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FINAL REPORT ON DOC CONTRACT OSP3-0167

DSS FILE NUMBER Sp2 36100-0328

RESEARCH ON THE CORRELATION OF ALOUETTE-ISIS SATELLITE

DATA WITH GROUND—BASED MAGNETOMETER DATA

INTRODUCTION

Historically, organizations involved in long distance communications
using'électromégnetic waves have had a‘parficular interest in magnetic
storm phenomeﬁa stemming from the fact that the qharacter of the ionosphere
has a direct impact on radio wave propagation. In Canada}lresearch into
the influence of the ionosphere oﬁ radio wave propagation has been
considered an active area of research since a large portion of the
country lies at high magnetic latitudes where iopospheric effects associéted
.with magpetic‘storms are most pronounced. |
More recently, communications using H.F. radio waves have
had‘less attention as the capability and facilities to transfer information
: uéing microwaves, UHF (via geostationary satellites), and hard line has
" been upgraded. ~Accordingly, there is less concern regarding'the pétential
disruption.of communications by ionospheric disturbance. Nonetheless,
problems relating to magﬁetospheric storm and substorm activity are still
of considerable importance in that spagecraft charging aboard geostationary
spacecraft (DeForest, 1972) and induced earth currents in hard line
communications netwofks‘(Anderson et al., 1974) may sfill cause disrupfions
in standard.commercial communications networks. Acgordingly, the Departmenfv
of Communications still maintains an active interest in being able to

relate,the state of the magnetosphere (as controlled by the solar terrestrial




interaction) to the potential for disruption of communications networks.
This interest demands an ability to monitor the level and character of
energy transport and dissipation within the magnetosphere. Monitoring
of this nature has been accomplished using.ground based networks of
instruments and using detectors flown in the topside ionosphere. It is
of considerable impbrtance to be able to relate in situ measurements of
ionospheric and magnetospheric parameters to éignatufes in the various
parameters measureable at the ground. In particular, the Départment
of Communications has operated the ISIS and Alouette series of satellites
and has developed the ability to describe the state of the topside
ionosphere. However, it is important to be able to relate the parameters
of the topside ionosphere to the beﬁaviour of the lower ionosphere when
iargé currents may flow.

| Ground based arrays of magnetometers have the capability
of défining iocalized regions of significant cuprent flow. (> lOSA) in the
lower ionosphere and associated with field-aligned currents. It ié
therefore useful to determine whether or not information recorded in the
topside ionosbhere is capable of defining the region of the ionospheric
auroral electrojets apd whether or not some measure of the strength of
the electrojets can be established using such information. The researéh
carried out under this contract attempts to answer these questions.
Under the terms of the contract, magnetometer data from the University
of Alberta meridian line were acquired, processed, and analysed to
determine regions of electrojet flow in the auforal ioﬁospbere over a

period of some two months from November 1971 through February 1972. Data



~ from the topside sounder .on ISIS II were subsequently anaiysed for passés
where the satellite tfaveréed a geégraphic meridian close to the station
line at times when the magnetdmetef data yielded information about the
character of the electrojets. The character'of the topside ionoéphere
above the regions of electrojet flow were then investigated. This reporf

deals with the results of this correlative study.

THE AURORAL ELECTROJETS

It is now well known that the ﬁagnetic field configuration of
the earth is distorted by the flow of the solar wind eminating from the
éun, and that this solar-terrestrial interaction causes the formation of
a group of fleld lines distended in the anti-sunward direction in the lee
Aof the earth (termed the mégnetotail). In this way energy extracted from
fheAsolar wind as it flows past the earth is stored in the neér eafth
enviponment (Figure 1). The energy is stored in the magnetotail as the
kinetic energy of plasma sheet partiéles.and in magnetic lines of force.
This énergy is eventually dissipated in the high latitude ionosphere and
predominantly in the regions of the auroral electrojets. Hence the aﬁility
to monitor the character.of the auroral electrojets is tantamount to the
ébility to monitor the éolar terrestrial interaction.

-.Energy is transférred.from one place to another within‘fhe

magnetétail through thebpfocess of convection at velocities defined by the |

cross product of the electric.and magnetic fields, viz

ExB - —

.V o=

B2




Figure 1

Schematic diagram (not to‘scale) showing regions of
importance in the high latitude ionesphere andvthe
regions in: the magnetosphere and magnetotail to which
they map. The northern hemisphere of the magnetosphere

is shown with the situation being symmetric in the

lower hemisphere.
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The electric field which is associated with convective motion in the

. mégnetbtail is thought to be the same electric field which drives the

auroral electrojets. The distribution of key parameters utilized in this
study is shqwn in Figgre 2. 1In particulér, we see that the ionoépheric
signature of magnefospheric convection is an eastward electrojet in the
evening sector and a westward electrojet in the morning sector. The
latitudinal extent‘of these électrojets is generally 5 - 10° éentered

at a geomagnetic latitude of approximately 70°.  The electhojets

are penetrated by field aligned current flow (Zmuda and Armstrong, 1974)
which is also detected far out in the mégnetotail (Sugiura, 1974; Rostoker
and Bostrom, 1975). The electric field that drives fhe Pedersen currents
in the ionosphere which connect the upward and downward flowing‘currents,
also drives Hall currents which are in fact the ;lectrojets. It is the
magnetic effect of these (Hall) electrojets which is detected at the
earth's éurface by the University of Alberta magnetometers.

The high conductivity channels which are the sites of the auroral

electrojets are created by intense fluxes of precipitating electrons in

‘the keV energy range. The higher is the energy of the precipitating

electrons, the further into the ionosphere they penetrate. Thus it is

the relatively low energy electrons which should have the major influence
on the topside ionosphere. While it is well known that regions of the
ionosphere below the peak of the F-layer exhibit mafkedly enhanced number
densities of thermal plasma across the auroral electrojets, the situation
in the topside ionosphere is less well defined. The topside sounder aboard

the ISIS-II satellite is capable of yielding information -about thermal




Figure 2

Polar plot showing the configuration of key parameters

in the region of the high latitude ionosphere, Note

that the field aligned currents flow away from the earth

in the poleward portion of thg eveﬁing sector eastward
electrojet (iH) and towaras the earth in the pol?yafd
pdbtion of the morning sector westward electrojet.

The electric field transition at the poleward boundary
of each‘Of the electrojets marks the boundary between
the polar cap (anti-sunward convection) zone and the

auroral oval (sunward convection) zone.







plasma densities in the topside ionosphere, and we shall be particularly
interested in the character of the thermal plasma at the satellite altitude

of 1400 Km and whether -or not the thermal plasma can be used to define

the boundaries and strength of the auroral electrojets (and hence the

level of the solar-terrestrial interaction).

DATA ACQUISITION AND PROCESSING

The University of Alberta magnetometers were arrayéd along.a
common geomagnetic meridian ( ~ 300°E) across the geomagnetic latitude
range 60.6 < A < 89.OON. The coordinates of the observatories are. given
In Table 1. The data were recorded in digital form on seven track magnetic
tape at each site. The details of the magnetometer system appears in
bRostoker et al. (1972). The sample rate for the:digital system was one

data point per component every two seconds, the three components being

the'perfurbation magnetic field in the local magnetic coordinate system
(H (positive northward), D (positive eastward), 2 (poéitivg downward)).
'Apprpximately 45 days of data were recorded on each tape.. Each tape was
subsequeﬁtly uﬁpacked ontorﬁnetrack tape using an IBM 366/67, and the
data were‘timed using a WWVB signal which was recorded ét regular intervals
on each original défa tape. All data points are timed within an accuracy
of 0.1 sec. |
The ISIS II satellite was launched into a nearly circular polar
orbit at an altitude of 1400 Km on April 1, 1971. It carried on beoard
aAnumber of scéientific e#ﬁeriments. Those experiments which will be\
referred to during the course of this report are‘the topside sounder (TS),
the energetic particle detector (EPD), the soft particle spectrometer (SPS)

and the noise detector (AGC). We shall study, in detail, the behaviour




" Table 1

13

Coordinates and LAValues of Magnetometer Line Sites

Geographic

Site Code Name Geomagnetic L
Latitude (°N) Longitude (°E) Latitude (°N) Longitude (°e) - Rp
Resolute Bay RESO 74.7 265.1 83.0 ' 289.6 71.4
Cambridge Bay  CAMB 69.1 255.0 76.8 296.6 19.5
Contwoyto Lake CONT 65.5 249.7 72.6 - 295.8 11.3
Fort Reliance  RELI 62.7 251.0 70.3 300.1 8.9
Fort Smith SHMIT 60.0 248.0 67.3 300.0 6.8
Fort Chipewyan FTCH 58.8 248.0 66.3 303.1 6.2
Fort McMurray MCMU 56.7 2u48.8 64.2 303.5 5.4
Meanook MENK 54.6 2467 61.9 300.8 4.5
Leduc " LEDU 53.3 246.5 60.6 302.9 4.2
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of the topside ionosphere using the TS although we shail.utilize data
from the other experiments iisted above when it is ﬁseful to do so.
The topside sounder on board ISIS II uses a swept frequency signal in
the frequency band 0.1 < f < 10 MHz to probe the ionosphere around and
below the éatellite. By studying the character of the refleéted signal it
is'possiﬁle to probe the ionospheric thermal plasma denéity down to the
top of the F2 layeﬁ (nominally ~ 350 Km altitude). The data afe recoraed
in the Ilonogram format (see Figure 3) in which it is poséiblé'to scale
tﬁewX-wave trace and the plasma frequency spike so as to determine the
thermallziasma densities at altitudes below the satel;ite énd at the
satellite altitﬁde respectively. We shall be particularly concerned
with the number density at 1400 Km, which.ﬁay Be obtained from the‘blasma
frquency fN by ‘

. N _3)2 Cm—3
8.98 % 10
where fN is in Hz.

As well as looking at n, at satellite altitude, the X-wave

trace of the ionograms was scaled to yield values of n, at heights

ranging from the satellite altitude to the peak of the F2 layer. These

data were wed to check that thermal plasma enhancements observed at
satellite altitude did, in fact, map down at least to the peak of the

F2 layer.




Figure 3 Sample iorogram of the type processed in this study, and
schematic indicating important frequency bands and spikes.
Por-the purposes of our project, the important parameters

are N (the plasma frequency) and X (the X-wave trace).
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FORMAT OF PRESENTATION OF THE DATA FOR THE CORRELATIVE STUDY '

During the course of this study, we shall investigate the
variation of thermal plasma density at 1400 Km across the regions of
the auroral electrojets. To establish the latitudinal Boundaries of
the eleqtrojet;, we‘first put the magnetometer data in the latitude profile
format (see Rbstoker, 1972)., Here the amplitudes of each of the three
magnefic perturbation components (AH', AD', AZ) are plotted'aé a function
of the geomagnetic latitude of the sité of observation for a given»
insfant of time. Here the prime indicates that the components (H', D')
are ‘in the geomagnetic coordinate system. The latitude profiles are
interpreted using fechniques developed by Kisabeth (1972); A typical
profile associated with a threé dimensional current system whose

'

ionospheric segment is a westward electrojet is shown in Figure H4a.

Here the profile is taken at a longitude 60° to the west of the meridian

which bisects the westward electrojet. In this example the ionospheric
current of 106A is distributed uniformly across the electrojet. 'Fof
the purposes of this study, the borders of the ‘electrojets are marked
by extrema in AZ. .In Figure 4b we show a profilevwhefe the current

density has a normal distribution across the electrojet. Here each

border of the electrojet lies approximately midway between the extremﬁm
.\\\\\~—iﬂ’AZ and the H-component crossovér AH = 0. Since, with our array of

magnetometers, we are unable to determine whetﬁer we have current

distributions typical of Figurc ba or Figufe Uy, we define our electrojet
P borderé as'one degree poleward/equatorward of our esfimated peak in the

positive/negative AZ. We estimate that we can determine the equatorward

C




) Figure 4a Latitude profile of the computed magnetic perturbatibn
pattern along a meridian cutting a westward electrojet
carrying 1.0 MA disfributed uniformly across the current
carrying-region. The electrojet is coupled to the |
magnetosphere by field aligned current flow at i?g
eastward and westward extrema. Note that the peaks in
AZ mark the poleward and equatorward borders of the_

region of electrojet flow.

Figure 4b Latitude profile of the computed magnetic perturbation
pattern along a meridian cu*ting a westward electrojet
which is part of a current loop -similar to that of
Figure 4a except that the current has a normal distribution
aéross the electrojet. Note that the peaks in AZ lie

~1° inside the Porders of the electrojet flow.
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borders of the electrojets to within +1° and the poleward borderé to
within tl.59'(the larger ?ossible error for the poleward border estimate
- stems from the sparser station coverage at higher létitudes).

While, in most cases, the satellite passes across a singie
electrojet, on occasion in the evening sector it passes across the normal
eastward electrojet‘and.poleward of that region it crosses a substorm-
aésociated westward electrojet. This configuration of electrojets has.
been studied in detail by Rostoker andeisabeth (1973) and Rostoker et al.
© (1975) using the modelling techniques developed by Kisabeth (1972).

In keeping with the format of the magnetomefer data, we shall
plot the thermal plasma densifies as a function of the invariant latitude
pf the point where tﬁe field line on which the satellite sits penetrates
the ionosphere. (This inVariént latitude is, fo; our degree of accuracy,
equivalent to the geomagnetic latitude (see Table 1l).) We shall also
shbw data from the EPD and SPS in this format, while the noise will

be interpreted directly from its format on the ionograms.

RESULTS OF THE ANALYSIS

In thié study we have correlated the latitudinal variation of
fhé,thermal plasma density at 1400 Km with the latitudinal variation of
the horizoptal.ionospheric current density across the aurqral zone. We
have used a sample of 43 passes where the satellite traversed a.
geographic meridian less than one fime zone separated from fhe magnetometer
iine (which lieé along ~111% geographic). Most of the passés are dﬁ;ing
the evening hours since the‘satellite crossed the.evening‘sector auroral

zone when it was passing close to the station line during most of the
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‘from the automatic gain control (AGC) aboard the ISIS II satellite.

period dﬁring which magnetometer data were taken. The times of the
passes treated in this study are shown in Table 2; Of the passes treated
21 occurred across the evening sector eastward electrojet, 8 occurred
across the morning sector westward electrojet, 2 traversed the region
between the two aforementioned electrojets (the Harang discoﬁtinuity)
while 5 involved crossings of the cleft. In 2 cases no elgctrqjet was
identifiable. In addition there were 5 cases when the satellite travefsed
bofh an eastward electrojet and a westward electrojet to the north
(cpnsistent with evening sector substorm conditions).

in each case the latitudes of poleward and equatorward borders
of the eiectrojets were.estimated on the basis of the extrema in the
Z—éomponent; The maximum H-component perturbation across the electrojet
regime was estimated in order to achieve a rougﬁ measuré of the strength
of the current flow in the electrojet. .The latitudes of the poleward
and equatqrward borders of the electrojets and the mégnitﬁde of AHmax
are shown in Table 3. In this table E signifies eastward electrojet flow,
W westward eléctrojet flow, H the region near midnight between the two
electrojets, E/W a configuration involving an eastwardvelectrojet to the
south and a westward electrojet to the north, and W/W a configuration
of a westward eiectrojet with an intense ﬁoleward border.

'in the Appendix, we show copies of all latitude profiles and

all thermal plasma density profiles used in this study. On.some of the

thermal plasma density profiles, we shall also show noise data obtained




Table 2

Times and Geographic Longitudes of ISIS-II Passes Used in this Study

UT of Most Geographic Longitude - Level of Magnetic

Year . Day Poleward Point of Pass (°W) Activity (Kp)
1971 308 . 0833 99 , 1+
" 318 - 0913 : . 119 : 0o
" 343 0607 99 ’ lo
" 344 0641 o111 : 0o
“ 346 0602 - 103 _ 1-
" 349 -~ 0602 109’ 1-
350 . 0639 : 118 0o
" 351 0528 . 99 5+
" 352 0608 110 3+
" 354 0524 103 : 0o
" 355 0601 113 ' lo
" 360 0522 119 b=
1972 002 0407 97 ' 2-
" 003 0444 108 lo
" 004 0516 120 30
7 " 005 0406 102 20
006 0443 112 20
" 010 0328 ' 101 - lo
" 011 ‘0405 - 108 4—
" 012 0250 ' 91 3-
" 013 0327 : 103 11—
" 013 - 0519 130 ' 1-
" _ 015 0252 93 1+
017 " 0403 115 , - 4o
" 019 0326 : 109 . 3-
" 020 0403 118 - 3-
" 025 0309 115 b
" 026 0357 , 125 L 4=
"7 030 0247 ' 110 3+
" 032 1508 111 2+
"o 037 0130 99 lo
" 038 0207 109 20
" 039 - 0244 120 3-

" E ' 039 1554 ’ 127 . . 1-




Year

1972
BT

i

"

Day

040
040
041
045
048
052
053
054
058

UT of Most
Poleward Point

Table 2 (Cont'd) .

Geographic Longitude
of Pass (°W)

" Level of Magnetic

0129
1438
0206
1359
. 1357
0123
1319
0048
1240

103
110
112
106
110.
116
106
108
102

Activity (Kp)

lo
0_*_
30
lo
4+
2+
lo
1+
lo



Day

71/308
71/318
71/343
71/344
71/346
71/349
71/350

71/351
71/352
71/354
71/355
71/360

72/002
72/003
72/004
72/005
72/006
724010
72/011
72/012
72/013
72/013
72/015
72/017
72/019
72/020
72/025
- 72/026

UT

0833
0913
0607

© 0641
0602

0602
0639

0528
0608
0524
0601

0522

© 0407

0444
0516
0406
0443
0328
0405

0250 -

0327

0519
0252
10403

0326
0403

0319
0357

Table 3

Locations of Poleward and Equatorward Borders and Maximum AH
For Electrojets Identified Using the Magnetometer Line Data

EB -

|AH max|

Comments

Jet PB
Cy) N nT
N/A - - - No electrojet
N/A - - - No electrojet
H . - - - Harang discontinuity
. H - - - Harang discontinuity
E 69 . 63 35 Near Harang
E 72 63 20
E/WE 70 64 15
v 75 70 28
E/WE 71 ? >100
W 76 71 ~360
E/WE 70 64 >20
W 75 70 55
E/WE 69 66 25 Possible Harang
W 75 69 ?
E/WE 70 65 25 Possible Harang
W 75 70 30
W/WW 69 63 200 Substorm
W 75 69 200 Contamination
E 77 66 25
E 75 66 30
E 74 66 60
E 76 67 25
E 72 66 . 15
“E 75 66 85
E 74 64 150
E 73 .65 75
E 75 64 40 Structure? .
E 75 66 50 '
E 73 65 65
E 68 61 150 o
E 73 63 25 - Net field-aligned current flow
E 71 65 50
E 71 63 75
E 73 64 75

Polar cap effects!

S SR PNPESE



Table 3 (Cont'd) -

Daj uT Jet PB EB |AH max] Comments

e . ¢cny N nT

- 72/030 0247 E 74 66 70
. 72/032 1508 W 75° 68 . 125
72/037 0130 E ~79 ~71 20 © Cusp
72/038 0207 E 78 . 66 60 :
72/039 - 0244 E 68 63 125
72/039 - 1554 W 79 68 65 Eastward jet to south
72/040 0129 E 79 68 - 25 - Cusp
72/040 1438 W 73 65 15
72/041 0206 E 75 66 110 Cusp
72/045 1359 - W 76 68 20
72/048 1357 14 70 62 330
72/052 0123 E 75 65 .50 Cusp
72/053 1319 1 75 67 - 90

72/054 0048 E 77 65 30 Cusp
72/058 ~ 1240 . W 70 66 110
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PRESENTATION OF THE RESULTS

The correlation of the ISIS II thermal plasma measurements with

,the‘University of Alberta magnetometer line data hasIYieldéd,the following

two major conclusions:

(1) The poleward borders of the auroral electrojets are marked by

distinct peaks in the thermal plasma density.

(2) In cases where net upward or downward field-aligned current

flbw is identified along a meridian across the electrojet,

the peak in thermal plasma density across the electrojet generally

contains the region of net field—alignéd current flow.

Based on the available data which were analysed two secondary conclusi&ns

have been reached. ‘

(1) The thermal plasma peak at the poleward border of the electrojet
is normally associated with markediy enhanced noise in the |
whistler range. This association is particularly marked near
the poléWard edge of the thérmal plasma peak.

(2) The peak in thermal plasma associated with the poleward border

of the electrojet occurs in a region.of soft electron

‘precipitafion, viz. 0.1 < E < 1 keV.

In the following section we shall present individual cases

demonstrating the validity of the generai conclusions stated above. In.

addition we shall present summaries of the entire data suite which will

- demonstrate the validity of the two main conclusions stated above.

Finally, in the Discussion section, we shall comment on the significance

of our conclusions.
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Case.1 Eastward Electrojet in the Lvening Sector

Day 10, .1972 0328 UT

In fhis example the satellite was on a north-to-south pass along
geographic meridian 101°w, approximately 10° eaét of the magnefometer.line.
The létitude prqfile, and the thermal.plasma density and noisé profiles
synthesizéd from the ISIS II ionograms are shown in Figure 5.

It can be seen that the ISIS II satellite passed over an

 eastward electrojet flowing in the latitude range 66° <A< 75°N and having

a net integrated durrent flow of ~0.1 - 0.2 MA. The fact that AD'follows
AH'écross the'equatorward portion of the electrojet suggesté that the
cUrfent flow inclined slightly from due geomagnetic east, flowing from
west north west to east south east. Tﬁe separation of fhe_peak in -AZ and

1 .
the AH' =0 crossover suggests that the poleward border of the electrojet

is Aot sharp, with the current density tapering off as one approaches the
poleward border from the south.

It is clear that the poleward border of the electrojet is marked
by a sharp_spike‘in thermal plasma density at satellite altitude confined
in the latitude range 7lo’< A <.74.50N. Thus the peak in thermal plasma
dénsity marks only the poleward half of the eastward electrojet. It
should be noted that the thermal plasma density increases slowly (but
consiStentlj) from ~77°N to ~7u.5°N. It is quite possible that there
is eastward current flow in this latitude although it would be quite w¢qk'
and thus not eésil§ detectgd by ground-based magnetometers. In 'facr,

measurements by the ASP indicate that the poleward border of the diffuse

-aurora lay at ~78°N (Wallis et al., 1975) indicating enhanced conductivity

up to that latitude.




Figure. 5

Latitude profiles of the magnetic perturbation along the
Alberta magnetometér linehand fhelthermal piasma gensify
measured along a meridian ~10° to the eaut of th;.Alberté
lihe.v Note the marked peak in thermal plasma density at
ISIS altitude (1400 Km) near the poleward border of the
eastward e}ec?rujet. See Figure A18 in the Appendix for

information regarding whistler noise and auroral luminosity.
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Finally we note that the noise level.increaées sharply from
~77.5°N to ~76.5°N reaching peak lévels which' are maintained down to
' ~74;5?N,(or the edge of the steep gradient in thermal plasma density).
. Note that the noise peak»is reached just before fhe thermal ﬁlasma'
density starts to rise. The noise level even decreases as the plésma
densitylincreasés towards the peak value. Aside from a sharp isolated
peak in noise at the equatorward border of the thermal‘plasma'density
peak, tHe noise level drops off and is cerfainiy rather sméll across
tﬂe equatorward portion of the eastward elecfrojet. It is also interesting
to néte that the sharp enhancements in o, poleward of 81°N are not
4associated with enhanced noise levels. From this event, we may conclude
that we may havé noise but little thermal plasma, thermal plasma but
vlittle noise and finally therﬁal plasma with noi;e. We claim that‘the

‘latter ondition is a consistent feature at the poleward borders of the

auroral electrojets.

Case 2 Westward Electroﬁet in the Morning Sector

Day 58, 1972 1240 UT

| In this‘casg, the satellite was on a south—t§—north pasé along
géographic meridiaﬁ lOpr; approximately 9° east of fhé magnetometér
line. Thg latitude profile, and the thermal plasma density and‘noise
profiles synthesized froﬁ the- ISIS II ionograms are shéwn in Figure'S.

| It can be.seen thét the ISIS II satellite passed over a westﬁard

electrojet fiowing.in.the'latitude‘range-660 <A< 70°N aﬁd having a
net integrated current flow of ~0.1 MA. Again we see thét tﬁe poieward

border of the electrojet is marked by a sharp spike in thermal plasma




Figure 6 Latitude profiles of the magnetic perturbation along
the Alberta magnetometer iine.and the thermal plagma
dehsity measured along a meridian ~9°‘to the easélof the
Albefta line. Note the pronounced peak in thermal
plasma density at 1400 Km in the poleward portion 6f

the westward electrojet. See Figure A43 in the

Appendix for information regarding whistler noise.
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density confined in the latitude range 66.50-§ A< 70°N. Althdugh there

appears to be enhanced thermal plasma density across the entire elecfrojet,

-the sharp peak occurs in the poleward half of the electrojet (as in Case 1).

While the noise level is rather low for this event, there is
clearly a peak at the poleward border of the electrojet, with the maximum

value again lying at the poleward edge of the region of sharp gradient

~in n,. In this example there is also a significant noise level in the

‘polar cap, which may well be associated with the region of enhanced thermal

plasma density found in that region.

Finally we note the positive gradieht in Aﬁ on the lafitude
profile in the latitude range 67 < A < 76°N. The work of Hughes and
Rostoker (1575) suggests that this is a region of net downward curfent
flow, and thus there may be net current flow into the ionosphere across
the entire electrojet and as much as 5° poleward of the electrojet border
in this éxample. [Again we wish to emphasize that our eleCtrojét borders

mark the boundaries .of the major portion of the ionospheric current

 flow. However, it is quite possible that very weak ilonospheric current

flow . may occur outside our boundaries under conditions of low conductivity

and/or low electric field.]

Case 3 The Polar Cleft in the Post-Noon Sector

Day 52, 1972 0123 UT

-In this case the satellite was on a north-to-south pass along

geographic meridian llSOW, approximately 4° west of the magnetometer line.
The latitude‘profile, and the thermal plasma density and noise profiles

synthesized from the ISIS II ionograms are shown in Figure 7.




Figure 7

Latitude profiles at the magnetic perturbation along

the Alberta magi.ctometer line and the thermal plasma

~deasity measured along meridian ~5° to the west of

the Allerta line. Note the sharp rise in thermal
plasma density at the poleward border of the region

of eastward ionospheric current flow. This rise marks

the position of the equatorward boundary of the polar

cleft. See Figure A40 in the Appendix for information

regarding “l vhistler noise.
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It can be seen that the satellite passed over a broad region
of eastward current flow in the lafitude range 65 < A §V750N and having
a net‘integrated current flow of ~0.1 MA. The lack of structure in AD
.across the electrojet suggests that there'is no net field aligned curren'
flow across this fegion of latitudinally confined eastward current flow.

The‘therhal plasma profile differs substantially from those
seen in association with eastward electréjets in the evening éector. We
suggest that this profile is associated with the polar cleft. If this is
}he case, the poleward border of the region of eastward current flow must
- mark fhevequatofwardvborder o the cleft. This demarcafiqn line separates
thé region of anti—sunwara convection on the poleward'side from the region
‘of 'sunward (réturn) convection on the equatorward sidé. The thermal
plésma_signature of this important boundary‘is tLen a sharp rise in_ne
to some,peak value which is maintained across the cleft.

We note thaf the hoise rises abruptly as one approaches‘the.
region of therma’ plasma‘enhancement, The start of noise enhancement is
observed juét equatorward of the start of the rise in thermal plasma

density at 1400 Km. Such enhancements in whistler noise associated with

the polar cleft have been studied in detail by Hartz (1972) and James (1973).

Case 4 Eastward Electrojet in the Evening Sector

Day 11, 1972 0405 UT

In order to tie together as many physical paraneters as possible
. relating to the,physics of the poleward border of the auroral elecfrojet,

- we present this case of an eveﬁing sector eastward électrojef where the
data were Supplemented by energetic electron data and information regérding

the distribution of auroral luminosity across the oval.
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The satellite traversed the geographic meridian 102°W on a
Vnorth-to-squth pass, taking it appfoximately within 9° of the magnetometer
line. The magnetié local time of the pass ranged from 1900 - 2000 UT
as thg satellite crossed the auroral oval. The latitﬁde profile and the
thermal plasma density and noise profiles synthesiéed from the ionbgraﬁs
are shown in Figure 8. From the latitude profile of thé maghetometer _

data it was inferred that the eastward electrojet which flowed across

- the meridian traversed by the satellite was confined in the latitude

range 649 < A< 74°N. The large separafion (~4°) between the peak_in

-AZ and the AH.= 0 crossover suggests that the current density tapers off
approaching the-poleward border of the electrojet’from the south. The

fact that AD follows AH across the equatorward pprtion of the electrojet
suggests that_the currént channel is inclined with résPect to the geomagnetic

meridian such that the flow is from north west to south east. The large

‘negative shift in AD across the poleward border of the electrojet suggests

a net upward current flOW in the polewérd portion of the electrojet.

The main peak in the thermél plasma density is confiﬁed within tﬁe latitude
range 71° < A < 77°N. It is interestiﬁg-to note that the peak in thérmal
plasma density coincides’exaéfly with the predicted poleward border of

the eastward eléctrojet, however there are significantly enhanced thermal

: A . . o] o .
plasma densities in the latitude range 74~ < A < 77  across which no

significant electrojet flow is predicted. It is further interesting to

. note the existence of a marked thermal plasma peak in the latitude range

o : ‘ 4
81° < A < 8 N which does not appear to be associated with any localized

electrojet flow.




Figure 8

Latitude profiles of the magnetic perturbation along the

Alberta magnetometer line and the thermal plasma density

measured along ameridian ~3° to the east of the Alberta

line. UMNote the peak in thermal plasma density at the
polewafd border of the eastward electrojet, and the
addition thermal plasma peak in the polar cap. See
Figure Al9 in the Appendix for information regarding

whistler noise and auroral luminosity.
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Consistent with the previous cases, we find that the polar cap

peak in thermal plasma density has a weak level of noise associated with

it, while the.pealk in,ne.associated with the poleward border of the -

electrojet has intense noise associated with it. However, we note that

. ‘ . . ‘ . ' o
the noise level attains peak strength in the latitude range 74° < A < 76
where little electrojet current is predicted. Thus we have in this case

a situation where the noise does not correlate well with the predicted

. border of the eastward electrojet.

We may gain further insight into this event, by studying the
behaviour of the energetic particles measured by the EPD and SPS. These

data are shown in Figures Sa and 9b respectively. The EPD data show a

rather soft spectrum for electrons near the poleward border of the electrojet,

3

with the spectrum getting progressively harder as one approaches fhe
equatorward‘border of the electrojet. There are strong fluxes of electrons
in the energ& range 0.15 < E < 6.0 keV in the latitude range 74 < A < 77°N
where the enhanced thermal plasma density and enhanced noise are obseprved.
The pitch angle distributién of the electrons is very anisdtropic in this
latitude range. There is a noticeable dropout in fluxes near 7u°N éuggesting
that there is a cléaf dividing line betweeﬁ the regions 74 < A < 77°N
and A < 740N,‘wﬁere the energetic electron fluxes appear to be considerably
moré isotropic. |

A similar characteristic behaviour is noted iﬁ.the lower energy
eléctron fluxes recorded by the SPS (Figure 9b). Most noticeable are the
intense bursts of energetic (0.10 < E < 1.0 keV)velectrons poleward of
~7OON; These intcnse soft electron fluxes lie in the latitude range of

the thermal plasma peak and the large part of the net upward field-aligned




Figure %a

Energetic electron fluxes ahd the average energy of the
electrons measured by the EPD aboard the ISIS II

(courtesy Dr. J.R. Burrows) over the interval 0407-1417 UT

on January 11, 1972, The fluxes are plotted as a function

of invariaﬁt latitude and magnetic local timé (MLT). The
Baselines of the various Channéls are indicated by B. The
eqLatérward border of the electron fluxes in the élo - 6.0 keV
range lies at theapreéicted equatorward border o% the eést4

ward électrojet. Note the progressively softening energy-

\

spectrum poleward o ~71°N. Also note the intense soft

electron fluxes and then anisotropic character in the
latitude range 74 < A < 77°N. The dropout of energetic
electrons {particularly visible in the 6.0 keV electrons)

separates the two regions 74 < A < 77°N where little

electrojet current is discernable and A < 74°N where the

bulk of the electrojet current flows.

A
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Figure 9b

Spectrogram of the SPS electron fluxes measured over the
interval 0408 - G416 UT on January 22, 1972. Also shown
is the number flux and energy flux of the electrons and
o

an indication of their pitch'angle distribution (for ep =0

the detector points up the field line). Note the:intense -

. fluxes of electrons in the energy range 300 < E < 1000 eV

poleward of ”7l°N, and the dropout‘in electron energy

(and fluxes) just poleward of ~74°N. Note that the soft

electron fluxes, noise, and thermal'plasma peak are

confined within the same latitudinal regime.
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current flow region. Where the intense soft electron fluxés are not
present (in the region of the electquet equatorward of ~70°N), the noise
level is low and net field-aligned current flow is absent. We will
commenf‘on-the significance df this relationship later in this section.
This pass is somewhat unﬁsual in that the tﬁermal'plasma peak extends
~3O'p;leward of the position o the eéstward_electrojet boundary. Tﬁe_
presence < the fhermal plasma is_undersfandable‘since thefe afe cleariy
intense fluxes of energetic electrons across this 3° interval as well

;s enhanced auroral luminosity (Wallis et al., l975).. However; this
would imply that the conductivity must be rather highlin fhia latitudihai
range.. Thus the poleward electric field must be small in the latitude
range L < A< 77N, We may therefore conclude that for conditions 6f

. - i
weak electric field near the poleward border of the auroral oval, the

‘most poleward edge of the thermal plasma peak may appear to lie poleward

of the identified electrojet border. This lack of coincidence stems purely

from the inability of the magnetometers to detect regions of weak
ionospheric electrojet flow adjacent to regions of strong'electrojét flow.

Here we may say that the thermal plasma peak is a better indicator of

the undary between the polar éap and electrojet regime than is the ground

based magnetometer data.

We continue this section by presenting a more statistical

evaluation of the relationship between the thermal plasma density at 1400 km

and. the position of the poleward border of the auroral electrojet as

inflerred from the ground based magnetometer data. In this mode of presentation,

we normalized the plasma density to the maximum value measured during

-each pass. Values of [ng/n py.] were computed at the inferred position
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of the poleward border of.thé electrojet and at positions 1° - u° poleward

of and equatorward pf the’poleward.border. The "éuperposed epoch" technique
was then employed fhrough addition of the values of [ng/ngpax} for all
events a each of the nine positions at and on either side of the poleward
Bofder of the electrojet. Events omitted in this procedure were those

associated with the Harang discontinuity (8), those associated with the

cusp (5), and those where m electrojet was present (2). In addition

for some events (5 in all).large.peaksvin the polar cap sometimes dwarfed
the maximum values of ng attained across the electrojet‘region. Values
of [ne/nemax]polewérd of the mleward border of the électrojef were not )
used in the calculations in&olving the "superposed epoch" technique. .

The results of the anélysis are shown in Figure 10. There is a clear

peak “here placed at. 1° equatorward of the poleward border of the electrojet.

In breaking down the sample used in this study, it was interesting to
note that there was a pronounced difference in the positioning of the

relative to the poleward border of the electrojet

steep gradient in ng

for eastward and westward electrojets. In particular the plasma density

was always low at the identified position of the poleward border of the

westward electrojet, and started to rise rapidly in the degree interval

~ equatorward of that poleward border. On the other hand, for the eastward

electrojet either the peak in n, lay at the poleward border of the

electrojet or, at least, the value of n, was already high at that poleward

border. However, in the light of the potential error in'identifyihg-
the poleward border o the electrojet using the data available for this
study, we would claim that the poleward border of the electrojet éoincides‘

with the peak in thermal plasma density to within one degree of latitude.




Figure 10

Relationship of “he peak value in thermal plasma density
at 1400 Km acros: the elegtrojet region to the position

of the poleward border of the electrojet. Positions

northward of the poleward border arc given in + degrees

while positions equatorward of the poleward border are
given in - degrees. The graph is constructed using the"

"superposed epoch' technique (see text).
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‘flow have been noted in polar orbiter data by Zmuda (private communication)

and Sugiura (1974) and the magnetic perturbation pattern described above

- 19 -

Only the study of a much larger data suite‘wiil permit one to decide
whether the fact that the peak in Figure 10 lies one degree equatorward
of our estimated position of the poleward boraer of thé electrojet is
éignificént.. (We should point out here that our estimated position of
the poleward border involved the assumption that the current density in

fhe electrojet tapers off toward the poleward border. Under this

assumption we placed the poleward border one degree poleward of the

peak in AZ. 1If the current density is relatively constant across
the electrojet and drops sharply at the poleward border, we would have -

placed the poleward border of the electrojet at the latitude of the

-peak in AZ. Then the peak in ng shown in Figure 10 would have coincidedv‘

pfecisely with the estimated positioh of the poleward border of the
N . ]
electrojet. Accordingly we do not believe it is feasible to assign a

physical significance to the displacement of the peak in ng from the

poleward border of the electrojet seen in Figure 10).

We conclude this section by studying the ground based magnetometer
data with a view to identifying regions of net field aligned current
flow penetrating the electrojet region. Hughes and Rostoker (1975) have

suggestéd that sheets of net current flow in the auroral oval would

cause the magﬁetic D-component latitude profile to experience a step

across the region of net current flow. The step would be positive
going (moving from south to north) across a sheet of downward flowing
current and negative going (moving from south to north) across a sheet

of ‘upward flowing current. Such regions of net field-aligned current

Ry

ey
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‘has been identified‘<n the latitude profiles used in this sfudy. In
Figure 11 we.shéw'absynopsis of information synthesized from the ground-
based ‘magnetomefer and ISIS II ionogram data in cases where this field-
aligned current flow is,cleérly identifiable from the stepflike signature
in AD across the auroral oval region. In this figure we show for each
event (;isted on the left hand side of thé figure) the latitudinal extent
of the electrdjet‘regime, the latitudinal extent of the Egz'cufrent fléw
?egime as inferred from the D—c&mponent‘profiles (with the magnitude of
the.sfep |AD| shown on the left hand side of the figure) and the boundaries
of fhe thermal plasma peak associated with each eléctfojet. it should

be noted- that the gaps in the ground-based magnetometer line make it

possible only to define the upper limit of the latitudinal extent of the

4

- region of net field-aligned.current flow. That is the step may well take

place over a more confined latitudinal extent, but this would be impossible
to prove using the existing data suite.. Despite this limitation, it is
clear that in the large majority of the events the net current flow is in

the poleward portion of the electrojet associated with steady state

‘convection in the magnetosphere. Furthermore, within the errors of

identification of boundaries, the thermal plasma peak and the region of

net field aligned current flow are coincident. This would imply that the’

intense soft electron fluxes responsible for the creation of the thermal

plasma peaks may also be the current carriers associated with net field-

aligned current flow into and out of the auroral oval. Of course, -since

some of the current carried in the closed three-dimensional sheet configuration

(Bostrom, 1964; Zmuda and Armstrong, 1974) may also be carried by soft
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Figure 11

Composite plot showing latitudinal extent o the electrojet
regime (open rectangles iqdicating eastward.current and
hatched rectangles indicating weétward current), the region
ofwnet field aligned current flow as inferred from the AD
prpfile (solid bar), and the region of enhanced thermal
plasma density (the boundaries of which are marked by

solid triangles). Note the tendency for the thermal plasma
peaks to delimit the region of net field-aligned current

flow. Only cases of clearly defined net-current flow

were used for this presentation.




YR DAY UT | . 1aDI

. nT
71 346 0602 30
71 352 0608 40
72 004 0516 40
72 005 0406 30
72 006 0443 25
72 010 0328 15
72 011 0405 60
72 012 0250 15
72 013 0327] 20
72 013 0519 20
72 015 0252 25
72 017 0403 45
72 019 0326 18
72 020 0403 30
72 025 0319 30
72 039 0244 | 40
72 039 1554 25
72 041 0206 40
72 058 1240 30
55 65 75 85
~ INVARIANT LATITUDE (degrees)




electrons, we may also expect to see the regions of enhanced thermal

plaéma density extend to lower latitudes‘than'fhe net-field—aligned

cuﬁrent flow on sémé.occasions. However, the data shown in Figure 11
ciearly_shqw the tendency for the net field-aligned current‘flow to be
confined.to the polewardvportion of the electrojet regions in the

‘majority of cases.

Discussion

; We have shown in the.previous section, that only the poleward
portion of the auroral electrojet is marked by enhanced thermal plasma
"densities at lHOO'km. The absence of enhanced n, at 1400 km above the
equatorward portion of the auroral electrojet is very‘significant{ in’

that it is consistent with the suggestion by Whitteker (1975) that the
thermal plasma originates near the P-region‘peak and expands upward due

to pressure effects. We point out that it is known that the energy

spectrum of ;ﬂasma sheet electrons becomes progressively softer movihg
fromAthe neutral sheet foward the boundary between the tail like and the
plasma sheet. Mapped into the higl. létitude ionosphere, this tendency.

woﬁld be reflected by a softening éf the energy spectrum of precipitating
electrons asione crosses the auroral oval moving toward the pole. Rees (1969)
 .has shown that the harder the speétrum of the precipitating primary electrons
is, the deeper‘in the ionosphere the secondary electrons willbbe éreated.
We suggest that, only if the secondary electrons are produced high in

the F—fegibﬁ will they ha§e the opportunity to expand up the field lines

to ISIS IT altitude. Thus, while the hard electrons (E > 1 kev) precipitating

in the equatorward portion of the auroral oval_are capable of generating

\i
i
!




secondaries .in the E-region (thus enhancing the iondspherié conductivity-
»‘in ;me height-range of the ionosphéric electrojet currents), they wili
not create significant number of secondaries in the upper F-region and
hence Qill not lead to enhanced fluxes of thermal plasma expanding into
the topside ionosphere. . However, near the poleward border §f the
electrojet, where_the;low energy (0.1 < E < l'keVS'fluxes of eiéctrons»
are enhanced, large numbers of secondary electrons will be éreated in |
the upper F-region and tﬁese will expand upwards into the topside
ionosphere geﬁerating a peak in thermal plasma above the poleward part
of ‘the electrojet. In this way, the spectrum of the bvecipitating electrons
determines whether a thermal'plasma~peak in the topside ionosphere will
be pfesent across the auroral electrqjet regimen

We have shown that we may have thermal plasma peaks in the
topside ionosphere with or without the presence of whistler noise.:
However, those thermal plasma peaks associated with the poleward portion
of the Qlcctroiet always have whistler noise associated with them. We
suggest an important connection between this observation and the fact
that we tend‘to observe any significant net field-aligned curreﬂt flow
in the poleward portion éf the electrojétl We note that the presence of
whistler noiée suggents the possibility of regions of anomalous fesisfivity
along the field lines. We furtlcr note that the region of whistler
noise near the.polewabd border of‘the électrojet is also the region of
v.enhanced bursts of eleétréns of energies of several hundred éV. We
suggest that the noise and the eunliirced low energy electron fluxes

are éausally related and that potential drop along the field lines

&
A
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associated with region of anomalous resistivity is integraily reiated to
the appearance of net field-aligned current flow in the poleward part of
the electrojet. A further study of these‘interrelationships based on. an
adequate suite of SPS and EPD data is well warranted in the light of the
important role uhich field-aligned current flow plays in the dissipation
of energy in the magnetosphere. |

| 'Finally, we wish to point out that the thermal plasna signature
of the polar cleft is significantly different.fron that of the auroral
electrojet. We show schematicallj in Figure 12 the two signatures which o
appear en opposite sides of the dusk meridian. First we note that the
eastward electrojet regime in the post noon quadrant is significantly
broader tnan in the pre—midnight quadrant. (In fact, some researchers

' ) .

(eg. Langel, 1974) tend to regard the magnetic signature of the ionospherie
Acurrent flow in the pos-t noon quadrant to be mere representative of a o o
vortex than an electrojet.) However, from our limited suite of data 1
‘invdlving passes of ISIS II througn the polar cleft, we may say that
the poleward border of the eastward current fiow in the post-noon
quadrant marks tne equaterward boundary of the'cleft. The thermai plasma
signatures are sufficienily different for the cleft and ‘the electrojet,
that we may use them to define whether the local time sector of the passes
is dominated by eieft plasma, plasma sheet plasma or by both_kinas. A
further study of:passes near the dusk meridian may‘be useful in furthering

our understanding of how solar wind (magnetosheath) plasma enters the

blasma sheet (if indeed it does).




Figure 12

Schematic thermal plasma latitude profiles indicating

the behaviour of the thermul plasma at 1400 Km as the

sarellite traverses the high latitude region across

the polar cleft and the eastward electrojet. Near the

dusk meridian one might expect some profiles to exhibit

aspects of both patterns.
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Summary and Conclusions

'In.the study described in this report, we have attempted to
correlate‘paramefers'measured in the topside ionosphere with the
distribution of electrojet cur~ent in the high latitude ionosphere.
IWe have shown that the poleward portion of the auroral eastward or
- westward electrOJet is the site of enhanecd thermal plasma deaSLty at
satellite altitude (1400 km for ISIS II) and we have shown that thermal
Plasma enhancements near the poleward border of the electrojet have
associated with them enhanced whistler noise and soft electron fliuxes = . '
as well as any net field aligned Currenf flow whicli may penetrate the
latitudinal regime o the electrojet.

The ability to.define the poleward edge of the electrojet is
important, in that this position-also marks a fransition in electric
field polarity associated with the boundary between the polar cap
(where anti-sunward convection takes place) and the auroral electrojet
regime (wh:re sunward convection is present). The abilify to define
"the pelewarq border of the electrojet regihe also reflects the possibility
‘of defining the field line which maps back into the magnetotail along
the boundary between the tail lobe and the plasma sheet. The latitudinal
position of this field line is determiaed by the level of convection
in the magnetosﬁhere,‘and hence by the efficiency of the solar terrestrial
. interaction: | | |
Therefere, in conclusion, we may say that the fegion from . the

‘peak in thermal plasma densmty to the poleward.edge of the enhanced thermal

plasma regime accurate! deflnes the boundary between the auroral electrOJets
and the polar cap, and hence is an effective monitor of the solar-terrestrial-

i nteraction.
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APPENDIX
In this appendix we show all latifude profiles, thermal plasma

density and noiée profiles used in this study. Each event‘plot shows
the dayrof the péss, the UT when the satellite was at‘the most poleward
position during the pass, and the geographic longitude A of the pass
(in degrees east). The bordefs of the auroral electrojets are shown by ‘ 4‘
vertical arfo&s ét the top bf each plbt‘ofﬁné vs latitude.l Values of
pe.which'were too low to be established quantitatively are indicated by

the symbol ¥. Cases where n, was not easily evaluzted due to spread

‘conditions are indicated by ?.

The :imes at the top of each latitude profile indicéte the .
time at which the data wre recorﬁed from which the profile was constructed.
On each profile points marked X give the perturbation in the geomagnetic
north.diréction,_points marked Y give the perturbation in the geomagnetic
east direction, aﬁd pointé marked Z give the perturbation in . the vertiéal

direction.
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