatornand boundany where both

the 3378 and W14 corrected protiles dip below the base-
Line values prevaleat atlower latitudes and nei 70° where the
particle lun seems more sharph peaked than the opuical
Lhese appateat dicrepancies will now be conadered elatne
to posaible east west iwhomogeneities i partude preapitation
The albedo removal procedure apphed i producing the
cortected sty protiles assumes cast west ungorty i the
arord Phe largesscake vatidity of this assumption s apparcnt
om an aspection of the prtures, but there temains the
question of whether amy small seale strwcture mght be din
totting the computed probdey i wans that would make them
unrepresentatne . Small saade sttocture could abve attect the
pattde opival compaison because the partinle mstrament
samples wovery confined region of spane easentialhy Fopvre
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tadius), while the optical detectors necessarily average over a
larger region (10-50 km).

For these reasons we have examined the $577-A and 3914-A
data from a region extending about 100 km on either side of
the spacecralt track. When relativity weak features are looked
at with the maximum resolution (approximately 8 km) of the
instrument, the effects of counting statistics become very pro-
nounced leading to difficulties in distinguishing between real
and purely statistical variations. This can be particularly de-
ceptive in two-dimensional contouring where random cluster-
ings of statistically high or low values can lead to very ‘real’
looking variations, especially when the data have been
smoothed. A discussion of this problem is given in the Appen-
dix. There we are able to conclude that relatively small-scale
auroral structure existed in the vicimty of the peak (giving rise
to intensities of approximately 0.5-1 kR in excess of those t¢
the east und west of the satellite track).

An overestimate of the average cast-west intensity in the
vicinity of the peak would also lead to an overestimate in the
sutface albedo intens.;, o be subtracted at a position just
below the auroral boundary. The effect of such an error would
be especially conspicuous at this location owing to the lack of
any real aurora, An overestimate of 0.5 kR in the east-west
average 3914-A intensity over a 1° range m corrected geomug-
netic latitude at 69° would be suflicient to explain the observed
dip in the corrected profile. This is well within the realm of
possibility and seems the most reasonable explanation of the
dip.

Careful examination of the original pictures suggests that
patchy cast-west aligned arc segments ure responsible for the
observed intensity peak near 70° latitude. Smalt-scale varia-
tions of this sort (or time variations) could readily account for
the discrepancy between optical and particle intensities in this
region, since the optical intensities represent an average of o
much larger region than that sampled by the particle detector,

Figures 8a and 8b present the corrected optical intensities at
3914 A and 5577 A as a function of electron energy flun in the
local loss cone. The error bars in Figure 8 are representative of
the cahbration errors for the photometers and particle in-
strument. A least squares fit was made to the observed data
(excluding point ¢ which occurs in the region of observed east-
west patchiness). The resulting retations have a slope of 950 &
100 and 1700 2 150 R erg=* cm~? s~ at 3914 and $377 A,
respectively.

The crosses in Figure 3 represent the values predicted by
utilizing the results of Rees and Luckey [1974). These values
were derived as follows, The average energy tor cach loss cone
energy flux measurement was derved and the appropnate
4278 A, erg can? s ratio was scaled from Figure 7 of Rees and
Luckhey. This value was then multiphed by 3.3 to derive the
3914-A energy fux relationship. This ratio was muluplied by
the observed energy flux resulting i the predicted I914-A
mtensities (crosses) in Figure 8a. The $377-A values (crosses in
Figure 85) were denved from the predicted J914-A flun and
the ratio between $577 A and 4278 A given by Rees and Luckey
[1974]. No values could be derived for points a, i, 5, K, and /
because Rees and Luckey's relations are for £ > 300 ¢V and
the average energy for test ponts were <300 eV.

The predicted values are consistently tower than the expen-
mentally determined ones. Some of this difference may be due
to uncorrected background radation. I the 300 R ofiset i
subtracted from the $577-A experimental values, then reason-
al'le agreement s observed, However, this same process does
aot bring the 3914-A data into agresment. The expennental

stope is much steeper than the predicted data, i.c., consistently
more than is predicted. One possible reason for this is the low
average energies observed {from 50 to 1000 eV), Most of the
3914-A emissions would then come from > 150 km and thus be
sensitive to the neutral atmosphere mode! used. Kasting and
Hays [1977] noted similar discrepancies when they utilized the
Rees and Luckey predictions.

Residuat $577-A intensities poleward and cquatorward of
the aurora are probubly due to airglow. The higher level (400~
500 R) inside the polar cap is remarkable but appears consis-
tent with ground-based airglow measurements in this region
[Mullen et al.. 1977), although their values are somewhat less
intense than ours.

There is no point in attempting to model 6300-A emissions
at the present time, since the mechanisms underlying its pro-
duction are still unclear For exampls, a recent study by Rees
et al. {1976} gave poor predictions of 6300-A and §577-A
emissions, as calculated from the primacy precipitation parti-
cles. (A plot similar to the plots in Figures 8a and 86 was
prepared, but no significant relationship could be derived.)
Nevertheless, it is clear that one can use the J(6300)/1(3914)
ratio to astimate the average energy of the clectrons [Deehr et
al,, 1976), ulthough the process should be regarded as empin-
cal. The observed points of 7(6300) = /(3914) (Figure 4) corre-
spond to the points where the soft and hard fluxes are equal
and to the £ = 400 eV (Figure 4), The poleward boundary of
the region /(3914) > 1(6300) corresponds to higher ¥ region
electron densities, This region is narrower than the ‘red band’
defined by Pike in terms of halisintensity points, but if that
definition is used, the spacecralt and ground-based duta are
consistent,

DiscussSION AND CONCLUSIONS

If he data from Rostoher's chain of magnetometers and
from *1¢ stations comprising the A€ 11 index can be consid-
ered repoesentative, the period surrounding Isis 2 orbit 3194
cun b= characterized as a period of relative maguetic quies-
cence. Figuratively speaking, it is the lull between storms.
Data from the AFGL NKC-135 all-shy camera and scanmog
photometer provide evidence of quict stable auroral condi-
tions (see Pike e al. [1977) and Weber et al. [1977] for a more
complete discussion of the atrcraft data). In addition, the
similarity of wmaging data from Isis 2 and DMSP provide
further support. We shall thus consider the data obtained by
Isis 2 to be representative of a quasi-steady state environment

On the basis of previous discussion, we view the vanations
in particle characterisues as essentially spatial. 1t decreasing
mvariant latitude is equated with decreasing geoventrie dis-
tance i the equatorial plane, then the latitudinal patterns
observed during orbit 3194 closely paratlel the generat quiet
ume geocentric pattern presented by Frank [1971) Thata, the
average energy and energy flun fiest increase and then decrease
as a function of decreasing geocentrie distance (ovartant fat-
tude). Thus we conclude the fuves observed during orbat 1194
to be of plastma sheet ongin, the lugher-latitude luves onginat-
g i the upper boundary plasma sheet and the lower-latitude
portion i the central plasma sheet fsee Winningham o1 al,
1975).

Frank [1971] noted that w the premudiight hours the *carth-
ward edge of the plasma sheet s at 1-3 R, beyond the plasma-
pause posttion i the preandmght penod® [see Frank, (971,
tigure 8] I the mcrease m electron density at the satellte
begtnming at approvumnately 0613 U i nterpreted as envom-
passng the equatortal plasmapause, then our results are
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general agreement with those of Frank [1971]. Specitically, the
edge of the low-altitude plazma sheet is located at \ o 66°,
and the plasmapause is at A < 62° (the exact value would
depend on which definition one uses for the lowsaltitude
plasmapause). Converting A\ & 4° w0 AL gives 1.3 Ry, which
is seen to lic within the -3 Ry found by Frawk [1971].

Also Frank [1971] found that *the teapping boundary lor
cnergetic electrons is usually observed coincident with or bee
yond the boundary of the eatthward edge of the plasma sheet.”
The W-heV trapping bovudary' detined by the lws 2 EPD talls
at A & 1% de, ~8° poleward of the tnner edge of the low.
alttude plasma sheet, in agreement with Frank, However,
constderation of low-energy tsis 2 electron and proton flunes
show angular distnbutions peaked at 90° ap 1o 76%, ifsuch an
angular disttibution 1s taken as sufficient proof of closed Geld
lines, then wagnetie field Hnes are closed to at least 76°. Thu
most of the low-alttude plasma sheet (possibly all) and by

analogy the equatorial plasmia sheet was on closed tield lines
during orbit 3194, Thus some caution should be used when
interpreting the 40-heV boundary as the last closed tield line,
In the present gase an erroneous conclusion would have been
reuched.

Comparison of the spectra in Figure 2 with published
plasma sheet spoetea [Moses ef ¢l 1971] reveals signilicant
ditterenves, especially at tow energics. According to B, W
Hones (private conununication, 1976) the awygority of all
plasiia sheet spectea observed with the Velu satellites exhibit
Manwellian spectra. Quly the portion of spectra 6, 7, and §
(the spectra closest to the manunum i energy ftwn) above
approaimately theV can be reasonably fited by a Mawwellian
distributivn, o addition, the wtensities of the lowsaltitude
Quaes are targer thun typical equatorial flunes, Two possible
conclusions come o mind. Oune is that there is ne a prion
TEA30N 10 assume any relation between the auroral zone fuves
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and the equatonal plasma sheet, The second and more prob-
able cause is the lack of detailed measurements inside and
around the equatorial loss cone. This is the regton of angular
space where low-altitude fluxes must onginate (in the absence
of strong pitch angle scattering). Hones [1971] and more re-
cently Mcllwain [1975] have shown larger fluxes and ditferent
spectra inside the equatorial loss cone. Thus any firm con-
clusion concerning the agreement (or kuck of i) between low-
and high-altitude spectra must await more detauled measure-
ments in the equatorial plasma sheet loss cone,

Along the magnetic subsatellite track the boundaries of the
‘fow-altitude plasma sheet coincide with the topside poleward

trough wall and the depleted polar cap. In addition, the low-
altitude plasma sheet coincides with a region of enhanced
electron density irregularities (spread F). This is not a terribly
surprising result, since the observed particle fluxes represent
one of the largest energy inputs into the darkened nightside
ionosphere. 1f the relation between particle fluaes and optical
emissions holds true for all local times observed by the Isis
imaging system during orbit 3194, then similar topside iono-
spheric condrtions could be reasonably expected at these loca-
tions. The same should hold true for bottomside ionospheric
effects (i.e.. £, and FLIZ), and this conclusion has been veri-
licd for avilable ground-based sounders. This demonstrates
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Fig 9. A contour band plot of the (top) $577-A and (bottom) 3914-A data along the spacecrafl trach and tor about 80
hm on each side. Lines of corrected geomagnetic fattude are also shown, The legend gives the itenuity range wm
kilorayleighs of each band The data from each spin are represented by a rectangle made up of 13 X 20 individual intensity
values which have been smoothed i the manner described in the text Data from nine successive spiny were then jomed to
make a continuous map. East-west irregularities are attributable to counting statistics except i the 69° lattude range where
both wavelengths show a consistent drop in intensity off the satethte trach.
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Fig. 10. A contour band plot of synthetic data processed and disptayexd the same as in Figure 8. Individual data values
are derived from a constant intensity of 2.15 kR (10.8 counts) with superimposed counting statistical vaciations, The value
of 2.15 kR (chosen to represent a typical case) is about le removed from the center of one of the 3o contour bands,
Substantial variations are evident in the smoothed data, Such variation can be considered typical for data of any intensity
where the same smoothing and relative contour bandwidth is used, They show the typical size and {requency of intrusions
by adjacent bands due to statistical fluctuations alone and lead to the conclusion that most of the sastewest irregularities in

Figure 8 are attributable to counting statistics.

the power of ‘geophysically calibrated' satellite auroral imag-
ing systems, especiaily a high-altitude ‘cinematography’ sys-
tem capuble of viewing the complete auroral oval

As would be suspected from ground-based measurements,
the region of lowsenergy electron fluxes corresponds to a re-
gion of enhanced red to green and red to blue ratios and F
layer irregularities. In a like manner the more energetic elec-
tron spectra are associnted with enhanced $577-A and 3914-A
photon fluxes and auroral £ layers. These results provide
support for active pursuit of ‘intercalibrations' and inter-
comparison of satellite and ground-based (including aircralt)
results to the mutual benefit of each type of measurement,

Comparison of Isis results with DMSP imuges supports the
previously reported {Mizera et al., 1975) preferentiul sensitive
ity of the DMSP system to higher-energy (greater than a few
heV) clectrons. Thus care should be taken in interpreting
DMSP results, especially during quiet periods. Future auroral
imaging systems should sample lines sensitive to low-energy
fluxes. '

The optical and particle data from this pass can be classified
s being in ‘reasonable’ agreement once the effects of surfuce
optical albedo and ¢ast-west nonuniformities in precipitation
are taken into account. {Reasonable in this context is meant to
imply as good s any current equivalent determination {i.e.,
Kasting and Hays, 1977].) Two-dimensional optical data of
photometric quality are clearly required in carrying out such
comparisons, along with great care in the interpretation of
such data, even under what could be considered to be ex-
tremely quiet conditions. Deamatic variations in average par-
ticle energy (50-1000 ¢V) during this pass (Which closely trach
the precipitated energy flux) show up prominently in the
greater latitudinal width of the 6300-A intensity profile relative
10 5577 A und 3914 A and further ilustrate the capabilities of

optical remote sensing as a neans of evaluating precipitating
particle fluxes and energies over broad regions beneath a satel-
lite.

APPENDIX: EVALUATION OF EFFECTS OF
STATISTICAL VARIATIONS IN CoONTOUR PLOTS

In developing a technique for presenting and interpreting
duta from the imuging system on Isis we have relied heavily on
the use of synthetic data created by adding simulated counting
statistical noise to 4 known two-dimensional profile (usually of
constant intensity). The synthetic data are then processed and
presented in the same way as the real data. Wherc many difler-
ent synthetic profiles based on the same ‘real' profile were
examined, we learned (somewhat to our dismay) what a targe
effect purely statistical varintions can have on apparent con-
tour shapss.

On the basis of this experience, we adopted the following
procedure in preparing the two-dimensional intensity data.
First, the data were smoothed by rows and columns by using a
smoothing function 0f 0.25, 0.5, 0.2, and were then smoothed
a second time by using the same procedure. Next they were
srouped together in contaur bands, each band comprising a 3o
range of intensities based on counting statistics, the reduction
in o due to ymoothing being taken into account, The results for
both $577 A and 3914 A for the pass considered in this paper
are shown in Figure 9. Most of the irregularities in the contour
bands can be attributed to counting statistics, as is evidenced
by Figure 10, which shows a comparable set of synthetic maps
based on a uniform intensity (with statistical noise added).
Data from successive spins have been joined together to give a
continuous map. Exwmination of these and other synthetic
maps leads one 10 conclude that the east-west variations in
Figure 9 are no greater than ihose arising from the effects of
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counting statistics alone except in the region between 69° and
70° CGL. Here east-west gradients become large and indicate
that the spacecraft overflew a localized high plateau, with
lower intensities on each side. Differences in the data near the
peak may, in addition, imply temporal variations during the
10-s interval between samples at the two wavelengths.
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Allssky camera and photometric data were obtained by airborne instruntentation as a function of
latitude and time durisg the course of an auroral substorm. During the substorm recovery phase the Isis 2
satellite passed within 60 hm of the arrcraft zenith. The discrete and dilfuse auroral regions were identificd
from the airborne allsky camera data. Satellite and photometric observatons of the corresponding
ncoming particles led to the following conctusions: (1) The dilfuse and the discrete auroras seen m the all
sky camera data correspone to the two different particle precipitation regions obsen ed from satelhites and
referred to as CPS and ~.eS. respectively (Winningham et al., 1975). (2) The dilfuse auroral region 1<
associated with high- .crgy stably trapped energetic electrons, and the discrete aurora is poleward of the
stable electron trapang boundary, (3) The latitudinal distribution of charactenstie particle encrgies does
not change in a relative sense during the poleward expansion, but expands “accordiontihe.’ (4) The height-
integrated intensity ratio of the red (6300 A) to green (5877 A) emissions of atomic orygen 15 4 good
indicator of the characteristic energy of the incomng particle spectrum.

INTRODUCTION

The auroral scanners aboard the Isis 2 and DMSP satellites
have identified at least two types of auroras, the discrete and
diffuse auroras [Lui and Anger, 1973; Snyder et al., 1974; Lui et
al., 1975]. It is thus of great interest to examine the corre-
sponding features in the pattern of precipitation of auroral
particles. The precipitation patterns of auroral electrons along
magnetic meridian lines have been studied by Frank and Ack-
erson [1971), Hoffman and Burch [1973], Deekr et al. [1973],
and most recently by Winningham et al. [1975]. In general, the
latitudinal profiles have suggested that one can distinguish at
least two precipitation regions. Winningham et al. refer to
these as the BPS (boundary plasma sheet) and CPS (central
plasma sheet) regions, corresponding 1o the regions of discrete
and diffuse auroras, respectively. The “inverted V' structure
{Frank and Ackerson, 1971) and *lambda structures® (Sharber
and Heikkila, 1972) are usually embedded in the BPS region,

In order to examine relationships between the precipitation
pattern of auroral electrons and the two auroral regions a
simultangous observation, from above by the Isis 2 satellite
and from below by the NASA 711 jet aircraft, was conducted
over the Arctic Ocean on October 10, 1972, The purpose of
this paper is to report some of the results of these obseryations,

OBSERVATIONAL CIRCUMSTANCES

Figure 1 shows both the satellite trajectory and the arrcraft
path, together with the AL and AL indiwces during the pentod
of interest, Instead of projecting the satellite trajectory radially
down to the earth’s surface, it is projected along the geomag.
netic field lines, to an altitude of 110 km, at which most of the
precipitating electrons of the observed average energy are
stopped. Over the Arctic Ocean, off Barrow, the aircraft

Convnight © 1976 by the Amencan Geophysical Union,

headed first in the antiparallel direction to the expected Isis 2
trajectory (0857-1030 UT) and then flew paraliel to the tra-
jectory between 1030 and 1110 UT, The satellite passed nearest
to the aircraft between 1104 and 110§ UT.

The surora was very quiet untit about 0930 UT and became
quite active afterwards (see Figure 2). Several surges were
observed between 0930 and 1010 UT, and an intense polew ard
motion began at about 1020 UT. At that time the aircraft was
flying poleward, but the auroral motion overtook the aircraft
at about 1023 UT and went far poleward of it by 1030 UT, at
which time the aircraft turued equatorward. The satellite
passed the nearest point to the airceaft when the aircrall was
located approximately on the boundary between the diffuse
and discrete auroral regions (70.0°N geographic latitude,
166 0°W geographic longitude). This can be seen more clearly
in the allshy photograph shown on the left-hand side of
Figure J.

In the all-sky photograph (Figure 3) we can easily distin-
guish two types of aurora, i.¢., the brighter aurora poteward of
the aircralt and the other less bright aurora, equatorward of it.
Although almost no structure can be seen in the poleward
aurora (because of the saturation of the film), some folds or
wavy shapes are apparent near the western horizon, dicating
rayed structure. Thus it is reasonable to identify the poleward
aurora as a discrete aurora; in fact, it was the arc which
advanced poleward at abont 1020 UT On the other hand, the
equatorward aurera has @ much mote uniform and diffuse
luminosity and could therefore be identified as a diffuse au-
rora.

The satellite traversed the auroral region between 1103 anc
1107 UT, which was during the recovery phase of the substorm
(a 200-y negative bay at College, se¢ Figure 1, bold hine). The
satellite path (agam projected along the geomagueuc field hnes
to an altitude of 110 hkm) 1s plotted every 10 s from 1103:20 to
1106:00 UT on the all-shy photograph (Figure 3). The curcled
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Fig. 1. A map of the Alaskan sector showing the route of the airplane (solid line) and thut of the satellite (dashed line),
labeled in universal time. Shown also are the AU and AL magaetic indices consisting of the envelope of awroral region H
component magnetograms, The College magnetometer is shown as o heavier line,

dot indicates the point where the projected latitude of the
satellite is 70.0°N, which is ulso the latitude of the zenith of the
ull-sky photograph. The longitudes of the zenith and the cir-
cled dot are different by upproximately 60 hm.

The solt purticle spectrometer (SPS) spectrogram for this
puss iy shown on the right-hand side of Figure 3; for details of
the spectrogram, see Winningham et al. [1975), The satellite
crossed the poleward edge of the auroral precipitation
ORI UT and the equatorward edge at 1106:28 UT,

In the spectrogram we can also recognize two types of the
partticle precipitation, poleward and equatorward of approvi-
mately 70°N geographic latitude, The poleward precipitation
shows u considerable structure und has an intense flux and
higher average energy, while the equatorward one shows ul-
most no structure (except for a very low energy burst around
1105:40 UT) and has a weaker flux and o lower average
cnergy. Thus these two regions correspond to the BPS and
CPS, respectively [ Winningham et al., 1975). It can be veen that
the airceafl was located near the boundary between the two
preaipitition regions duning the satellite pass.

SATELLITE OBSERVATIONS

The low-energy (<18 heV) electron dinta obtwined by s 2
(see Figure 3) can be regarded as u ‘snapshot® of the late
substorm clectron latitudinal profile. As mentioned in the
previous section, two distinetively duftereot regions can be
recognized i the spectrogram From 110323 UT (A = 70.8°%)
o HOER UT (A = 67.6°) a bund of structured intense
clectron flun way obaerved. At luwer latitudes from 1104.32 10
1106:28 UT (A = 62.3°) a relauvely uniform weaker clectron
{lux was measured, In Figures da-4d, spectra representatave ol
the sructured region are presented, us i done for the diifuse
preapitation i Figures de-dh

The energy spectrum of auroral primary electrons can vften
be described by an equation of o Maxwellinn type: N(E) dE ~
NoE exp (~E/a) el em ® sy eV Y where a (= AT,) is the
*churacteristic energy,’ or the energy at the peuk of the distri-
bution, Ascan be seen in Figures de-4h, the high-energy end of
the spectrum in the ditfuse auroral region is well deseribed by o
Muxwellinn distribution, but the low-eneegy portion is best
described by a power law, An exception to the low-energy
power law was observed in spectrum 4g, This spectrum was
taken from the low.cneigy burst observed in the spectrogram
(Figure 3) at approximately 10530 UT. The low-energy burat
cannot be deseribed by a Maxwellian distribution cither, the
observed spectrum beg narrower than a Maxwellian, This
tow-coergy burst constitutes only & minor fraction of the total
energy flun und thus does not contribute significantly to the
auroral lundinesity,

The charnctersue eaergy of the electron spectra in the dif-
fuse sone gradually ereased from 0.9 heV as the invariant
tatitude decreased. A maximam of 1 keV wan reached wt
~HI08:50 UT (A = 63.9°) after which time ot gradually de-
creased to 0.6 keV (Fagures de=4h). The power law portion (at
low energies) of the observed spectra could be due to con-
jugate degraded primanes and secondaries,

The structured auroral region enlubits a varicty of spectra,
some of which are desenbed by a Mawwellian curve (Figures
da and &) and others wineh are not (Figures 4b and d¢)
Spectrum da was obtained in the region just poteward of the
witense bursts, Spectra 4b and 4¢ were obtinned in the regron of
wtense bursty and highest averuge energy  Spectrum & was
observed just ¢quatorward of the most iterse bursts and
Mavwellian w shape except for the fowenergy regon, which s
power faw s chatacternistic energy (14 keV) o hugher and ats
total energy wmput i greater than those vbaenved m the ditfuse
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NASA 711
October 10, 1972 ut

g 2 A collection of all-vhy camera photographs takeis trom the NASA 990 aucratt dunng the tight of Ovtober 10,
1972 Fhe substorar beginy over the airerait at 09 and expands poteward (upd with the arcratt untd the aicradt i
equatarward at 1030, thing under the dithuse auroia to the ead of the thght (geomaguete noith s up and edst s 1o the
nght)

regon (Fygures de-d4) Eneagy thines as large as 20ergnem fa 'y Paere obsenved I
The spectia shown in Bigures 46 and o cannot be titted with ssotropy is assaned, this fluy woukd produe ~ 100 AR of 87

a Mawwethan distribution These spectia can be better charac- L enough o satutate the allshy tlim, as obsenved

terized s “peahed’ (0r “monoenergetic’ f count rate were Data geourtesy of 3 R Butrow sy trom several vhanael ot

plotted) Peaks’ i the spectia oveur from 1 o 4 hed the energetn panticle detecton (8 PDY are preseated w biguee
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PITCH ANGLE ENERGY (eV;
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11:03:31 (T73.4°)

11:04:38 { 70.0°*)

11:09:49 ( 66.7°)

11:06:07 {658°)

11:06:23 ( 65.0°)
11:06:28 (649°)
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T
IS1s-2

October 10, 1972

Fig b Anallshy camera photograph cotresponding 10 the closest tmie of passage of the vatellite with the aucrait Lhe
path of the satellite o projected downward along magnetie ficld hines to the 110-hm altitude and shown s dots on the
photograph The umes atwhich the sateliite passes vanous ponts on the photograph are mdcated by arcons, along with
the assumed height of the wurora The southern edge of the partice data corresponds to an auroral alttude of 150-180 hm,
which s convistent with the characterntic energy of the particles detectedrut the satelhite (see tent

Asan the Tower-energy data, a change was observed m the
EPD thunes at approvmatel HOM 30UT Equatorward of this
pomt a twice per spin modulated fluy with deep mumima
both heauspheres was observed  The >200-heV stable trap-
pang boundary was located at this pont (Fgure §f) Poleward
of this boundary the energetic ffuy softened considerably (see
tagures Sa and §b for the ranos of the >22- 10 >40-heV and
S>40- to 60-heV Hunes) and became structured 1 should be
noted here that the “softemng” of the lugh-energy flun s re-
flected as an merease of the characternuic energy of the clec-
trons measured with the SPS

ATE-SAY CartRA OBSERVATIONS

The ntersection between the poleward edge of the autoral
luminosity and the satelhite trajecton projected to 1O Amoas

mdicated by o black airow in Fgure 3 (Hereafter the sateihite
location wall be the projection to {10 hm along the magnetic
field ) 1t can be seen (Fygure 3y that except for @ very narton
( lattude) region of soft (avecage energy tess than 1 keV)
patticle precipitation, the poleward edge of the structured
precipitation regron comncides with the poleward boundary of
the auroral liminosity, n apite of its large 2cnth angle (about
76%) a0 the all-sky photograph The soft particles precipitating
Just polewird of the dicrete aurora mght have cawed an
appreciable lmnosty However, because the average energy
w low (see bagure da), the height of this lumimosity must have
been tgher than (10 ki, so that at was hikely to be located
“behind® the boght aurora

11 the heights of the equatorward edge of the ditfuse aurora
are assumed o be 110, 150, and 180 km, the equatorward
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boundary of the diffuse aurora on the all-sky photograph can
be compared in Figure 3 with that of the diffuse precipitation
region on the spectrogram. The point of interscction between
the equatorward edge of the auroral luminosity and the satel-
lite path projected down to 110, 150, and 180-km heights is
shown with the white arrow head, star mark, and triangle,
resnectively If the height of the diffuse aurora is assumed to be
110 km, the particle and optical boundarics do not coincide
(geographic latitude 66.7° from the all-sky photograph and
64.9° from the spectrogram), and thus the precipitation
boundary is located at & lower latitude by approximately 2°. If
the height is assumed to be 180 km, they almost coincide with
each other (at approximately latitude 65.0°). The energy of
electrons must have been near 600 ¢V to have caused u max-
imum ionization at 180-km altitude. lndeed, such & value is
approximately that of the observed characteristic energy of the
particles on the equatorward edge of the precipitation region
(see Figure 4b).

Another effect which must be accounted for here is that the
actual equatorward edge of the diffuse aurora must have been
hidden by the lower-altitude part of the diffuse aucora, In fact,
the equatorward edge of the diffuse aurora, determined by
assuming & 110-km height, corresponds to the point of the
highest average energy (approximately 2 keV) in the diffuse
precipitation region (at 1105:49 UT; 66.7° geographic latitude,
ar see Figure 4f), As was mentioned earlier, the average energy
of the particles gradually decreased equutorward of this point,
und therefore the icight of the luminosity must have increased
(Figure 4k). These effects combine to produce the apparent
discrepancy between the edges of the precipitation region and
luminosity determined from an all-sky camera in the middie of
this region.

The diffuse aurora observed by the satellite during this late
substorm recovery was the result of the precipitation of Max-
wellian electrons, most likely from the mner portion of the
plasma sheet (CPS).

PHOTOMETRIC OBSERVATIONS

A 6-in. aperture birefringent filter photometer with a $° (ull
field of view directed toward the zenith was mounted on the
uircraft. This photometer (described by Deehr [1969)) is of a
type which continuously subtracts the observed background
continuum emission signal from narrow discontinuities on the
emission continuum. It is therefore most useful for observing
the intensity of atomic emission lines, and for the present study
these lines were the red and green lines of neutral atomic
oxygen at 6300 and 5577 A, respectively.

The usefulness of these auroral emission lines for determine
ing the characteristic energy of the incoming particle popu-
lation has been shown by several workers, most recently by
Rees and Luckey [1974]. Both emissions originate from low,
metastable energy levels of neutral atonie oxygen, but the
lifevme of the 6300-A line is considerably tonger (110 versus
0.75 5), so this levelis collisionally depopulated at a far greater
rate at low auroral altitudes. Because both emusions are pre-
dominantly excited by secondary electrons whose energy spee-
trum is, w turn, determined by the characterntics of the in-
coming primary electrons and because the primary clectrons
are deposited in altitude inversely according to energy [cf.
Rees, 196Y), the ratio of the mtensities of these two hnes (6300
A75577 A)1s a good measure of the characteristic energy of
the incoming primaries

The intensity of the Ny* first negative group is directly
related to $577-A enussion [Rees and Luckey, 1974). The 4278-

A N,* emission may be a better measure of the total ionization
than the green line, but it could not be used in the present
study because the photometer is not linearly sensitive to emis-
sions of spectral width greater than 6 A.

Eather and Mende [1972) plotted 6300 A/4278 A versus
4278-A emission as a measure of incoming particle encrgy for
a number of similar aircraft excursions across the auroral zone
and found that statistically the iower-energy puriicies aiid thius
the resulting higher 6300 A/4278 A emission ratio were found
on the poleward side of the nightside auroral precipitation
zone (sec also Mende and Eather, 1975). However, this is not
always the case, and at times lower characteristic energies
could be found at lower latitudes and higher at higher lati-
tudes. For example, the latitudinal distribution of churacter-
istic energy may depend on substorm time [see Winningham et
al., 1975].

Figure 6 shows the observed intensity of 6300- and §577-A
emissions along with the 6300 A/S5577 A ratio as a function of
time throughout the flight. Five arcas of different auroral
character are indicated in the figure according to Table 1.

The wide variations of the 6300 A/5577 A intensity ratio
(Figure 6, area 2) are due mostly to viewing the upper and
lower borders of moving discrete urcs, which is another in-
dication of the dependence of this ratio on the altitude of the
emitting region, The diffuse aurora (Figure 6, arca 4), on the
other hand, shows u remarkuoly steady relationship between
the two emissions. Plotting the 6300 A/8577-A ratio as a
function of the §577-A intensity (Figure 7) shows, as is gener-
ally known, that the brighter the aurora, the more energetic
the incoming particles (see next paragraph). Thus all-shy com-
era pictures can, in general, be 1 good qualitative indicator of
the characteristic energy of the incoming particles; the pho-
tometers can, however, provide a quantitative index of the
incoming particle energy.

The wtensity ratio predicted by Rees and Luckey [1974] is
shown by solid lines in Figure 7. Because these curves are
bused on the predicted intensity of 4278-A N,* ING emission,
a conversion to $577-A emission was made from Figure 4 of
Rees and Luckey's [1974) work. What is showr here is that the
characteristic energy « of the incomng electrons varied be-
tween approximately 0.2 and 6 keV during the airplane flight.
In terms of substorm ¢vents this may be summarized in the
following way:

1. The initial poleward expanding are is of low character.
istic energy.

2. The bright, discrete poleward ares immediately tfollow-
g the poleward expansion are associated with electrons of
relatively high characteristic energy.

3. The difluse aurora (after the poleward expansion) has a
lower energy characteristic than the bright poleward -
panding arc.

tmplicit in ths result 1s the support of the Rees and Luchey
model for the particle-emission relationship. Indeed, the char.
acterisic energies determined by the photometnie data o Fig-
ure 7 for each type of aurora match very well the observed
particle energy as listed in the last two columns of Table |
Although the agreement 1s no better than the assumption that
the intemsity calibration (companson with ground-based pho-.
tometers) 1s within S0% and that the fluctuations are due 10
departure from total height integration of the ennssion

Ay mentioned earhier, the particle data from the satellue
pass shown i Figure 3 may be regirded ay o late substorm
snapshot of the latitudinal disteibution of auroral precipitation
as reconstructed from the phototaetne data 1n other words, at
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r N . » -
not covered by this generalization is the early equatorward
1Ltgy 2400y 10° mm i (@  (diffuse) aurcra (Figure 4k), which was equatorward of the
1083 CON “‘f airplane throughout the flight,
\\““"\*vw\.w Another feature of interest is the appearance in Figures 3
and 44 of a large flux of low-energy electrons near 1105:36 UT.
| Although this spectrum indicates an increase of more thun a
148, +40rev) 10° (TG {te)  factor of 10 in total number flux, the contribution to the total
“"“i“";:‘ A ré’z‘:c'.‘:"‘)fsf?& cnergy flux is almost nothing. The feature is therefore not
PR TATON Y visible on the all-sky camera photograph.
TRAPPRG Y aoununv‘ rmw SUMMARY
1,4e,220000v1 0O K IJ“L Lhas ' T Al‘l-sky cameri und‘phmomct.ric data were obtained from
jet aircraft as a function of latitude during the course of an
oy QTS ’2', ,‘ ST auroral substorm. Late i the substorm, near mugnetic mid-
SOieS MO BT N a3 kel a3 el night, the Isis 2 satellite passed near the zenith of the aircraft

on & north-south orbit. The posttion of the discrete and the
diffuse auroral regrons was determined from the all-sky cam-
era data and compared to the particle data taken by the
satellite, Additionally, the ratio of the red (6300 A) und green
(8877 A) emisson hines of atomic oxygen, as & measure of he
incoming particle energy, was compared to the particle energy
deternuned from the satellite ind to the type of aurora seen on

Pig v baergete particle detectn (b PO) data from s 2 saeline
Pass 7073 Pacaltel and perpendivalar markings cefer o detedtor oniea-
tation with zeapect to satetlite spin aas (eourteny of R Burrows)

the tine of the satellite pass Late i the substorm, the latitu-
dinal distaibution of charactenstic waergy determined from the

particle data was remarhably simibar to that encountered dur-
ng the course of the substorm from the aireraft according o
*the photometric observations Thus the relative lattudinal
distribution of particle energy remamed roughly the same and
appeared to expand accordionlike with the poleward expan-
sion ot the substonn, The only region in substorm spuce-time

LaBLE

the all-shy cumera.

The results of these intercompanisons are as follows:

1. The diffuse and the discrete auroras seen i the all-shy
camera data correspond to the two different particle precyp-
tation regions observed from satellites and referred to as CPS
and BPS, respectively (Winningham et al., 1975).

Character of Aurora i the Pwve Areas Shown in Figure 6

Latnude

Area U T, howrs dey

Type of Aurora

Charactenstic Foergy

Mes Isis 2 Figure 7
| 09|< (Wﬂ o7 mitil poleward expansionare 2006V (g 4a)  200-600 ¢V
0928-0938 63
2 U923-0928 67 < bright diserete poleward ares > 2 keV (non- ~dheV
Mawelhan, we
OMA- 1014 o9-7 Pigs 4b.40)
1020~ 1040 728N
} 140 1110 69 betweendiftweand diserete 900 eV (kg ) 16 AoV
aurora
4 FHS- 1200 69-68  diffuse equatornard aurora 1heV (kg 4N < 2heV
< Q400948 69 dark shy poleward of aurora
10181020 73128
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0% 10 10 |I
5577A Emission Rate (kR)
Fig. 7. The 6300 A/5577 A intensity ratio as a function of the
$577-A emission rate. The solid lines indicate the values predicted by

Rees and Luckey [1974]. The data points are separated according to
the areas defined in Figure 6 and Table 1.

2. The diffuse auroral region is associated with stably
trapped energetic particles, and the discrete aurora is poleward
of the stable trapping boundary.

3. The latitudinal distribution of characteristic particle
encrgies does not change in a relative sense during the pole-
ward expansion but expands accordionlike.

4. The height-integrated intensity ratio of the red (6300 A)
1o green (5577 A) emissions of atomic oxygen is a good in-
dicator of the characteristic energy of the incoming particle
spectrum,
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; Dependence of Substorm Occurrence Probability on the Interplanetary
Magnetic Field and on the Size of the Auroral Oval

Y. KaMipg, "t P, D, PERREAULT,® S.-1. ARASOFU,* AND J. D, WINNINGHAM®

e s o
.

The dependence of substorm occurrence probability on the north-south component 8z of the inter
planetary magnetic field (IMF) and on the size of the auroral oval is examined on the basis of two
independent data sets (Isis 1 and 2 low-energy electron data and all-shy camera data from the Alaska
meridian), The occurrence of substorms is identified by the electron precipitation pattern (Isis data), the .
auroral features in the Alaskan sector, and available ground magnetic records, The substorm occurrence
; frequency increases as the oval expands and as the B: component of the IMF decreases. It increases from
) approximately 25% to 100% for 82 values of the IMF ranging from +7 to =8 uT: here Bz values ure aver-

§ aged for 1 hour preceding the time of satellite passage and the onset of substorms observed by the all-shy
cameras. The occurrence probability of quiet times increases with an increasing vatue of the northward
IME, 1t is interesting to note that there are almost no periods without substorms when the IMF has o .
, large southward component, but substorms do occur even when the IMF has a targe northward
. component. Since theee is a close relationship between the direction of the IMF and the size of the auroral
; oval, our finding that the occurrence (requency of substorms increases with the expansion of the auroral
oval suggests that the substorm probability may be related to the amount of cnergy stored in the
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magnetotail,

INTRODUCTION

A large number of ground-based and spacecraft observa-
tions of plasma parameters and electric and magnetic fields
have been used in constructing a working model of magneto-
spheric substorms [dAasofiu, 1968; McPherron et al., 1972
Akasafi and Kan, 1973; Mozer, 1973]. In particular, during the
last several years, one of the most important subjects i mng-
netospheric physics has been the role of the north-south com-
ponent (82) of the interplanetary magnetic field (IMF) on
substorm processes (see review papers by Burck [1974) and
Nishida [1975]). 1t has been noted that the auroral oval, along
which polar substorms oovur, responds to the IMF: it expands
equatorward and contracts poleward duning periods of south-
ward and northward IMF, respectively [e.g., dhasofue et al.,
1923; Winningham et al., 19715, Holzworth and Meng, 1975,
Aanude and Winningham, 1977}, However, we are still far from
even a first approximation of the cause of substorms [Vas
Vunas and Wolf, 1973; Burch and Haoflinan, 1974; Vasyliunas,
1976).

1t was about a decade ago when substoris observed along
the classical auroral zone were found to be associated with a
southward turmng of the IMF [e.g., Farrfield and Cahill, 1966,
Rostoher and Falthammar, 1967). This finding has also been
claimed to be statistically confirmed by Arnoldy [1971] and
Foster et al. [1971]. Subsequently, however, Nishida [1971] has
shown a few cases of substorms occureing durmg the north-
ward directed IMF. AAasofu et al. [1973] have shown, by using
all-sky camera data along a mendian chan of observatones,
that substorms are quite frequently observed along the con-
tracted auroral oval during periods of the northward IMFE,
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Thus they have concluded that there is no single IMF signa-
ture, such as its southward toring, thatigyaggistently related
to the substorm onset. R¥ehtly, WM!\ reported by
Kamide and ARasafie [1974] Shd Kariiiagro975] that there
is no qualitative distinction between the ‘normat® and ‘con-
tracted oval' substorms in termsoF tgpica¥puroral and geo-
magnetic disturbance features (i.c.. 1 breakup, westward trav-
eling surges, and negative bays) but that the energy released
during a substorm WADEMiwt h B8 SoRWBard IME is
greater than that released during a substorm associated with
the northward IME. Lui et al. [1976] have shown that there is
no basic difference between these substorms except for the
intensity and extent of the area covered by active auroras and
electrojets.

There is one important problem which is crucial in seeking
substorm generation mechanisms' Does substorm oceurrence
probability depend on the 82 component of the IMF (or
cquivalently on the size of the oval)? I the oceurrence fres
quency has a strong dependence on the IMFE direction {or the
size of the auroral oval), one might be able to speculate that
the occurrence frequency of substorms is closely related to the
amount of energy stored in the magnetotatl, since there 1 a
definite relationship between the IME 8: and the maguete
energy stored in the magnetotail [eg., Stscoe and Crooker,
V974, Gonzalex and Mozer, 1974 dhasofi, 1975). H, on the
contrary, the occurrence probabelity has no such dependence,
substorms may be regarded as a random process. This depen.
dence has been difticult to examine because o the lack of
continuous obaervationl data on the entire polar regron.

Lut et al [1975) have shown, using auroral scanmng pho-
tometer imagery from §8 Isis 2 satellite passes, that the sub-
storm ‘secing” probability decreases as the auroral oval siee
decreases They then suggested that aithough the seetng proba-
bulity s not the same as the occurrence probability, there o the
poambihity that the latter decredses as the auroral oval cons
tracty polenard.

In this paper an attempt s made to show that there » a
detimte dependence of substorm occurrence frequenyy on the
north-south component of the IME and on the size of the
auwroral oval on the basty of (wo mdependent data sets s
satethte electron spevtrograms and all-sky camera reconds
wlone the Alasha mendian
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Analysis Procedure ol a :‘3::."\...“.‘ 1

In the first data set we determine the size of the auroral oval §
from 351 Isis 1 and 2 satellite electron spectrograms. Details of ¥ a0l N
the lsis soft particle spectrometer can be found in works by §
Heikkila et al. [1970), Heikkila and Winningham [1971}, and 8 30}
Winningham et al. [1973]. For details of the format of electron 3
spectrograms, see the works by Winningham et al. [1975] and gxh -
Lui et al. [1977). We define the equatorward boundary of the 3
auroral oval by the equatorward edge of > 100-¢V electron - .
precipitation at low altitude (<3500 km). The accuracy of the
boundary determination is approximately 0.1° in latitude. The Ly

equatorward boundary of the diffuse precipitation is a more
convenient parameter with which to express the size of the
auroral oval than the position of discrete auroras [Lui et al.,
1975; Kantide and Winningham, 1977]. 1t should be noted,
however, that the auroral breakup, the first indication of the
substorm onset, generally occurs along the equatorward
boundary of the belt of discrete auroras or neur the poleward
edge of the diffuse aurora {Ahasofie, 1974); thus the onset of
auroral substorms occurs systematically at higher latitudes
than are indicated in this paper.

The 351 satellite passes had to meet the foliowing criteria for
the purpose of our study: passes occurred during dark hours,
IMF data were available, and Dst was small (in order to
eliminate the possible influence of large storms). The observa-
tions were grouped into only two periods, quiet and substorm,
since it was not possible from available information to assign,
without ambiguity, the phase and the magnitude of substorms
for each satellite pass. This grouping was made primarily by
examining the presence of a sharp increase of the A £ index and
of structured discrete auroral precipitation; the typical pattern
of the spectrogram corresponding to quiet and substorm times
was given by Wisningham et al. {1975]. We also curefully
cheched individual magnetograms whenever it was necessary.
For 46 cases, however, it was impossible to determine the
character of the disturbances, i.c., they were either substorms
or merely minor fluctuations. These cases are identified as
‘uncertain’ in Table |,

TABLE 1. Summary of Condtions During the 3SU Isis Passes
Used in This Analysis

Condition Percent of Passes

Magnetic local time

<00 9.3

2100- 2300 3t

2300-0100 A2

0100-0300 251

>0300 23
Interplanetary magnetic tield

Northward (82 > 0) 481

Southward (8: < 0) 519

Toward sector (By > 0) 07

Away sector (By < 0) 913
Season

Summer (XN

Winter RION]
Substorm activity

Quiet me ns

Substorm i progress KRS

Uncertan 121

(nor tveord ) (‘Mmla
$-HR AVERAGE ‘WF By (o1)
Fig. §. Histogram showing the disteibution of the north-south
component (8:) of the interplanetary magnetic field (IMF) in the data
sample from 35) lsis satellite passes. Distributions for substorm and
quet times are distinguished by different symbols. 82 value represents
the average value for a 1-hour period preceding the time of the satellite
passage over the auroral region.

In order to express systematically IMF conditions we have
used 8: values (data from Explorer 33, Explorer 35, Imp §,
and fmp 6) in solar magnetospherie coordinates averaged for 1
hour preceding the time of the Isis passage over the equa-
torward boundary of the auroral oval. We also have taken into
account the transit time for the IMF signal to the magneto-
pause (at X = 10 R,) by assuming the solar wind speed to be
400 km/s,

Uniformity of Data

The choice of the 351 passes was based solely on data
availubility. However, before we proceed with any analysis, it
1§ mportant to examine factors which might influence the
substorm probability owing to the nonuniformity of the data
sampling. Factors which could seriously affect the results wre
uneven sampling in magnetic local time (MLT), IMF ¢ondi-
tions, season, and substorm activity. Table | summarizes the
conditions under which all 351 Isis traverses oceurred. The
abservations appear to be distributed quite uniformly in local
time in the dack sector: thus the present data set allows us to
mahe a statistical study on the longitudinal extent and varia-
bility of substorms. The IMF conditions do not seem biased;
the data are symmetrically distributed with respect to Bz = 0
as seen 1 Figure 1. 1tis also noted that the IMF data acquisi-
tion over heliographic latitude was carried out quite un.formly
about the 2quator [ef. Coleman amd Rosenberg, 1971). A some-
what uneven distribution can be found in terms of season, but
this would not pose a serious problem, Since the satelhte
orhital charactenstics dictated that we take our data from two
different seasons (summer and winter), the data set cannot be
used to examine the dependence, if any, on a wide range of
dipole tilt angles, from =35 10 +35° However, as was shown
by Aamude and Winmngham [1977), the uneven sampling over
the it angle could bias the results ondy slightly.

There are some complications mvolved m determining sub-
storm activity, In some cases, although substorm signatures
were observed at a nudnight magnetuc observatory, the Isis
spectrogranmy did ot reflect a typical substorm pattern, a
result indicating that the substorm-activated region did not
reach the Isis focal ttme  The category “substorm i progresy’
w Lable includes such caves This category also meludes the
opposite cases i which we found typical substorm precipe-
tation patterns without anmy indication of geomagnetic actnaty
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Fig. 2. Probability of substorm time {represented by the heavy line) and quret tme (represented by the light line) as a
function of the B2 value of the IMF

In such cases we interpreted that contracted oval substorms
were in progress, but we could not identity the corresponding
sighatures, owing to the poor coverage of ground observa-
tories. In the category ‘uncertain,’ we have included the cases
in which no discrete precipitation was found, but some minor
magnetic fluctuations were found in high-latitude magneto-
grams. The category ‘quiet time® was defined as cases in which
no substorm signature was noticed in any avatlable data set
but may include some substorm cases which were beyond the
*lield of view® of both the lsis latitudinal scan and the ground
observatory network.,

Results

Figure 1 presents a histogram of the distribution of all the
samples in terms of the Bz component of the IMF with ditYer-
entiation for different substorm categories, When all 381 cases
are considered, it is striling that the resulting histogram is
similar to a Gaussian distribution with the peak value being
around Bz = 0. In contrast, the distribution of substorm
samples clone is shifted toward the southward IME by about 2
aT, aund the peak for quiet vases is shifted toward the north-
ward IMF.

In Figure 2 we show the frequency (probabnlity of observing
substorms and quict times) as a function of the IMF 8,
together with the corresponding uncertainty as indicated. The
probability £ (in percent) was computed as

P=STX 0

where § s the number of substorm events m every 1-nT
interval of 8z and 7' is the total munber of the samples in the
same B: interval. For every 2-07 interval of B2 the uncertainty

A& ways determined from
AP (%) = PX IS ¢ (I Q0
and AP is also given wn Figure 2. Note that since the Ias data

are avadable only at appronimately 2-hour mtervaly, the ‘sub-
storm probability’ presented here could more accurately be

called the probability of substorm abservation by a tow-cnergy
clectron detector an a polar-orbiting satellite,

Two points are worth noting in Figures | and 2. First, the
substorm probability defined above increases ay 82 decreases
however, this increase does not oceur in a simple way, ln the
range B2 > 2 n'T the probability is almost constant at 20-30%.
It then increases monotonically for greater southward IME,
and i the magnitude of the southward 8z is larger than § oT,
the substorm probability becomes essentially 100% Second,
the probability of observing quiet times increases with an
increase of 8z, However, it does not reach 100% until B:
bevomes about 7 nT. In other words, subsiorms can often
occur even during northward IMF penods, whereas quict
tntes are seldom obsened during southward IME periods.
Some indications of substornt activity are almost abways press
ent during penods of the southward IME, The werease of the
unecertnty with the increase of the EME magunitude s sunply
due to the insutlicient number of cases w such ranges provided
by the preseat data set However, geomagnetic activity s very
high when the nugnitude of the southward IMEF s very lange,
sy, 82 < -0 0T [Perreaulr, 1974 Russell eral . 19M4], and 1t
s evtremely quiet when the northward 82 s very large It
should be noted that although our statistics could not extend
the substorm probability cunve beyond 8: = 7 T sumphy
because of an msuflicient number of samples, 1t s most likely
that the probability curve will decrease gradually with further
werease of 82 1t should eventually reach zero near 8: = 10
e,

Figure X shows lustogritmy of the Tattudinal dutribution of
the equatornard boundary of the > 1keV electron preeyps
taton determuned from the s apectrograms for dilferent
tocal tames The oval Tocation tends o shift equatorward with
advanamng local tme. This o agreement with what the
auroral oval of Feldstern and Starkov {1967] predwcts Nowe
that the oovurrence (requency of the auroral oval as a function
of lattude agrees well with the results of L e af [1973] who
exanuned the occurrence of the optical auroeal oval along the
wudight mendun Since ditferent parameters were ednsured
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Fig. 3. Histogram showing the distnbution of the invariant fati-
tude of the equatorward boundary of the nightside auroral oval at
three different focal time sectors, Distributions for substorm and quiet
times are distinguished by different symbols.

(see Kamide and Winningham {1977] for a detailed discussion),
our data extend somewhat more toward lower latitudes than
theirs.

Since the size of the auroral oval is closely related to the B
component of the IMF [e.g., Holzworth and Meng, 1915; Ka-
mide and Winningham, 1977}, substorm probability as a func-
tion of oval location (in latitude) is expected to correlate well
with substorm probability as a function of the IMF. The
tendency of higher substorm frequency in lower latitudes can
be seen in Figure 3 at all local time sectors. The probability of
observing substorms along the expanded oval (e.g., <62° in-
variant latitude) is essentially 100%,

We must be careful in discussing the probability of substorm
oecurrence on the basis of the seeing probability obtained
from the polar-orbiting satellite data with a 2-hour orbital
period Although our original data are not seriously biased by
uneven sampling of the IMF conditions, it would aot be
correct o state unconditionally that there is a high probabilny
of substorm occurrence when the IMF is directed southward,
and vice versa. Along these lines, three factors need to be
considered. None of these factors 1s necessarily conclusive per
se, but when they are combined, we conclude with a high
degree of confidence that an IMF and a latitudinal dependence
of substorm occurrence probability does exist.

1. From an extenstve examination of electron and proton
auroras, Monmtbriand [1971] concluded that auroral substorins
occurring during periods of low geomaguetic activity tend to
recover faster than those during more active periods Kamide
and Akasofu {1974] have shown statistically that weak sub-
storms, in terms of the total electrojet current (perhaps corre-

sponding to Montbriand’s low geomagnetic activity), occur
along the contracted auroral oval during northward IMF peri-
ods. Thus it is likely that substorms occurring at higher lati-
tudes recover faster than ones occurring in the normal auroral
zone or along the expanded oval. Since substorms can take
place anywhere between >70° and <60° in invariant latitude
[Kamide and Akasafu, 1974], one may introduce a ‘weight
function® gver latituds {ur ihe IMT) in compensating the dif-
ference of lifetime of substorms. If this could be done properly,
one might be able to convert the subsiorm seeing probability
to the *occurrence’ probability. However, even if it is assumed
that there is a difference in the weight functien by a fuctor of 2
between the contracted oval substorms and ¢xpanded oval
substorms, or equivalently between the northward and south-
ward IMF [see Montbriand, 1971, Figure 1), the converted
occurrence probuability would not significantly change out re-
sults shown in Figures 2 and 3. That is, there is the minimum
size of the auroral oval (and ihe corresponding large magni-
tude of the northward IMF) along which a substorm 1s never
generated, and there is some size of the oval (and the corre-
sponding southward IMF Bz value) along which substorm
features are almost afways present.

2. In terms of the jongitudinal extent of the substorm-
activated arca seen in the auroral scanning photometer data,
Lui et al. {1975] classified ausoral substorms into two types:
confined and widespread Purticle data taken from a narrow
band along the trajectory of a polar-orbiting satetlite might fail
to detect some substorms which vecur ondy within a limited
longitudinal extent near midnight. That 1s 1o say, the satellite
trajectory would sometimes fall outside the substorm region
even if we have identificd substorm activity by other means. If
this effect were indeed serious, we would have a significantly
dilferent result in the substorm seeing probability between
midnight and carlier {or later) local time hours. However, at
least within the local time sectors we exanuned (2100-0300
MLT), there is no tarked ditference in terms of the percentage
of substorm cases over latitude (see Figure 3).

3. Itmay weli be that some of the cases which were identi-
fied as uncertain o quiet time in fact occurred during weak
substorms. The Yautudinal pattern of the auroral electrons
conld oe different than that of the *normal’ substorms. How-
ever, the cases we determine as substorm in progress can never
be quiet times, If there were no latitudinal dependence of the
substorm oveurrence probability, then the seemg probability
would be 100% everywhere. This cannot be the case, since it is
unlikely that there wis always substorm activity or that all the
351 randomly selected satelhite passes occurred during periods
of substorm m progress.

Ou the basis of these consideraiions it may be concluded
that there s indeed a latitudinal and IMF dependence of the
substorm occurrence frequency.

AURORAL SUBSTORMS AL ONG THE
ALASkA MERIDIAN

I this sectton we provide further support for the conclusion
concerning substorm probability, reached in the previous see-
tion, on the basis of a statistical examination of a ditferent data
set. y12 . 63 substorms obsersed m auroral photographs from
the Alasha mendian cham of all-shy cameras. Ahasofu et al
{1973] claimed that most previous studies of substorm occurs
rence were based on an exanunation of geomagnetic records
and thus suffered seriously from an neviable maccuracy m
unting and substorm wdentification, By the use of the auroral
breakup and the subsequent poleward motion of an auroral
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Fig. 4

Histogram showing the distributton of the north-south component of the IMF in the sample of 63 aurorat

substorms obtained from the all-sky camera data along the Alaska meridian,

arc in the midnight sector [4Aasofis, 1964) we can determine
the onset time 7 = 0 with an accuracy of £2 min, as well as the
latitude at which the first indication of the substorm onset
occurs, Unlike the data from a polar-orbiting satellite, the all-
sky camera records are available on a continuous basis, al-
though they provide data only 1n a limited longitudinal span.

Ahkasofic et al [1973]) have found that auroral substorms are
quite common even when the Bx component of the IMF is
positive, a find:ng implying that there s little or no dependence
of substorm vccurrence probability on the IMF orientation.
However, two important questions remain unanswered. First,
they examined the IMF data in solar ecliptic coordinates only
at approximate onset time, whereas it may have been more
appropriate o use an integrated IME value in solar magneto-
spheric coardmates over a certain period, say, t hour, rather
than an instantaneous value Second, their *quite common® is
not guanttatively clear. Thua it 1s smportant to find the sub-
storm occurrence frequency as fuactions of IMF values and
latitude of the auroral breakup.

The basic data set we will use in this sectron 1s esseatinlly the
same as the 4 auroral substorms examined by AAasofu et ai.
{1973), m which 10 substorms were presented as examples,
Here we increase the number of substorm samples to 63 which
are distributed in late evening and midnight hours between
2140 and 0140 MLT. Those substorms were identfied from
allsshy camera data at College (imvanant tatitude, 64.9°), Fort
Yukon (66.8°3, Inuvik (71.0°), Bar 1 (70.8°), and Sachs Har-
bor (76.2°). The corresponding IMF data from Tmp 3, lmp 5,
Explorer 33, Explorer 3§, and Heos | were also examined. To
be consistent with the previous test, an average of the Bz
component for | hour preceding each onset tume was calcu-
lated 1n solar magnetospheric coordinates. We have identified
substorms i the nterval of 1966-1970. when all-shy camera
records from at least two stations were available. The data
availability at each station 1s limited by several factors such as
mechamcal problems, local weather, full moon, and data qual-
ity. Nevertheless, our data samples are not serrously brased i
the sense that a single all-shy camera can identify accurately
the location of 4 substorm onset which occurs wathin at least
13° latitude. All 63 substorm eveats were taken from penods
when the fatitudinal range from 61° 0 70° was completely
monitored by the all-shy camera network.

Figure 4 shows the distibution of all the samples as a
function of the IMF Bz component [tis noted that the peak of
the occurrence in this particular data set1s not located at 8z =

0 but is shifted a few nanoteslas toward the negative B:,
indicating, as expected, that more substorms tend to be found
during southward IMF periods. This feature is in agreement
with the distribution of the hatched area of Figure 1, although
the dependence of the number of substorm cases on the IMF
n Figure 4 is not very clear in comparison with Figure 1. We
believe that the uneven slope is simply due to the insuflicient
data sct used in constructing Figure 4. A somewhat peguliar
feature in Figure 4 15 that two substorms are identified in the
high-8: range, whereas no substorm was found in the Bz range
to be greater than 7 nT in the set of the 351 Isis scans.
However, these two events occurred under unusual states of
the IMF; in both cases, | 8] = 14 nT. In fact, these substorms
were observed during the initial and recovery phases of mag-
netic storms, although the corresponding Dst magnitude was
not very large (=7 and -35 T, respectively).

In Figure 5 we show the distribution of the same data
samples over invariant latitude, which indicates the location of
the auroral arc that showed the first indication of the breakup.
In most cases the breakup occurred along the southernmost
ate of a preexisting group of discrete ares. The latitudinal
distribution of & avroral arcs during quict and substorm
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periods is shown by two curves in Figure 5, The dashed curve
represents the observational frequencies of the southernmost
auroral arc near midnight at the corresponding latitude, which
were obtained from more than 7000 northern hemisphere arcs
-seen in the DMSP satellite imagery (B. S. Dandekar, personal
communication, 1977). Note that since the location was deter-
mined from randomly selected satellite passes, some of them
occurred during substorms and some occurred during quict
periods The <alid line was transforred foin vur Figure 3
(2300-0100 MLT) by smoothing the uneven distribution and
by shifting it poleward by 1°. The shift was made on the basis
of the fact that in the Isis data we identified the equatorward
boundary of the diffuse auroral precipitation which can usu-
ally be found 0.5°-2° equatorward of the southernmost dis-
crete arc [e.g., Winningham et al., 1975}, These two curves
agres surprisingly well with cach other, the agreement sub-
stantiating our assumption that these curves represent reason-
ably well the occurrence frequency of all discrete auroral arcs
over invariant latitude.

Comparing the distribution of “all’ arcs including quiet time
arcs with those of arcs associated only with substorms, we find
that there is a significant departure of the substorm time
auroral distribution from the distribution of all arcs for lati-
tudes greater than 65°. On the other hand, the substorm
auroral distribution does not deviate systematically from the
all arc distribution below 64° latitude. These features indicate
that only a part of higher-lattude arcs indicates the initial sign
of the breakup (about 50% at 67°), whereas there is a high
probability of substorm features if the aurora moves equa-
torward below 64°, Note that there was no all-sky camera
station south of College (64.9°), so that we missed some sub-
storms occurring below 61°.

DiscussioN

In this paper the dependence of substorm occurrence praba-
bility on the direction of the IMF and on the size of the auroral
oval was investigated. The occurrence probability was based
on the substorm secing probability, which was obtained statis-
tically from the two independent data sets: the latitudinal
electron precipitation pattern observed by the Ists satellites
and the auroral breakup observed by all-sky cameras at the
Alaska meridian. Since the real occurrence probability can
only be determined from continuous monitoring of the endre
polar region, any set of measurements made by a polar-orbit-
ing satellite with a 2-hour orbital period and by a network of
ground observatories only for limited periods must be care-
fully examined. The statistics of the measurements might be
influenced by uneven sampling in the IMF and invanant lati-
tude in conjunction with substorm activity. Further, it was not
possible to deduce a smoothed probability over the IMF and
latitude because of an insuflicient volume of data. However,
the conclusions derived from this study are still valid, since
there are some consistent charactenstics 1n the two separate
sets. In addition, some features w our data are very similar to
those n a fairly large volume of other data, such as the
location of auroral arcs determined by B. S. Dandehar (per-
sonal communication, 1977) from over 7000 DMSP satellite
passes. Thus we believe that an increase in the number of data
samples would only decrease the magmitude of uncertainty and
produce relatively nunor quanutative changes in the substorm
occurrence probability.

Subject to these provisions, we have reached the important
conclusion that the substorm occurrence frequency has a
strong dependence on the north-south component of the IMF

and on the size of the auroral oval (i.c., the size of the polar
cap). This dependence on the oval size is not unexpected, since
the auroral oval s«ze is a measure of magnetic flux in the
magnetotail, and thus an increase in the amount of the magne-
totail encrgy should result in an increase of substorm probabil-
ity. Therefore on combining the results obtained in the present
study with carlier results by Kamide and Akasofu [1974] it
appears that both the intensity and the occurrence frequency
increase with the expansion of the auroral oval, .

During the last several years, one of the most important
topics in magnetospheric physics has been the role of the
north-south component of the IMF on substorm processes.
Dungey's [1961] suggestion that the southward directed IMF
plays a crucial role in generating magnetospheric substorms
has been claimed to have been confirmed by a number of
studies [e.g., Fairfield and Cahill, 1966; Rostoker et al,, 1972;
Armoldy, 1971}, However, most of these studies were based
solely on an examination of ground-based magnetic records
from standard auroral zone observatories (or geomagnetic
activity indices) and the north-south component of the IMF.
Ahkasofu et al. [1971) showed that fairly intense substorms
often occur beyond the field of view of standard observatories.
From these two observations it was not difficult to infer that
when the IMF is directed northward, substorms could take
place along the centracted auroral oval during quiet (in terms
of available magnetic activity indices) periods and thus out of
the range of the normally used auroral zong observatories. In
fact, this inference was shown to be correct by Akasofu et al.
(1973], who indicated that there is no single IMF signature
(such as the southward turning) that can be consistently re-
lated 1o the substorm onset. Then Kamide [1974] showed that
substorms associated with the northward IMF are less intense
in terms of the total electrojet current and the corresponding
mid-latitude magnetic perturbations than substorms associ-
ated with the southward IMF,

McPherron et al. [1973b] have suggested that one should
distinguish these weak substorms occurring during northward
IMF periods by calling them ‘localized® substorms. Thus the
normal substorms along the standard aurorul zone would have
a strong association with the southward directed IMF. As was
mentioned earlier, such localized substorms do not differ from
the normal substorms in their characteristics. First, in the
vicinity of the auroral breakup every substorm feature, such as
the poleward expansion, the westward traveling surge, Pi 2
pulsations, and a sharp onset of negative  component excur-
sion, is observed during both localized and normal substorms.
Second, statisticatly, there is no distinct line to draw between
the localized and normal substorms in terms of electrojet and
mid-latitude magnetic response [Kamide and Akasofu, 1974].
The auroral breahup can occur anywhere between >60° and
<70° geomagnetic latitude, depending chiefly upon the IMF
condition prior to a particular substorm event. Third, the
localized substorms can occur isolated from the normal sub-
sequent substorm, although it has been argued that they are
often found in the ‘growth phase’ prior to a normal substorm.

Ahasofu [1975] has suggested that the quantity defined by

¢
S= f (¢D - 'l’,\)dl
L]

has a fundamental wnportance in substorm processes, where
d,, and ¢y denote the production rate of open field lines along
the davside neutral hne and ot closed field hines along the
mghtside neutral hne, respectively $1s equal to the amount of
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an excess magnetic flux at a time ¢ reckoned from the time
when the Bz component of the IMF begins to decrease after a
prolonged period of a large positive IMF Bz. Indeed, Akasofu
and Kamide [1976] have shown that the electrojet energy for
each substorm has a close relation to the IMF state which
controls the amount of S. Akasofu [1975] noted that substorms
occur so long as § > O regardless of the sign of the Bz
component of the IMF. This agrees well with our statistical
results presented in this paper; the substorms can be obscrved
at any value of the IMF and the size of the oval, except for the
value corresponding to the state § = 0. Thus it may well be
that the situation § = 0 corresponds to the ‘ground’ state
(Bratenah! et al., 1976] in which a substorm never occurs. The
work of Akasofu and Kamide [1976] has implied that the
minimum size of the auroral oval is located near 72° geomag-
netic latitude at midnight.

Our statistical rezults somewhat restrict our options in seck-
ing gencration mechanisms for magnetospheric sutstorms,
Our results indicats that substorms do not occur with an equal
probability for different values of the IMF 8z component or
for different sizes of the auroral oval. Since he magneto-
spheric substorm can be considered as a process by which the
magnetosphere tends to remove sporadically the excess energy
in the magnetotail, the results obtained in this paper indicate
that the substorm occurrence probability is closely related to
the amount of energy stored in the magnetotail. This con-
clusion implics that the triggering mechanism has something
to do with an increase in the stored energy. It is interesting to
note that once a substorm has begun, the prucess does not
always continug until al' the available free energy is depleted.
Some mechanisms tend t.. suppress further development of the
substorm [Atkinson, 1966). In such a case the energy released
during the substorm does not reach a maximum intensity
rommensurate with the size of the auroral oval. ft is highly

bable that a subsequent substorm could occur to release
.he remaining energy [Kamide et al., 1977).

Finally, it may be noted that although the use of a different
lengtn of time (say, 30 min, 43 min, or 1.5 hours) to obtain the
average of the IMF has not been found to alter the essentials
of our results, time variations of the IMF in individual sub-
storm occurrences could be more important thar u.* average
Bz values.

Acknowledgments  The authors would like to thank B. S. Dan-
dekar for providing his unpublished results concerning the auroral
distribution They are grateful to T Lui and S Matsushita for review-
ing an earhier version of this manuscript The University of Alaska
portion of this work was supported in part by the National Science
Foundation, Atmospheric Science Section, grant ATM74-23832, and
in part by Air Force Geophysics Laboratory (AFGL) contract
F19628-76-C-074. The U..versity of Texas at Dallas portion was
supported by AFGL contract F19628-76-C-605 and NASA grants
NGL44.004-130 and NGR44-004-150 One of the authors (Y .K.)
would like to thank the High Alttude Observatory of the National
Center for Atmospheric Research, under whose aegis portions of this
paper were completed.

The Editor thanks A Nishida an_ G Rostoher for tiieir assistance
in evaluating this paper

REFERENCES

Akasofu, S-i.. The development of the auroral substorm, Planet.
Space Sui . 12,273, 1964

Akasofu,S -1, Polar and Magnetospheric Substorms, 222 pp , Springer,
New York, 1968

Akasofu, S-1. A study of auroral displays photographed from the
DMSP-_ satellite and the Alaska merrdian chan of stattons, Space
Sct Rev . 16, 617, 1974

Akasofu, §.-1., The roles of the north-south component of the inter-
planetary magnetic field on large-scale auroral dynamics observed
by the DMSP satellite, Planet. Space Sci., 23, 1349, 1975.

Akasofu, S.-1., and Y. Kamide, Substorm encrgy, Planet. Space Sci.,
24, 223, 1976.

Akasofu, S.-1., and J. R. Kan, Some new thoughts on magnetospheric
substorms, Radio Sci., 8, 1049, 1973.

Akasofu, §.-1., C. R. Wilson, L. Snyder, and P. D. Perreault, Results
from a meridian chain of observatories in the Alaskan sector,
Planet. Space Sci., 19, 417, 1971.

Akasofu, §.-1., P. D. Perreault, F. Yasuhara, and C.-1. Meng, Auroral
substorms and the interplanctary magnetic field, J. Geophys. Res.,
78, 7490, 1973.

Arnoldy, R. L., A signature for substorms in the interplanctary me-
dium, J. Geophys. Res., 76, 5189, 1971,

Atkinson, G.. A theory of polar substorms, J. Geophys. Res.. 71,5157,
1966.

Bratenahl, A., P. J. Baum, and T. Yeh, On the ground state of the
magnetosphere {abstract), Eos Trans. AGU, 57, 994. .

Purc™, J. L., Observations of interactions between i+ _.anctary and
geomagnetic ficlds, Rev. Geophys. Space Phys., 12, 363, 1974,

Burch, J. L., and R. A. Hoffman, AGU/NASA topical conference on
electrodynamics of substorms and magnetic storms, Eos Trans.
AGU, 55,97, 1974,

Coleman, P. 1, Jr,, and R. L. P.osenberg, North-south component of
tne interplauctary magnetic field, J. Geophys. Res., 76, 2917, 1971,

Dungey, J. W,, Interplanctary magnetic field and the auroral zone,
Phys. Rev. Leut., 6, 47, 1961,

Fairfield, D. H., and L. J. Cahill, Jr, Transition region magnetic field
and polar magnetic disturbances. J. Geophys. Res., 71, 155, 1966.
Feldstein, Y. 1., and G. V. Starkov, Dynamics of auroral belt and
polar gecomagnetic disturbances, Planet, Space Sci., 15, 209, 1967,
Foster, J. C., D. H. Fairfierd, K. W. Ogilvie, and T. J Rosenberg,
Relationship of interplanetary parameters and occurrence of mag-

netospheric substorms, J. Geophys. Res., 76, 6971, 1971,

Gonzalez, W. D., and F. S. Mozer, A quantitative mode! for the
potential resulting {rom reconnection with an arbitrary inter-
planctary magnetic field, J Geophys. Res., 79, 4186, 1974,

Heikkila, W. ., and J. D Winningham, Penetration of magnetosheath
plasma to low altitudes through the dayside magnetospheric clefts,
J. Geophys Res , 76, 883, 1971,

Heikkila, W. J., J. B. Smith, J. Tarstrup, and J. D. Winningham, The
soft particie spectrometer in the Isis-1 satellite, Rev. Sci Instrum ,
41, 1393, 1970.

Holzworth, R. H., and C.-1. Meng, Mathematical representation of
the auroral oval, Geophys. Res., Lett., 2, 377, 1975,

Kamide, Y , Association of DP and DR ficlds with the interplanctary
magnetic ficld variation, J. Geophys. Res., 79, 49, 1974,

Kamide, Y., and S.-1. Akasofu, Latitudinal cross section of the au-
roral electrojet and its relation to the interplanetary magnetic field
polanty, J. Geophys Res., 79, 3755, 1974,

Kamide, Y., and J. D. Winmingham, A statistical study of the ‘instan-
taneous’ nightside auroral oval The equatorward boundary of elec-
tron precipitation as observed by the 1Isis 1 and 2 satellies,
J Geophys Res, 82, tlus issue, 1977

Kamide, Y, S.-1. Akasofu, S. E. DeForest,and J L Kisabeth, Weak
and intense substorms, Planet. Space Sci., 23, 519, 1975.

Kamide, Y., S.-I Akasofu, and E. P Rieger, Coexistence of two
substorms in the midnight sector, J. Geophys. Res , 82,1620, 1977
Lwm, A T Y., C. D. Anger, and S.-I. Akasofu, The equatorward
boundary of the diffuse aurora and auroral substorms as seen by the
Is1s 2 auroral scanning photometer,J Geophys Res., 80, 3603, 1975

Lui, A, T Y., S.-1 Akasofu, E. W. Hones, Jr., S. J. Bame, and C E
Mcliwain, Observation of the plasma sheet during a contracted oval
substorm in a prolonged quiet period, J. Geophys. Res., 81, 1415,
1976

Lw, A T Y, D. Venkatesan, C D Anger, S-1 Akasofu, W J
Heikkila, J D Winningham, and J R Burtows, Sunultaneous
observations of particle precipitations and auroral emissions by the
Is1s 2 satellite 1n the 1900-2400 MLT sector, J Geophys Res . 82,
2210, 1977

McPherron, R L, C T Russed, and M P Aubry, Satellite studies of
magnetospheric substorms on August 15, 1968° A phenome-
nological model for substorms, J Geuphss Res, 78. 3131, 1973a

McPherron, R L. C T Russell, M G Kivelson, and P J Coleman.
Jr . Substorms i space The correlation between ground and satel-
hite observations of the magnetic field, Radio Sct ., 8, 1059, 1973b

Montbriand, L £, Tue proton auror. and auroral substorms, in The

- e i oY e RN

s




S

o
.

5 Pt s b
5 Lstanr S

R

;
<" s

1

I

v BT
PG LT

T

.

~79~

5528 KAMIDE BT AL.: SUBSTORM OCCURRENCE PROBABILITY

Radiating Atmosphere, edited by B. M. McCormac, p. 366, D.
Reidel, Hingham, Mass., 1971,

Mozer, F. 8., On the relationship between the growth and expansion
phases of substorms and magnetospheric convection, J. Geophys.
Res,, 78, 1719, 1973,

Nishida, A., Interplanctury origin of electric fields in the magneto-
sphere, Cosmic Electrodynamics, 2, 350, 1971,

Nishida, A., Interplanetary field effect on the magnetosphere, Space
Sci. Rev., 17, 383, 1975,

Perreault, P. D, On the relationship between interplanetary magnetic
fields and magnetospheric storms and substorms, Ph.D. thesis,
Univ. of Aluska, Fairbanks, 1974,

Rostoker, G., and C.-G. Falthammar, Relationship between changes
in the interplanetary magnetic field and variations in the magaetic
ficld at the earth's surface, J. Geophys. Res., 72, 5853, 1967,

Rostoker, G., H.-L. Lam, and W. D. Hume, Response time of the
magnetosphere to the interplanctary electric field, Can. J. Phys., 50,
544, 1972,

Russell, C. T., R, L. McPherron, and R. K. Burton, On the cause of
geomagnetic storms, J. Geophys. Res., 79, 1105, 1974,

S
of ska
Contributiens Servies

4 59
Sobohurkey Aluska 99701

Siscoe, G., and N, Crooker, A theoretical relation between Dst and the
solar wind merging electric ficld, Geophys, Res. Leti., 1, 17, 1924,

Vasyliunus, V. M., An overview of magnetospheric dynumics, in Mag-
netospheric Particles and Fields, edited by B. M. McCormac, p. 99,
D. Reidel, Hingham, Mass., 1976,

Vasyliunas, V. M., and R, A, Wolf, Magnetospheric substorms: Some
problems and controversies, Rev, Geophys. Space Phys., 11, 181,
1973,

Winningham, J. D,, S.-1. Akasofu, F. Yasuhara, and W, J, Heikkita,
Simultaneous observations of auroras {rom the south pole station
and of precipitating electrons by lsis 1, J. Geophys, Res., 78, 6579,
1973,

Winningham, J. D., F. Yasuhara, S.-1. Akasofu, and W, J. Heikkila,
The fatitudinal morphology of 10-¢V 10 10-keV electron fluxes
during magnetically quict and disturbed times in the 2100-0300
MLT sector, J. Geaphys. Res., 80, 3148, 1975,

(Received June 20, 1977;
aceepted August 11, 1977)




?
5
7
b
v
s
4
g
=
£
o
2,
o

W

o 2 S + S P 7 P

VOL. 82, NO. 32

-80-

JOURNAL OF GEOPHYSICAL RESEARCH

The Development of Auroral and Geomagnetic Substorm Activity After a

Southward Turning of the Interplanetary Magnetic Field
Following Several Hours of Magnetic Calm

KNUD LASSEN

Geophysics Section 11, Danish Meteorological Institute, Copenhagen, Denmark 2100

J. R. SHARBER

Department of Physics and Space Sciences, Florida Institute of Technology
Melbourne, Florida 32901

J. D. WINNINGHAM

Center for Space Sciences, University of Texas ai Dallas. Richardson, Texas 75080

A comprehensive study of growth phase and substorm activity following a period of magnetic calm has
been conducted through a network of allssky camera stations, auroral zone magnetic observatories, and
particle detectors aboard the Isis 1 satellite. We have carefully documented the observations with the
following results. The preexpansive phase arc which extended at least from 17 10 05 MLT was responsible
for an energy input rate of >3 X 16~ ergs/s before breakup An equatorward drift of this arc of 6
km/min, observed only in the eveming sector, remained until after the expansive phase, when s motion
stopped abruptly at the time of the maximum poleward displacement of the arcs. Electrons responsible for
the prebreakup arc had energies of = 1-5 keV. Protons of >d-keV encrgy were measured equatorward of
the electron arc. During the expansive phase, symmetnically traveling disturbances were observed propa-
gating castward in the evening sector and westward in the morning sector. The propagation stopped for
1-2 min at the time of maxiunum expansion and then continued, thus suggesting a momentary variation in
the rate of convection, Equivalent currents consistent with observed magnetic perturbutions represented
approximately the same DPZ (iwin vortex) pattern before the expansive phase as duning i, however,
although the mugnitude of the currents was greater during the expansive phase, the dominant feature
during this phase was an intense westward auroral electrojet. The camera observations of diffuse cloudhke
aurora showed an injection of >40-keV electrons during the expansive phase along the auroral oval
between midmght and 0400 corrected geomagnetic ime Movement of the cloud indicated an eastward

NOVEMBER 1, 1977

gradient drift of the electron population,

INTRODUCTION

On the basis of data from an extensive body of all-sky
camera documentation and polar magnetograms, Akasofu
[1964] outlined the substorm sequence Although his intial
description has been modified slightly [Akasofu, 1968; Monm-
briand, 1971], 1t remains essentially correct in ordenng the
observed geophysical phenomena into a consistent picture,
Since that time an enormous effort has gone into further
documenting substorm-related phenomena and into estab-
lishing the cause of the onset of the substorm expansive phase
(see review by Rostoher {1972)). Whereas in Akasofu's descrip-

tion the substorm sequence is initiated by the sudden breakup’

of an auroral arc accompanied by a steep decrease of the
horizontal component of the magnetic field, it was ckumed by
McPherron {1970] that the complete substorm sequence in-
cludes a disturoance penod which he denoted the substorm
growth phase. According to his statement, intervals of mag-
netic calm may be followed by significant deviations of the
hortzontal component of the magnetic field prior to the start of
the expansion phase of a magnetospheric substorm,

Since McPherron's suggestion that a growth phase exists,
several authors (lijma and Nagata, 1972, McPherron et al..
1973, A chubun and hyima, 1975] (and others) have contributed
to the study of the phenomenon by giving more detailed de-
scriptions of the signatures which are observed to be character-
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istic of thut situation. The authors appear to agree n the
opinion that the onset of an isolated substorm is preceded by a
growth phase, which is closely related to the north-to-south
change of the wterplanetary magnetic ticld (IMF), following 1t
with a defay of 10-20 min. The signatures of this growth phase
observed on the ground are the following: a gradual decrease
n M, the honzontal magnetogram, at auroral zone stations
before its sharp drop; a gradual decrease in # at low lutitudes
(espectally in the evenmmg-nudnight sector); the growth of a
polai equivalent current of the twin vortex mode (especially in
the polar cap): and the equatorward motion of anroras [Kohu-
bun and lijima, 1975).

In opposition to the above mentioned view, Akasofu et al.
[1973) have suggested that the changes in the magaetic ficld
characteristic of the growta phase have hinuted sigmficance,
since these changes do not themselves resultin the onset of the
expansive phase They suggesied instead that the mechanist
which triggers the expansive phase 1s an internal one, largeiy
independent of external factors related to convection such as
the southward turning of the interplanctary magnetic field In
continuation of this suggestion, AAasofu [1975] lias demon-
strated that the southward turning of the 8, component and
the subsequent chain of processes, proposed by McPherron et
al. [1973). do not have any significance 1 causing the e
pansive phase Substorms are frequently being triggered m
direct relation to such a cham of processes, i which the
‘growth phase’ of the substorm may then appear as part of the
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5032 LASSEN ET AL SUBSTORM ACTIVITY AFTER A SOUTHWARD TURRNING OF TiHE IMF
TABLE 1. Stations Used in This Study
Geographic Corrected
Geomagnetic
Latitude, Longitude, Lautude,
Station Symbol deg deg °N Observation

Alert AT 828 298.5 86 M
Thule TH s 2908 86 AM
Resolute Bay RB 1.7 268.2 84 M
Godhava GO 69.2 306.5 ns AM
Ny Aalesund ]9 1y 78,8 A

SXndrc Strémfjord S8 67,0 309.2 188 A

Baker Lake BL 642 264.0 15 M
Heiss Iland 8T 80.6 58.8 7.8 M
FFort Churchill FC $8.8 2689 " A

Narssarssuag NAR 61.2 346 68 AM
Giteat Whale Rwer GW §5.3 282.2 o8 AM
Divon Istand DI n.s R0.4 67% M
Tromeg TR 69.7 189 66.5 AM
Reyhjavik RY 64.2 RRLR 66 M
Tina Bay T ne 1290 68 M
Murmansk MM 69.0 ARN) 6.8 .M
Kiruny Kl 67.8 a4 6.8 M
College Cco 649 212.2 64 § M
Meanook Mt $4.6 pZLY S (&) M
Wellen Wi 66.2 190.2 60 M
Lerwieh LE 60.1 RALE N M
Bangui BA 4.4 8.6 s M
M'Bour MB 14.6 Wio M M
San Juan S) 1R 2008 0 M
Fredenchsburg KR 382 282.6 50 M
Tueson Ty 22 492 40 M
Honuolutu HO N 2020 21 M

complete substorm peture. However, they may as well be
released at a later stage, afler the end of the 8, negative
wnterval, as long as the area of the polar cap is greater than a
certain mumum value, aamely, the arca after a prolonged
period of large pusitive #,. Once the polar cap hay achieved
this mimmum vahue, no substorm can be released until & new
southward turning of the IM has intiated erosion of tield
lines on the dayside of the magnetosphere with the accom-
panymg features of increasing convection, observable from
ground-based observatories.

No matter whether the growth phase 18 an integral part of
the substorm phenomenon, as proposed by McPherron, or
more likely an independent 8, negative, mcreased convection
phenomenon wm accordance with the statements of Akasofu,
there is suili a need for further detled study of the develop-
ment of the geomagnetic and auroral actvity obsenved aftar
the southward turning of the IMF.

On Febrouary 25, 1969, the tsis { satelhte happened to pass
over the prenudimight sector of the auroral oval durmg a
geophysical sutuation which appears to have been wdentical
with the substorm growth phase defined by McPherron The
event followed a period of fow substorm activity, charactenzed
by Vahues of AE fess than 200 4 duning the 34 hours before the
substorm and fess than 60 4 dunng the last 6 hours By
combiung the satellite particle measurements with ground.
based observations we have been able 1o report w the follow-
g a caretul documentation of the development of the avroral
and magnetie actimty through the growth phase and the sub-
sequent substorm onset and expansion phase as well as of the
particle preapitation precedng the substorm omset Qur ob-
senvations gine A detadded preture of the gradual development
of awroral and geomagnetic actnviy winch follows the south-
ward turing of the interplanetary magnetic fickd and w hich, m

this particular event, 18 completed by tie onset of a substorm
with remarkable poleward expansion.

DAIA SOURCES

In our study we made use of ground-based observations
made during the event at the stations listed i Table 1, together
with particle measurements from the Isis U satellite and mag-
netic field measurements from the satellites Eaplorer 3§ and
Heos 1. The ground-based observations are auroral all-skhy
photographs (A m column 6 of Table 1), spectrograms (8 in
columa 6), and geomagnetic records (M in column 6)

The interplunetary magnetic field was measured by the satzl-
lites Explorer 35 i the evening quadrant (X, Y, 2y = (-8,
+63, —61) R,) and Heos [ w the forenoon quadrant (X, T,
2w = (11, =31 1) RY). Both satelliies appear to have been
outside the shock front. None of the records was complete,
thuy detaded results {rom Heos 1 are mising during 0000-0300
UT, but hourly averages do exist fer this mterval {King, 197§)
Suntlanties of gross features of the B, vanatwon at the two
satellites indicate a tune lag between them of about JO ww,
From the postion of the satethites it 1s estimated then that the
8, vanations at the {front of the magnetopause oveur 15-17
nun carlier than those at Heos L Hence the 8, vanations
observed at Heos | have been referenced to the front of the
magnetosphere by a shlt of 18 min toward earhier hours {n
Figure 1 they have been shown together with magnetic records
from the stations Tromsd, Reyhjavih, Narssarssuag, Great
Whale River, and Fort Churchadl, which were all suuated wm
the 18-04 magnetie tme sector of the auroral zone o the
tigure the stations are ordered from east to west tach arron
represents 200y The muagnete H records from a nwber of
md- and fow-latitude stations are shown i bigure 2 The
statons are ordered from cast to west, with the most casterly
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1969 Feb 2-25
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Fig. 1. Normal magnetograms from the auroral zone stations
Tromss, Reykjavik Narssarssuaq, Great Whale Rives, and Fort
Churchill, February 24-285, 1969. Each arrow renresents a variation of
200 . The dots indicate station geomagnetic midnight. Top curve: 8,
(vertical GSM coordinate) as measured at Heos 1, referenced to the
front of the magnetosphere by & shift of 15 min toward earlier hours.

one (Bangui) at the top of the figure, Each arrow in the figure
represents 20 «.

At the time of the substorm the nightside of the auroral zone
was situated between western Siberia in the east and North.
west Territories in the west, with the magnetic midnight meri-
dian crossing the lceland-Greenland area. Conditions were not
ideal for auroral observations. The moon was in its third
quarter; the Soviet cameras, Reykjavik, Kiruna, and several
stations in Greenland were not in operation because of bad
weather, and most of the remaining stations had some ¢loud
cover carly in the evening. Nevertheless, eight well-distributed
cameras were available for a study of the development of the
auroral display in the course of the night (Table | and Figure
3). At each of the stations the sky was photographed with one
exposure per minute except at Tromsg, where three exposures
per munute were taken. The photographs have been used as a
basis for the description of the distribution of the aurory; a
selected series has been transformed to synoptic maps in geo-
graphical coordinates, shown here as Figures 4a and 4b. In
projecting the auroral forms on the maps a mean height of
10-120 km has been assumed for the lower border of the arcs
and bands.

MAGNETIC OBSERVATIONS

The IMF had been directed northward for several hours
when the decrease of B, began between 2200 and 2300 UT.
Because of the oscillatory character of the change it is difficult
to determine the exact hour when B, went negative; after
2345-2350, B, was definitely negative. The first departure from
several hours of magnetic quict was observed at approximately
the same time, i.c., at 2345-0015 at the auroral zone stations
situated near and shortly after magnetic midnight (Figures t
and §). The departure is seen as a gradual decrease of 4, but D
and Z are also affected. In the evening sector, Great Whale
and Fort Churchill were little influenced by the disturbance
before 0100 UT (Figures | and 6). At the low-latitude stations
situated in the evening sector a gradual decrease of H set in
between 0000 and 0030 UT and continued until the expansive
phase onset at 0130. The onset is recognized as a sudden
decrease of M in Figure 1. In Figure 2 it appears as the onset of
a positive bay in the midnight sector and of a negative bay of
comparable magnitude in the evening~-afternoon sector. The
transition takes place near the longitude of San Juan. At San
Juan a flat depression is observed from shortly after midnight
t0 0300 UT, with only a small negative perturbation to be seen
in connection with the expansion phase of the substorm. The
gradual decrease of # at mid- and low-latitude stations as well
as the flat depression observed at San Juan may be caused by
an increase of a cross-tail or ring current system, which be-
comes detectable in the records about § hour after the change
of sign of 8,.

The magnetic sighatures of this event are in agreement with
the description given by AMcPherron [1970]. Following a de-
crease of 8, to negative values a growth phase of about 1-hout
duration is observed, characterized by a gradual decrease of H
at low latitudes and by a contemporary change of the magnetic
clements at auroral latitudes in the direction in which they are
subsequently changed by the substorm. The growth phase is
superseded by the expansion phase initiated by the sharp onset
at about 0130,

Before the end of the recovery phase of this substorm a new
onset is noticed at 0210-0215 at the low-latitude stations,
especiginy ai Bangui and M'Bour. In the auroral zone the
magnetic bay is most clearly recorded at Narssarssuaq; at
Tromsg the onset 1s recognized as an abrupt change of the
slope in . The magnetic activity from this dovoie substorm
dies away by about 0400 UT. After 2 hour, calm a new
moderate substorm is observed in the midnisht sector (Fort
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big 2 Horwvontal vanation at fow- and nud-latitude stations,
tebruary 24-25, 1969 Length of arrows 1s 20 v The dots mdicate
station indnight, the open aircle at Honolulu indicates noon
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Fig. 3. Development of presubstorm arc, Februury 25, 1969, The times indicated are UT Circles represent the fields of

view of camera stations (A) of Tabdle |.
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Churchill, Figure 1). We shalt comment further on the unset of
this substorm in a later scction.

We have used the ground magnetometer data in the con-
struction of equivalent current vectors to represent the current
distribution before and after breakup at 0130 UT. This ¢nables
a comparison of the current system during the growth phase
with that during the time of maximum expansion. We have
taken the time of the satellite crossing of the arc (0115 UT) asa
time during which we would consider the growth phase to be
well in progress. The equivalent current vectors which could
produce the magnetic perturbations at a number of polar cap
and auroral zone stations at the time of the crossing have been
drawn in a corrected geomagnetic latitude/time diagram in
Figure 7. Also shown are the equivalent current vectors de-
rived from the same stations during the time of maximum
disturbance of the event, The maximum maguetic disturbance
was measured during the 20 min immediately following the
poleward expansion; the situation at 0150 UT has been chosen
for construction of the current vectors. The quiet level for both
graphs has been defined as the level wiuch immediately pre-

ceded the onset of the event, i.e., during 2200-2400 UT. The
cquivalent current system during the growth phase is similar to
the system corresponding to 8, < —1 ¥ in the winter months
(DPZ system) as constructed by Friis-Christensen and Wil-
hjelm [1975]. In this system, which is believed to depict the
magnetic field produced by field-aligned current sheets in the
auroral oval and by a Hall current maintained by the electric
ficld between the sheets, the disturbance vectors over the polar
cap are of the same order of magnitude as those in the post-
midnight auroral oval. In Friis-Christensen and Wilhjelm's
paper (their Figure 5) the equivalent vectors arc approximately
2 times the magnitude of those found here, in accordance with
the fact that their parameter 8, (the 2-hour average of the
actual and preceding hour) is numerically greater in their data
than in ours,

Following a further decrease of B, the equivalent currents
during the maximum disturbance at 0150 UT are more intense
than those at 0115 by a factor of 2, thus being comparable to
the average currents of Figure 5 of Friis-Christensen and Wil-
hjelm [1975). Superimposed on the DPZ system we find at
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Fig. $. Rapld run magnetograms showwng the horizontal com.
ponent at Narssarssuag and Reyhjavik, February 24-25, 1969 The
gradual depression prior to abrupt onset of the magaet¢ substorat is
clearly displayed.

0150 UT an intense westward auroral electrojet. Thus al-
though the current systems during growth (8, negative) and
expansive phase are identical in most respects, they differ by
the presence during the expansive phase of the tntense west-
ward auroral electrojet. A similar statement bas been given
carlier by lijima and Nagata [1968). The dowminant role of the
westward clectrojet after breakup is in agreement with the
substorm model of AMcPherron er al. [1973), according to
which the breakup is associnted with the sudden increase of the
westward electrojet,

AURORAL OBSERVATIONS

The course of the auroral substorm near magnetic midnight
can be summarized by reference to Figure 8. The figure pre-
sents, in negative, a sequence of all-sky photographs from
Narssarssung. The breakup occurred at 0128 UT, corrected
geomagnetic midnight at the station. The polewurd expansion
ended at about 0137; after this time the oval part of the bulge
was gradually replaced by a diffuse veil, leaving the discrete
forms in the polar front of the bulge only. The auroras re-
turned from the north, and by 0213 a new expansion was in
progress to the west of the station, giving rise to increased
intensity in the withdrawing bands. After the second expan.
sion, auroral arcs remaimed at about 71° currected geomag-
netic latitude until a new substorm onset occurred near 0600
UT. 1t follows from the magnetic and auroral observations
presented above that the period studied may be divided into
two time intervals with rather different types of activaty, the
prebreakup interval followmng the calm period at about 0043
and the postbreakup (expansion and early recovery) interval
which started at about 0130 UT. In the following sections we
present and discuss in more detail ground-based observations
made during the event at the stattons hsted in Table 1, for the
two ntervals separately. Observations of dnft of auroral arcs
and surges which were made within both ntervals, spanmag
the time of breakup, are presented i a specal section, as are

also the particle measurements from the Isis 1 satethite

PRESREANUP INTERV AL
Buddup of Acueuy

The first obsers 1uon of auroral irght before the breakup was
made near the nudmght mendio at Narsarssuag station

Although it is difficult to be certain because of the presence of
moonlight and a few clouds, a faint arc stretching from the
northeastern horizon up to about 10° clevation is possibly seen
in the frames taken at 2353, 2358, and later at 0006-0008 UT.
From the time of 0013-0014 an auroral band was definitely
present and extended from the northeast horizon to the zenith,
The band persisted as a single homogeneous arc until at 0050
the intensity increased gradually, beginning at the eastern hori-
zon. Folds shaped like a narrow westward traveling surge
moved from the horizon toward the zenith and combined with
the original arc at 0100 to form a row of multiple arcs of
moderate intensity. A few minutes later a new ‘surge’ was seen
low in the northeast for about § min. The intensity increases
and the westward movement of folds were accompanied by a
negative bay in A with an amplitude of 20 y in Nurssarssuaq
and Reykjavik (Figure 5).

Apparently as a continuation of the formation of paratlel
arcs over Narssurssuag, the arc developed to the west, becom-
ing first detectable within the Great Whale field of view at 0100
UT, at the eastern horizon of Fort Churchill at 0106, and
crossing the shy to the northwestern horizon at 0109 (Figure
3). At Narssarssuiq, after a few minutes of intensity decrease,
a sharp are developed from the horizon in the southwest and
extended to the eustern horizon. During the same time the
display was developing toward the east. It was observed from
Tromsg through a light cloud cover at 0116 UT as a homo-
geneous arc, reaching from the western horizon toward the
northeastern horizon; at 0117 it stretched from horizon to
horizon, The arce could have been present in lower intensity
before 0116, so that the observation might indicate an increase
i intensity in an already existing avrora. Certainly, by 0125
UT the arc system extended at least from a geographic longi-
tude of 100°W to 45°E (17.5-05.5 MLT) with sufticient in-
tensity for easy camera observattion of the luminosity.

At about 0115 UT a poleward turning of the ac was ob-
served in low elevation at the eastern honzon of Great Whale
(Figure 18). The arc was first observed at Great Whale ar 0100,
Between this time and 0115 the are resembled that of Figure 18
without the poleward turning at the extreme east. The exact
minute at which the distortion sets in 1s diflicult to determne,
because the region is msutliciently covered by the cameras, For
the same reason it is mpossible to judge whether the arc s
contiruous, thus forming either a poleward bulge or a spiral in
this area, or discontinwous, forming a sun-aligned arce as
signature of wereased convection (a short polar cap band
becomes visible at approvimately the same time over Spitsbers
gen (Figure 3)). In the following we refer to thas part of the
display as *the poleward extension.” Further signatures of the
formation of the poleward extenston may also have been the
temporary mcerease w the intensity of the western part of the
are as observed from Narssarssuaq durmg the wterval

0113-0116 as well as the onset of small irregular pulsations
with periods of several minutes in the Great Whitle magaeto-
gram (Figure 6). The disturbance set tn between G100 and
0115, prabiably about 0112, und continued as a gradual de-

(L IUBIL A 0 0 30 3y K v

s ey e AR e e
e

GW v wes rer 28

Fig 6 Rapad run magnetogram of the horzontal component at
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—y 00 Cot 1959, Feb. 25, O1ASUT

e 00 COT

1969, Feb. 25, 0150 UT

Fig. 7. Equivalent current vectors during prebreakup (growth) phase (0115 UT, left) and maximum of expansive phase
(0150, right) of substorm on February 25, 1969. Numbers beside arrows indicate vertical magnetic perturbation in gammas,

Note the different scale in the two diagrams.

crease of 100 v as the westward traveling surge reached the
station at about 0139,

Following the formation of the poleward extension the in-
tensity again increased from the ¢ast in the southern arc (which
at this time was the only one visible) over Narssarssuaq, the
lower border became irregular, and the intensity increased
from the west along the arc to meet the easterly increase near
the meridian. Here the arc formed a sharp kink at 0125, and
lateral movements v sre observed between 0125 and 0127, The
intensity increase from the region of the poleward extension to
the west of the station was accompanied by an obvious though
small decrease in # (Figure 5). The actual breakup began at
0128-0129 very near Narssarssuaq as parallel arcs were
formed along the northern border of the original arc. The
abrupt onset of the magnetic perturbation in H occurred at
0128 in the Reykjavik magnetograms and less than § min later
at Narssarssuaq (Figure $).

Interpretation of Observations

The magnetic and auroral obsesvations may be summarized
as follows. Within minutes to tens of minutes after the shift of
sign in B,, precipitation of auroral particles is observed in the
auroral oval close to magnetic midnight. The latitude of the
oval is 68°. A gradual deviation of the magnetic elements at
auroral zone stations is initiated at the same time, indicating
the presence of a DPZ (convection) current system, and signa-
tures of increased cross-tais or ring currents are seen in the
records of A at low-latitude stations. The observations in-
dicate an increasing convection set up by the negative value of
8,. A minor disturbance (double bay) at about 0020 is visible
in stations from the polar cap to low latitude. This is probably
a DP2 disturbance {Nishida, 1968), which may indicate irregu-
larities 1n the convection rate. The increase in auroral intensity
at 0050 follow=d by a narrow westward traveling surge and a
development toward morning and evening of the quiet arc is
consistent with the description of a confined substorm given by
Lui et al. [1975]. In their example the magnetic effect of the

substorm was about 20 . The decrease of H in our 0050-0110

wvent is approximately 20 ¥ and shows the signatures of a
cunfined substorm. This disturbance is immediately followed
by changes in the auroral pattern which could be associated
with the convection pattern, i.¢., a poleward turn of the arc
before midnight and a polar cap aurora in the morning. Ths
observations from the last 10 min before breakup give the
impression of increasing convection and precipitation accom-
panied by increasing instability of the arcs, which finally result
in the breakup and expansion.

EXPANSION AND EARLY RECOVERY

The rapid poleward expansion, initiated by the breakup,
was completed by 0137 as the breakup arcs covered the entire
area from a few degrees south of Narssarssuaq to Sgndre
Steémfjord (Figures 8 and 9). Simultancously with this expan-
sion the southernmost arcs moved equatorward with decreas-
ing intensity; at the end of the poleward expansion, all discrete
forms except those at the highest latitudes dissolved, and an
equatorward broadening of a diffuse veil took place, which
soon covered most of the sky. At the same time the discrete
forms at the poleward edge of the display began a slow equa-
torward retreat.

The westward border of the region of poleward extension
between Canada and Greenland appears to have remained
relatively statiunary during the expansive phase. However, us
the expansion proceeded, a narrow zonal ‘fiord’ did develop in
the low-latitude part of this westward extension. The forma-
tion of this fiord is evident in Figure 4a in the 0130 UT frame
between 60° and 70° west longitude. The Great Whale photo-
graphs show that it developed into a small loop which became
more and more elongated toward the west, eventually opening,
thus forming two bands a few degrees north of the original
band. These bands, shown in the 0139-0157 UT frames of
Figures 4a and 48, reached the Great Whale meridian at about
0141 but did not continue into the Fort Churchill field of view.
The development of the western loop was accompanied by a
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" carth field lines during the breakup and expansion process in
- W9, Feb 2025 Borders of aurorat display the magnetosphere, their energy may be estimated by using a
- mudnight sector formula deduced by Sletten et al. [1971] from a paper by
R Hamlin et al. {1961). The formula, which gives an expression
n for the drift period of nonrelativistic electrons mirroring close
n to the atmosphere, may be written 7(s) = 4 X 10YLE)",
n where T is the azimuthal drift period in seconds, E is the
0 energy in keV of the trapped electrons, and L is the Mcliwain
. shell parameter. L is approximately 6, and the stations are
“ ) separated by 17°. The observed time lag of 10 + 5 min gives an
W T ) estimated particle energy of £ = 37 £ 10 keV (x40 keV). If we
o assume that the electrons became trapped on near-carth field
o e . lines (L = 6) no earlier than at the breakup, then they would
e have drifted along this shell for no more than 10 min before

ut arriving at Tromsg. This places the eastern limit of the trap-
X0 B N0 0 %0 00 0 1 N 0 WY pingregion onlyabout 10° to the west of Tromss, i.c., between

Fig. 9. Position in corrected geomagnetic latitude of the auroral
arcs at Marssarssuaq. During the growth phase the position is in-
dicated by the open dots The positions of the northernmost and
southernmost arcs during expansion are shown by the solid dots. The
hatched area is more or less filled by discrete and diffuse auroras. The
dense hatching indicates the equatorward border of the diffuse veil.

gradual decrease in 4 at Great Whale (Figure 6). Thus the
loop behaved like the westward traveling surge as described by
Akasofu [1968) with the exception that the westward border of
the poleward expanding bulge d°d not move toward the west
together with the surge but remained stationary on the evening
side of the poleward extension of the arcs. In a single snapshot
of the auroral display taken in the interval 0139-0157 UT the
ioop would have been interpreted as multiple discrete auroral
arcs linked with the western limit of the poleward expanding
bulge. A DMSP satellite photograph showing just this situa-
tion on November 24, 1971, has been published by Pike and
Whalen {1974). Our study, based on all-sky camera data, dem-
onstrates how such multiple arcs may develop from a loop on
the western border of the poleward expanding buige.

The propagation toward the morning sector of the distur-
bance associated with the breakup and expansion phase may
be observed from Tromsé, which was situated 4 hours after
geomagnetic midnight. A sequence of all-sky photographs il
lustrating tae development of the display at this station is
presented 1n Figure 10, The wntensity of the arc immediately to
the north of Tromsd began to increase at 0130. Two minutes
later a pacallel arc of lower intensity became visible on the
equatorward edge of the original one and slowly increased in
intensity. At about 0137 the two arcs were dislocated equa-
torward, and after 0139, diffuse auroras with bandlike struc-
ture appeared on the equatorward cide of the arcs. The move-
ment of the onginal arc, which seemed to constitute the
poleward edge of the display, as well as the movement of the
boundaries of the diffuse aurora, has been plotted in Figure 11.
This tigure also shows the distribution of auroral light along
the mendian as recorded by the spectral camera C-180-S at
Loparskaya in the Murmansh area. Auroral data are not
avatlable before 0130 because of snow, but after this hour,
spectrograms of 10-min exposure tme were recorded. A come-
panison of the two plots in Figure 1 sbows good agreement
between the stations with regard to the latitudinal shift, but a
ume lag of 10 £ 5 nun is observed between the equatorward
shifts  Apparently, the low-latitude diffuse area propagated
eastward with an appronimate velocrty of 1° mm (or 50
kmmun). On the assumption that the ditfuse cloudhihe aurora
was produced by electrons which had become trapped on near-

Iceland and Scandinavia.

The observations from Narssarssuaq (Figure 9) indicate
that the first possible incidence of auroral particles at L = 6
takes place at 0133-0134, about 4 min before the effect at
Tromsg. Thus it seems probable that the diffuse low-latitude
aurora is formed practically without time delay all along the
auroral oval from midnight to shortly before 0400 geomag-
netic time, with a delay at later local times which may be
explained by the assumption of encrgetic electrons drifting.in
the geomagnetic field.

The diffuse cloudy auroras over northern Scandinavia began
to withdraw gradually toward the auroral zone at about 0200
UT. During the withdrawal the luminosity concentrated into a
few diffuse bands. At 0215-0220 the southern border was near
Tromsg, and at 0230 the display was no longer detectabie in
the all-sky photographs. Thus the poleward retreat of the
equatorward boundary matches well the recovery of the hori-
zontal field at Tromsg (Figure 1),

OBSERVATION OF AURORAL DRIFT

Equatorward Shift of the Oval
in the Evering Sector

From the first occurrence of auroral light a gradual equa-
torward drift of the arc was observed in the evening sector.
The position of the arc observed in the early evening at Fort
Churchill (19 geomagnetic time) and at Great Whale (21 geo-
magnetic time) is shown in Figure 12, The figure shows the
drifts to be similar at the two stations with a steadier dnft
occurring at Fort Churchill. The irregularities at Great Whale
centered at 0122 and 0130 depict the passage of two large
wevelike structures, the first of which was a forerunner to the
small surge that 1s easily detectable wn the photographs of
0121-0123 (Figure 13).

The equatorward shift of the are was measured to be
3°/hour and therefore cannot be attributed solely to the natu-
ral shift of the position of the auroral oval in the course of the
evening. The chunge in the hautude of the Feldstein oval (Q =
3) at 20 MLT s appronmately 1°/hour equatorward, from
which we cananfer an equatorward drift in the position of the
are refative to the ovad of 2°/hour or about 4 Am min. Tha
observation agrees with results reported by Starkov and Feld-
stetn [1971] that auroral forms generally dnft equatorward
during an hour or so pror to the expaasive phase of i sub-
storm, but 1t should be noted that in our obsersations the
equatorward dnft was found only 1 the evemng part of the
oval Newher at nudmght nor i the morming sector could a
simlar drift be found
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Frn of particular interest to note that the equatorward dnift
continued through the growth and evpansion phases but
stopped at the thvo eveming stations a tew mutes betore the
poleward expansion ended  This was also a tew minates betore
the narrow westward traveling surge armved at Great Whale
It we make the tentatine assumption that the equatonw ard dnitt
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of the arc results trom a westward onospherie field (see. tor
example, Aelley e al (19710 Moz [197 1), the magnitude of
this ticld, gnven by v (ExB)Y B v 4 mV oo westward Our
observations show that thes tield was present dareng the
gronth phase and most of the expannon phase and then
sud fenh duappeated
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Fig. 1. Broadening of auroral display at Tromsé (dots) and Mur-
mansk (hne segments), based on all-sky camera (TR) and spectro-
graph (MM). The intensity maximum in the spectrographic record is
indicated by a narrow double line In the spectrogram the poleward
boundary could not be determined with sufficient accuracy After
0225, observations were not possible at Tromss because of cloudiness.

Symmetrically Traveling Disturbances

In the morning sector the equatorward broadening was
initiated by the passage of an castward traveling, small but
distinct bulge in the main arcs, The movement of the bulge can
be followed in Figure 10. A closer inspection of the figure
shows that the arc was dislocated stightly equatorward on both
sides of the bulge. The combined effect of this dislocation and
the bulge produces the depression of the northern arc at
0135-0145 shown in Figure 11. The projection on the ground
of the arc system which clearly shows the bulge is presented in
Figure 14 More detailed measurements of the eastward shift
of the position of the bulge are given in Figure 15. Note that
the ordinate in the figure gives the distance of the maximum
deviation in the bulge along the arc from an arbitrary 2¢ro
meridiun, measured in degrees of geomagnetic longitude.

At Great Whale a disturbance similar in shape to but of
smaller dimension than a westward truveling surge was seen to
move from the vicinity of the great poleward bulge between
Canada and Greenland toward the west. As 1s shown in the
photographic sequence of Figure 13, the surge was first de-
Jtected at 01200 at 0125 ot appears to have reached the Great
Whale mendian, but at this e it was difficult to distinguish
because of the presence of a great number of sinall-scale folds
along the arc. At 0131-0132 the band was again more regular,
with a singie bulge in the western end, quite similar to the
disturbunce present near Tromsg at the same time. The west-
ward movement of this bulge and that of the bulge onginally
approaching Great Whale from the sast (presamably the same
form) are plotted in Figure i$ and lubeled GW. As it ap-
preached the western horizon at Great Whale, it became ob-
servable in low elevation from Fort Church-l, and the motion
measurements taken friom the Fort Churchill photographs are
plotted 1n the same figure (labeled FC ;. A few minates later the
Fort Churchill camera stopped operation for 4 nun, enough
time fer the bulge to become rather noorly defined. But the few
observations made ot Fort Churchill before the break follow
the trend in the Great Whale plot The displacement in longi-
tude results from the encertaimty in selecting the same point on
the aurora from the two stations At any rate, the observations
from these two stauons show that a small bulge moved west.

ward across the Great Whale field of view and into the Fort
Churchill field of view during the time interval 0120-0139.
Between 0134 and 0142 the eastward drift of a similar buige
near T omsg was measured. The two surges appeared to have
about the same drift speed; in the time interval 0135-0138,
when the Tromsg measurements were most accurate, the east-
ward drift speed was 2.2° + 0.3° geomagnetic longitude per
minute, while the westward drift speed of the bulge near Great
Whale was measured to be 2.0° + 0.5¢ geomagnetic longitude
per minute. The bulge at Tromsg drifted close to the 107°
geomagnetic longitude meridian, and the one at Great Whale
drifted near the 357¢ meridian. Thus during this short interval
the two bulges were of similar shape and were observed to drift
symmetrically in relation to the geomagnetic midnight meri-
dian (~50° geomagnetic longitude).

The western irregularity became visible in the Great Whale
field of view a few minutes after the formation of the poleward
extension between Caneda and Greenland. The drift velocity
of this aind accompanying irregularities along the arc was
relatively constant or slightly decreasing until 0134-0135,
when an increase in the velocity occurred. Unfortunately, data
are not available to show whether the drift stopped at
0139-0140, as is the casc with the castern irregularity, although
the shape of the drift curve of Figure 15 does indicate this
possibility. At Tromss the drift stopped completely for ahout
2 min at 0139-0140, after which it continued with the same
velocity as before. If the symmetric drift of the two irregulari-
ties is more than a ccincidence, it can perhaps be thought of as
an cffect associated with changes in the convection and thus in
the polar cap electric field during the expansion.

SATELLITE PARTICLE OBSERVATIONS

At 0115 UT the Isis 1 satellite passed over the arc at a
position 10.3° cast of Great Whale. The electron spectrogram
of the southbound pass is presented in Figure 16, where the
clectrons associated with the visual arc appear distinctly at an
invariant latitude of about 68° and a magnetic local time of
20.8 hours, Immediately poleward of this precipitation 1s a
restricted region containing electrons of energies in the 100- to
250-¢V range. Equatorward of the auroral precipitation the
spectrogram shows photoelectrons of energy between =10 ¢V
and =60 eV, coming down the field lines from sunlit magnet-
wally conjugate points,

The electron differential number spectrum measured near

core
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Fig 12, Equatorward drift of auroral arc an the evening sector.
(Top curve) Fort Churchill (19 MLT) (Bottom curve) Great Whale
Taver (21 MLT).
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01.21 UT 01.23 UT

01.25 UT 01.27 UT

01.29 UT 01.31 UT

01.37 UT 01.39 UT

01.33 UT 01.35 UT

1969, Feb. 25
Great Whale R.

Frg 13 Al Sy photographs trom Great Whale River, February 25,1969, showing westward movement of srregulanties
m the auroral are

the center of the region of precipitation iy shown i bigure 17
This spectrum, labebed N dE, 1s characterstie of mghtade
auroral precipitation showing a rather steep negative slope at
tow energies and the typical auroral peak, i this case at 13
heV The total energy in the spectrum (in the range 10 eV to
HO ReVyin 4 Jergs em? v st Assuning an isotropie eledtron
distiibution, this energy flun corresponds to 4 brightness of 20
AR of hight at 8377 & {Dalgarno et al . 1968 Examination of
tndivrdual spectra indicates that the peak i the electron spec-
trum aincreises and then decreases as the are s crossed Such a
Lattudinal morphology has been seferred to as an inverted V-
structure by Frank and 4ckersen [1971 and 4 common
teature associated with many auroral ares

The enlarged photograph of Figure 18 shows the are as at
was obsersed from the Great Whale River Obsenvatony at
M3 U The small white curele near the nght edge of the
photograph marks the point at which the geomagnetic field
line, through which the satelhte passed at the tme the max-
imum energy flun was detected (0114 36), intersects the height
of manimum auroral lumimosity  As s shown by the “energy
un® curve ot Bigure 17, most of the energy was carnied at >3
kel which places the height of manimum luminosity at about
120 km [Rees. 1909]

Lhe soft particie spectrometer also provided 4 measurement
of protons in the range of encrgies 10eV to 116 eV Within
this energy range, protons were observed to precipitate over a
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Fig. 14. Maps showing eastward movement of surge in the morning sector, as observed from Tromsg,

region extending from an invariant latitude of 67.4°-66.6°.
The proton energy fAux profile is plotted in Figure 19, which
clearly demonstrates that the proton precipitation occurred
equatorward of the electron precipitation associated with the
visual arc. The energy associated with the protons over this
range of invariant latitude averaged 3.0 X 10-* erg/cm? s sr.
Because of Jow count rates it was not possible to measure a
proton spectrum, but the average proton energy appeared to
be near 4 keV.

Since the satellite crossed the region of particle precipitation
before the time of maximum disturbance, it is possible to
estimate energy input into the auroral ionosphere before.the

onset of the expansive phase. Figure 19 shows the electron
energy flux profile measured as the satellite passed over the
arc. A directional intensity of 0.2 erg/cm?* s sr corresponds to |
kR of light at 5577 A, which is near the visibility threshold
above the background light of the night sky. As the figure
indicates, an electron flux in excess of this value was detected
for four consecutive spectral sweeps or for 8 5. The satellite
horizontal speed was 7 km/s, so that at the satellite altitude of
620 km the ‘arc width® was 56 km. Integrating across the arc,
the rate of energy input per unit length of the arc was 5 X 107
ergs/s cm. The prebreakup arc was observed by cameras from
west of Fort Churchill to east of Tromsg and most likely

corr geom long
trom arbiteary zer0

N o

o 7“~r-.

Evening side

o

1969, Feb. 25
laf 020 2 m 23 2 2 2 1 28 39 20

Orift from midnight of auroral surges

1)

TR

Morning side
GW

nSs

2 N % P W I 3 I A0 M kT

Fig. 15.

Drift from mldnight of auroral surges. The drift seen at Great Whale and Fort Churchill is westward: that at

Tromsg is eastward.
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Fig, 17, Electron differemtinl number spectrum (dN/dE) and ens

ergy luy measured by the Isis 1 soft particte spectrometer at 0V14: 56
UT on February 28, 1969,

extended much further in hath directions. A length of 7 X 10*
km approximates this distance, and with this assumption the
totul energy input rate was 3.8 X 10" ergs/s. The arc was
visible for at least § hour before breakup: therefore un energy
of 7 X 10" ergs was deposited into the auroral atmosphere by
the clectrons before brenkup. The protons in the region equa-
torward of the nre carried considerubly less energy than the
clectrony, u feature not unusunl in auroral events, The ratio of
the encrgy of the protons equatorward of the are to that of
electrons within the ure was 1.6 X 1073,

The question of whether or not auroral arcs always oceur on
closed magnetic lield lines continues to be & matter for deter-
mination. We have attempted such a determination for the are
observed on February 25 by making use of the §-50 detector of
the Isis | energetic particle experiment (compliments of J. R,
Burrows, National Research Council, Ottawa, Canada). This
detector responds o electrons of energy >40 keV and offers
the advantage of a kurge geometric factor of 4 X 10°* ¢m? sr,
Figure 20 shows the S50 Qux plotted against universal time
und invariunt tatitude, where the counts have been averaged
over pitch angle in order to compare the trapped particle flux
outside the 63° loss cone with the downcoming (e < 63°) und
upcoming (a > 117°) luxes. At latitudes below about 68° the
trapped flux exceeds the precipitated Huy, indicating a closed
field hine configuration. From the figure it is not poasible to tell
exuctly where the angulare distribution changed, but it must
have been between 67.9° and 68.4°, Fritz [1970] would identify
this location as Ay, & boundury defined to be the lowest
latitude at which isotrapy occurs for electrons of £ > 38 keV.
We note that on the nightside this boundury always oceurs at a
latitude lower than the Ay of MeDiurmid and Burrows |1968),
which is the lowest latitude at which counts fall to cosmic ray
bachground and which « interpreted by them as the high.
latitude limit of closed field lines. ln the preseat case, A, was
above latitude 71.2°, the lughest latitude trached on this pass,
Thus we can state that the electron are s ussaciated with or lies
below the boundary between open and closed field fines and
that the proton ure clearly lies on closed magnetic field haes

It has been shown that the substorm under study here,
which followed a period of magnetic calm, appears to have
been preceded by an interval before breakup with activity
corresponding to the growth phase defined by McPherron
{1970}, The gradual development of the activity starts shortly
after the southward turning of the interplanetury magnetic
field; the magnetic deflections ut auroral latitudes as well as at
middle and low latitudes, the auroral activity. the westward
magnetospheric electric field deduced from the auroral drift,
and the precipitation of auroral particles measured by the
satellite ull support McPherron's suggestion that the start of
the substorm growth phase indicates either a commencement
or a gradunl enhancement of magnetospheric convection, The
observation of symmetrically drifting uuroral surges during
growth and expansion phases as well as of auroral patterns
similar to part of the convection pattern may give further
support to this idea. In the present cuse we are appurently
concerned with a situation in which increased convection initi-
ated by u negative 8, is terminated by several substorms: fiest o
very small confined substorm and then two greater substorms
with clear brenkup and poleward expansions which are not
separated from each other but which seem to belong to ‘thc
same disturbance event. }

The very small substorm occurred at about 0100 UT jap-
proximately § hour before the expansion phase of the major
substorm. It was characterized by a small westward traveling
surge and a smalt mugnetic bay of »20 v and therefore fits'the
description of a weak substorm along n contracted oval as
concluded from ground-bused observations [Montbriand,
1971] und DMSP 2 imaging [dkasofu, 1974b), The southward
turning of the IMF preceded even this event by more than an
hour, and the first depurture from magnetic quiet was ob-
served at auroral zone as well as low-latitude stations uhogl |

ey -y
RS R R et

Fig 18 Allshy photogeaph taken at Great Whale River Obacrva-
tory &t 013 UL on bebruary 28, 1969, The small white curcle desig-
nates the field hue imtersection point at 120 hin
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Fig. 19.  Electron and proton energy flux latitudinal profiles. The
proton precipitation lies distinctly equatorward af the electron prezipi-
tation associated with the visual are, Minute 1S of hour 01 is labeled as
0118 and begins at the 00 mark on the abscissa,

hour before the appearance of the small substorm. Accords
ingly, we take the view that this substorm may also have
resulted from the southward turning of the IMF and repre-
sented a small release of energy before the much greater release
at 0120,

As in the main event under study, the 0600 substorm which
appears at Fort Churchill and Great Whale River was pre-
ceced by a short interval of activity, which is similar to the
growth phase of the 0130 substorm: foliowing the recovery of
substorm activity at 0400, quiet arcs were situated near 71°

corrected geomagnetic latitude. Near 0525, B, went negative
(Figure 1), At0525-0530 the arcs became more intense (Figure
21): at 0541 an arc was broadening from the midnight sector
into the Fart Churchill field of view. At 0603 a bright arv was
suddenly abserved at about 68°; at 0606-0610, internal activity
was seen in the arc; at 0608-0610 it developed toward the cast
acrost the Great Whale zenith: and at 0616 a moderate pole-
ward expansion began. The development of the auroral dis.
play has its counterpart in the magnetic record from Fort
Churchill (Figure 1), Also, the low-latitude stations near mid-
night (Fredericksburg and Tucson, Figure 2) show features of
increasing cross-tai! current between 0540 and substorm onset
at about 0600, Thus although the observational data are more
limited at this substorm, we see features very much like those
described above, beginning with the neg: iive turning of 8, and
ending with the poleward expansion abo it S0 min later. The
poleward expansion does not reach as high a latitude as in the
0130 substorm; the product of 8, and time from southward
turning to breakup is also less in the 0600 substorm [ rioldy,
1971).

Our observations do not determine whether the expansive
phase trigger mechanism {s internal or exteenal. We can only
point to our observations that the southward turning of the
IMF was followed by clear signatures of increased magneto-
spheric convection: DPZ equivalent current systems of pradu-
ally (though not monotonically) Increasing intensity, signn-
tures of an increasing cross-tail and/or ring current,
precipitation of aurcral particles in an increasing longitudinal
sector of the midnight auroral oval, and finally a poleward
curvature of arcs in the premidnight area that resembles the
drift pattern in the polar cap. Minor signatures of instability or
activity are followed by the sharp breakup,

It is apparent from the observations presented here a3 well
as from observations of Subbarao and Rostoker [1973), Hones
et al, [1973), dkasofu et al. [1973), Rossberg {1974), and A&a-
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CHURCHILL
1969, Feb 25

0513 UT 0523 0525 0529 0531

0539 0541 0547 0551 0557

0601 0603 0605 0609 0515

0619 0621 0623 0633 0649

by 21

Ali-shy photographs trom Fort Churchitl, Februars 23, 1969, showing auroral actnits durning the prebreahup
(rowth) phase and beginning of expanvion phase of the fater substorm

sofu [1975] that some substorms have a gradual and easly
dehined growth or development phase, while others do not
Obviously, there s no clear one-to-one relation between: the
growth phenomenon and the substorm [ty in agreement with
current substorm theonies that & 8,-negatine-caused magneto-

sphenic comvection, i it s continued for a suflicienth long
peniod, may result i substorm activity, as i the case studied
here However, the evidence discussed above seems to argue
agail tthe use of the term growth phase when it s apphied
with the sime weht as the term “expansive phase’ in desorib-
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-
ing a definite phase of every substorm. The term may, how-
ever, be suituble in describing a magnetospheric situation
which may lead to the triggering of a substorm.

lonospheric Electric Fields

In a study of the ionospheric electric tield by means of
balloon-borne detectors, Mozer {1971] found a regalar behav-
ior of the electric field in the auroral zone, Averaging over 19
substorms, he found that about ! hour before the onset of the
expansive phzae the westward component of the electric field
ircreased from zero and reached & maximum value at the time
of breakup. The field remained at this level throughout the
expunsion phase and then began a return to* ard zero. The
sonthward component remained at a rero level until it sud.
denly increased at the onset of the expansion, Our observation
that the equatorward drift of the auroral arc appears during
the growth phase, continues through the expansive phase, ar.d
then suddenly stops is in agreement with Mozer's observation
of the duration of the positive excursion of the westward
component of the electric tield. Qur observation of the limita-
tion of the equatorward drift to the evening side of the sub-
storm center appears, however, 1o be new, It is not obvious
from Mozer's balloon measure.aents. His conclusions are
based on average values without information about the loca.
tion of the balloons in relation to the substorm.

Particle Preciputation and Relationship
10 the Magnetosphere

The particle previpitation associated with this auroral dis-
play has been studied bhoth by direet measurement and by
observation of the drify of cloudlike auroral forms. Most of the
electrons responsible for the uminosity in the premidnight
sector before breahup possessed energies of 1-5 keV. The
cloudlike form observed drifting froin Teomsd to Murmansk
was produced by clectrons of =d0-keV energy. This energy
determingtion, based on the assumption that the electrons
were gradient driting, is in agreement with the photographic
observations of Stormer [1953], which give a mean height of 94
am for ordinary cloudlihe auroras over Norway. The ioniza-
tion production manimum for 40-keV electrons has been cal-
culated by Rees [1963] to be 92 hm. Qur observations of
diffuse aurora indicate that such clectrons appeared nearly
simultancously all along the oval feom midnight to shortly
before (400 geomagnetic time and that the drift of the cloud-
like aurora east of Tromsd is consistent with gradient drift of
40-keV clectrons at auroral latitudes.

This observation agrees well with the model for precipie
tation into the auroral zone of electrons in the > 30-heV range
presented by Sletten et al [1971] on the basis of okservations
by several authors (sce their list of references). In their model,
clectrons within the loss cone tre precipitated in an elongated
region following the auroral oval from geomagnetic midnight
toward dawn Electrons with other pitch angles drift eastw ard,
following the £ shells from this source region, and are gradu-
ally precipitated by pitch angle scattering or other mecha-
nisms  This drifting electron population may be responsible
for the mantle aurora [Haoglinan and Burch, 1973).

Thus our observations support a mechamsm which would
wyeet 40-heV electrons into the anroral oval during the o
pansive phase of the substorm. The observation by the Vela
satelhtes [Hones et al , 1973] of an enhancement in the £ > 45.
heV electron fluy at the tme of rapud thinmng of the plasma
sheet at the satetlite suggests that these electrons may be of the
same population as that responsible for the prodaction of the

diffuse cloudlike auroras which appear at auroral latitudes
during breakup.

OQur present Isis t electron observations made before auroral
breakup agree well with the growth phase morphological pat-
tern of Hoffman and Burch [1973]. The term growth phase was
defined by them as the time between the southward turning of
the IMF and the appearance of auroral breakup. The studies
of dlusofu et al. [1973] and Akasofie [1974a} would have
categorized the present observation ae the *plasma sheet quiet
arc’ of a ‘growth phase pattern,” Winningham et al. [1975),
using Isis | and 2 particle data, have amplified the patterns of
Haffman and Burch [1973] but do not include a pattern repre-
senting a preexpansive phase, IMF south condition {since this
cundition does not always initiate a complete substorm se-
quence), They do state, however, that an observation of the
kind we report would be categorized as representing their
‘boundary plasma sheet' (BPS) region during a period for
which the IMF is directed southward (see their Figure 19).
This BPS region is always located poleward of the region of
diffuse aurora and often contains discrete arss,

Az we have illustrated in Figure 19, the highest fluxes of
protons of about 4-keV cnergy were measured within a region
equatorward of the electron are. A similar latitudinal profile,
characteristic of the premidnight hours, has been obtained
statistically with airborne [Kather and Mende, 1971] and
ground-based [Frvhunishi, 1975) HE observations, The study of
Fukunishi [ 1978] clearly places the belt of proton precipitation
cquatorward of discrete auroral arcs during times which he
delines as the ‘quiet’ phase and the ‘prebreakup’ phase, Our
particle observations show that the separation can occur on an
instantancous basis, a fact which must be included w any
theory which sceks to eyplain the global development of an
auroral substorm, Isis 1 crossed the are at a local time of 20.8
hours and a magnetic local time of 20.8 hours, We also note
that apparent separation between the region of manimum
proton precipitation and the region of maximum electron pre-
cipitation (the arc) does not completely exclude protons from
the clectron precipitation region, it only excludes protons
within the energy range 10¢V to 11.6 heV and above an energy
flun level of 2102 erg/em® s s,

The observed protons were most likely associated with the
quiet time ritg current, which, according to the San Juan
magnetogram o Figure 2, intenuified as the substorm sequence
continued. The greatly reduced proton flux at the position of
the arc before breahup implies either (1) an upward field-
aligned electric field at the auroral are or (2) that the mecha-
nism which energizes electrons and protons does not precipi-
tate the pratons efficiently. Only when the proton population
of the near-earth plasma sheet reaches a critieal intensuty are
protons precipitated by resonant wave-particle interactions as
sugpested by Kennel and Perschek [1966). Adiabatic compres-
ston uperates on protons on closed field lines in the tail region,
but the dominant mechanism 1s betatron or transverse energr-
sation which operates on the transverse compoaent of the
proton moton, Our abservation, using the hugh-energy elec.
tron data, that the boundary between open and closed tield
lines hies at a latitude at least as hagh as 67.9° wmsures thal the
protons we obxenved were on closed magnete lnes.

SUMMARY AND CONCLUSIONS

A comprehansine study of the magor substorm of | ebruary
25, 1969, at 0130 UT and several weak substorms berore and
afler this event has resulted i the following obsersations

b The preeypansne phase auroral are extended appron-
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mately along the auraral oval from 12.5 to 05,8 MLT and was
responsible for an encrgy input rate of a3 X 10" ergs/s before
the brea<up,

2. In the cvening sector, from the earliest observation of
auroral light, an cquatorward drift of 6 Am/min was observed;
this drift was present only in the evening sector and censed
after the onset of the expansive phase at the time of maximum
poleward displacement of the breakup arcs,

3. In the evening-midnight sector the increase in the in-
tensity of the preexpansive phase arc accompanied the increase
in the deviation of the horicontal magnetogram component.

4. The equivalent currents obtained from the observed
magaetic deflections were of the DPZ type {twin vortex mode)
before the onset of the expansive phase. After the onset the
DPZ currents were more intease by a factor of 2, but the
dominating current during this period was an intense wests
ward auroral electrojet,

5. During the expsasive phase, symmetrically traveling
disturbances were voserved propagating eastward and west-
ward away from the tidnight sector, The propagation stopped
for 1-2 min at the time of maximum poleward expansion und
then continued {at least in the mornung side) with the original
veloeity.

6. Electrons mn the - to S-heV range were measured by
satellite over the precypansion phase are. They were observy ed
near and probably within the tow-latitude linvt of the bouad.
ary hetween open and closed fleld lines.

T Protons of ad-heV energy were measured equatorward
of the electron are: their intensity was 16 X 107 * that of the
clectrons within the are, and they were definitely on closed
field tines,

8  An injection of ad0-keV electrons as determined {rom
the observations of diffuse cloudlihe aurora occurred during
the expansive phase At times later than 04 MLT the cloudlike
aurora associated with the d0-heV electron population was
observed to drilt eastward toward later morning houts.

The major substorm at 0130 UT and a smaller substorm at
0600 UT show growth phase features in their visual and mag.
netic signatures. However, other investigations show that
many substorms have oceurred {or which there is no clussic
growth pattern and also that some growth phuse patterns do
not always result in & complete substorm sequence (Kokubun ¢t
al, 1977). Accordingly, we emphasize the usefulness of the
growth phase concept in describing 2 magnetospheric condie
tion which is initiated by a southward turning of the IMF but
stress that in general it should not be expected to bear a one-
to-one correspondence with the subsiorm epansive phase.
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The Topside Magnetospheric Cleft Ionosphere Observed
From the Isis 2 Spacecraft

G. G. SHEPHERD,' J. H. WHITTEKER,? J. D. WINNINGHAM,? J. H. HOFFMAN,? E. J. MAIER,*
L. H. BrRacg,* J. R. Burrows,* AND L. L. COGGER®

Data from the [sis 2 spacecraft for five orbits in Novemher 1971 are examined in detail. The spacecraft
was then 1 cartwheel configuration, permitting detailed angular and speciral measurements of charged
particte fluxes (£ > § V), local ion densities and temperatures, local electron densities and temperatures,
F region peak clectron densitics, and 6300- and 5577-A cmissions accurately located at the field line foot.
In the November 9 and 10 orbats, highly structured regions of electron flux having average energies of
~0.7 and ~0.2 keV are observed The O* density at the 1400-km spacecraft altitude generally reflects the
cleciron precipitation, disappearing rapidly at the poleward boundary with He* becoming dominant in
the polar cap Throughout this region of enhanced O* densitics, strong polar wind fluws of H* ars
observed The electron densities obtained with the topside sounder arc sometimes higher than the ion
densities; this 1s 1n part due to the structured nature of the cleft region, but other indirect plasma processes
may also be invoived The 1on temperature 1s about 2000°K tnside the cleft and nises tc about S000°K at
the poleward cleft boundary. The F region peak density shows some structure but no umquely identifiable
cleft response. and the optical emissions generally show a multiple peaked structure, normally with the
lowest red/green ratio in the equatorward components. The November 17 and 18 orbuts differ in that the
electron spectrum precipitation energies are closer to 100 eV, are less structured, and are displaced to
higher invariant lantude The O° densities are higher, while the light ions are little changed, and O s
observed poleward of the precipitation region, implying strong convection perpenascular to the auroral
oval. The optical red/green ratio is higher for these orbits. A tentative explanation for the different
behavior 1s the passage of a sector boundary between these two dates with the interplanctary ficld
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Jdirection changing from *away’ to “toward.'

INTRODUCTION

The existence of dayside aurora and the continuity of the
auroral oval have been known for some time [Feldstein, 1963).
Studies of the polar cap ionosphere had revealed topside den-
sity enhancements attributable to particle energy input on the
earth's dayside [Nishida, 1967 Sato and Colin, 1969}. But the
recognition of the magnetospheric dayside cusps [Heikkila and
Winningham, 1971; Frank and Ackerson, 1971) or cleft [Heik-
kila, 1972) came about through the observation of magneto-
sheathlike plasma at low altitudes and high latitudes on the
carth’'s dayside. Subsequently, many manifestanons of this
dayside energy source have been identified and studied [Vas-
ylunas, 1974]. Pronounced ionosphenc characteristics are cle-
vated e'zctron temperature [Jrace and Miller, 1974) and F
region irregularitics [Dyson ane’ Winmingham, 1974; Ahmed and
Sagalyn, 1973). Whalen and Fike [1973) related the F region

. irregularity zone 1o the occu. rence of 6300-A emission, a direct

indicator of incident low-energy electrons.

The role of the cleft as an 10mezation source for the polar cap
1s a topic of current study; Knudsen (1974] discussed the plausi-
bility of this in terms of the convection pattern in the polar
cap. But a more recent study [Knudsen et al,, 1975) suggests
that the 1onospheric residence time in the cleft is too short to
provide a significant effect. Whitteker [1976] has given a de-
tailed review and thorough discussion of ionospheric cleft
effects.
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The Isis 2 spacecraft offers an opportunity to measure the
cleft particle fluxes and ionospheric response at 1400 km as
well as topside electron density profiles and F region peak
densities. The optical emissions at 6300, $577, and 3914 A can
also be detected with the on-board photometers. This paper
reports upon a detailed and coordinated set of observations
for a few orbits in November 1971. This period was chosen
because the orbit then had a suitable local time, the spacecraft
was in cartwheel configuration for good measurements of local
parameters, and the polar cap was reasonably dark for optical
viewing.

DATA ACQUISITION

A brief description of the instruments and a list of relevant
references has been given by Shepherd et al. {1973]). For this
study a period of cartwheel configuration was chosen (spin
axis perpendicular to the orbit plane) in order to obtain the
best ion data. In this mode a complete scan about the velocity
vector is obtained once every spin (roughly 18 5). In addition, a
complete pitch angle scan is ohtained with the particle detec-
tors.

As will be seen in the data, there 1s considerable fine struc-
ture present in the focal plasma. For this reason, caution
should be exercised in comparing the results from experiments
which nominally measure the same parameter. For example,
both the ion mass spectrometer (IMS) and the retarding po-
tential analyzer (RPA) measure ion density, but since the
sensors are located about 90° apart on the spacecraft, the
‘stmultaneous’ samples analyzed are separated by about 5sin
time and 35 km in space. For one instrument the data points
are separated by about 125 km. Thus what sometimes appears
to be a discrepancy n the density profile observations along
the spacecraft track ts simply a measure of the fine-scale struc-
ture of the ambient medium, This is to be contrasted with the
loca! density determinations provided by the sounder, which, it
is estimated, represent a measurement over a scale size of

The U.S. Government 1s authorized to reproduce and sell this report.
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g T peaks, The most equatorward one near 76.3° wvariant is the
{" broadest and is at the poleward limit of a keV flux continuum
e reis that starts at 74.6°, The SPS shaws its maximum energy flux

< >
E ﬁ I e
P I lovaoant polar projection, showing the spacecrall tracks
labeled by vrbat number, for the orbits used in this study. The tegic..
of cleft peecipitation are shown by the thickenod traces.

about | Am and which are obtuined alternately at intervals of
100 and 300 k. A further complication is that the existence of
sutticiently rapid local variation (which often occurs) pre-
¢ludes the reduction of the RPA current-voltage curves o
determine the ambient ion temperature. This lack of continus
ous (once per spacecrufl rotation) 1on temperature dada should
be considered in interpreting temperature ditferences i the
various regions.

The two-dimensional mapping capability for the optical
data iy not available, since the scanning occurs repeatedly
along the spacecraft track The consequent high redundancy of
the data is used here to minimize the delay tune between the
acyuisiton of the optical data and the direet measurements
made at the spacecrall on the field line connected to the
emitting region, This is achieved simply by selecting optical
duta from the single spin giving the munimum time delay for
the center of the cleft region Tt was also possible to mapect
adgacent spins to confirm that temporal vanations were not
signiticant. The individual optical data pownts are obtamned at
48 He for the auroral scanning photometee (ASP) and 30 He
for e red line photometer (RLP), and though they are con-
verted to equivalent spacectall ime for the plots shown, each
is obtained w roughly 1 s of viewing tuime, so that it i an
instantaneous pattern that i presented.

LaaTa PrRESYNTATION

Figure 1 1s a polar plot in v anaat coordinates, showing the
paths of the Isis 2 spacecralt for the passes waed i thas study
The extent of the clel precipitation for each orbit s shown by
the thickened portion along each path The magnetie tunes for
the clel crossings vary within & runge of a few houns following
local magnetie woon.

Orbat 2816

Fugure 2 shows,a composite of the results obtawned from
orbit 2816 on November 9, 1971, at (47 UT The top frame
shuwa the solt particle spectrometer (SPS) electron datan the
tormat desented by HeikRla and Woningham [1971]. The
magnetic local time and wvanant latitude are shown along the
top of ths frame, and the inanant fatitude s hand lettered
below for clanty The second frame 18 from the 150-eV elec-
tron channel of the energetic particle detector (EPD) evpen
ment 1t wal be seen later that the cleft electron energies are
someties sullictently low to be eatirely below the threshold of
thiy detector, companson of this channel with the SPS data
thus gines a wen sensitne ndweation of encrg) spectral
changes In this partivutar orbit the EPD channel has four flun

centered at 0.7 keV in this feature, The three more poleward
peaks extzading to 78° are narrawer and more discrete, and
the SPS shows that their average caergy softens toward 0.2
keV with increasing latitude, The heV flux may be character-
istic of 16,8 hours magnetic tocal time, which is rather far into
the afternoon to be classified as a clefl pass, No protons were
observed, which is also characteristic of the late afiernoon
sector, The other orbits to be shown will be presented in order
of increasing proximity 1o local magnetic noon,

The next frame, labeled SDR (sounder), shows the local
electron density obtained at 1400 km by the topside sounder, it
is sharply peaked in its latitude distribution, not at the center
of the cleft precipitation but at its polew ard edge, 1° of latitude
away The density enhancement in the vicinity of the clefi s
about a factor of 3. The next lower frame, kabeled IMS,
contins the wn mass spectrometer locat ton densities, show
ng a marked O° response over the entire region of energetie
clectron energy nput. Since the IMS has been mtercalibrated
against the SDR, the differences between the two are unexs
pected. Closer examination of mdividuat data powts shows
that the single lagh pot i the SDR local densiy was taken
close to an EPD (and SPS) flux peak, while the closest IMS
pont was i the trough between two electron flux peaks. Thas
pomt will be discussed later The O* denmity drops sharply at
the poleward cleft boundary, beyond which He* becomes the
dominant ion, with several tunes the densty of H*. Through-
out this region (the polir cap) the O* s virtually absent, and
below the threshold of the IMS, a (ew 1008 per cubie centimes
ter The thackened base hine of this frame ndicates the regon
where polar wind flows of H* 1ons are observed by the IMS to
be greater than | kma/s The flow s seen 10 occur throughowt
the O* enhancement region, The neat lower frame (SDR)
shows the electron densitics measured at the F re gion peak and
indicates vanations of the order of §0% w * region of the
cleft energy sourte

The bottom frame contuns the optical emnston rates for the
6300- and 3577-A lmes, obtmned from a single span as de-
seaibed earher Multiple peaks are evident, supetimposed on a
background that rises in the equatorward direction in response
to tocal tvilight The most equatorward peak s strongest, ut
76.3° inanant. Inat the $577-A intensity evceeds that at 6300
A, and this corresponds well to the equatarwaed fluy peak with
average energy near 07 eV, The adjacent poleward peak has
roughly equal 33774 aud 6300-A4 tensnties and aeems to
correapond to the narrowm pair of electron flun peaks at 77.0°
mvanant, Which are unresohed w this viewing geometry A
weak peak, sull fucther poleward at 77.8° wvanaat, corre-
sponds to the very narrow 0.2.heV flun seen there  These
multiple featuges appear to be auroral ares, which are charas
teristie of the late afternoon sector [Shephend et al | 1976)

Orbu 23

This pass ovvurred November 10, 1971, at 0638 UT and a
local magrette tme of 145 hours, the composite data are
shown i Figure 3 As  orbit 2816, there s a lower-lattude
heV tlun contintum from 73 0° to 78 2° unanant, white the
discrete features extend as far as 796° (Note the SPS Jata
absenve due o command sequenving near 77 4% The more
poleward region of preapitation o charavtenzed by natrow
discrete flunes having average energies of 30 2 kel | the two
moat patenard featuies having enervwes telow the EPD theesh-
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ASP 537\ daa
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old. Both the SPS and the EPD fluxes show periodic minima at
about 18-s intervals due to scanmung through the atmo-
spheric loss cone; the times of downward viewing are shown by
the series of short vertical arrows in the figure, The small EPD
flux peaks poleward of 7€.2° invariant arise from sunlight, and
these ‘sun pulses’ are manifested in the SPS spectrogram as
weak vertical bars. A weak proton flux (not shown) ended at
0640:45, at about the same time as the termination of the
clectron flux.

Again in this pass the SDR local dsnsity has an isolated
peak density about twice that shown by the IMS for which the
O* density is again relatively uniform across the precipitation
region. The solid circle (the only point not visible as a discon-
tinuity in slope in the straight line connection of discrete points
used here) on the dashed curve just prior to the SDR peak is a
second consistent high-density point, suggesting that the ex-
planation offered before of a chance high flux coincidence may
be inadequate. In a stream of § X 10" clectrons em~? s~* of
[00-eV energy the number density is about 10f el cm=?. This is
only 1 order of magnitude below the ambient densities, and the
ionospheric response to this charge input may involve electric
fields and waves that affect the clectron and ion measurements
differently. In addition, the SDR samples a 1-km region
around the spacecraft and is therefore much more likely than
the IMS to be within sampling range of one of the discrete flux
regions.

As in the previous example, the O* drops sharply at the
poleward boundary, with a <':ght tail extending to 83.0° in.
variant in this case, beyond which He* becomes the dominant
fon. The H* flow shows a slight break near its equatorward
edge, The F region peak density has a significant response to
the largest EPD peak, which also coincides with the peaking of
a broad optical emission having a red/green ratio of about 4,
There is a narrow equatorward flux peak with a red/green
ratio of 2.5 that caincides with the 0.7-keV flux peak at 77.1°
invariant. The 6300-A emission is the stronger of the two at afl
latitudes, and this reddening may be attributed to closer prox-
imity to magnetic noon.

Orbit 2814

The data from this orbit, shown in Figure 4, were taken two
orbits prior to that of Figure 2, November 9, 1971, at 0600 UT
with a magnetic local time of 14.1 hours. There is a keV flux
continuum present from 76.0° to 79.0° invariant, with intense
flux bursts at 79.4°, 78.9°, and 79.6° invariant extending 1n
energy from 0.1 to 1 keV. Equatorward of these bursts there
are several others centered near 0.1 keV and one very narrow
intense flux at 77.6° having energies from 5 1o 100 eV, evident
only in the SPS spectrogram. A weak proton flux ended at
0603:00 UT. Both the SDR density and the IMS O density
show a double-peaked response to these distinct regions of ~ -
keV precipitation (there 1s an SPS data absence near the equa-
torward peak), and the absolute density values agree as well.
This shows that the differences between the electron and ion
densities seen in other orbits do not arise from a consistent
error such as in calibration. It s also appropriate to note here
that these apparent differences between electron and 100 den-
sities do not occur at lower lantudes; they are a polar cap
phenomenon

For this orbit, RPA densities and temperatures wete also
available and are shown. Apart from the region near 79.0°
these densities generally agree with the SDR densities, but the
temperature results are surprising at first sight, showing values
below 2000°K in the region of energy input and nearly 5069°K

in a narrow region just at the poleward cleft boundary. But a
numerical model of topside dynamics (J. H, Whitteker, unpub-
lished manuscript, 1976) accounts for this behavior as adia-
batic heating of the ions when the poleward convecting topside
ionosphere collapses as a result of the drop in electron temper-
ature when the convecting plasma leaves the region of precipi-
tation. Further in the polar cap, high values of about 3500°K
are observed. The RPA also indicated the presence of wavelike
plasma structures from 0601:20 to 0603:11 UT (the region of
precipitation) and again at 0606:35 (in the polar cap region of
high ion temperature). In the IMS data, He* again becomes
dominant poleward of the cleft, although O* reappears in the
ion temperature enhancement at 0606, Again, the H* flov's
follow the O* enhancement region.

The F region peak densities show a curious weak depression
in the cleft region. There are again two well-defincd optical
peaks, the equatorward one being more intense, at 2.5 kR of
6300-A emission. Unlike the two preceding orbits, it has the
higher optical red/green ratio and appears to correspond to
the very narrow intense SPS feature at 77.6° mentioned carlier,
which occurred when the SPS was sampling pitch angles, 6, in
the downcoming (precipitating) loss cone. The poleward fea-
ture appears to correspond to the unresolved features at 78.2°
and 78.7°.

Orbit 2928

These data, obtained November 18, 1971, at 0600 UT and
shown in Figure S, are dramatically different from the preced-
ing examples. They are taken closer to magnetic noon, at 13.8
hours, which may be a partial explanation. The flux measured
by the SPS is less structured and spreads over a broader
region, while the absence of any significant EPD response
shows that the energies involved are much lower, The weak
proton flux terminates at 0602:30, at the same location as
the clectrons. There is a rising base line level in the S-eV
threshold level that makes the electron energy appear higher
than it actually is in the poleward region. The SDR local
density peaks at the poleward boundary, wiih much larger
densities present, about 4000 cm=* compared to typically 800
cm~? in tne previous examples. The precipitating energy flux
does not have instantaneous values exceeding those of pre-
vious orbits, about | erg cm~? sr~! s=%, The O* response is
similar to the SDR response, rising gradually through the cleft
region and dropping abruptly at the poleward boundary, well
beyond the region of maximum energy input. The He* and H*
densities (multiplied by 10 on the plot) are not much affected
by this substantial increase in O+, except that H* now exceeds
He*, and the light ions are not dominant in the polar cap. The
H* flows are found throughout the region with the maximum
velocities at the poleward side, where the O* concentration is
lowest. The F region densities may be affected by the energy
input, though one cannot be certain. The optical responses are
dramatic, with a feeble 5577-A response in contrast with a
6300-A cmission rate of about 4 kR above background. One
can still imagine a double-peaked structure with no green
component at all in the poleward peak and only a weak one in
the equatorward features. The region of bright 630C-A emis-
ston has sharply defined boundaries, at 74.7° and 79.0° in-
variant, with an extension nto the polar cap not seen on
earher paszes, The red/green ratio measured above back-
ground appears to be about 8. All of this is consistent with a
dramatic softening of the total energy input, producing a large
mcrease 1 6300-A emission and much enhanced O* densities
at the spacecraft
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Fig. 6. Further lsis 2 data from orbit 2928 (see Figure § also)
containing CEP measurements of elec’con density and temperature,
compured with RPA ion densities and emperatures,

g §

§4

The electron densities at the spacecrafl are sufficiently high
to periit clectron temperature values to be obtained with the
cylindrical electrostatic probe (CEP). This was not possible in
the orbits previously shown because the spacecraft was in
sunlight (producing photoclectrons) and the mnosphere wus
dark, yiekling low densities. The results are shown in F»gure 6,
along with those abtained from the RPA. Both the RPA and
the CEP show a sharp response in plasma density about at
0601 UT, at the center of the region of energy input, The RPA
densities are in accord with those obtained from the SDR and
the IMS, and apart from one high point ut 0601:40, with the
CEP densities as well, The SDR electron density peaks at the
same location as does the CEP-meusured electron density,
though at a lower absolute value, The clectron temperature
shows little variation poleward of the cleft, at sbout 3S00°K,
while the ion temperature shows a pronounced rise, to
7000°K, poleward of the cleft, as seen before in orbit 2814 und
explained as adinbatic collapse heating.

Fine structure in the plasma density is present sporadically
during this pass. An example of the wavelike structure is
.aown in Figure 7, which shows 2 s of data obtained simulta-
ncously by the CEP and by the RPA, The lower curve is the
surcent to the eylindrical probe when it was held at a constant
+4-V potential with respect to the spacecraft. The upper curve
1§ the ion current observation from the RPA when the sweep
voltage change was not causing o significont change in the
magnitude of the current. Some of the fine-scale structure is
present in the same phase relationship in the two signals, This
‘mplies 1 modulation of the tocal plasma density (both ions
and electrons) in both space and time. Note that some of the
fine structure i the electron duta has extremely sharp bound-
iries, appearing as discontinuities m the current, whereas the
:orresponding boundaries in the jon duta are often not so
sharp, The RPA instrument time response is adequate 1o fol-
ow the current changes as shown in the electron data, Thus

he differences are real and presumably anse from the wno-
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Fig. 7. lon and electron currents measured by the isis 2 RPA and
CEP for 25 at 0600: {8 UT on November 18, 1971, showing the small-
scale structure present in the plasma, The cuerent to the CEP (primar-
ily electrons) is meusuced with the sweep voltuge held constant at +4 V
with respect 1o the spacecrafl, Current to the RPA (primarily lons) is
measured with the retarding voltage sweeping at a rate very slow
compared to the scale times of the structure detected.

spheric response to the precipitating electrons, us conjectured
for the apparent differences in SDR und IMS densities. The
fractional chunges in density for the two species ure noticeubly
different, the fluctuations in the ion current being lurger than
the corresponding fluctuntion in the electr~n current. This muy
be u further indication that the ion plusma was the driven, or
excited, component receiving its stimulus {rom the energetic
clectrons present in the region, A more complete survey of the
smalbscule structures in the clet region will be the subject of a
separate study,

Orbit 2916

This orbit, ut 15.0 bours mugnetic time, is shown here be-
cause it has churacteristics similar to those of crbit 2928, even
though its magnetic time is similar to the times of the first three
orbits presented. It was ucquired on November 17, 1971, wt
0717 UT, and the data are shown in Figure 8 The $PS shows a
fairly compuet region with energics below 300 ¢V and with
littke prominent structure, There is a weak EPD response to
~79° invariant and only sun pulses thereufler. The weuk pro-
tor: flux ends ut 0718: 20 UT somewhat before the electron ftux
disuppears, The SDR local deasity aguin is peaked uear the
polewnrd boundary und trails off far into the polar cap, 1o
83.° wvariant, The O* peak from the IMS is also sharply
peaked with a density of about half that of the sounder. ln o
fashion not mconsistent with the SDR densities the O* density
shows a smaller but sigmficant (300 ions cm ?) level up to
83.3° invanant as well, substantially poleward of the poleward
boundary of precipitation. The characteristic rise of He* does
not oceur untit this point is reached. The H* Qows are found
again throughout the region of O enhuncement. The Fregon
densivy shows a pronounced clefl response i the same loca-
tion as the focal electron density peak. The 6300-A optical
eiission shows four distinet regrons that can be identified wath
SPS fluy regions, the equatorward component at 2.5 AR being
the most tense The spihe of $577-A enussion cannet be
assoctuted with i flux feature and appears to be transtent
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Discussion

All of the datu shown here were obtained by relatively low
levels of geophysical activity, from orbit 2916 (Kp = 0o) to
2928 (Kp = 2-), the other threc huving Kp values of 1 =, The
AE values order the orbits differently, from 2916 (4£ = 20) to
2816 (AE = 79). However, for orbit 2928 (AE = 45) the AE
vatue was 261 some 2 hours earlier, so some of the distinct
characteristics of the puss may result from earlier substorm
uctivity.

From the interplanetary magnetic field (IMF) data provided
by King (1975) and Fairfield and Ness [1974] onc finds that the
interplanetary field turned from toward to away at 14 hourson
November 8 and has remained so until iate on November 10,
which includes the first three orbits presented, 2816, 2827, and
2814, The following towards sector continued until November
22, which includes the last two orbits, 2928 and 2916. There
are some duta gaps in the intervals described, so the boundary
crossings identified do not meet the criterin of Wilcox et al.
[1975), but provided no rapid changes occurred, the identi-
fications given here should be valid.

Thus the pronounced differences between the characteristics
of the two groups of orbits and the consistency within each
group suggest that the IMF influences the pattern of the cleft
precipitation and the behavior of the cleft ionosphere, For the
toward orbits the clectron precipitation is of lower energy,
exhibits less latitudinal structure extended over « broader re-
gion, und is located at a higher invariant latitude, extending
poleward of 80°, (For orbit 2915, not described here, the flux
extends to 83° invariant.) The data analyzed here are rather
limited for such generalized conclusions, but Tivheridge [1976)
analyszed a very lurge body of topside ionosphere data and
concluded that during toward sectors the cleft response is
located at higher latitudes and is broader than during away
sectors, For the away orbits described here the electron precip-
itation is contined to a narrow latitude region, is highly struc-
tured, and contains distinet regions of keV fluxes and 0.2-keV
clecteons. In two of the three cases the 0.2-keV precipitation
was seen as harrow diserete flux regions on the poleward side
of the keV precipitation, but in the other case a single intense
5= 10 100-eV flux region appeared near the center of the keV
lux region.

We conmder now the differences in ionospheric behavior,
For the away orbits the O* density measured at 1400 ki
closely follows the electron precipitation, showing its rapid
upward JitTusion above the region of production; it is also a
regton of strong upward H* polar wind low. It muay be that
these cleft-associted flows are related to those observed in the
plasma mantle [Rosenbauer et al., 1975). The O* disappears
rapidly at the poleward boundary, implyng the absence of
poleward convection, or maore hikely, convective flow parallel
to the clefl, the existence of which has been shown by Heelis et
al. [1976] und by Jefries et al. {1975). in orbit 2814 the rise in
100 temperature inmediately at the poleward boundary sup-
ports this idea of mnimal convection perpendicular to the
oval. The appearance of He* us the dominant ion m the polar
cap s consistent with the lack of polar wind flow observed
there for these orbits. Thus may be characteristic of the winter
polar cap. bor the toward orbits the O* 15 clearly seen well
poleward of the region of precipitation, consistent with o
strong convective flow perpendicular to the oval. The rise in
10n temperature also occurs considerably poleward of the pre-
cipitation region.

Another possitlity is that the convective etfects desenbed
are determaned solely by proximity to local magnetic noon.

This does not appear to be the case, because the times of 13.8
and 15.0 hours for the toward orbits overlap those of the away
orbits at 14.1, 14,5, and 16.5 hours, On the other hand, if the
effect of the IMF were to shift the convective pattern in local
time, then a shift of about [ hour would remove the overlap.
This is consistent with the behavior described by Heppner
[1972], where a dusk-to-dawn IMF (equivalent to toward)
shifted the convective flow toward the afternoon side in the
northern hemisphere. Heelis et al. {1976] have extended Hepp-
ner's one-dimensional dawn-dusk measurements by obtaining
from the AE-C satellite two-dimensional ion flows near the
cleft. They also find a tendency for the flow within the polar
cap to be preferentinlly directed to either the morning side or
the evening side in the five cases that they examined.

CONCLUSIONS

1. The clectron energy spectrurs varies dramatically over
the latitude range of the cleft, with distinct components near
0.7 keV and 0.2 keV. The 0.7-keV components tend to be on
the equatorward side, with narrow discrete 0.2-keV flux re-
gions at the poleward boundary, but the 0.2-keV discrete
regions can also be contained within the region of more ener-
getic precipitation. The above pattern was observed during an
IMF away sector, in which the region of cleft precipitation was
also more confined in latitude und was below 80° invariant.
During a toward sector the precipitating clectrons were all
close to V.1 keV and formed a less structured pattern that was
broader in lutitude and extended poleward of 80° invariant,

2, The proton input is not a significant energy source for
the ionospheric characteristics described here.

3. AU1400 km the O* density is enhanced to a few hundred
ions per cubic centimeter aver the region of cleft precipitation,
and for an away sector it falls sharply at the poleward bound.
ary. For a toward sector the O was observed inside the polar
cap, well beyond the region of electron energy input. These
differences are attributed to convective flows parallel to and
perpendicular to the auroral oval,

4. For some data points the electron densitics measured by
the topside sounder are a factor of 2 or 3 larger than the O*
densities measured nearby. This may be due to the pronounced
structure in the clectron {luxes and the consequent ionospheric
response to the charge input combined with the larger sam-
pling volume of the sounder. In the one case of very high
ionospheric densities the electron and ion densities were in
agreement. The same onospheric response may be responsible
for t5e plasma waves detected by the RPA and CEP.

5. Throughout the region of ¢cleft O* enhuncement, polur
wind flows of H* exceeding | km/s are observed. These termi-
nate at the poleward cleft boundary, where the O vanishes
and He' becotmes the dominant polar cap 1on at 1400 hm,
about three times more abundant than H*,

6. The ion temperature nses at the poleward cleft bound-
ary when the perpendicular convective flow 1s weak and rises
well beyond the boundary when the flow is rapid.

7. The §577-A and 6300-A cmissions are good mdicators
of the heV and eV fluxes, respectively Frequently, a charac-
teristic double hump structure is evident, the poleward one
corresponding to the 0.2-keV electrons and the equatorward
one having a red/green ratiwo nearer umty  But one opuical
peak can correspond to more than one electron flun peak, and
additonal weaker opueal peaks are also observed. For the
toward sector, with strong 0.1-keV flunes, the red green rano
reached a value of 8.

8. The F region peak density showed hittle response to the
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clelt energy source, but in some cases a factor of 2 enhance-
mnent was discernible,
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. ROCKET-RORNE MEASUREMENTS OF THE DAYSIDE CLEFT PLASMA: THE TORDO EXPERIMENTS
; J. D, Wlnningh:m.l Ty W Speller.2 K. W, Hones, Jr..3 Re A, Jc§frina.3
1 V. H. Roach,” D, S, Bvans,” and H, C. Stenbaek-Nfelsen
+
Abstract., Results are presented from low-energy extensive plasma and field instrimentation,
plasma analyzers (12 eV to 12 keV) carried on optical sensors, shaped charge  barium
’ two rockets launched finto the dayside ¢left injections, and lithium releases [Haerendel,
during January 1975, We conclude that (1) 1975; Torbet et al., 19755 Ungstrup et al.,
- atmosphoric interaction becomea important for 1975b; Temerin et al., 1975; Shopherd et al,,
N <l-keV electrons at approximataly 250 km, (2) 1975, 1976; Winningham et al., 197%a; Wescott et
- chavacteristica of particles in ‘{nverted V°s’ al., 1975; “Stenbaek-Nielsen ot _al,, 1975;
. { observed in the afterncon cleft are consistent Jetfrins et al,, 1975; Torbet and_ GCarlson,
. vith their interpretation as being due to 15757,
A X parallel electric field acceleration from a Another series consisting of two rocket
‘ constant source population, and 3) Launches was completed during November 1975 at
magnetosphoric “energetic’ (2 keV) electrons Cape Parry, These vehicles {ncluded particle
intermingle with ‘magnetosheathlike’ plasma in detectors, barium lined abaped charges, plasma
the cleft, drift detectors, and energetic particle sensora,
k- In this paper we will present vesults from
2%} Introduction the soft particle spectvometer (SPS) (Heikkila
L - et al,, 1970] {nstriments carried as an
3 ' The past tw years have marked a dramatic environmental wmonitor on Tordo Uno and Dos. The
R upsurge in sounding rocket launches into the Tordo Uno and Doa programs were designed by the
B lowaltitude cleft region, Prior to 1974 only Los  Alamos  Scientific  Laboratory and the
3 four {natrumented rocket payloads [Maynard and Univeraity of Alaska Geuphyaical Institute, aund
-&‘ Johnmtone, 19747 Ledley and Facthing, 1974) the rockets were launched from Cape Parry by the
) and one thermite barium roloase {[Mikkelaon and Sandfa Laboratories on January 6 and 11, 1975,
Jorgensen, 1974} had been launched into or in 2349:02 and 0025:02 UT, rvespectively,
tha viclnliy of the cleft, The instrumented
payloads were launched from Hall Beach,
Northwesat Territoriea (A= 79.7%), on March 1§, Inatrumantatfon
18, 19, and 22, 1971, and the barium veleane
from Sondre Stromfjord, Greenland (A= 74.5%), on The primary objective of the Tordo campatpn
k. Docember 10, 1972, was the injection of barium fons {nto  the
A In contrast, from June 1974 to November 1975, Tow-altitude cleft (Inftial results from the
ks - 15 rockets were {ired in the cleft region from shapod chavrge barium releases are described {n
launch d{tes at Cape Parry, Northwest the paper by Jeffries et al, [1975)). In
Tervitories, Canada, and Sondre Stromfjord, addition to the shaped charge, a low= onevgy (12
Greenland,  Ungatrup et al, [1975a) veported oV to 12 keV) plasma analyzer (SPS) similar to
results from two rockots Taunched from Greenland the one on the lafs 1 and 2 satellites [Weikkila
in July 1974; these payloads were  mote gt aly, 1970] was carried as a monitor to locate
b comprehenstve than their predecessors as they the detonation point relative to the cleft, For
3 included particle spectrometers, de electric and proper bariun injectfon payloads were actively
. magunetic probes, and thermal plasma sensors, stabilized {n relation to the local magnotic
3 ? During December 1974 through January 1925, two field.)the result being a untque SPS piteh angle
: major campaigns, totaling 11 rockets, wore of 45%  The SPS concurtently measurad the
i executed in  Canada (Cape DParry, Northwest: differential energy spectrum of both electrons
H Territories, A= 74.,5°) and Greenland (Sondre and positive {ons {n 15 logarithafcally spaced
Stromfjord), These launchings {ncluded steps  from 12 eV to 12 keV every 3,2 8. In
addition, there was & sixteenth step at zervo
3 lcenter for Space Sciences, University of Texas energy to monitor the background count rate,
i at,Dallas, Richardsoun, Texas 75080. Bach encrgy level was held for 0.2 s, aud the
Department of Astro-Geophysics and Cooperative count rate was sampled eight times during this
Institute for Research {n Enviroumental Sciences, period, Multiple sampling was employed in ovder
: ¢ Unjversity of Colorado, Boulder, Colorado 80302, to evaluate possible temporal/spatial altasing
k- Los Alamos Scientific Laboratory, Los Alamos, occurring during the 3,2 s vequired to complete
Roy Mexico 87545, a stepping sequence.
F Space Enviroament Laboratory, National Oceanic The cuergy band pass of the SPS was  set  at
g N and Atmosphoric Administration, Boulder, Colorado 32% (being & divergent electrostatic lens, the
i 80302, SPS  resolution s determined by a field stop),
4 Geophysical Institute, University of Alaska, and the geometric factor (not igclugins the
Fairbanks, Alaska 99701, euergy band pass) was 8.6 x 107 em” sr, In
order to match the cnergy band passes at  full

Copyright 1977 by the American Geophysical Union, width at half maximum (FWRM), 22 logarthmically
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spaced steps would be required instead of the 15
used on these flights,

The energy-analyzed particles vere detected
by ld-stage RCA discrete dynode electron
multipliers [Bunting, et al., 1972], and the
aubsequent pulses were amplif:ed by high gatn
bandwidth amplifiecs {Smith, 1972).
Postacceleration wie employei to Increase the
detection efficiency of the multipliera at low
enargies. The pulse train ¢rom each amplifier
was  logy compressed and stored for subssquent
telemetry to the ground.

Magnatic Corditiona

Tordo Uno was launchad on January 6, 1973, al
2349102 UT (approximately 1330 wmagnetic local
time)s The Xp valur for the 3-hour period
Including the flight waa 6+ and for the
following period was b-, Figure la givea AU and
AL for the 6=hour period bracketing the Tordo
Uno flight, It showld b noted that the AR
fndex  ahown is bases on the atandard 1t auroral
zone stations plus data from an additional 8
atations in Greenland (courtesy of T, S,
Jorgensen) and Scandanavia (courtesy of R, &,
Pellinen), Inapection of Flgure la indicates
that the magnetosphare was in an extreme state
of agitatfon during this 6-hour peried: During

21300y

— — TORDO UNO

g ®_P
JAN 7,197

AE*AU-AL

}
I
|
l =300y
|
I

Fig. la. AU and AL indices for Jawuary 6,

1975. The auroral index is conatructed of
the standard )1 auroral zone stations plus
an additional 8 atations on the nightaide

in CGreenland and Scandanavia,

1877

the flight, AE waa as large as 750y, Solar wind
magnetic field data were not available for thia
period,

Tordo Dos was launched on Januavy 11, 197%,
at 0025:02 UT {(approximately 1400 magnetic local
time), The two days encompassing the Toydo [Doas
flight weve. relatively quiet; January 10 waw a Q
day and January 11 wasz a QQ day, The Kp value
for the last J-hours of January 10 was 1+, and
for the first 3-hours of January 11 the Xp value
was 2, Fxsmination of Figure 1b shows that
magnetic activity was  weaker and nore
veprasentative of classical substorm morphology
during the 6-hour pariod bracketing Tordo Do
than  during Toxdo Uno. The flight of Tordo Dos
occurred during the recovury ghase of a amall
high-latitude substorm (waximum AR = 250Y).

Interplanetary magnetic fiald data from Imp 8
wore available during the Tordo Doa flight and
are presented in Figure 2, The INF went
southward at 2216 UT on January 10 and remainsd
acuchward or close to zero until 0102 on Jaauaty
11, when it became positive again, A mora
deotailed deacription of the motion of the cleft
and 1ts velation to the IMF during January 10
and 11 can be found in the work of Stiles et al,
(9.

Bxpurimental Reaults

Tordo Uno, As was mentioned in the previous
section, tordo Uno was launched during a period
of prolonged magnetic activity, Bxamination of
the bottomside sounder recorda from Cape Parry
and  Sacha  Harbour (sve Jeffries et al, {1973)
and Stilew et aly {1977) for a more complete
description) indicated that the equatorward edge
of the cleft was south of Cape Pavry. The
gunoral  characteriatics of the lonograms
fndicated precipitation of particles at both
Parry and Sacha,  As a reault of the above
conaiderations # decision waa made to lawnch
woatwtrd  in order to avoid posuidle exiting the
precipitation reglon northwrd {nto the polar
cap.  Flgure 3 shows tho projection of the
rocket trajectovy to 100 km along the varth’'s
magnetic fleld, From Flgure 3 {t can de seen
that the vocket traveled from approximately 15°
to 76.4° tnvariant latitude,

A synoptic view of the electron
Tordo Uno 1is presented in the energy-time
apectrogvam  forwat {n Figure &, Thia format {a
osasnt{ally the same as that used for lais 1 awd
2 gpectrograns [seo Winningham ot al,, 1973b),
with the addition of the altitude profile (solid
line) to the oenorgy flux panel and the lauwach
univoeraal date and time at top left, The 2 axtis
(groy scale) of the spoctrogram (top panel) has
baon scaled to glve the count per 11,11 ms
inatead of the actual acumulation pariod, This
wiz done {n order to have the same velationship,
botwen  count/accumulation  period and grey
scale, as that {n the lsla 1 and 2 spoctrograms.

One of the most striking features observed in
the electron spectrogram is the abisence of major
spatial/teaporal structure, This was not  the
cage for Tovde Dos, asx will be sven {n the
following section,  Throughout ths  Torde tho
flight the count/accumnlat lon period
(difforent lal energy  flux)  wanimized  at
approximately 100-200 eV,

data  from




YRR

2k

PR e Bk by

LGt

R n

LR

atH

S A I T TR
S N i

TR T T R TR R SR T

G

~113~
1878 Winninghum et al.: Dayside Cleft Plasma-The Tordo Experiments
JAN. 10 JAN, 11, 1978
22 23 03
40
+-1C0y
<200y

TORDO DOS —=

Fig, 1b, Same as Figure

A 6300-% scanning photometer belonging to G,
G. Shepherd, York University, and an all-sky
camera were operated at Sachs Harbour during the
Tordo campaign, The photomaeter indicated a
uniform gluw of about 300 R, increasing to 1l k R
toward the south of Cape Parry during the flight
of Tordo Uno, Also the all-sky camera data
showed a lack of any discrete aurora,

A more quantitative presentation of the data
is given in Figures 5, 6, and 7. PFgure §
presents electron differential flux versus
altitude, Figure 6 a representative electron
spectrum near apogee, and Flgure 7 differential
flux versus time, Inspection of Figure S and 7?7
reveals, as did {inspectfon of Flgure 4, the
absence of dramatic accelevation events (see
Figure 8 for comparison).

Throughout the flight the electron spectrum
can be divided into two relatively distinct
roglons, above and below approximately 2 keV,
Below 2 keV the spectrum appears to be comprised
of a low-onergy ‘primary’ plus  ‘asecondary’
populatjon, the primary portion of the spectrum
being broader than a Maxwellian curve, For
reforence, a Maxwellian curve has deen included
in Figure 6 and has boen normalized to the 87-qv
expoerimantal point (most of the spectra around
apogee oxhibit a vrelative maximum at 87 eV),
Also tncluded in Flgure 6 are ropresentative
near-concurrent plasma mantle and magnetosheath
spectra measured by Hawkeye (courtesy of L. A,
Frank)., The Hawkeye data will be considered
again in the discussion section,

The electron apectrum above 2 keV  was
statistically poor but well above the noise
level,  Typical counting rates wore less than
100/8, The spectrum presented in Figure 6 is an
average of 26 spectra (83.2 s) beglnuing at
2350:36.,8 and  ending at 2352:00 UT, The
deviation of each individual spectrum from the
average was minor, This high-cnergy portion of
the electron spectra {ncreased and decreased
throughout the flight (see Figure 7a)
fndependently of the lower energy population,

Examination of Figures S5a and 5b reveals a
sharp increase of flux with altitude betwen 180
and 250 hm, This altitude related variatiou was
enurgy dependent, lower energies displaying the
largest {ncrease  with increastng altitude,
Above 250 km (2350:56 UT) the dependence was
mafnly spatial and/or temporal, not altitudinal,
From 2350:56 to 2353:26.4 UT there was a steady
{ncrease in  the electron flux at  energles
betwen 87  and 1021 eV that was energy

1a but for Januery 11, 1975,

independent (Figure 7). At 2353:126,4 UT an
abrupt increase in magnitude was olserved in all
onergy channels below 1021 eV, The ounly
apectral change occurring was a  slight
enhancement in the lowest eanergy chaunel (12
eV}, At 2354:30,4 UT an abrupt decrease was
observed, after which time the flux remained at
values close to the preincrease level except for
three narrow bursts,

At energiea below 87 eV an {nf{tial flux
increase with altitude was alse observed,
However, at later times the flux profiles wore
not {dentical to those at higher energles
discussod earltier, The {nitial slow increase
was observed in the 52,8«-eV channel but not {n
the 30.8-, 18,9~, and 11,7-eV caannels, The
3J0.8-0V sample eoxhibited a relatively flat
profile with altitude prior to the {ncreaso, At
18,9 and 11,7 eV a rvelative maximum was
obsorved, the 18,9-aV sample leading the 11,7-eVv
sample {n either apace or time (2351330 and
2352:00 UT, vrespectively), As {n che higher
energy channels, an abrupt increase and decreasc
in flux was observed after 2353:26.4 UT,

Throughout the flight positive ilon fluxes
were woak, At apogee the peak lon flux occurred
in the few hundred elootroa voly range fith flux
levels of approximately 107 e = 8r " s 7

Tordo Dos, lonosonde returas obtained prior
to launch ind{catod that the cleft was poleward
of Cape Parry and close to, but poleward of,
Sacha Harbour. (The lonosonde returns for this
day are described in detall by Stiles ot al,
{1977).) The decision had been roached that
Tordo Dos would be launched across the
equatorward boundary of the cleft. In order to
accomplish this goal the launch aximuth was set
as close to magnetic mnorth as rvange safety
requirements would allow (Figure 3),

From high voltage turnon at Q026:27,.6 UT (180
kn) to 0028:13,2 UT (390 km), downcoaing

IMP 8
INTERPLANETARY MAGNETIC FIELD
uusnoo 2200 2300 2400 0100 0200
ko TORDO 0OS-—~
é S '."‘M;W
mN..‘ I\ A 1 1 i

Y A i A )
100 1200 1300 1200 HET W
10~ 11 JANUARY 1975
Fig. 2. Interplanetary magnetic field 2

component (solar magnetospheric) from Iwp 8
for Janvary 10-11, 1975,
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Fig, 3. Tordo Uno and Dos trajectories projected to 100 km along the earth's
wmagnetic field,
atmospheric  photoelectrons  and  veory  weak rate (region of maxinum darkness or lightuess,
high=energy eloctrons were observed (Figure 8), depending of film polarity) moves firse to
A maximum {n the photoolectron flux was obzerved higher energy then to lower encrgy with
between approximately 300 and 340 Am.  MNantas advancing time, producing an inverted V¢ shape.
and_ Rowhill [1975) predict a maxtmum in the Betweon  the two  fuverted Vs the elactron
dowmcoming photoclectron flux at  approximately spectry were elther peaked in the 100- to 200-eV
" 290 km for a 90 solar zenith angle, Our peak range or were due to stmospheric photoelectrons,
B ws gbovo this altfrude, but the zenith angle Inspection of each electron spectrum  during
E (1007) was also larger., In addition, electron passage through the fuverted V's {ndicated that
density fluctuations, causing the observed on & gross scale the poak {n the Sioctrgg
spread F, would result {n fluctuatiouns in the dlftrihntlon funct fon (particles cm ° sr oV
atmospheric photoelectron flux and a smearing of s 7)) was fncreasing and then decreasiug {u doth
the altitudinal profile (G, P. Maatas, private energy and magnitude, In  addition, several
E: communication, 1976). relative maxima were obsgrvod (see Figure 12).
g Examination of the SPS data indicates that The spectrum {n Figure 10a was obtained just
% tho cleft equatorward boundary was crossed at prior to the first ‘energized’ spoctrum in the
0028:13,2 UT at an {avariant latitude of 76,4 second  {uverted V., It is well fitted by a
(Figure 9). ¥From 0028:13.2 to 0029:10.8 UT  the Maxwe 1 UHan distribut ton (daghed curved) with 2
electron  spectrum  peahed  at  approximately 'cempcraturc' of 1,7 x 10° ™ and a donsity of
100-200 ¢V and varted {n  magnitude, The 0.5 en” 7 (assuming isotropy). The solid circles
spectral  shape i3 similar te shapes reported in vepreseat a  correctfoun for atmospheric
the literature for the cleft [Winninghan and photoelectrons utilizing the spectrum measuved
Reikhila, 1924), Subsequent to this time, tw at 0030:11,6 uT, Spectra  in Figure 10b  are
"faverted V's’ were observed, one centered at raepreseatative of  the peaked distributions tn
0029:26.8 and the other at  00:31  UT, the second {uverted Vv,
Morphotogically, f{uverted V's are reglons in All~sky camera data were obtained from  Sachs
energy=time spectrograms where the maXimum count Havbour, which at the tiwme of Tordo Dos had just
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Fig. 4, Eloctron energy~time apectropram for Tovrdo Uno.

ontered  astronomical  twilight 012%  solar
dopression angle), In the allesky cameva data,
fatnt  auroras are visihle toward the novth, and
their posttions are plotted {n Figure 9 together
with thone af the two invorted V ovents obsorved
by the rocket particle detoectars and cleft
roturna deduced from the tonosonde data, Al
the data  shown have boon mappod to an altitude
of 160 km,  The helght of 160 km used for
calenlating  the pezition of the auraras was
snlected on the bhaals of the energy apectra
(Flgure 3) and luminosity profiles derived by
Reos [196}),

As can be seen  {n lwate 9, aurorax wote
obaorvod only {n  the wvicinity of the second
favertod V oveat, No auroral form associated
with the flrst ovaat could bo diseaerned {n the
data, This  at  ftrst  appeared strange
constdecing the vary similar enoryglos and euneryy
fluxes tn the tw ovents,  Ax will de  discussed
bolow, the explanation s to he found fn a
combinat{on of vievwing angles from Sachs Havbour
and  the tatitudtaal width  of  the twe
precipitation ovents,

Froa Figure & we find a characteristic eneryy
tn the two eveyts of 1 hel and an jonorgy flux of
about 1 erg/en” s sroor 3 evgs/em® 8 (assuming
{sotropy), far  a l=heV chatacteristic oneryv.
Reow  and Lucqu {t474), cnlgula(o A coluan
enisston rate of O.l6 KR/erg/em™ 3 dn 4278 N and
a corvesponding emisston rate vat{o S577/4218
of 6, Thur  the ostimated brightuess of the
form, {{ overlivad, would be U n 0,16 v 6 » VAR

in 55778, The forms are not overhead but are
off to thg northeast at an  clovation angle of
about 45 and 359, rospoctively, and the SPS
data (Figure 8) indicate the latitudinal  width
of the precipitation {n the second ovent to be 3
times that of the first, Romlck and Belon
[1967]) have calculated the brightness of an
aurora for varlous values of width, position
relative to tho observer, and height luminosity
profile Thoy flnd  that the brightuess of an
are 0,3° wide at an elevation angle of 35 (very
similar to the values for the sccond fuverted V
ovent) would be 0,35 of the overhead value,
Further, they find that auvoras well away from
the zenith have a  brightness  roughly
proportfonal  to thefr thickness, all  other
things  being equal, UWi{th these corrections for
aspect and width applied the auroras ussoctated
with the (wo faverted V events would appear with
A brightuoss of 0.3 and 1 AR with respect to an
obsorver at Sachs farbour,

thuder  {deal  conditfons the JS-am 1,2
all-sky camera used at Sachs Harbour can resolve
forms of wlightly less than 1 AR {n Ss17
{Romick and  Brown, 1971, Thug  the aurera
assocfated  with the first faverted V ovent (0.3
KR) should not be vistble fn the ali-sky data
even uwnder  fdeal  conditions, and given the
twili{ght condition during ihe experiment, the
amara (1 KAR)Y  assocfated  with the second
fuverted V should only be marginatly detectable,
which {s {n pood agreenent with the actual data,

It should be wated that the 630o-{ photoneter




U,

sy

&
3

e N T 2R « PTG LR o

=116~
Winningham et al.: Dayside Cleft Plasma-The Tordo Experiments 1881
A [
lo. Ll L] 1] Li 1 T il lc. \ L] A 1 T 1 1
0’ 0"} 3
of of 1
F ar3ev F E
wof Ny T | 1t 2oy ]
‘e T AN 2w v | ' ]
® 0 = € 0?
O o ey 7 CF wew 7
T F _3 E 30 84v ]
'E |o‘g ’//\:MMG“W '5 co‘g 28w 1
w - w S 3
Yt Y ot 3
€ 1021V £
Y 103 © 10
s OF +F E
- L. - o L
[ \ N
|°2_E 10 E— }
3 TORDO UNO t  TORDO UNO 3
[ 6 JANUARY 197507 [ 8 JANUARY 1978 UT 1
1o W
3 § 3
< E q
|°° 1 L 1 1 i ! I wo I S A 1 e}
0 200 200 600 800 ) 200 4 600

ALTITUDE (km)

0 600
ALTITULE (km)
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obscrved, in addition to the auroral fom also
detected by the all-sky camera, a fafnt arc just
north of Sachs Harbour at an {nvariant latitude
of 76,4, The photometer was  scanning
geographic north-south and thus was pointing
away from the rvocket trajectory, and {t is
uncertain what relevance these measurements have
to the observatfons along the rorket trajectory.

A strong oblique E layer return {s decen {in
the Cape Parcry fonograms, and several returns
are alsc seen {n the Sachs Harbour {oncprams,
By assuming that the returns come from
fonospheric structures alfgned along conatant
magnetic latitudv a triangulation can be made to
determine the location of the {rregularity, By
triangulating on the strongest oblique E layer
rotura its position was found to lie within the
region of the second inverted V eveunt rs showm
{n Figure 9,

From Figure 9 1t can be seen that the cleft
as measured by the SPS was .indeed polewsard of
Sachs larbour by a few tenths of a degree. The
position of the cleft as determined by the SPS
(76.4%) 1s colncident with the aforemeationed
weak red arc even though they are separated by
approxiaately 4% of longitude,

As {n Tordo Uno, tne proton fluxes were very
weak, It should be noted that the SPS as used
in Tord Unc and De, was approximately 20 times
nove sensitive than were the Isis SP$°s.  (The
main  fncrease in sensitivity 1s due to the
{ncreased accumulation perfod,)

Discussion and Conclusions

The exact location of the Tordo Uno
neasurements relative to the cleft boundaries is
difficult to establish, Only one detail can be
stated with certainty, that is, Tordo Uno was
poleward of the equatorward boundary of the

cleft, Comparison of Tordo Uno positive fon
fluxes with Isis results indicate a position {n
the poleward portion of the cleft, This
conclusion {s based on two characteristics of
the positive {ons, namely, their low {nte -ity
and low average encrgy., Typical results .om
1ais ghow the hardest and most {ntense fluxes at
the ecquatorward odge of the cleft with a
subsequent poleward softening and decrease {n
intensity,

Another possible {nterpretation of the
results would be that the observed electrons are
polar rain clectrons [Winningham and  Heikkila,
1974].  However, several facts argue against
this interpretation, 7The observed density of
the primary electrons {8 as high as
approximately 5 cm ”. Winningham and Heikhila’s
[1974) results show the polar rain fluxes to be
only a few percent of the cleft fluxes., 1f
these densities were measured in the Qﬁlar cap,
cleft densities would be >100 c¢o and by
inference, magnetosheath densities would be at
least as large. Such cleft densities are rarely
observed, An even more telling argument comes
from concurrent wmeasurcments of solar wind
densities by Imp 7 (courtesy of W. C, Feldman)
and magnetosheath densitics by Rawkeye (Figure
6) (courtesy of L A, Frank) ., Both were
approximately 10 ca ~ during the period of Tordo
Uno.

Comparison with the Hawheye results (Figure
6) indicates a factor of approximately 2
decrease in density between the magnetosheath
and the poleward portion of the cleft. The
results of Akasofu et al., {1973) demonsirate
that the poleward portion of the cleft maps to
the {uner edge of the magnetospheric boundary
layer (see their Figure 11), Addittionally
Akasofu et al, show the boundary layer
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Fig. 6. Electron spectra from Tordo Uno and Hawkeye for January 6, 1975,

densities to be less than or equal to the
magnetosheath density and to decrease with
{ncreasing inward povetration of the boundary
layer, Thus the most cuasistent {nterpretation
of the results places Tordo Uno {n the poleward
portion of the cleft,

The ‘high-energy’ portion of the electron
spectrum observed by Tordo but not by Hawkeye in
Yigure 6 can be attributed to an internal
magnetospheric source, i.e., drifting energetic
electrons from the nightside. Recent papers by
McDtarmid et al., {1976} and Haerendel and
Paschmann {1975} have shown that trapped
energetic electrons are observed concurrently
with entry layer and cleft plasma. Eastman et
al, [1976] find that electron spectra in the
boundary layer develop high-energy (few keV)
tails with {ncreasing {nward penetration of the
boundary layer and have associated these to
leakage of magnetospheric plasma into the
boundary layer, In the preseat case, Tordo Uno
sampled only inside the loss cone, and thus
nothing can be said concerning the pitch angle
distribution, Spectrally, the electrons are
similar to low-altitude polar satellite
measurements in  the same vegion (Winningham,
1972]).

The {nitial energy-dependent increase in
electron flux with altitude (<250 km) is due to
the {interaction of the primary beam [Banks et
al., 1974, Figure 16] with the atmosphere.

Above this altitude, spatial and/or temporal
changes predominate, In summary, Tovdo Uno and
the assocfated barium jet were launched into the
po'eward portion of the afterncon cleft which
contained unenee grzed magnetosheathlike
electrona, With veference to the wrk by
Jeffries et al, [1975), Figure 3 shows the path
of the barium plasma leaving the vicinity of
Tordo Uno to be essentially dirvectly antisolar
across the polar cap inte the nightside auroval
zone,

By comparison, we know the position of Tordo
Dos vis-8svis the cleft equatorward boundary
relatively well, Tordo Dos was launched
equatorward of the cleft, crossed its
equatorward boundary, and encountered two
inverted Vs {n the cleft prior to barfum
ifnjection, In assuming the cleft boundary to be
zonal (i.e., parallel to magnetic latitude) over
the short lonpitude span traversed aund to be
fixed for the duration of the Tordo Dos flight
barium {nfectfon occurred approximately 1.9
into the clefc, The latter assumption s
supported by concurrent results from the
sounders,

The electron precipitation observed in Tordo
Dos was dramatically different from Tordo tho,
“Monoenergetic’ peaks were observed (Figure 10b)
in the electron spectra, and the energy of these
peaks varied systematically, f.e,, the imverted
Vs, Such hehavior has been attridbuted to
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Fig. 8, Blectron enevgy-time apectrogram for Tovdo Doa,

accoloration by an eloctrie flold pavallel to which wo vary are Vn and the B Ratlo, the ratloe
the carth’s magnetic (told [Purch ot al,, 1976, of magnotie flold atvongtha at  tho accelevator
and references thorein},  To  {uvestigate this oxit and at the top of the atmospherve,
poasibility, the numerical model of Evauns {1974) For the bachacattor calewlationd we uned  the
waa  applled to the data. 1t should be wotsd alectron lmpact tonlzatfon croas agection fov
that the experimontal data are (laadequate in atomle  oxygen from Banhs ot al. [1974) (see
piteh  angle and spectral resolution {0 prove or aldao Opal et al, [197]),  UBae of the cvous
or  dinprove unlquely  any  theory; only section for N, would dfacrease the toweeneryy
cons{atoney can be show, fluxea by about"12% at about 100 oV,

With the aforement foned vessrvationa {n wind Flgure 12 presents the vesults of  these
the experimental spectra ave eaally derivable calculations for the decond taverted V,  all
from Evana’ model, An  example of a spoctrum polnta  oxvept the firat and last ave dovived or
from tho gecond {nverted ¥V 1 given {n  Figure ‘fitted’ quantities, This ftrat point  (denoted
11, A least squares Maxwollian fit td made to by a cirele) corresponds to the ‘nonaceelavated’
the higheonervgy tall of the observed flunes, and spectrum  (Flgure 10a) oncomntered just prior to
the temperaturve of the awsumed Maxwollian plasma the second inverted Vv (ave Figure 12),  The laut
at the top of the accelerator Ig  determined as poilnt (also denoted by a ctrele) s from a
fadicated on  the figure,  The probable evvor temporature it only at that polats 1t can be
from the least aquarea fit (s also {ndlcated, seen  that even though the potential  varied
The  tnftial Maxwellian {8 allowed to tall dramatically, the dondity  (assuming  source

. through a poteatial drop Vo, producing a  jetted fsotrvopy) and the teaperature were constaut
H beam at the bottom of the accelerator, The beam within one standard deviation, Iu addition, the
then  produces  bachscattered and  secondary ‘nonaccelorated’  densfty and  temporatwme  lie
! v electrons upon {fotevaction with the atmosphere, within the same boundy,
r those upgoing electrvons with enevgies less than Note that the nonaccelevated valuea are local
eV are roflected by the parallel electrice fleld quant ities and the derived quantities roeter to
A and wuld be obgerved by the fostrunent as low the fuput  of the ‘linear accelerator,” as
; . energy  downgoing particles, The Maxwellian €1t desctibed above, Thuy the tuvetrted V has as tts
- together with a cholce of vV fixes the deusity n soutce populd:{uu a Mavwelltan with & denntty ot
> of the aggumed  Maxwelltan plasma, The 0,87 $0.2% cm  and a temperature of 112 ¢ 24
3 accelevattog potential {s thea varted, praducing eV,
s the solid curve at low energies in Figure 11, 1t all the assumpt tons in  Evand’  model  ate
- until a “best it to  the data Is obtalued, valid {n thig case, the approaimate position ot
ﬁf Thus tor this model the only tree phrameters the extt  of  the accelerator can be determtined
-
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Fig., 9. Schematic of geographic location of obaerved auroral arca, inverted V eventa,
barium release, and returns observed by the ionosondes. All positions have been re-
duced to the 160-km altitude level.

TORDO DOS from the B Ratto, The derived value of 12,5
IWVAN 1973 T,40025:02UT givea an approximate lower limit of IR, above
__Te3898 10 M0Ae Tordo or 2 R, geocentric, This value isa
GEOGRAPHIC COORDINATES conaistent wi tﬁ' the lower limit value obtained
ALTITUDE + 8OThm  LAT * 72°  LONG +1209° by assuming that the collimation cone had
PITCH ANGLE +48° expanded Just enough to {include the measured

o' INVARIANT LATITUDE ¢+ 778 pitch angle,
Our results are {n basic agreement with those
o of Burch et al, {1976] except for one feature.
L 2 3 Burch et al. pointed out that in all the cleft
inverted V’s they observed the characteristic
Iog' energy (temperature) went up as the acceleration
< ] 1 potential increased, They interpreted this as a
§ heating as well as an acceleration of the source
T |o‘;- S 3 population, The results as shown in Figure 12
< o 1 indicate that no statistically important heating
3 ‘ occurred for this second {nverted V event on
W o) 17 X100 % 1 Tordo Dos., However, some remarks on the nature
g Ny 0 Scc™t of the high energy tail are in order, We found
’: : that with few exceptions the more high energy
i | \ 1 data points we included 1in the least squares
\ routine, the hotter the temperature of, the
o} gpescreoer \ lasma, Thus the high energy tail h\\ the
ATOSPNERIC \ ] nverted V avent is non-Maxwellian, Sincg the
PROTOELECTRNS \ potential {s chosen primarily to find a f 3 to
1oL biinid 1 v o Vol the lower energy portion of the spectn&g and
LT wf w0} w0t w0 since this depends mostly on the fluxes near the
ELECTRON ENERGY (eV) peak of the beam, we used only two or three data
points near the beam maximum to determine the
Fig. 10a. Electron spectrum obtained prior to temperature for the results shown in Figure 12
entry into second inverted V observed by Tordo (for example, in Figure 11, fluxes at energies

Dos. of 634.,4, 1033, and 1655 eV), In addition, data
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¥ig. 10b, Representative electron apectra ob-
tained in second inverted V obsevved by Tovdo
Don,

polnta  at  the lower intensity tevels ave
oxporimontally lewn woll determined,

To toat this apparent disagreement with Buvch
ot al,, wo ran now ‘fits’ uatng the criterion
that wo would use all dgtn 13 &bs tnll wl&? flux
valuen  greater than 107 em = n " ar " oV T, Wy
urlug this criterion, only 8§ of thoe 2) casen ave
changeds  (In one case, at t= 0030130, the
temporature wout from 54 to 127 oV, but wo could

(]
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Fig. 11, Bxperimental and modeled electiron
spectrum for second fwverted V in Towvdo Dos
data, Model spectrum generated Ly usiug the
nunerical wodel of Hvans (1974).

no  longer find a reoasonable ‘€it’ to the
spectrum,) The temporatures of these eight cawnes
did come out higher than before, necesaitating
reduced valuea for V. in some cases, with a
general  trend of temperature and v

proport{onality, lLinear vegression analysis in
thia case ylolds a temperature of 0,06 V_ + 102
eV, but the correlation ia not high (cor?elntion
coefficient iw 0.35),

It therefore appoars that our analyais {a
conalatent with wno apparent heating of the
plamma at energles near the beam mwaximum, but
some heating at higher enovglea proportional to
V_ cannot be ruled out, It i{s equally possible
that the non<tfaxwellian nature of the tail s a
foature of thoe original plasma (ace Figure 10a),

\ [1976) reported the cleft
fuverted V'a to be {n a veglon of antisunward
convection, No convection wmeasurcments wete
available at the position of the Tordo Doa
fuverted V'a, lowevor, the barium atreak was
released approximately 7 km poleward of the
second {uverted V. aad drifted antisunward at
approximatoly constant magnatic  latitwle
(Jeffrios ot al., 1975, Flgure 3],

In concluaion, Tordo Don crosased the
aquatorward boundary of the cleft, traversed
approximately 1.9%  of  tta  extomt, and
encountared two fnverted Ve, Tho fuverted V'a
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Fig. 12, Density and temperature derived from
Kvans' [1974] wodel for source spectvum of
acecond {uverted V observed by Tordo Dos aund
the nacessary potential drop, See text.
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can be well modeled by the model of Evauns {1974}
by utilizing a conatant source temperature and
denaity and a varying potential. A ‘best guess’
places the accelerator at a minimum geocentric
distance of 2 R,., The barium injected just
subsequent to the second {nverted V drifted
essonttally parallel to the cloft (i.,0,, at
approximately constant wagnetic latitude) awnd
antisunward as opposed to the perpendicular and
antisunward motion of Tordo Uno, The cloud
motion and 1its dynamics will be detailed in a
subsequent paper,
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Numerical Model of the Convecting F; Ionosphere
at High Latitudes

W. C. KNUDSEN
Lockheed Palo Alto Research Laboratory, Palo Alto, California 4304

P. M. BANKS
Utah State University, Logan, Utah 84322 N

J. D. WINNINGHAM AND D, M. KLumpaARr
University of Texas at Dallas, Richardson, Texas 75080

Time-dependent behavior of tubes of F layer plasma is computed for tubes carried around several flow
paths in the polar region. The flow paths ure those proposed previously by Knudsen (1974). lonization
sources include direct and scattered solar photons and measured fluxes of precipitating encrgetic elec-
trons, Computed electron concentrations are compared with measured concentrations from topside
sounder data obtained in the same satellite pass as the energetic electron flux data. The following
conclusions are drawn: The proposed convection pattern produces a tongue of F layer plasma over the
polar cap with electran concentrations consistent with the measured concentrations, Had the ¥ layer been
assumed to be nonconvecting over the polar cap, the computed concentrations would have boen « factor
of 10 too small. Rapid convection of plasma across the clelt prevents significant increase in NaFy at the
cleft, Rapid convection must exist through the intense nightside aurorat energetic particle precipitation
zones, of & compensating electzon loss mechanism must develop to prevent the buildup of an ionization
tidge. A mid-latitude trough is formed by the proposed convection pattern with only normal £ layer
recombination processes operating, The low concentration in the trough is maintained by scattered solar
EUYV photons. The trough predicted by the numerical model is not observed in the topside sounder data,

INTRODUCTION

In a previous paper, Knudsen [1974] presented a model for
the convection field of the high-latitude & layer and evaluated
semiquantitatively the expected time-dependent behavior of a
tube of F layer plasma carried around the polar regions by the
field. The proposed field appeared to explain many of the high-
latitude F layer anomalies. The purpose of the present paper is
to present the initial results of a more detailed numerical study
of the behavior of the high-latitude F layer. Tubes of ioniza-
tion are subjected to time-dependent ionization rates from
both solar photons and precipitating energetic electrons as the
tubes follow the convection field proposed in the previous
paper, and the time-dependent response of the plasma within
the tube is computed,

NuMERricat. MOVE!

The time-dependent behavior of the plasma within a mag-
netic flux tube was computed with a numerical code developed
by Schunk and Walker {1973). The code solves the coupled
momentum and continuity equations for NO*, O,*, and O*
ions in the £ and F regions. Minor changes were made in the
code to permit the addition of ionization rates resulting from
energetic electron fluxes and also from solar EUV scattered
into the nightside of the ionosphere. The code was also modi-
fied to permit the base of the flux tube to change in latitude
and longitude with elapsed time in a prescribed manner.

The code does not solve the energy balance equation, and
consequently, it is necessary to specify 7, and 7,. For this
study we have set both 7, and T, equal to the neutral pas
temperature T,. Heating of the thermal electron gas by fluxes
of soft electrons with energies of & few tens of electron volts 1s

Copyright © 1977 by the American Geophysical Union,
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thus neglected, and the enhancement of electron concentra-
tions at altitudes above approximately 400 km in response to
clectron heating will not be reproduced in the model.

The variations of the neutral constituents Ny, Oy, and O with
latitude and tocal time were derived from the model atmo-
sphere of Jacchia [1971] for winter (solar declination, —-23°)
and medium solar activity (Fiey = 130 X 10-* W m~* Hz"").
The NO density was the same as that used by Schunk and
Walker [1973).

The numerical solution was obtained over the altitude range
120-500 km. The upper altitude limit was set at 500 km to
ensure proper convergence of the solution for reasonably sized
time steps. The fluxes of NO* and O,* were set equal to zero at
the upper boundary. To simulate the loss of O* through
operation of the polar wind, the upward velocity of O* ions at
the S00-km boundary was assumed to be constant at 10 ms *
At the lower boundary the Oy* and NO* concentrations were
atbitrarily set to 10* cm~*. Also at this boundary the O*
density was assumed to be in chemical equilibrium and was set
cqual to

X0')

ANy + &4{O4]

where [O*], [N,), and [O,] are the appropriate densities and
PO*) the ion production rate of O'; &, and &, are reaction
rates defined by Schunk and Walker [1973]. The concentra-
tions of NO* and Oy* near the lower boundary are governed
pamanly by chenncal reaction rates, so that thewr concentra-
trons a short distance above the lower boundary are nsensiive
to the arbitrarily assigned values.

The gyrofrequency of the 1ons 1s comparable to or less than
their collision frequency at and below an attitude of approw-
mately 180 km. The ions do not *follow' the flux tubes below
this altitude. We may expect therefore that the model results

(O] =
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Fig b Production rates of O, Ny*, and Q' by solar photons at

three SZA's computed by the muncnes! mdel, Thote at 18°* 82A
represent bachpround rates from scattered photons

below 1RO hin will be in error at the & and & altitudes near
boundaries separating regions of diterent ion production
rates.

The vertical drilt which may be imparted to the plasma by
the electric field causing the convection of the plasma and also
by neutral winds has been neglected in this fiese model. Vertical
drilt was felt to be a secondeonder etfect which could be studied
alter first-order effects were claritied. Some discussion of the
expected drift is given by Kmwdsen [1974),

The displacenient of the magnetic pole from the geographic
pole imparts a universal ime dependence into the high-lati.
wde & layer concentration, which is to be the subject of a
future study  For the prevent study we assme that the mag-
netic and geographic aves are collinear

The ionization sources included i the model are solar BUV
photony, both direct and scattered, and previpitating electrons
The wethad of caleulating the direct photo-ionization rates for
Ny, Oy, and Q is described by Sokunk amd Walker [192)]. We
are interested in the high-intitude & layer during winter in the
present study and have calewlated the Chapman grasing in
cidence function usisg  23° for the solar declination angle. To
simutate the iomzation rates from seattered EUV, the toniza-
tion rates from direct photony were added to background
wization rates produced by scatteped photons The back-
ground onization rates were computed with the same vode
that was used Tor the direct ionization rates with the following
changes  The solar zendh angle was set to 2¢ro, and the photon
flunes i the T apecteum intervals suggested by Hinteregger ef
al [1968] were set to zery enoept for the wavelength intervaly
1027-911 A, 630-460 A, and 370-230 A The flunes in these
wtenvals were set at 1N 10 DN 10% and 1N 10 photons v *
s % reapectively, and correspond to H Lyman §, He 1488 A,
and He Lyman a {Chen and Harniy, 19711 The total photo
1omzation rates from both the direct and the scattered photons
for three solar zenith angles (SZA'S) are given in Figure
Those for a 8ZA of 19° are ellectively the background rates
with 1o contribution from the direct rates

lomzation rates from previpitating electrons were computed
by wamg eneryy distribution functions measured by the st
particle spectrometer (SPS) on the Iy 2 satellte The energy
ume spestrograms over the northern polar cap on Devember
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KNUVOSEN tt AL CONveCTng & loxosriere at thon Lantenss 4188

18 {day 349, orbit 3278), 1971, are thown in Figares 2 and 3.
The satellite crossed the northern polar cap from appronis
wately 1200 MLT (agnetic local time) to 2300 MLT (Figures
2and 3). Spectra at times labeled 1<11 were selected as bomg
representative and were used fn computing the fonization rates
produced by the electrons, The tocations of the satellite at the
times at which the speciea were recorded are shown in Figure
7. The electron precipitation was assumed to be uniform in
lowal time fot approntmately 3 hours on either side of the
satellite teack in both the dayside cleft region and the nightside
anroral region, Auroral oval eiission data in $577 A and 1914
A vecorded on the Usis 2 satellite [Lul and dnger, 1973) indicate
that on the nightside of the oval the precipitation was, in fact,
move ftense i the premidnight sector than in the post
midnight sector,

The data from the satellite paxs shown represent & Quiet
petiod. The A& inden was below 100 4 for 2% hours prive to
the pass except for two thort excurstons, Sinteen hours prioe to
the pass the A8 fndex went as high as J00 3 during a 2houwr
period, and approrimately 3 hours before the pasy it rose o
approvimately 150y for a Jhour period,

The proton number and energy ttunes over the polar region
for the pass showi were 2 orders ol magnitude lower than the
corresponding elevtron flunes and have been neglected as an
important sourve of fonfration,

Blectron spectra for several piteh angles in the downgoing
hemisphere at cach of the 11 reglons enumerated v Figures 2
and ) have been analyzed and used to derive the spectra
iltusteated in Figures 4 and §. The precipitating flux was reas
sonably uniforn with mitch angle, and the spectra showa are
constdered representative of the spectra observed at gach re
gion, The SPS o Tsis 2 measures electron fluy down to § eV,
For the purpose of vomputing ionization rates foom these
fluves we have arbitrarily evtended the weasured 10-6V Aunes
to 1 eV at a constant level, Since the tumerical code used for
computing thermal plasma behavior does not balance energy
and since efectrons with tess than 10-eV eneng) pronduce no
signiticant wnization, this extrapolation has no sipmticant el
fect on the nnmerical results,

The fon production rates from the eloctron specira pres
wented above were computed with an early version of 4 cotne
puter code for the interaction of energetiv electrons with the
atmophere developed by Banky et al. [19N] Production rates
for tegtons 2 and 9, representative of the clelt and mphtaide
auroral tegions, are shown i Fgure 6.

The flow paths around wiuch the plasma tubes were carnied
w the numerical sinulaton are those presentad v an earhier
paper by Anaden [19%] and are reproduced as Figure 7
Results were obtamed only for paths labeled H-V1 The fow
pathy define the motton of plasima tubes as seen by an observer
m A nonrotating frame of reference loohing down on the north
potar cap That s, the muotion weludes corotation so that the
evposure of the plasma tubes tw sotar EUV photons s properly
simutated - The tabes of plaxmia were convected acroas the
dayande oleft at a veloaty of 1 -y and o across the cap at a
velonity of O S ki s They were agan vonvevted achos provip.
dation regron 7 (Figare 3) at T Aw s Bquatorwand of the it
of closed field lines the tubes were vonvevted between suoves-
sve dots i hour Analyms of energetic electrons mansured
on Ian 2 at geeater than 20 kel preater than 40 kel and
preater than 200 hed wndicates that the field ey were dosed
equatornand of oA (10 vun, 40 5 Pguee 1) and that oo
teappad dustibutons evatad potenard of P00 w the gt
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10 500
9
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ay 10 2001 oo 0f
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10 PoLAR caAP
(s SENSITIVITY LIMIT)
100 'l L 4 1 1 t
ot 107 10 0" 100 100 et 10°  w©
MARTICLE PRODUCTION RATES (CM*3SEC-!)
A}
° L 1 L 1 Fig. 6. Production rates of O*, N,*, and O,* ions by the electron
10° 10! 10t 10° 10* 8 . E Y

ELECTRON ENERGY lov)

Fig. 4. Representative clectron particle flux as a function of energy.
Numbers refer to locations labeled in Figure 2,

sector (16 min, 20, Figure 3) (J. R, Burrows, private commu-
nication, 1976). The limit of closed field lines in the night
sector of Figure 7 is congsistent with this observed boundary.
The tubes were convected slowly through precipitation regions
8-10 as required by the model, and as we shall see, these
precipitation regions produced considerable ionization in the
slowly convecting tubes.

The flow pattern of Figure 7 in the dayside cleft region and
over the polar cap is reasonably consistent with that derived
from vector ion velocity data by Heells et al. [1976). Flow
across the cleft and into the polar cap is observed between
approximately 0900 and 1500 MLT as has been assumed
herein, and the general flow pattern of Heelis et al. presented
with corotation removed in their Figure 8 would, with corota-
tion restored, look similar to that of our Figure 7. The Harang

10 NIGHT SIDE
AURQRAL ZONE

10 i 1 1 1
109 10! 10¢ 103 104
ELECTRON ENERGY (eV)

Fig. 5 Representative electron particle flux as a function of energy.
Numbers refer to locations labeled in Figure 3.

particle fluxes at locations 2 and 9 of Figures 2 and 3.

discontinuity and stagnation points must exist in any reason-
able model at approximately the locations indicated in Figure
7. and the flow must approach corotation in the vicinity of
55°A. The major discrepancy between experimental measure-
ments and the ‘time average' representation presented in Fig-
ure 7 appears to be in the magnitude of the velocity equa-
torward but in the near vicinity of the limit of the closed field
lines. The measured velocity is of the rder of | km/s, whereas
the model velocities with corotation removed are of the order
of 0.1 km/s. The measured velocity does approach corotation
velocity somewhere between 70°A and 50°A [Heells et al.,
1976). The velocities with which the plasma tubes wete trans-

12

SO*A(CGL)

e
=—t—~wa CONVECTION FLOW LINES
SOFT ELECTRON PRECIPITATION ZONE
------ LIMIT OF CLOSED FIELD LINES
[ STAGNATION POINT
— = = PLASMA PAUSE

Fig 7. Flow paths around which time-dependent plasma response
was computed Locations of electron spectra are indicated by the
numbered dots. Numbers correspond to those in Figures 2 and 3.
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IlZ T

—13~ ELECTRON CONCENTRATKN {104CM"3)
~ == CONVECTION FLOW LINES
~~ == EXTRAPOLATED CONTOURS
w——104¢ SOLAR ZENTH ANGLE

Fig. 8. Contours of NwFy derived from the numerical analysis. The
short-dashed portions of contours are extrapolated contours

ported across the cleft and polar cap are reasonably consistent
with observation,

The finite time steps in the numerical analysis were less than
or equal to S min, In regions where the ion production rate was
changing rapidly, the time step was decreased appropriately.

REsSULTS

Contours N, F, derived from the numerical results are
shown in map view in Figure 8, The maximum electron con-
centration in each vertical profile around the severat fow paths
was plotted and subsequently contoured. The short-dashed
portions of the contours equatorward of the lowest latitude
path on the nightside of the earth are extrapolated. Numerical

1200

L

M

0600 2 \(
1oy
%

‘o\

0900
1= ELECTRON CONCENTRATION (10 cn™ %)

N

«J/ JA
*22 00 UT

Fig 9 Synoptic NoFy contours for the Antarctie polar region
(afier Sato and Rourke [1963] and reproduced by Thomas and Amdrews
[1969)) Coordinates are geographic coorthnates
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1socf. , "0~ MODEL ELECTAON CONCENTRATION {10%CM™)

ALTITUDE (KM}

INVARIANT LATITUDE (DEGREES)

Fig. 10, Comparison of numerically computed electron concentra:
tion with that measured by the topside sounder experiment on Isis 2in
vertical profile.

computations for flow paths equatorward of the plasmapause
were not performed for this study. Figure 9 shows experimen-
tul data included for later comparison,

A local noon-midnight vertical profile comparison of the
numerically computed clectron concentration with the ob-
served electron concentration is shown in Figure 10, The ob-
served data are from the topside sounder experiment on lsis 2
for the same pass as that from which the energetic electron flux
duta were derived. Comparison of the model results with the
topside sounder data is meaningful in the altitude interval
350-500 hm, .

In Figure 11 we show a comparison of the computed clec-
tron concentration in vertical profile with the plasma tube
convecting und with it stationary (steady state) at two loca-
tions along path IV, The observed clectron concentration is
also indicated. Figure 12 shows the computed electron concen-
tration at midnight on path 1. The plasma within the con-
vecting tube in this region of path 11 is in a steady state
condition,

Discusston

The computed electron concentration shown in map view in
Figure & shows several of the features characteristic of the
polar ionosphere, First, a “tongue® of plasma extends from the

400}~
CONVECTION MODEL
3 ~——=LOCATION 1
- = LOCATION 2
| _STEADY STATE
g 3001 - LOCATION 1
'd' s++s« LOCATION 2
MEASURED
Q LOCATION t
O LOCATION 2
200} -
e
te
100 i [ ] 1
2 3 4 S g 1
10 L) 10 o 0 10
ELECTRON CONCENTRATION (CM™)
Fig. Il Comparison of numencally computed electron concentra-

tion profiles, comecting and stead)y state, m the cleft (location 1) and
within the polar cap (location 2) with measured concentratien Loca-
ton 1 ocorresponds to 7704, HS4 MUT, 100* SZA, and partile
spectrum 2 Location 2 corresponds to $4°4, 2100 ML T, 17 SZA,
and particle specteum $
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tocal noonside of the carth across the polar cap 1o the night-
side. Manifestations of this tongue in time.averaged [ F; data
[Pike, 1971] sad in Alouette U topside sounder data at 350-km
altitude {Nishida, 1967] were preseanted in the previous paper
{Ruudsen, 1924) In Figure 9 we have reproduced synoptic
NuFy datat for the Antaectic polar repion in geographic coordi-
nates [Sate and Rowrke, 1963, reproduced by Thomas and
Aundrews, 1969). A tongue is clearly vinble with low concentra.
tion regions on cither side. The tongue and tow concentration
repions on either stde ure reproduced in the numerical resals,
Not present in Figure § are the ridge of fonization produced by
anroral electron precipitation and the deep trough present w
the numercal rosults Theve diserepancies will be addrened
hereafier The region of low concentration on the foeal ey ening
side of the tongue in the numerical model results from the
presence of a stagnation point outside the region of panticle
precipitation (Bigure ?) and direct solar photon production
Neur the stagnation pont in {ocal winter the tubes of plasma
maove sufliciently sfonly for the concentration to deeay to low
atues The region of fow concentration on the mornmg side of
the tongue in the numerical model resuhis from kaek of sipaiti
cant exposure of the plasma tebes to the sun and to the more
intense aphtsde quroral electron precipitaion at laitudes
betow 7020 i the present model

The direet solar photons are able to produce a spmificant #
fayer for solar zenith aneles from 02 up 1o upprosumately 104°
(compare Figure 1) On the nudnight side of the 104° 87 of
Figure 8, only the seattered photony make a contnbution 10
the 1on production

1o the time-averaged data preseated by Naskida [1967] a
mandmum eusted in the evenig wetor at about 600 The
canse of the manaum s uncertua, although Nishida {1967]
anstned that it was o mamfestation of the md-battude eve.
ning wnereane [Eeam, 1965] The duta wwed for the averaping
wehided data from August 29 10 November 10, so that the
stagnation point would hanve been tHununated by direct solar
phatons at searty atl wmiversad ttmes. The manmum s not
evident 1 the data presented by Pike [1971] or by Sato and
Rourke [1964)

Ne wgntiicant inerease i\ Py was evident i the numeneal
restity i the oleft remion (Figures § and 1) A has been
powted out previndy fAnudven, 1974), o large wcrease cans
not be eypeeted f the phasma s convected across the cleit at
A v bor the present example the mavmian werease w be
aapeeted n

QNwFy > pro 2N W em Py PN 10y 2 24 N W0 e ?

The value s only 10% of Mo by prior to entry of the plasma ito
the clell Had the electron concentration been i a steady sate
m the cleft regron, the value of N b would hane been a Ryetor
of 4 furger e the eleflt than junt equatorward ot the cleft
(Fypure 1) The obtersed clectron concentration at 400-Lm
atttude does show a small weeease m concentration at the
clett We e thes to be primanady a resalt of the heating of
the clectron gay ax the wbe convects acros the cleft, The
werease 1 obverved conceatration m the cleft i small at 00
hm but mereines with alitwde This behavior whicates an
merease woacale heght and not an wcrease i N by the
mereine would be independent of altitude o the electron and
on temperature were held constant, as s evidenced in the
wmereal resubts of Figure TE As has been paimed out pre-
viowaly, the numernical model dud not welude energy batwuce,
and the clectron and lon mperitures were arbitrandy st
equal to the neutral wwperature

v

300

LAT: S9¢ Q
LY 2400HR
STA 148

400}

300~

LLYSTUDE (KM}

e CONVECTION MODEL
,  © MEASURED

100G i i [ e
ot 0 w0 0° 10
ELECTRON CONCENTRATION {CM™31

e 12 Computed electron oncentratton profite ut 2400 MLT on
path [E The comvecting aod steady state seiteion are the same The
obwenved clection concentraion v aho shonn

The computed electron concentration compitres favorably
with the topaide sounder electron concentrations in the altis
twde mteryal w wineh the thvo sets of it overdap The 10 X
10 cm ? contours of both sers of das cotneitde rather well
from 73°0 on the dayside to 75°\ on the nightside of the
model, The pronunent variaions in concentration exhibued
by the topade sounder data, espectathy at higher altitude, tre
produced by inereases i the electron and wn temperatures.
Thay woevidenced, an wis previousty mentioned, by the des
crease i electron concentration varistion as the altitude de-
cremses, The moded results are not evpeeted 1o reprogduce these
variations becaine the electron and ton temperatures were held
comtant The merease w concentrabion of the model results wt
67°\ an the mpht sector restlted from the mereme i don
production rate produced by energetic electrons (regions
8=10} The concentration trongh at ~ $7°8 resuliy from a hiel,
of productuon and » fong deeny time These fatter features do
not occur i the enperimental data,

The nearly comstant vidue of Ny over the polar cap
evidenth reanlts feom rapid convection of plasa from the
dayvide of the clel The concentrauon profiles that woukd
oceur without comvection (steady state) are showa w Figuree 1
and are compared With the profites resutting from convection
The noncomecting profile at location I is an upper it
profile computed from the production rates of wony for the
upper limit particle precipitation fuy labeled 5 Figures 2
and 4 The profile would be wentical 10 the steady state profile
w Pagure 12 were the particle flay eera

Becuwne the polar cap E layer statisticadly has o farge con.
centration and decays across the eap {rom noon 1w nudmgin in
A anner comistent with convection {Nishida, 1967, Amudsen,
974 1 s reasonuble to mfer that & layer plasna must be
comected rather steadily across th. cleft avar the local noon-
wme wector Were comection of tonasphierie plasma across the
cleft and on across the polar cap to cease lor v period of
anveral hours, the polar cap # layer would decay by as much ay
an order of magnitude,

The ridge of agh ion concentration occurnng in the numers
wal results equitornard of 70° on the nightside of the carth
(Fagure 8) o produced by anumed slow comection of plasma
through the atense particke precipitation zones represented by
speetra § and %of Figure 3 This nidge of onization is not
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present in the observed electron concentration (Figure 10).
Statistical studies also show little or no enhancement in the
nightside auroral zone [sec Knudsen, 1974]. Suppression of
such a ridge could be accomplished by maving the plasma
through these zones rapidly. Rapid convection would not per-
mit buildup of ionization in a tube as it crossed the zone(s) of
high particle precipitation, The buildup may also be sup-
pressed through an increased loss rate within the auroral zone
[Schunk et al., 1976).

A trough region of low ion concentration was produced in
the numerical results equatorward of the ridge of hugh ion
concentration from approximately 1800 MLT to 0600 MLT,
The trough resulted from the slow convection of plasma near
the evening stagnation point at which location the solar zenith
angle was too large for direct <olar photons to maintain the £
layer ion concentration at a high value against the normal ion
loss processes and polar wind escape, A 'steady state’ level of
jon cancentration of flow line 1 around the nightside of the
polar region was maintained by the scattered solar photon flux
level assumed to be present in the model. The trough dis
appears on the morning side as the plasma tube emerges into
the direct solar photon flux. The tonization level i the trough
would be least ncar midnight and greater toward the eveming
and morning sectors in a more realistic model in which the
scattered solar photon flun decreased with increasing solar
zenith angle.

The deep trough evident in the numerical results (Figures 8
and 10) &id not uppear i the topside sounder data. The
probable explanation is that varation of the convection ¢lec-
tric field and hence low paths with time prevents the develop-
ment of the deep trough. The flow paths must be steady for
periods of the order of 24 hours for a deep trough to develop in
the manner supgested by Anwdsen {1974) and demonstrated in
the present numencal results. As was powted out earlier, the
magnetic AE mdex was small and steady except for two short
excunions for 28 hours prior to the orbat selected for analysis
Henee the conditons for development of a trough by slow
convection would seem 10 have been fulilied as well as one
could expect Resolutton of thas discrepancy must await future
studies

SUMMARY AND CONCEUSIONS

The ume-dependent behavior of the F layer plasma within o
magnetie flux tube is computed for the tube carned around
several low paths i the polar regrons. The flow paths are
those proposed in a previous paper by Anudsen [1974] As the
tube traverses cach path, 1t 1 subjected to time-dependent
onzation rates from direct und seattered solar photons and
precipitating energetic electrons, lomzation rates for the ener-
getie electrons are computed from energy speetra observed by
the Isis 2 soft particle spectrometer The numencal results are
presented i the form of & map view of Vo £y contours, eleee
tron coacentration i vertical section over the magneae pole
from noon to mdmght, and several veruical protfiles of electron
concentration at several locations for both convecung and
noncomvecting flun tubes The computed electron concentra.
tiony are compared with observed celectron concentrations
from topside sounder diwta obtamed 1 the same sateilite pass
as the energetie electron fluy data

The proposed convection field produced a tongue of F layer
phisma extending {rom the duyside of the cleft over the polar
cup with concentrations consistent with the abserved concen-
trations, Had the F layer been assumed to be statonary (aon-
convecting) within the polar cap. the computed concentrations
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would have been a factor of 10 too small. Concentration *lows’
on cither side of the tongue are consistent with some pre-
viously observed synoptic data. No significant increase in
N, Fy occurred at the cleft in the model results. This behavior
is consistent with the observed behavior. In diffusive equilib-
rium an increase of approximately 4 in concentration would
have existed.

The presence of the polar cap F layer with peak electron
concentrations typically in excess of 10* cm~? implies, when it
is interpreted in the light of the present study and a previous
study [Knedsen, 1974], that F layer plasma is rather steadily
convected across the cleft in the local noontime sector and on
across the polar cap,

A ridge of ionization not present in the observed ionosphere
wus predicted by the numerical simulation in the nightside
auroral zone, Several zones of particle precipitation were mea-
sured by the Isis 2 satellite, and the plasma tubes were trans-
ported at high velocity (1 km/s) only through the highest
latitude zone, Evidently, the plasma tubes are transoorted
rapidly across zones of ugh precipitation, and/or some uddi-
tional loss mechanism is operative in the precipitation zones.

A trough of low electron concentration was predicted by the
numerical model  which  extended  from  approximately
1800-2400 MLT to appronimately 0600 MLT. The electron
concentration in the trough was constant with local time wnad
nuntained by the assumed constant flux of solar EUV pho-
tons scattered into the night 1onosphere. No trough was pre-
sent in the Inis 2 topside sounder data. A satisfactory ex-
planation for the latter discrepancy must awint future studies.
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about u factor of 4 smaller than that introduced by the uncer-
tainties in the measurements of the slant ranges, it has not been
corrected in the final results, Uncertaintics of £10 km in the
shant range and assumed altitude yield a spread of about £0.4°
in the latitude.

During the December period of observation, periodic mea-
surements of the cleft location were also made by the Isis 2
satellite. The satellite measurements are shown by solid
triangles in the plots of A, for December 4 and December 6.
Absorption prevented ionosonde measurements at the time of
the December 4 sutelhte crossing. Simultancous measurements
were obtained on December 6 and on another day later in the
month when IMF data were not available. On these two
ogcesions the ionosonde and satellite measurements of the
cleft's position agreed to within 0.5°,

Mugnetic conditions during the observations are shown
Table 2. The local K for College, a station near the magnetic
longiude of the ionosondes, is shown as well as the planctary
index Kp.

Decemberd, 1974

As is true throughout most of the periods to be covered, this
time was fawrly quite magnetically (Figure 4). The College
magnetogram showed a small amount of activity at 2020,
2130, and 2350. Small positive buys (~30 v) were recorded ut
Leirvogur from 2220 to 2250 and at 2340,

The = component of the IMF shows small fluctuations
throughout the period; these fluctutions are probably due 10
waves propagating upstream {rom the bow shock {Hepprer et
al., 1967). 8, is mostly positive, but does turn signilicantly
negative from 2128 to 2222 UT.

The cleft measurements ure unfortunately prevented by D
region absorption of the 1onosonde signals from 1900 and
2100, Just prior to 1900, AX is between + 1° and +2°, The cleit
remains mostly poleward of its expected position until ~ 2200,
when it begins to move equatorward, This motion continues
until about 2240, when the equatorward edge comes to rest
over Sachs Harbor, Equatorward motion resumes at 2330, and
for the remainder of the period the equatorward edge was at
least as far south as Cape Parry,

Because of the gap caused by the absorption it s difficult to
assoctate with certamty the equatorward motion of the cleft w
2200 with the southward turning of 8, at 2128, The sudden
equatorsard movenient of the ¢left at 2330 13 quite clear,
however, and concides (within the resolution avanlable) with
the onset of the small positive bay at Leirvogur,

December 6=7, 1974

At the tme at which the IMF measurements begn, 8, is
northward at about +4 4 and s slowly decreasing (Figure 5).
Unfortunately, there is o large gap in the IME data between
2100 and 2200. I 1s thus not possible to determine exaetly
when 8, first becomes negative.

The cleft (irst begins 1o move equatorward at about 2200
UT, possibly soon after 8, goes negative. This motion contin
ues until about 2215, when both AN and B, become more
posiive. 8, remains close to zero until 2313, when ot turns
sharply southward. During thes time the cleft first moves pole
ward, peaking at ~2230, then moves equatorward untit ~2250,
and then moves poleward until 2309, when it moves sharply
equatorward.

Because of the gap in the magnetiy data it is not possible to
establish the timing between the imtial equators ard motion of
the cleR at 2200 and the southward wrmng of the field. Nor s

it clear why AX goes negutive again after 2230. 1t may be that
the motion of the cleft from 2200 to 2305 is related to os-
cillations in the position of the magnetopause, such as have
been reported by, for éxample, Aubry et al {1970) and derived
theoreticully by Holzer and Reid [1975). The period in the
present case (~ 30 min) is longer by a factor of 2 or more than
the reported periods, however.

The drop in AN at 2309 may be associated with the sharp
change in 8, at 2313, Allowing for the assumed propagation
delay, AN thus drops about 10 min before the change in 8,.
The wconsistency may be due to the fact that the satellite was
~ 18 R, above the ccliptic plane and that the discontinmty was
in a plune other than that assumed, These circumstances may
invalidate our simple model for the propagation of changes in
8,. Following this drop the cleft remains about 1,5° below its
expected position and does not return poleward as it did
following the decrease of 2200. This differcnce might be ac-
counted for by the fuct that 8, remains significantly southward
after 2313, while it becamie more positive following the de-
crease at 2200,

Since the geomagnetic activity is so low prior to 2348, we
assume that the motion of the cleR up to this time is due
principally to changes in the IMF. On the other hand, from
2345 on, 8, remains southward, and one would not expect it to
be responsible for the equatorward motion of the cleft ut 00135,
This wotion may be associated with the weak geomagnetic
activity from ~2400 on,

January 1-2, 1975

8, is relatively smooth on this day and exhibits three well-
defined southward turnings, one sharp drop at 2220 and two
significant zero crossings at ~2242 and 2358 (Figure 6). The
nightside magnetograms are again very quiet, but Leirvogur
did record a sharp negative bay of <100 y beginning at 0138,

Although there is little magnetic activity and B, is north-
wird until ~ 2240, the cleft is found equatorward of its ex-
pected position throughout the period. The sharp drop in B,
near 2220 dees not appear 1o provohe a response i A, possi-
bly because 8, does not za very negative or because the clefs
alrcady somewhat equatorward, The clelt does move equa-
torward at 2248, about § mun after the southward turning of
B,. 8, returns to positive vadues within several minutes, but AN
remains at abowt - 1.5° for the ensuing hour, Why AN stays
depressed is not clear, there is only a very small amount of
magnetic activity (AM < 50 4) recorded on the nightside at
this time,

When B8, becomes negutive again at 2355, AX actually be-
comes more positive, in contrast 1o the carlier results, 8,
remains near 1y throughout the rest of the period, but the
cleft begins to move equatorward agam at 0100, The cause of
this motion is also unclear, i may be simply an extreme
example of the diurnal motion,

January 9<10, 197§

During this interval, 8, again shows evidence of upstream
waves and does not exbubit any wetl-defined sustaimed changes
w direction (Figure 7). B, is positne throughout most of the
record Astde from some small disturbanees from -~ 2100 to
~ 2230, mightside magnetic activity is quiet.

During the first hour the Jeftis moving poleward. At 2200,
A starts to become more negitive, possibly i response to the
geomagnetic activity oveurring at that ume b or the remainder
of the period the deft remains a degree or so equatorward of
ity expected position.
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During December 1974 and January 1978 the notthern magnetospheric clefl was monitored by
ion_uondes at Cape Parry and Sachs Harbor, Northwest Terntories, Canada, in support of rocket shots
mto the clefl, fonograms were taken nominally at 1$-min intervals but as rapidly as two per minute
during times of particular interest, Analysis of § days of data shows the ionosphere at cleft latitudes to be
very complex and dynamic The fonograms often show considerable structure and can change appearance
stemlicantly in & it o two, The clelt at times appears to move equatorward in response either to o
sonthward turnieg of the interplanctary maguetie field or to the ocourrence of geomagnetic distarbances,
This respoise 15 i agrerment with the conclusions of previous satellite studies, Behavior contrary to this
generalization is not uncommon, however, and therefore it may not wlways hold on time scales conaid-
crably shorter than the sateHite orbital period of 21 hour, The rate of the cleft's motion may vary from
~0.08 to ~0.8 deg/min,

o

£ v

e L LB, R s S,

INTRODUCHION detectors, The LASL-UAK experiments huve been described S
Since the initial discovery of the magnetospheric cleh by by Jegries eval. [1975). . .
sutellite insteunentation [Heikhila er al., 1970; Winningham, A considerable amount of ground based data were taken in 4
1970; HeikRila and Winningham, 1971; Frank, 1971; Frank and  SuPport of these Qights to aid both in the location of the ¢leh '
Acherson, 1971; Russell et al., 1971), considerable effort has 2040 i the mterpretation of the results, lonloffmdcs were lo- :
been devoted 1o the investigntion of this phenomenon (see  cated at Cape Parry and Suchs Harbor (see Figure 1), lone-
the summary by Vasyliwnas [1974]). This work has shown that  Sondes have proven most useful in locating the projection of .
the plasma found in the clelt 15 very much like that seen  the ckjl‘l upon the ionosphere [Pike, 1971, 1972 Winningham N
in the mugnctosheath [e.g., Winnmgham, 1972}, The iocation @ Pike, 1972 Pike et al., 1974 Ungstrup et al., 1975; Shep-
of the ¢leh has een found to respond both to changes in the  Aerd ef al, 1976]. lonograms were tahen nominadly at 15-min .
interplanetary megnetic feld and 10 the occurrence of geomag.  Wervals however, during periods of particular interest the
neue disturbances [Birch, 1972 Kamide et al , 1976]. Much of  MCnR was decreased to a minute or so. '

Optical phenomena were also monitored. Photometers were
wstalled at Cape Parry und Sachs Harbor, and an all-sky
camert was foeated at Sachs Harbor, Some of the photometric
observations during this period are described by Shephend et
al. {1976]. Whalen and Pike (1973} had shown earlier that
phatometer measurements of 6300-A emissions may be used to
determine the pasition of the clei,

Satellite data were used to cheeh the ground-based measure-
wents and to aid wm the analysis of the results, The position of
the cle® was measured on several passes by the soll particle
spectrometer (SPS) aboard ims 2 [Heikhila and W amingham,
1971)  Defemse Meteorological Satellite Progeam satellite
photos e Pike and Whalen, 1974] were used to montor
auroral activity The interplanetary magnetic ficld (IME) and
solar wind vefoeity were measured by lmp § whenever that
satelfite wan suitably located. One of the principal goals of the
present study was to investigate the relation between changes
w the IME and the movement of the cleft Exchier work e g .
Burch, 1972] mdicates that the moton of the cleft » correlated
with changes m the 2 component of the IMF,

the current study in this field is thus devoted to the relation
betweea the interplanctury and cleft maguetic fields and the
mechanism by which the magnctosheath plasma enters the
cleft,

During December 1974 and January 1975 two groups
taunchied rockets mnto the northern cleftin attempts 1o examine
the particle populations, the magnetic field, and the convection
of plasma. The success of these experiments depended upon an
accurate hnowledge of the location of the cleft prior to the
launching of the rockets, Ground-based 1onosondes were one
of the technigues used 1o monitor the ¢ie's posttion In thas
paper we dewribe the results of an analysis of the ionograms
wiade m support of the rochet Bights,

The rockets were launched from Cape Parry, located on the
Arctie coast of Canada (Fagure 1) The December flights were
orgamized by a Canadian group and concentrated on making
optical and particle measurements, the mitial results are re-
ported by Shepherd et ol [1976] The January flights were
cooperative effort by the Lox Alamos Seientific Latioratory
(LASL) and the Umversity of Aliasha (UAR). Twao rochets
were faunched whose primary purpose was 10 project barnum Risvtis
won clouds upward atong the clen field tines by meams of

N Sece the onoaphene manttestation of the clefl may be 3
shaped exploane charges  The rockets abw carned particle ¢ tlonosphene manifestation of the clel may be a

degree or more wide and sinee tts poleward boundany nuay not
be sharply defined, wonosondes are most usetul w tracking the
. , posttion of the ¢lefl when it w poleward of the sounder Under

Y Center for Kevearch w Acronomy, Utah State Umversity, Logan, ! polew:
Utah $4323 these conditions, oblique echoes of the tonosonde radio signals
3 AbS] N . X
ety of Calitorma, L ov Alamos Seientitie 1aboratony, Loy tom the cleft™s relatnely sharp equatorward boundary of

Alanoy, New Meuco 87948 wnzation will produce umqgue traces on the wnogram pro-
P Unnversty ol Tevay at Dadlas, Riwhardson, Tevas 75080 yided that the oleft s not oo distant (examples die gnen by

e A
»

CNASA Goddard Space Eight Center, Greenbelt, Maniad - 20771 308 o T .
* Gieoplinsial Iatitute, Uninversity of Atk College, Alska 99201 :‘;,k;,]s(l:;Ll“:lhll}")"t“l ;l;')lui::: 4(ll‘u( 'l,‘)\':\,‘:ll‘lll’l::rul\ls(lig} nl\lud\l::|
Y TY g (¥ it ¢ \ R R R

: Copright @ 1977 by the Amencan Geophysicat Uni, pertod this condition was satfied tor S of the 7 days on winch

. The U.S. Governunent is suthosizsd to teproduce and sell this
- ) 0! roport.
aper number 630630 Permission for turther reproduction by uthers must be obtained trom

the copytight owner.
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Fig. 1. Rockets were launched from Cape Parry, Northwest Terri-
tories, Cunuda. lonosondes were located at Cape Parry and Sachs
Harbor. Coordinates are invariant geomagnetic latitude and longitudo
[Evany et al., 1969 at an altitude of 300 hm,

IMF measurements were obtained by Imp 8, The discussion
below will be limited to jonograms made on those duys.

We first examine two sequences of onograms to give the
reader an idea of the type of duta upor: which the conclusions
below are based, These sequences are intended to emphasize
the rapid and dramatic variations that can oceur in the iono-
grams and to indicate the problems that muy arise when one
tries to deduce the position of the cleft,

The first sequence (Figure 2) was made on December 6,
1974, from 2308 to 2328 UT. (The rocket flight described by
Shepherd et al. {1976] began at 2332:06 UT.) The Sachs Har-
bor records do not show much chango throughout this period,
There is some evidence of the normal X and O F layer traces,
but the critical frequencies are not particularly well defined
(exeept at 2315, where the second-order trace is fuirly clean),
Throughout most of the records there is an irregular feature
extending pasy $ MHz between 300 and 400 hm that shows

uwr -
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g 2 lonograms frone Cape Parey and Sachs Harbor loi December
6, 1973
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t [] [] +
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2 5 tOMNt
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Fig. 3. lonograms for Junuary 11, 1978,

spreading and only a small amount of retardation at its high-
frequency end. Such irreguiarities are characteristic of the cleft
and, with the presence of the abscured X und O traces, suggest
that the equatorward boundary of the cleft is located close to
Suchs Harbor,

The Cape Parry records differ greatly from those made at
Sachs Harbor. At 2306 the Cape Parry O and X trages are
better defined. At this time the only evidence of the ¢left w
Cape Parey 18 several honzontal features just above § MH:
between about 390 and $10 hm. As is expluined in the work by
Pike [1971, 1972, these returns are interpreted as being
ablique reflections {rom ionospherie features that are not di-
rectly above the sounder. The closest feature is presumed to be
the equatorward edge of the clefl precipitation zone. The
measured height (~ 390 km for the closest feature) thus gives
the slant range along the oblique path 1o the edge of the clefi.
The actual altitude of the cleft must be ussumed. Note that at
2306, virtually no returns are visible between 300 and 400 hm
from ~2 10 ~)5 MHe.

In the next ionogram (2309 UT), however, there 18 a strong
oblique return (with retardation at its high- and low-frequency
ends) from the cleft between 2 and 5 MHe with a minimum
range of ~360 hm. 1t does not appear that this feature is the
result of & simple equatorward motion of the clefy; the feature
at 430 hm (35 MH2) at 2306 actually seems 1o have moved
poleward (to ~330 km) by 2309,

By 2311 there is a strong cleft retuen at ~313 hm. There is o
it of & return near this attitwde at 2309, and W is not clear
whether the strong return at 2309 has moved equatorward or
whether a new feature has appeared  Phe short feature at ~3 4
MHe, ~350 hwv may be the remarns of the strong truce at 2309

Throughout the remander of the sequence the ionograms
continue 10 show rapd variations, At nmes there may be only
one predonunant trace (2313, 300 hm, 3 Mg, and 2320, 340
Am, 3 MHe), while nunutes later several weakher cleft returns
may be detectable (2315 and 2323) (Note that the appearunce
of a strong sharp rzturn at short range seems o prechude
observation of weaker returns at tonger ranges ) The virtual
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Py 4 Ground mugnetograms, interphinetary magoetic field, amd
wvariant fattude of the cleft for December 4, 1974 See tent for
explanation Magnetic local time is shown along the bottom

heights of the returns may vary by severad tens off hilometers
from record o record. 10 i diflicult (o account for these
changes in height and appearance by assuming that the cleft as
a whole is simply moving {atitudinally.

Lhe second sequence of 1wonograms (Nigure 3) was made just
prior to the second LASL-UAK barivm release, which oc.
curred ut 0032 UT on January 11, 1975, As m Figure 2 the
Sachs Harbor records indicate that the equatorward edge of
the clell is very close and possibly overhead. The Flayer (v
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and Q) truces show considerable freguency spreading, At 0020
w broad trace extending from abowt 2.7 MHz at 200 hm 1w
about 5,7 M EHz at 230 ki may be seen; this may be wn auroral
& Jayer seen obliquely, Five minutes later tha feature has
wereased about 30 km in range. Note that the space between
200 and J0O han is almost filled at 3 MHz. A1 0030 there are
Lo strong traces, one like the fiest feature at 0020 wt 200 km
and another cleftlihe trace near 260 k. A Tainter trace may be
seen near 350 ki,

The Cape Parry records in this interval show, as in the
previous eximple, more vanation than do those from Suchs
Harbor, Throughout the sequence the X' and O returns from
the notinal £ luyer may be seen. The traces at ~ 300 and ~ 350
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7{ TABLE 2. College A and Plenetary Kp Magnetic Activity Indices
K 100y
N 1800-2100  2100-2400  0000-0300
R 2°°’l —~ A Dute ur ut uT
December 4-5, 1974 Lol 1.1 1,1
e December 6-7, 1974 0,04 0,1~ 0,2~
o January 1-2, 1975 1.2 I, 2~ 0.1+
/ January 9-10, 1978 I~ 0,1+ 0,2~
o %m 2200 2300 2400 0100 0000 January 10-11, 1978 1,0+ 01t 0,2
= °f " ) i ! 3 ; . .
= ML W A A is the first number in cach entry, und Kp is the second.
§ of TN revmne = ;:f.v-’x‘w\‘—"\v\w
[\4] st v RS
T :
g . ah ) Lyt - : . ,
3 77-\,_*)51‘/'" ‘. ‘.7:?\, —— gy grams from Kiruna (magnetic midnight, ~2100 UT) and
N £ N— -t ! ! b ¢cp  Leirvogur (magnetic midnight, ~0000 UT),
" ¥ | In the second panel is shown the & component (in solar
§ oot e s magnetospheric coordinates, positive northward) of the IME,
= * E AN . These measurements are 1.02-min averages. The data show
< I e S . occasional gaps of several minutes, The position of the satellite
o LY is given in Table 1, At all times of interest, Imp 8 was in the

10-11 Jon 1979

Fig. & Junuary 10-11, 1978

km between 1.5 and 2.5 MHe, which show the sume shupe us
the O trace, ure probably returns from a tilted # layer pole-
ward of the station and in the vicinity of the equatorward edge
of the clefl,

The cleft returns in this sequence may be found between
~ 300 and ~ 500 km at frequencies above (to the right of) the X
trace. A10022 two clell returns may be seen at 300 and 340 km,
Over the next S min these returns change rapidly. 1 appears
that all the traces may be drilting poleward at o rate (~0.5
km/s) suflicient to produce an increase in stant range of ~20
km/min, Drifts of similur magnitude and direction have been
reported for the Flayer plasma in the cleft (Knudsen, 1974] and
duyside auroral fentures [Vorobjev ¢t al., 1975], Note again
that at several times, multiple cleftlihe returns can be seen,

Before proceeding with the discussion of the anulysis of
ionograms of this type we should summarize briefly their more
important characteristics. First, us is most obvious from the
examples, the appearance of the ionograms may chunge signif-
icantly on u time scale of a minute or so, traces may appear
and disappeur rapidly Second, the ionograms from the two
stations may dilfer greatly (this is due to the ditferent positions
of the two stations relative to the clefl and may reflect signiti-
cant changes i the nature of the clelt over distances of ~ 100
hm), These fuctors greatly complicate the pracess of traching
the clet by simply measuring the slant range of apparently
obliqug returns.

The results of scaling the ionograms are shown in Figures
4-8. At the top of cach figure ure shown nightside magneto-

TABLE t Position of Imp & in Sofar Magnetospherie Coordinates

Date R & deg g, deg

December 45, 1974 336 RIVAR 64

December 67, 1974 276 a1l 29
Januany 1-2, 1978 312 834 15.1
Januay 9-10, 1975 LRI 239 | -14.2
Januais 10<11, 197§ 285 2871 97

solar wind.,

The solid vertical lines drawn across the punels mark ap-
proximate times when B, goes negative, The dashed vertical
lines ure estimates of the times ot which the changes in B,
should reach the nose of the magnetosphere if the associnted
chunge in the total field vector is primarily o latitudinal one
and at approximately the fixed longitudinal direction of 135°
(or 315°) and if this discontinuity (or gradient) moves radially
outward from the sun at ~ 450 ks, (The longitudinal direc-
tion and the solar wind speed have been checked against the
available data and faithfully apply to most events within ac-
ceptuble error limits,) Since we are limited to data from one
satellite, we obviously cannot determine with certainty the
surfuce of the change in #,, the dashed lines ure intended only
as rough estimates,

The third panel gives the absolute location A, in corrected
geomagnetic latitude of the equatorward edge of the clelt as
determined by the method desenibed helow, The fourth panel
gives the deviation AN of the cleft from us expected position,
The expected position, which s a function of magnetic tocal
time, 18 a smoothed version of the results of Winningham
[1972] and is shown as a solid hine in the thied panel. 1t may be
that Winmagham's cueve should be shifted a degree or so to
higher lnttudes [see Burch, 1972] because of seasonal vana-
tons. We are more interested i the moton of the ¢left than m
ity absolute position, however, and the correction for dinroal
varations given by Winningham's curve s conmdered ade-
quuate.

The lattude of the cleft i calewlated from the measured
range of the closest echo and an assumed alutude of 260 hm
[see Pike et al., 1974 All onograms containing obhique
echoes are wsed. In the witwal calculations a Nat earth is uy-
stmed for comventence, The distance along the carth from the
wonosonde 0 a pomt directly below the reflecting layer s
denved and then translated into degrees of latitude. This value
is then added to the invariant litude of the ionosonde Lo give
the location of the equatorward boundary of the clefl. The
wvariant latitudes of the wnosonde stations are tahen from
the J00-hm alutude values of Evans et al [1969] (see Figure 1),

For the relatively small ranges of lattude mwvolved (~4°) the
wse of the flat carth appronimation does not resultin very large
errors The correction to the posiion of the cleft’s fower
boundary is less than 0.1° and approaches zero as the ¢leit
moves southward toward the ionosondes Since this error s

o e S A e S
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about & factor of 4 smaller than that introduced by the uncer-
tainties in the measurements of the slant ranges, it has not been
corrected in the final results. Uncertaintics of 2:10 km in the
slant range and assumed altitude yield a spread of about £0.4°
in the latitude,

During the December period of observation, periodic mea-
surements of the cleft location were also made by the Isis 2
satellite. The satellite measurements are shown by solid
triangles in the plots of A, for December 4 and December 6.
Absorption prevented ionosonde measurements at the time of
the December 4 satetlite crossing. Simultancous measurements
were obtained on December 6 and on another duy later in the
month when IMF data were not available. On these two
occusions the 1onosonde and satellite measurements of the
cleR's position agreed to within 0.5°.

Magnetic conditions duning the observations are shown
Table 2. The local K for College, & station near the magnetic
longitude of the ionosondes, is shown as well us the planctary
index Kp.

Decemberd, 1974

As is truc throughout most of the periods to be covered, this
time was farly quite magnetically (Figuee 4). The College
magnetogram showed a small amount of activity at 2020,
2130, and 2350. Small positive buays (~50 v) were recorded at
Leirvogur from 2220 to 2250 and at 2340,

The = component of the IMF shows small fluctuations
throughout the period; these fluctuations are probably due to
waves propagating upstream from the bow shock [Heppner ot
al.. 1967]. B, is mostly positive, but does turn significantly
negative from 2128 10 2222 UT,

The cleft measurements are unfortunately prevented by D
region absorption of the 1onosonde signals from 1900 and
2100, Just prior to 1900, A\ is between + 1° and +2°, The cleft
remains mostly poleward of its expected position unul ~ 2200,
when it begins Lo move equatorward. This motion continues
until about 2240, when the equatorward edge comes o rest
over Sachs Harbor. Equatorward motion resumes at 2330, and
for the remnder of the period the equatorward edge was at
least as fur south as Cupe Parry.

Because of the gap caused by the absorption it s difficult to
associate with certainty the equatorward motion of the cleft at
2200 with the southward turning of 8, at 2128, The sudden
equatorward movement of the cleft at 2330 o quite clear,
however, and coincides (within the resolution avalable) with
the onset of the small positive bay at Leirvogur.

December 6=7, 1974

At the time at which the IMF measurements begin, 8, is
northward at about +4 4 and 15 slowly decreasing (Digure §)
Unfortunately, there is a large gap in the IME data between
2100 and 2200, [t is thus not possible to determine exactly
when B, first becomes negative,

The cleft first begins to move equatorward at about 2200
UT, possibly soon alter 8, goes negative. This motion contin
ues until about 2218, when both AN and 8, become more
posttive. 8, remans close to zero unul 2313, when it turns
sharply southward. During this time the cleft fiest moves pole
wird, peaking at ~2230, then moves equatorward uatil ~2230,
and then moves poleward until 2309, when ot moves sharply
equatorward.

Because of the gap in the magnetie data it is not possible to
establish the timung between the initial equatorw ard motion of
the cleft at 2200 and the southward turning of the field. Nors

it clear why A\ goes negative again after 2230. 1t may be that
the motion of the cleft from 2200 to 2305 is related to os-
cillations in the position of the magnetopause, such as have
been reported by, for example, Aubry et al. [1970] and derived
theoretically by Holzer and Reid [1975]. The period in the
present case (~30 min) is longer by a factor of 2 or more than
the reported periods, however,

The drop in AX at 2309 may be associated with the sharp
change in 8, at 2313, Allowing for the assumed propagation
delay, AN thus drops about 10 min before the change in 8,.
The inconsistency may be due to the fact that the satellite was
~ 18 R, above the ecliptic plane and that the discontinuity was
in a plane other than that assumed. These circumstances may
invalidate our simple model for the propagation of changes in
8,. Following this drop the cleft remains about 1.5° below its
expected position and does not return poleward as it did
following the decrease of 2200. This difference might be ac-
counted for by the fuct that B, remuins significantly southward
after 2313, while it became more positive following the de-
crease at 2200,

Since the geomagnetic activity is so low prior to 2345, we
assume that the motion of the cleft up to this time is due
principally to changes in the IMF. On the other hund, from
2345 on, 8, remains southward, and one would not expect it to
be respongible for the equatorward motion of the cleft at 00135,
This motion may be associated with the weak geomagnetic
activity from ~ 2400 on,

January 1-2, 1975

8B, is relatively smooth on this day and exhibits three well-
defined southward turnings, one sharp drop at 2220 and two
significant zero crossings at ~2242 and 2358 (Figure 6). The
nightside magnetograms are again very quiet, but Lanvogur
did record a sharp negative bay of <100 y beginning at 013S.

Although there is little magnetic activity and 8, is north.
ward until ~2240, the cleft is found equatorward of ss ex-
pected posiion throughout the period. The sharp drop w B,
near 2220 dees not appear to provoke a response i A, possi-
bly because 8, does not go very negative or because the cleft s
alrcady somewhat equatorward. The clelt does move equa-
torward at 2245, about § nun after the southward turning of
8,. B, returns to positive values within several nunutes, but A\
remains at about —1.5° for the ensuing hour. Why AN stays
depressed is not ¢lear, there is only a very small amount of
magnetic activity (AH < 50 5) recorded on the mghtside at
this time,

When B, becomes negative again ut 2355, AN actually be-
comes more positive, in contrast to the earlier results, 8,
remains aear 1y throughout the rest of the period, but the
cleft begins to move equatorward again at 0100. The cause of
this motion is also unclear, it may be simply an extreme
example of the diurnal motion.

January 9-10, 1978

During this mterval, 8, again shows evidence of upstream
waves and does not exhibit any well-defined sustaned changes
in direction (kFigure 7). 8, s positive throughout most of the
record. Astde from some small disturbances from ~ 2100 to
~ 2230, mghtside magnetic activity is quict

During the first hour the cleft is moving poleward. At 2200,
AN starts to become more negative, possibly in response to the
geomagnetic activity ocurring at that time b or the remainder
of the period the eft remains a degree or so eyuatorward of
ity eapected position,
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January 10-11, 1975

8, is somewhat erratic but shows a Guely clean change w
direction from northward to southward at abowt 2216 (Figure
8). Note that there 1s a sharp jump in 8, at 2108; the Coliege
magactogram also shows a jump in # at the same tmie, Such
chunges in high-latitude magnetic records are often correlated
with changes in the IME {Burch, 1972]. Tlus wdicates tha
there may be little propagation delay for the solar wind be-
tween Imp § and the front of the magnetosphere.

Lewrvogur recorded a substorm begimmng at about 2350; the
negative bay peaked at ~ =130 4 at 0020 and recovered by
0050, Small (<350 ) fluctuations folowed for the next hour.
(Note that Lairvogur also detected the small jump at ~2108,)

Prior to 2200, while 8, > 0, the clelt s seen to be moving
generally poleward. At 22135, close to the southward taring of
B,. the cleft begms to move equatorward, This motion contine
ues for about another hour, The average rate of the motion
until 2315, when the cleft appears to reach an equhibruam, s
about 0.04° /min.

From 2330 to 2400 the cleft appears to be driftlng poleward
again. At about 2400, just after the onset of the negative bay at
Lewvogur, the clelt rapidly moves about 2° equatorward, For
the remiunder of the observation, AN remains negitive, even
though 8, becomes more positive after 0100,

Summary

There are cleven vases when the edge of the cleft shows
signifivant equatorsard motion, tn agreement with the earhier
work mentioned i the introduction it appears that the cleft
responds both to changes i the polarity of &, (four cases. 2200
and 2313 December 6, 22458 January 1, and 2216 January 10)
and to the vecurrence of geomagnetic disturbances (two cases,
2332 December 4 and 2400 January 10). tn 2 of the 11 cases
the motwon of the cleft did not appear to be asoctated with
enther B, or a magnetic disturbance (2230 December 6 and
0100 January 2). In the remamimg cases (2200 December 4,
0015 December 7, and 2200 January 9) several factons pre-
cluded formuing even tentative conclusions,

o enaminaag eight cases where the Jdelt moves poleward we
find only two (2218 December 6 and 2130 January 10) that
may be assockted with 8, becomng more postve, Three
events oveur when 8, does not show any clear change (2250
December 6, 2100-2140 Januvary 9, and 2330-2400 January
10). The January 10 event, wiuch occurs whale 8, 1s negatve,
may be assocuated with the onset of a negative bay, there
abo a small an.ount of geomagneti actinaty on January 9. The
renmanming three cases veear esther wiile 8, o positine and
decreasing (1900 December 4 and 2030 December 6) or when at
has turned southward (2400 January 1),

The cleft appears to respond Tarly rapudly to changes w the
IME. The records of December 6-7, Javuary -2, and partice
ularly January 10-11 mdicate that the clefl may begin to move
equatorw ard sitlun 10 mimn or less of the tme when the change
w B, reaches the front of the magnetosphere

The veloaty of the equatorward motion, veve & begims
varies sigmficantly. On December 6-7 and January 1-2 the
cleft moved equatorward at about 0.5° man Oun December 4
and January 10-11 the rate was less than 0 1° nun

The duration of the motwon also vaned. When the motwon
was faster (Devember 6-7 and January 1-2), ot ceased after
about 15 oun o those cives of slower moton (Devember 4
and January 10-11) 1t continued for about an hour The total
change A\ for a vngle event varies from 1 to 3 deg.

The temporal relation between geonagietic actinity wnd the

clel’s motion is less clear The records suggest, however, that
the clelt begins to move within 10 min or so of the onset of
activity  On January 10-11, for example, the negative bay
appeared at 2350, and the equatorward motion began at 2402,

Discussion

In the previous section we found evidence that the cleft may
at times mor ¢ equatorward in response 10 a southward turning
of the z component of the IMF and 1o the occurrence of
geomagnetic disturbances These events agree with the con-
clusions of carlier work. Burch {1972, 1973} anadyzed Ogo 4
particle  measurements and  found that the cquatorward
boundary of cleftlike precipitation moves to lower latitudes by
several degrees during substorms and,’'or in the presence of
negative B, Pike et al. [1974] monitored the cleft with an
atrborne onosonde and found that the clel typically moved
cquatorward following a southward turmng of 8, Recently,
Namude et al [1976), combining the Ogo 4 and the Isis 1 data,
also found a tendeney for the clefl to move equatorward with
southward 8, and the occurrence of substorms,

Tt s important to note that we also found several examples
where the moton of the clel does not correspond to these
results, The carlier investigations do provide convincing evi-
dence that on the average, the clelt moves equatorward in
response to increasing geamagnetic activity and southward 8,.
These conclusions are bused largely upon satellite data, how-
ever, which provide no more than roughly one measurement of
the elU's position per hour, the condusions may not hold ona
e seale of several minutes,

In the onby previous work [Pike er al,, 1974] in which the
relation between 8, and the cleft's position was studied with
high tme resolution, it was concluded that the cleft responds
to changes in B, after a delay of about 1§ mum Our results
suggest that when the lelt does respond, the delay may be as
short as ~ 10 min

Burch [1972] gives an extunate of the rate at whaeh the cleft
moves equatorward following a southward turning of 8, Hin
vadue of ~ 0.1° nun s based upon i single measurement of the
eft's position during each event (necessitated by the fact that
the data were taken by sateliite). In this study, where the
mesurements are ground based and may be wmade several
times dunng each event, we have found that the cleft may
move equatorward as rapadly as ~0 §° min, However, the rate
of motion may fall as low as ~005° win

One of the goals of eaddier cllorts has been 1o obtain o
quantitative relation between the clef’s location and 8, Burch
11971), for example, derves from fus data an expression for the
postion of the Jdelt as a function of the average value of 8,
over the previous 45 nun Such an expression may agree fairly
well with the average behavior of the cleft and those invtances
where the clelt moves equatorward furly slowly iy cesponse o
a southward turning Singe a 45 min average of 8, s used,
however, the expression will not be able to account for those
cases where the ¢l moves a degree or two m only a few
munutes (¢ g . December 6-7 and Januwary 10-11) Nor will the
evpression account for those tanies when the movement of the
cleft and 8, appear to be uarelated

The vanatwon i the response of the clef mphies that any
scheme for predicting the cleft™s position based upon a fined
length average of 8, will not be accurate at all tunes 1t
mportant to aote that any theoreticd description of the mech
anm hokang the IME and the position of the deft must be
able to account for such vartiony Such a deseription will
appareatly have to wcdude other factors, mdduding geomag
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netic conditions [Kamide et al., 1976] and perhaps the state of
the ionosphere [Holzer and Reid, 1975].

CONCLUSIONS AND SUGGESTIONS

We have reported the results of the analysis of § days of
ionogram data from two stations located in northern auroral
latitudes. The ionospheric manifestation of the cleft has been
found to be very complex and dynamic. The returns frequently
show considerable structure and may change significantly in
just a minute or two.

A clear relation between the position of the cleft and the
IMF (or geomagnetic activity) has not emerged from the study
of this small sample. Events have been found which agree with
carlier conclusions that southward turnings of 8, and geomag-
netic activity are associated with equatorward motion of the
cleft. Other events, however, indicate that at times the niotion
may be contrary to that expected and may depend on other
causes.

The results do suggest that a program of taking ionograms
in high time resolution (spacing, <1 min) would improve our
knowledge of the factors that control the cleft's position, The
cleft has been found to change rapidly, and it may be that the
key to its behavior will be found only when these rapid changes
are better understood.
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Energetic Particle Precipitation into the High
Latitude Ionosphere and the Auroral Electrojets
1. Definition of Electrojet Boundaries Using
Energetic Electron Spectra and Ground-based

Magnetometer Data

by

J. D. Winningham
and
Koji Kawasaki and Gordon Rostoker

Abstract

Data from the University of Alberta
meridian line of magnetometers are utilized
to define the poleward and equatorward
borders of the eastward electrojet in the
evening sector. Soft particle spectrameter
data fram the ISIS-2 polar orbiting satellite
are organized in the framework of the
eastward electrojet for cases where the
satellite orbital path took it close to the
meridian line of grourd-based magnetometer
stations. It is shown that in the late
evening hours the equatorward border of the
eastward electrojet coincides with the
equatorward edge of the central plasma sheet
(cps) as marked by electrons of E > 1 keV.
The boundary plasma sheet (bps) spans the
poleward portion of the eastward electrojet
and a region up to a few degrees poleward of
the eastward electrojet where the westward
electrojet is known to penetrate on average.
A level shift in the Y'~component of the
ground magnetometer data exists across the
porticn of the electrojet region marked by
bps; this level shift is interpreted as net




L A
5 HENAG ARG,

Eck 2 W C X e LA S A

Ay e T
Sl Y S O

o, e P s i -~
SO TAGH htlt efesasparsic

O i tmunatl

L o e

-

A sty 10

-141~

upward field-aligned current flow. In the
hours between noon and dusk the correlation
between the equatorward border of the
eastward electrojet and the equatorward edge
of the cps deteriorates completely and the
magnetic latitude profiles exhibit anomalous
behavior. This problem will be discussed in
paper 2 of this series. On the basis of this
study we conclude that in the evening sector
the cps is threaded by field lines carrying
current flowing into the ionosphere while the
bps is threaded by field lines carrying
current flowing out of the ionosphere. The
electric field transition from the auroral
oval to the polar cap must occur in the heart
of the bps under average conditions.

Energetic Particle Precipitation into the High
Latitude Ionosphere and the auroral Electrojets
2. Eastward Electrojet and Field-Aligned
Current Flow at the Dusk Meridian
Gordon Rostoker, J. D. Winningham, Koji Kawasaki,

J. R. Burrows and T. J. Hughes

Abstract

Soft particle spectrameter and energetic
particle detector data from the ISIS-2 polar
orbiting satellite are organized in the
framework of the eastward electrojet flowing
in the local time range around dusk. The
structure of the ionospheric electrojets is
inferred from ground based magnetic data
using a meridian line of magnetometers
through western Canada. Irregularities in
latitude profiles of the magnetometer data
near the dusk meridian indicate that there is
a double structure within the current flow,
with strong eastward current flow in the
poleward portion of the electrojet.
Precipitating energetic electron fluxes are
found within this region of strong eastward
current flow in the poleward portion of the
electrojet. No significant energetic
electron or proton fluxes are found in the
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equatorward portion of the eastward
electrojet. Using realistic models of the
ionospheric and field aligned currents
flowing in the evening sector, it is
demonstrated that a portion of the eastward
electrojet in the post-noon quadrant flows up
the field lines into the magnetosphere at the
dusk meridian. It is suggested that this
segment of the eastward electrojet exists
because of the presence of a poleward
electric field in the sunlit ionosphere and
that upward field-aligned current flow occurs
at the conductivity discontinuity between the
sunlit and dark ionospheres.
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Oral Presentations at Meetings

Camparison of Backscattered Electrons with a Parallel Electric Field
Model, T. W. Speiser, D, S, Bvans, and J. D. Winningham, presented at
Intemational Symposium on Solar-Terrestrial Physics, Boulder, Colorado,
June, 1976,

Entry of Solar Wind Plasma into the Magnetotail, E., W, Hones, Jr,,

and J. D, Winningham, presented at the Second Magnetospheric

Cleft Conference, St. Jovite, Quebec, October, 1976,

Rocket Measurements of the Dayside Cleft Plasma, J. D. Winningham,
presented at the Second Magnetospheric Cleft Conference, St, Jovite,
Quebec, October, 1976,

Substom Probability as Functions of Interplanetary Magnetic Field

and the Size of the Auroral Oval, Y. Kamide, P, D, Perreault, and
J. D, Winningham, AGU Meeting, Spring 1977,

Field-Aligned Current Flow Near the Dusk Meridian Associated with the
BEastward Auroral Electrojet, K. Kawasaki, J. D, Winningham, J. R. Burrows,
G. Rostoker, and J, Kisabeth, IAGA, Seattle, August, 1977,
Definition of Electrojet Borders and Field-Aligned Currents Using
Energetic Electron Spectra, J. D, Winningham, K. Kawasaki, and G. Rostoker,
IAGA, Seattle, August, 1977,
Empirical Dependence of 6300A Emission Rate on Electron Energy and Energy
#lux in Aurora, G, G, Shepherd, J. D. Winningham, L. E. Bunn, and F. W.
Thirkettle, IAGA, Seattle, August, 1977,
The Relationship of Particle Precipitation to Auroral Foms, J, L. Burch and

J. D. Winningham, IAGA, Seattle, August, 1977,
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Electron Density and Tempe rature Measurements in an Artificial Ionospheric
Hole: Project Lagopedo, J. D. Winningham and N, Eaker, A.G.U. Meeting,
Spring, 1978,

Electron Angular Distributions During an Auroral Break-up, D. M. Klumpar,
W. E, Sharp, and J, D, Winningham, A.G.U. Meeting, Spring, 1978,
Corpuscular Fluxes at Midlatitudes, An Examination of the Stom Period 1
November 1972, Fred A, Morse, J, D, Winningham, and J, R, Burrows, A.G.U,
Meeting, Spring, 1978,

Electrons in the Earth's Magnetosphere, J. D, Winningham, Fifth BEuropean
Geophysical Society Meeting, Strasbourg, France, August, 1978,

Electrons in the Earth's Magnetosphere, J, D. Winningham, AGU Chapman
Conference, Magnetospheric Substoms and Related Plasma Processes, Los Alamos,

New Mexico, October, 1978,
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