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Figure 2.1. Northern hemisphere map showing locations of stations used
in this report. Circles defined by ticks are 10° intervals .
of Corrected Geomagnetic Latitude; tick marks at one hour
intervals of 10cal time.-.ceeciicenrereeeassscasconcsscasssosnnsannee 9

Figure 2.2. Stacked H component magnetograms (X component at FC and BL)
from 9 auroral zone stations on December 9, 1976. Bars
indicate 200y deflections up is positive. Dots under
each trace mark local midnight. Solid and dashed vertical
lines are major and minor events discussed in the text......ocvse.0ll

Figure 2.3. Stacked magnetograms from 5 AFGL chain stations (MA, MI, WI,
SD, and WA) on Dec. 9, 1976 (0000-1200UT). X components above,
Y components below. Dots under each trace at local midnight.
Solid vertical lines correspond to ecvents in Figure 2.2.
Amplitude bar is 50y for X components; for Y components,
amplitude bar is 50y at MA, 70y at MI, 80y at WI and WA,
and 120y at SD . v v e eneensnneronsunacenscsaesasessnsnssrasasscessonsesl

e somr

Figure 2.4. Same as Figure 2.3 for 1200 - 2400 UT on December 9, 1976.
Amplitude bar for X components: 30y at MA, MI, and WA,
40y at WI, and SD; for Y components: 30y at MI, WI, and SD,
40y at WA, and 60y at MA. The Y component at MA may be
unreliable. ccvvvvierrertesnnnnnenes P N

Figure 2.5. AE plot for October 9 - 16, 1972. Events described in the :
text are marked by arrows with peak AE values (in hundreds H
of gammas) indicated above........ R I ;

, Figure 2.6. H component magnetograms from Fredericksburg, October 9 - 16,

1972. Events marked by arrows correspond to those in

Figure 2.5, with the peak AE value (in hundreds of gammas)

indicated above. Solid triangle on UT scale indicates local

Noon at FredericksbuTf. uveeeeieereveeesanasassasssosssnonseasasssssl?
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Figure 2.7. Distribution of 806 AE events, identified during October, 1972 -
January, 1973, according to strength (left histogram) in 200y
intervals of AE, and UT of occurrence (right histogram), in
8 three-~hour intervals of UT and CGLT at FB and BD. Midpoint
between FB and BD defines the CGLT interval. Intervals span
the beginning of the first hour to the beginning of the second
(00 = 03 UT = 0000 = 0300 UT)evvvueennsenssonnononnanasnassnossanss19

Figure 2.8. Breakdown of mid latitude responses to AE events occurring
in October 1972 - January 1973. Each 3-bar cluster gives the
number of weak (W), moderate (M) and strong (S) responses A
to AE events, defined in the text, occurring in the indicated !
200y strength interval (Figure 2.7) and CGLT interval of FB and !
BD. Dayside mid latitude responses shown in this figure....eecs.s..20 :
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Hourly H component variations at Fredericksburg (dots) and
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1. INTRODUCTION

The magnetospheric substorm is a natural phenomenon associated with splendid
visual effects and complex scientific descriptions. The substorm concept came
from Akasofu who attempted to organize a wealth of all-sky camera data into a
single cohesive picture. Today, Akasofu's original auroral substorm concept is
known to be manifest in many complementary data sets (magnetic bay phenomena,
polar magnetic substorms, ionospheric substorms, proton aurora, VLF emissions, etc.),
and it has become apparent that a full understanding of the substorm process will
vequire a very comprehensive knowledge of the magnetosphere, including its
coupling mechanisms to the solar wind and ionosphere.

The substorm is a major event characterized by time dependence, vast spatial

scales, and probably non linear physical processes. For these reasons, a complete

observational definition of a substorm is not yet available. In this research,
we addressed certain aspects of substorm behavior using specific data sources
and well defined models.

In chapter 2, we report on a study made of the feasibility of substorm de-
tection at subauroral latitudes that would utilize the AFGL magnetometer network.
High latitude magnetic disturbances and gradients are very large during sub-
storms and are often assoclated essentially with overhead auroras and currents.
In contrast, mid latitude magnetic signatures are smaller but distributed more
widely geographically than at high latitudes. We have studied the amplitude ;nd
longitudinal extent of mid latitude signatures to serve as indicators of sub-
storm occurrence. The reliability of this approach, evaluated for available data
samples, depends upon such factors as the longitudinal wedge of the mid latitude
station coverage, the local time of this wedge during a substorm event and the

intensity and duration of the substorm. From our study, a mid latitude magnetic

index is defined and an operational scheme developed for substorm detection.
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In Chapter 3, a review is given of micropulsations as indicators of geo-
magnetic activity. The AFGL sub auroral chain has a digital data base and is well
suited to be used in a procedure to formulate and calibrate a micropulsation

index of geomagnetic activity level.

Chapters 4 and 5 deal with the global ionospheric distribution of currents
driven by field aligned currents, and the properties of the ground magnetic
signature associated with such currents. The model developed to determine global
ionospheric distributions uses input variables that are known to calculate
selected output variables quantitatively. The input variables are the driving
currents distributed in the auroral zone and the ionospheric conductivity. These
input variables are defined by observational evidence. The calculated output
variables are the ionospheric electric field, potential, and currents. Model
limitations and desirable generalizations are discussed in detail.

Determination of the ground magnetic signature from a configuration of currents
is, in principle, a straight-forward matter if all the currents are known. 1In
our case, however, we have a firm handle only on the ionospheric portion of the
currents. The crucial missing parts of the current network are induced earth
currents and the upwards (three dimensional) extension and closure of the field
aligned currents in the magnetosphere. The comparative roles of Pederson and Hall
currents, the shielding effects of the ionosphere, and other physical considerations
necessary for a reliable determination of the ground magnetic signature are dis-
cussed in context.

Chapters 6 and 7 relate to studies made on auroral boundary locations. Ob-
servational information is given in Chapter 6 on: the location of the equator-
ward auroral boundary as a function of Kp and AE; and the location of the pole-
ward boundary as a function of Dst. Boundary locations were determined from DMSP
images. 1In Chapter 7 a model 1s developed that relates properties of the ring

current to the size of the polar cap. Through parametric representation, the

ditiiinisdamtinasiiihine
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axially symmetric ring current evolves into a storm time configuration with an
assoclated growth in Dst. Ring current parameters are the inner edge location
and the distance where the beta of the plasma is unity. The ring current is

shown to contribute substantially to the change in polar cap size (taken to be

determined by the poleward auroral boundary) during magnetic storms.




2. MID LATITUDE INDICATORS OF SUBSTORM ACTIVITY

A. Introduction

Magnetospheric substorms influence magnetic fields on the earth's surface
at places far removed from the site of spectacular auroral displavs and fon-
aospheric disruptions. Magnetic bays at sub auroral, mid, and low latitudes
have been attributed to fonospheric roturn currents from aurceral electrojets
(Rostoker, 1966), or to an asymmetric partial ring currvent closing in the
1977, Fukunishi _and Kamide, 1973), In a studv of coordinated satellite and
ground based data, McPherron (1973) used mid Lar itade positive B bavs near local
midnight as a prime indicator of substorm onsct. He noted that midlatitude
magnetic signatures were simpler than auroral zene records which are commonlvy
affected by intense, rapidlv changing overhead currents.  Other magnetic
phenomena which have been connected with substorms arce bursts of Pi 2 pulsations

(SﬂitQ_il_jll-' 1976) and long period oscillations (Wang et al

., 1977),

The purpose of this studv is to explore the utilization of the AFGL sub-
auroral, five station magnetometer notwork to detect the occurrence and strength
of mapnetospher{c substorms. Thesc AFGL statfons operate automatically to
provide high time resolution, 3 component magnetic data (Knecht and Pazich, 1976),
and are located in Washington, South Dakota, Visconsin, Michigan, and
Massachusetts (Figure 2,1)., The station nctwork spans about 4 hours of local
t ime (6()n of longitude) at 55" Gl (Corrected Geomapnetic Latitude). (Twe
additional stations in California and Florida are now operational but are not

used in this study.) Lincoln (1967) and Rostoker (1972) have reviewed and



appraised the more common geomagnetic indices. Details of the most familiar
indices, KP and AE (Auroral Electrojet), are given by Mayaud (1967), Davis and

Suguira (1966), and Allen and Kroehl (1975). An implicit requirement for the

quality of any geomagnetic index is reasonably complete longitudinal coverage,
a property that the AFGL network does not offer. Given this limitation, we
must focus on the local time dependence of magnetic effects accompanying sub-
storms,
Contour maps of mid latitude magnetic variations in local time vs. universal

time were constructed by Clauer and McPherron (1974) to describe the time de-

v2lopment of substorms as seen by stations at low latitudes, They emphasize that
mid latitude signatures are highly dependent on location relative to the sub-
storm's central meridian. For example, an idealized magnetospheric-ionospheric
current system centered on local midnight produces positive H variations about
local midnight and smaller negative H changes on the dayside tending to zero near

local noon. Caan et al. (1978) and Kokubun and 1ijima (1975) employed superposed

epoch methods to depict the statistical local time behavior of midlatitude sig-
natures accompanying selected substorms, The selection criteria in Caan et al.
were limited to mid latitude bays within 5 hours of local midnight to avoid con-
tamination by si events. World wide magnetic changes caused by an si could be
misinterpreted as indication of a substorm if only one local time sector is
considered. Substorm triggering by an si or ssc has been analyzed by Kokubun
et al. (1977), who found that high AE (> 100y) and southward Bz were necessary
preconditions before the solar wind event. They suggested that a favorable tail
configuration allowed triggering.

Substorms are usually more complicated than a simple process of expansion

and recovery. In their study of multiple onset substorms, Pytte et al. (1976)

stated that Pi 2 bursts seemed to accompany each brightening of an equatorward




i

|

i
auroral arc, while sub auroral and mid latitude magnetic activity signaled west- l
ward travelling surges. However, when substorm expansion begins during the |
recovery of an earlier substorm in the same local time sector, mid latitude
positive H bays near local midnight may not clearly distinguish the two events
{Kamide et al., 1977). Thus, it is not a simple matter to identify unequivocally
every substorm on the basis of mid latitude magnetic bays, especially during
extended periods of magnetic conditions which favor continuous substorm activity.

A simple current system designed to explain high and low latitude magnetic

disturbances during substorm expansion was discussed in a detailed analysis of

a single event (McPherron et al.,1973). Rostoker (1974) suggested a modification ]

of this system featuring field aligned currents which feed the east and west

electrojets at dawn and dusk, and has an upward field aligned current at the Harang
discontinuity connecting to the tail current. More recent treatments of current

systems seek to explain conditions during moderate activity (Hughes and Rostoker,

1977), the dynamics of dayside auroral and cusp movements (Yashuhara et al., 1975;

hemispheres (Gizler et al., 1976). Finally, there is a class of events reported
by Pytte et al. (1978) which they call "convection substorms". These events
produce sustained negative bays in the auroral zone but exhibit hardly any mid
latitude indications of field aligned currents originating in the tail. Instead
of impulsive releases of stored energy svmptomatic of ordinary substorms, it
appears that a steady transfer of encrgy from the solar wind to the ionosphere
may power the process.

Park and Meng (1973) found that mid latitude magnetic activity did not
correlate wel] with ionospheric electric fields deduced from F layer disturbances,

and concluded that the currents responsible for the mid latitude activity instead

must flow in the magnetosphere. Model studies by Yashuhara et al.(1975) with




field aligned currents into a conducting ionosphere also showed remarkably little

current spreading to mid and low latitudes.
Additional studies of the way field aligned currents distribute globally in

the ionosphere have been conducted quantitatively by Nopper and Carovillano (1978),

Nisbet et al.(1978), and Kamide and Matsushita (1979). These authors use field

aligned current patterns as inputs, like those derived from satellite data by

Iijima and Potema (1978), and solve for the ionospheric electric field using tensor

conductivity models and Ohm's law. (This topic is the subject of chapter 4 of

this report.) One result of this work is that effects traditionally credited to

equivalent ionospheric currents at mid latitudes, which represent return currents

from the auroral electrojets, are a consequence of the field aligned current systems.
This brief introduction should serve to highlight some of the complexities

and uncertainties surrounding the topic of substorm current systems. The current

effort is phenomenological in approach and concentrates on the statistical re-
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lationship between changes in the midlatitude H component (X components in the
AFGL chain) and the intensity of the AE index. The procedure we develop has
limitations, but it also has the virtues of simplicity and objectivity. In

t addition, our method should be applicable even when all data is interrupted

momentarily, or when one or more stations 1s lost for an extended period.
B. The Relationship Between Auroral and Mid Latitude Magnetic Signatures

In this section the relationship between auroral zone and mid latitude magnetic
activity is examined qualitatively. The AFGL magnetometer chain is our main
d . source of information on mid latitude activity; magnetograms from Fredericksburg
(FB) and Boulder (BD) supply additional data in the local time sector of the AFGL
chain. Auroral zone activity indicating substorms is selected from H component

. magnetograms recorded at 9 high latitude stations of the AE network. A map
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showing the stations used in this study appears in Figure 2.1, Table 2.1 lists
the station names, symbols, and Corrected Geomagnetic coordinates. Figure 2.2
displays 5 cases of magnetic bay onsets, designated by vertical lines, which
occurred on December 9, 1976 in the high latitude network. As expected from the
extensive literature on substorm studies, bay onsets usually are observed first
by stations located near local midnight. Thus, from 00-12 UT, onsets generally
are seen in the Canadian sector, while from 12-24 UT it is the Russian sector
that is affected the most. The vertical dashed lines in Figure 2.2 correspond
to those in Figure 2.3, which shows X and Y components from the AFGL chain on
the same day, December 9, 1976. First, we note that in Figure 2.2 significant
changes in the average slope of the X and Y components at mid latitude coincide
with high latitude magnetic bay on onsets (solid lines). These changes occur at
most or all of the AFGL stations and are roughly simultaneous with the bay onsets
(within about 20 minutes). On this particular day, it appears that for the event
at 1520 UT the Y component gives a somewhat better indication of substorm onset,
although less distinct but perceptible changes in the X components did take place
about 20 minutes earlier.

In addition to the activity in Figures 2.3 and 2.4 accompanying auroral zone

bay onsets, there are gross patterns at other times which also indicate some

degree of high latitude disturbances. This "class'" of events typically is described

at mid latitude by sharper changes in the Y component than in the X component;
such cases are marked by dashed vertical lines in both Figures 2.3 and 2.4.
Referring again to the high latitude magnetograms in Figure 2.2, we notice that
the solid lines (by definition) indicate onsets of major magnetic bays, while the
dashed lines, selected on the basis of mid latitude magnetic activity, occur with

less pronounced bays taking place both before and after major onsets.
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Figure 2.1 Northern hemispherc map showing locations of stations used in this
report. Circles defined by ticks are 10° intervals of Corrected
Geomaguetic Latitude; tick marks at one hour intervals of local time.
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Station Symbol CG_latitude (N) CC longitude (E) §
1 . 3
} Tixic Bay TI 65.6 195.1

? Dixon Island D1 67.9 154.7 4
' Kiruna KR 64.3 104.8 E
Leirvogur LR 66.6 71.1 ;
Great Whale R GRW 68.2 353.7 :
Fort Churchill FC 70.3 325.9 %
Baker Lake BL 75.1 320.4
College co 64.9 260.3 f

Fredericksburg FB 50 352

Bouldoer BD 50 315

R

AFGE Chadn

Sudbury MA 55.8 1.9
Mt. Clemens MI 55.8 344 .8
Camp Denglas Wl 56.3 334.2
; Rapid City SD 54.1 317.3
f 55.2 299.6

H Newport WA

rable ™1 lList of stations used in this report. Svwbols appear at station locations
in Figure 2.1. Corrected Geomagnetic Coorvdinates are North Latitude and
East longitude. AFGL station symbols indicate the state in which the
installation is located.
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Fipgure 2.2 Stacked H component magnetograms (X component at FC and BL) from 9
auroral zone stations on December 9, 1976, Bars indicate 200y de-
flections; up is positive. Dots under each trace mark local midnight.
%01id and dashed vertical lines are major and minor events discussed

in the goxt.
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The purpose of this discussion is to demonstrate the range of possible
inferences to be drawn from a mid latitude magnetic data set spanning 4 hours
of local time. A reasonable conclusion from the rather complicated example in
Figures 2.3 and 2.4 is this:

A sustained, rapid change in the X and Y ccmponents
occurring almost simultaneously at more than one
midlatitude station indicates that significant
magnetic bay activity has commenced at auroral

zone latitudes; definite changes mainly in the

Y components at mid iatitudes suggest less im-
portant high latitude activitv occurring before

or after major onsets.
Different interpretations are possible in the single example cited in the figures.
For example, it could be argued in Figure 2.4 that the activitv at 1420 UT is
seen also in the X components at MA and MI, or that the major high latitude bay
beginning at 1520 UT is not reflected clearly in the midlatitude X component data.
In the next section we try to remove or reduce such ambiguities and uncertainties.
This is done by making detailed comparisons of mid latitude data from Fredericksburg
and Boulder (used to substitute for unavailable AFGL chain data at the time of
this study) with AE index data representing auroral zone magnetic activity. Finally,
a simple quantitative scheme using AFGL chain data is proposed and examples of its

application given.

C. Correlations between Mid Latitude Activity and AE

To assess the applicability of mid latitude magnetic activity occurring at
various local times, we analyzed 4 months of magnetograms from Fredericksburg (FB)
and Boulder (BD). The magnetic activity at these two stations were compared with
the level of auroral zone disturbance depicted in plots of 2.5 minute averaged

Auroral Electrojet (AE) index values. Auroral zone cvents, defined here as

significant enhancements in AE discernible by eye, were collected into 200y
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intervals of increasing strength. The peak value of AE determined both the time
and strength of an event. Examples of AE events occurring in an 8 day period
(October 9-16, 1972) appear in Figure 2.5. The peak values, in hundreds of
gammas, are given above each enhancement. H component magnetograms from FB
over the same time period are shown in Figure 2.6; AE enhancements and their
strength are indicated at appropriate times above each trace in the same manner
as Figure 2.5. It is obvious that there is a wide range of mid latitude activity
accompanying auroral zone events, but that, in a rough way, activity at FB is
stronger with larger AE events.

In order to uncover a more definite relationship between auroral zone and
mid latitude magnetic behavior, a better characterization of mid latitude activity
is needed. After a survey of FB and BD magnetograms it was decided that three
descriptive levels of activity would be adequate; these levels are:

(1) Strong: a definite, sudden change in the average slope of the

H or D component;

(2) Moderate: distinct irregular activity in the range of 5-20y

amplitude;
(3) Weak: 1little or no apparent activity.
The strong level corresponds to the mid latitude indication of auroral zone bay
onset given in Figures 2.3 and 2.4. The moderate level includes lesser activity
which is nonetheless obvious, like that mentioned in Figures 2.3 and 2.4.

In our procedure, the activity level at FB and BD is assigned by the above
criteria at the time of each AE event. This yields 4 seperate activity estimates
for an event, one from each component (H and D) at both stations. Then the 4
estimates are "superposed" so that the most active station component characterizes

each event. Such a procedure is similar to creating AE indices, where the most

highly disturbed station contributes solely to the index. But, unlike the entire

circle of local time coverage provided by the AE network, ¥B and BD span less than
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Fipere 2.5 A plot for October 9 - 16, 1972, Fvents desceribed in the text are
marked by arrows with peak AL values (in hundreds of pammas) indicated
above.
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; Figure 2.6 H component magnetograms from Fredericksburg, October 9 - 16, 1972,

: tvents marked by arrows correspond to those in Figure 2.5, with the
peak AE value {in hundreds of gammas) indicated above. Solid triangle
on UT scale indicates local noon at Fredericksburg.
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3 hours of local time.

Figure 2.7 shows how 806 AE events occurring from October 2, 1972 through
January, 1973 were distributed in strength and time. The first histogram gives
the number of events in each 200y interval of increasing AE. AE ranges for each
interval are listed in the figures. The second histogram shows the diurnal
occurrence of events, regardless of strength, collected in 3 hour intervals of UT.
Corresponding to each UT interval there is a local time in Figure 2.7 which gives
the sector that FB and BD occupied at the time of each event. The midpoint
between the two stations defines the local time sector.

The distribution of events by strength shows that almost two-thirds of all
events are less than 600y in amplitude. Above 600y the numbers decrease smoothly
and rapidly to about 25 cases (37%) above 1000y. The diurnal variation is less
regular; occurrences peak markedly during 18-21 UT and decrease by about 45% at
06-09 UT.

All 806 AE events are categorized by thce three level (qualitative) description
of mid latitude activity defined earlier. Using clusters of 3-bar histograms,
Figures 2.8 and 2.9 display actual numbers of events falling into anv combination
of AE strength, local time sector, and mid latitude activitv. The first, second,
and third bars in each 3-bar histogram clustcr enumerate cases of weak (W),
moderate (M), and strong (S) midlatitude activity, respectively. The 3-bar histo-
grams are grouped by intervals of increasing AF strength into 8 histograms dis-
tinguished by the local time sector in which mid latitude activity was recorded.
This somewhat complicated format gives the actual numbers used below in determining
conditional probabilities; in addition, it reveals gencral trends and permits an
appraisal of statistical significance which would be lost if ratios were taken
immediately.

Considering one example in detail, the upper lTeft histogram in Figure 2.8

includes all AE events that occurred when FB and BD were in the 07-10 CGLT
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(Corrected Geomagnetic Local Time) sector. Weak mid latitude activity dominated
for events in the two lowest strength intervals (AE < 400y). Strong mid latitude
activity prevailed when the AE of an event was greater than 400y. For all day-
side sectors (Figure 2.8) the majority condition at mid latitudes changes from
weak to strong activity with AE = 400-600y. When FB and BD were on the night-
side (Figure 2.9) the same change to strong mid latitude activity occurs with
weaker substorm events (AE = 200-400v).

Percentages for mid latitude magnetic activity calculated from Figures
2.8 and 2.9 are presented in Figure 2.10. Again, each histogram in Figure 2.10
represents all events that occurred while FB and BD were in the indicated local

time sector. Percentages are plotted vs. AE intervals with the same ranges as

in Figures 2.7-2.9. The set labeled strong shows relative percentages of strong
activity, compared with moderate and weak, for .ncreasing levels of AE strength.
The set labeled "strong and moderate' combines events with strong or moderate

mid latitude activity.

Figure 2.10 depicts the data in Figures 2.8 and 2.9 compactly and quantifies
the properties of the three level activitv index described above. For example,
approximately 507 of the mid latitude responses in 10-13 CGLT sector are strong
for an AE enhancement of 400-600y (interval 3). The percentage increases to
nearly 70% in that local time sector for thc same AE category when moderate re-
sponses are added (lower set of histograms). A careful comparison of the upper
two rows of histograms reveals that strong responses rcach or exceed 507 (487 at
10-13 CGLT) when AE is 400-600y or more for davtime local sectors, plotted in the
top row. In the second row containing nighttime sectors, “07 is reached when
AF is only 200-400y (interval 2).

In general, the occurrence of strong activity at mid latitudes suggests
difterent probabilttics of high latitude activity, depending on whether the ob-

servation its made on the day or night side of the carth. On the day side,
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discrimination between relatively weak and strong AE activity is quite good. That
is, strong responses are rather infrequent until AE exceeds 400y. On the night
side discrimination is poorer because weaker AE enhancements elicit a large share
of strong responses, but the reliability is greater because almost all very large
AE enhancements are detected; all responses are strong for AE greater than 600y
in the 19-04 CGLT sector, and nearly 100% in the 04-07 CGLT sector.

There are two exceptions to the general day and night behavior. First,
in the lowest AE interval of the 04-07 CGLT sector, strong responses occur pro-
portionately less compared with the other nighttime sectors. Second, and more
interestingly, the noon sector (10-13 CGLT) behaves more like the night sectors
in that strong responses exceed 90% during large AE enhancements (> 600y). This
reverses the trend beginning in the dawn sector (04-07 CGLT) of decreased sensitivity
to large AE events. After noon (13-19 CGLT) the proportion of strong responses
decreases again until a sharp recovery occurs after dusk (19-22 CGLT).

In summary, two general statements can be made concerning the effectiveness
of strong mid latitude magnetic response, defined earlier in this section, as an
indicator of high latitude magnetic activity characterized by the AE index.

(1) At stations located in the night sectors, strong
responses accompany over 50% of AE enhancements in the
200-400y range. With AE > 600y the percentage is almost
always 100%.

(2) Stations in the day sectors have 507 strong responses
when AE is 400-600y. When AE exceeds 600y, the propor-
tion of strong responses occurring in pre noon sectors

is above 807. After noontime, the proportion is

somewhat lower, 70%, for AE in the 600-800y interval.
Combining strong and moderate responses (lower panel in Figure 2.10) does not
alter these results appreciably. It assures the detection of extremely large AE
enhancements (> 800y) at all local times, but greatly reduces the ability to dis-

criminate between large and small enhancements in the night sectors. As a
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practical tool it appears that a strong response is the least ambiguous to

determine and the cleanest to interpret. In the next section, a more quantitative

approach is adopted from the start. Although the technique is more refined, the

overall results are similar to those already stated above.

D. Description and Examples of Mid Latitude Variation Procedure

One direct indicator of magnetic activity is the incremental change in

a magnetic component over a specified time period. In this section, we apply

a simple, quantitative procedure to AFGL chain data that is based on the

qualitative descriptions of mid latitude activity presented earlier. Our

procedure may be likened to the production of Kp indices but omits elaborate

corrections and scaling devices, and, in particular, uses shorter time scales.

Our time scales are 1 hour or less compared to 3 hours for Kp indices, a factor

which should eliminate much of the need for quiet time corrections. For instance,

, a typical substorm variation at 55° CGL is about 30Y in 1 hour, while a diurnal
variation may amount to 10-20y occurring smoothly over 3 hours. During a 3 hour
time interval, the substorm contributes only 10-20y above the diurnal variation;

in contrast, over a 1 hour interval, the substorm variation would again amount

to about 30y, but the quiet time change only to about 3-7y.
i Examples of AFGL chain data are given in the remainder of this section.
Seven days of data recorded in December, 1976 were scaled, averaged, and plotted
I along with a provisional AE index, as shown in Figures 2.11-2.13. X and Y
component data from the AFGL chain appear in the upper two panels. Three
quantities per component are plotted in each hour: the hourly variation

averaged across the chain, plus the maximum and minimum hourly variations. An
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hourly variation is defined as the difference between the maximum and minimum
values attained during an hour at a station. A cross depicts the chain averaged
variation, and a bar indicates the range of variations measured across the
chain during 1 hour. The range tells how uniform activity was in the chain
sector.

To gauge the effectiveness of this procedure, we constructed an hourly
index similar to the AE index. The longitudinal coverage provided by 9 auroral
zone stations (see Figure 2.1 for locations) is not ideal but should vermit adequate
detection of most high latitude activity. First, the maximum hourly deviation
of the H component from an estimated baseline was determined at each station.
Then, out of the 9 hourly deviations generated every hour, the largest was
selected as an appropriate value, an adaptation of the envelope of superposed
magnetograms used in true AE determinations.

The general behavior of the mid latitude components in Figures 2.11-2.13
is quite similar, except for somewhat greater variability in the Y component
during disturbed periods. Also, mid latitude variations during the night (00-12 UT)
are clearly different than those during the day (12-24 UT). The midpoint of
the chain, near WI, passes local midnight at approximately 06 UT and local noon
around 18 UT. A quiet level of X component variations appears to lie near 5-10y.
Large auroral zone disturbances (>400y) tend to produce X variations of 40y
or more when the chain sector is at night; in the day sector, X variations are
smaller but still noticeable.

Although a general correlation obviously exists between mid latitude
variations and high latitude magnetic activity, there is some disagreement in

the examples given. Particularly outstanding is the rapid decrease in mid

latitude variations after 12 UT on December 29 (Figure 2.13). Also, the high
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latitude event at 09 UT on December 30 is reflected poorly in the AFGL variations,
while a smaller event one day later at 03 UT is marked by distinct mid latitude
variations. Such discrepencies underscore the fact that the quantities plotted
here do not provide unambiguous descriptions of simultaneous auroral zone

and mid latitude magnetic activity. Improved descriptions might result from

more complicated considerations, such as use of more complex functions involving
X and Y components, different time scales, or analysis of frequency spectra.

At this stage, however, the natural next step is to explore the effectiveness

of using shorter time intervals.

Before investigating finer time scales, we present data from FB and BD
which was treated in the same way as the AFGL data in Figures 2.11-2.13. Hourly
H component variations from FB and BD are shown in Figures 2.14 a-d (upper pancls)
along with 2.5 minute AE plots for the entire month of December, 1972. During
periods of prolonged, extremely low AE, the hourly variations were generally
less than 10y and often less than 5y (Dec. 5-6, 10, 12, 25, 27-28). However,
even with 1 hour time intervals, variations also resulted from smooth changes
associated with the Sq focus fixed near local noon. Clear cases are seen around
18 UT on December 1, 6, 21, and 27. A characteristic double wave appearance
is evident as first FB and then BD rotatcd through the H component depression.
At the other extreme, periods when AE was above 500y are rceflected clearly by
mid latitude variations. There werc no cases of very high AE when one or both
mid Tatitude variations were under 10y. Tntervals of sustained AE activitv
produced the greatest mid latitude activity, as seen on December 13, 15-16,
and 22-24. AF episodes reaching 700-1000y generally were accompanied by
variations of 20y or more, regardless of the local time sector being monitored

at mid latitudes. Marked variations in the day sector oceurred with activity
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during the latter half of the UT day on December 13, 15-16, 22-23, and 30.
Finally, just as our qualitative studies suggested, AE events of lesser magnitude
(<500y) are not always detectable in the mid latitude day sector. A comparison
between data on December 5 and December 18 reveals similar looking mid latitude
variations occurring between 12 and 24 UT, in spite of the very dissimilar

auroral zone conditions on the two days.

E. Comparison of Short Time Scale AFGL Data with Auroral Zone Magnetograms

AFGL date is now readily accessible in digital form on a two~minute averaged
time scale. These data can be used to calculate magnetic variations over any
longer time scale desired. Although 1 hour intervals were sufficient for
preliminary work with plotted data and normal magnetograms, such a time scale
is too coarse to exploit the full potential of good quality AFGL data. To move
toward a finer time scale, we show in figures 2.15 a~e the X component variations
every 10 minutes during June 2~5, 1978. Except for the finer time scale,
variations are calculated in exactly the same way as those appearing in Figures
2.11-2.13. 1t is interesting to observe the improvement in time resolution if
one compares Figures 2.15 a-e with Figures 2.16 and 2.17 a, b which treat the
data on June 2-3, 1978, with 1 hour and ! hour intervals, respectively.

Auroral zone magnetic activity during June 2-3 is shown in Figure 2.18.

A provisional AE index gives the maximum value achieved in each hour and is
derived from 4 stations, TI, DI, GWR and FC. As seen earlier in this study,
agreement between peak hourly AE and hourly mid latitude variations (Figure 2.16)
is fairly good. Note the correspondence between peaks in Figures 2.16 and 2.18
near 10, 14 and 19 UT on June 2 and near 00 UT on June 3. A large AE enhancement

at 19 UT on June 3 is clearly registered in Figure 2.16 with smaller variations
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than one day before.

Two notable cases of improved time resolution are apparent in Figure 2.15 a-e.

A 100y variation occurring between 09 and 10 UT on June 2 (Figure 2.16) actually
commenced sometime between 0910 and 0920 UT in Figure 2.15a. Later in the

same day, a large hourly variation between 1800 and 1900 UT did not take place
until 1840 UT.

On a 10 minute time scale, it becomes profitable to refer directly to
auroral zone magnetograms (Figures 2.19 a-e). Although two stations alone
cannot observe everything taking place, TI and GWR are suitably located nearly
12 hours apart in local time and should give at least an indication of major
activity. Scanning the AFGL variation data in Figures 2.15 a-e, we see that
activity rose on June 2 at 0910, 1000, 1350, and 1840 UT; on June 3, at 00 and
0320 UT; on June 4, at 2230 UT; and on June 5, at 0500 UT. Each of these
occasions was accompanied by an identifiable high latitude event ranging in
activity from relatively mild (June 3, 00-03 UT) to severe (June 2, 09-21 UT;
June 4-5, 20-12 UT) as seen in Figures 2.19 a-e.

Inevitable exceptions in the overall agreement between Figures 2.15 and 2.19
cannot be overlooked. On June 3, at about 0330 UT, the AFGL data was quite
disturbed, but there w.s curiously little activity at GWR and at Fort Churchill,
even though both stations were in the evening sector. In fact, there was more
activity at TI and DI than in the morning sector. On June 4, beginning at 03
UT, the AFGL data became very quiet while precisely at that time the Canadian
stations began to detect negative bays of about 250y in the midnight sector.

We have presented examples demonstrating the ability of magnetic variations
at mid and subauroral latitudes to indicate the state of auroral zone magnetic

activity. Even when observed in a restricted longitude sector of the size spanned

e TRF




L= e e

09 12 IlS

2B, o S

Figure 2,194 ) component magnetograms {rom Tixie Bay on June 2-3, 1078,




Figure 2.19b H component magnetograms from Tixie Bay on Junc 3-5, 1978.




Vipure 20190 N component magnetograms from Creat Whale River on June 2-3, 1978.
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Tipure 2.19d X component magnetograms from Great Whale River on June 3-4, 1978.
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Yocemponent magnetovrans from Creat Whale River on June 4-5, 1978,
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by the AFGL chain, large substorms with AE>400y generally produce substantial

N

variations on 1 hour, ! hour and 10 minute time scales. However, weaker substorms
yield less consistent results, ranging from barely detectable to unexpectedly
large. Some failures undoubtedly stem from gaps in the AE network or in the
particular array of auroral zone stations used to identify substorms. Unless
high latitude coverage is extensive, an intense but highly localized disturbance
may affect some favorably located stations and give a false impression of

activity in the auroral zone, and consequently raise the expectation of mid
latitude activity. Insufficient station coverage does not explain satisfactorily
! the converse problem of large mid latitude magnetic variations but little or no
auroral zone activity. In this case, the procedure shows a lack of discrimination
between substorm effects and variations coming from other sources. Fortunately,
based on the limited number of examples in this study, occurrences of this

problem appear to be relatively rare.

F. Summary and Estimate of Reliability

In the preceeding sections of this chapter, two related methods for deducing
high latitude magnetic activity from mid latitude data were developed and evaluated.
The first procedure employs a qualitative 3-level scale of magnetic response which
was applied to magnetograms from Fredericksburg and Boulder over a 4 month period.
Results from this preliminary study demonstrated that such a scheme, although quite

unsophisticated, can detect most substorm activity producing AE enhancements above

400y if the mid latitude stations are in the night sector, or above 600y if the
stations are in the day sector.
The second method involves net excursions of the magnetic X component recorded

at AFGL stations. Figure 2.20 illustrates the procedure with data from the

} Wisconsin station taken over two 8-hour intervals in December, 1976; boxes de~

‘ lineating hourly excursions are transferred to the AX plot directly below. AX plots

‘ from the other AFGL stations also can be constructed, so that in each time interval
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up to five basic measurements (AXMA, AXMI, Awa, AXSD’ and AXwA) can be computed,
depending on data availability. From these quantities average AX, maximum 2X,

Axmin) can be determined easilv and plotted, as

and minimum AX (AX , AX ,
ave max

in Figures 2.15 - 2.17 (Section E). Treating in this manner the limited amount of
AFGL data available to us at the time of this study, it was found that 10 minute
time intervals vield appreciable values of Axave on the order of 10y or more when
AE exceeds 400v, This performance holds at all local times.

Although not used explicitly in our analysis, the extreme values of AX

(Axmax and Axm n) indicate the uniformity of disturbance across the chain sector,

i
and also provide some protection against bad data from a single station. For

> a si i : A = = K = ), = 40
example, a situation where KMA 10y, AXMI 20y, \XWI 30v, AXSD 40 | and

AXw = 50y vields AX = 30y, AX ., = 10y, and AX = 50v. TIf a bad value from
A ave min max

WA makes AXWA = 500y, instead of 50y, then Axave = 120y, Axmin = 10y, and Axmax =
500y. The high value of Axave’ 120y, mav not be unusual, but the large difference
between Axave - Axmin and ﬁxmax - Axave‘ 110y vs. 480y, would warn that a station
value might be in error.

Although there are not enough examples to determine the statistical reliability
of the quantitative procedure outlined above, data from the AFGL chain should equal,
if not exceed, the performance indicated by data from Fredericksburg and Boulder
(Figures 2.10 and 2.14 a-d). At 55° CGL, the AFGL chain is closer to substorm
current systems than FB and BD and spans an additiomal 1.5 hours in local time.

Both factors make it reasonable to expect AFGL chain data to be even more sensitive
and reliable than the FB and BD results. More extensive investigations with chain
data are needed to assess seasonal effects and wider ranges of magnetic activity.
As experience is gained, the procedure can be modifled, such as by including the

Y component, varyin; the time interval, or utilizying the sign of the excursion.

Table 2.2 summarizes the procedure and lists some of its advantages and Jdis-

advantages. Sensitivity and reliability estimates are based on qualitative and
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and quantitative results gathered from FB and BD. Examples from the AFGL chain

in December, 1976 and June, 1978 are consistent with these estimates.
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Procedurc: 1. Choose time interval (e.g., 1 hour, !; hour, 10 minutes)

N Determine X component excursion during tlme Interval (e.:o.,

H ‘x}m T'<maxmxmin)’ wherg Xmax and Xmin 3T€ thg m?ximum
and minimum values attained (may occur at beginning or end
noints of interval, c.f., Figure 2.20).

3. Calculate AX,ye {average of AX from stations reporting during
the interval.

4. Plot \vao agalnst time. Ranpe of AX yiven by Adpax «and

5 min from stations reporting during each interval (c.f.,

Figures 2,15 a~e, 10 minute intcrvals).

Interpretation: AFGL chain (55° CGL), Sections D and E
ﬁXavciIOy (10 minute interval) generally implies
AE>v400y (c.f., Figures 2.15 a-e¢, Figure 2.106).

FB and BD (50° CCL), Sectjons B and C

Local time Peak AFE Strong responses
night ~200y - 507%
> 600y “v100%
day >400v 507
>600~y 70-307.
Advantares Disadvantages
1. simplicity 1. Gives only an approxi-
7. Can be applied when one mation of AE strength
or more stations are missing 2. Detection delayed by
. Sensitive to AF disturbances the time interval
related to substorms emploved.,

4. Simple local time dependence

fable 2,7 Surmary of procedures and interpretations discussed in Chapter 2
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3. MICROPULSATIONS AS INDICATORS OF GEOMAGNETIC ACTIVITY

A. Introduction

The question of correlation between geomagnetic activity and micro-
pulsations (ultra-low-frequency oscillations in the geomagnetic field) is
an intriguing problem in magnetospheric physics. It is generally accepted
that geomagnetic activity is driven by the solar wind (ef., Burch, 1974;
Crooker, 1975; and reviews therein, for background). In addition, micro-
pulsation occurrence correlates reasonably well with solar wind parameters

(cf., Raspopov and Lanzerotti, 1976; Lanzerotti and Fukunishi, 1974 for

theoretical background; and Troitskaya, 1967; Saito, 1969; Jacobs, 1970;

and Orr, 1973; for observational information). Thus, since both geomagnetic
activity and micropulsations are stronglv related to the solar wind and correlate
well with many of its parameters, it follows that the two phenomena should
corrclate with each other., As will bc shown later, reasonably good correlation
between micropulsation activity and geomagnetic activity has been found in a
number of studies.

In this summary, we will first review the background literature on (i)
correlations between solar wind parameters and continuous davside micropul-
sations; (ii) relationships between the solar wind and geomagnetic activity;
and (iii) the relation between micropulsations and geomagnetic activity. Then
we will discuss three recent sets of observations which lend strong support
to the relationships suggested carlier in the literature. Finally, we will
suggest ways in which the data from the AFGL magnetometer ncetwork may be used
to formulate a micropulsation index which would reflect the state of

magnetosphieric activity,
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Correlative studies have shown strong relationships between continuous

[

micropulsations and solar wind parameters. These include solar wind velocity

(Troitskaya, 1967), magnitude of the IMF (Gul'yel'mi and Bol'shakova, 1973), i

and the angle between the IMF and the sun-earth line (Plyasova-Bakunina, 1972).

The work by Plyasova-Bakunina is in agreement with external wave

generation at the bow shock, as predicted by Greenstadt's mechanism; the
correlation is shown in Figure 3.1. Note that Plyasova-Bakunina shows a high
occurrence frequency of Pc 2-4 when the projection of the angle between the

IMF and the sun-earth line is small. This correlation was supported by the

observations of Greenstadt and Olson (1976) using the amplitudes of Pc 3-4
measured at Calgary (L = 3.6) and the angle between the IMF and the sun-earth
line.
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Figure 3.1. From Plyasova-Bakunina (1972): Occurrence frequency of

pulsations for intervals of angle y measured in the solar
wind at Imp 3,4. vy is the projection onto the ecliptic
plane of the angle between the IMF and sun-earth line.
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B. General Background

i) The Solar Wind and Micropulsations. It was originally suggested
by Dungey (1954) that micropulsations are the result of hydromagnetic oscil-
lations of the earth's geomagnetic field in the magnetosphere. Following
that work, micropulsation theory developed around the ideas of field line
resonance and resonance of the magnetospheric cavity. Observations from
latitudinal chains of magnetic observatories stimulated the extension of
thosc resonance theories to coupled waves to take account of non-uniformities
in the plasma and field distributions, and to account for latitude localization

of micropulsation activity (Radoski, 1974; Southwood, 1974; Lanzerotti et al.,

1974; Chen and Hasegawa, 1974a,b). Subsequent observations supported the

theory that Pc 3-5 micropulsations arc the result of excitation of resonant

field lines inside the magnetosphere by oscillations at the magnetopause
(Arthur et al., 1977; Hughes et al., 1977).

If micropulsations are generated by oscillations on the magnetopause,
what is the original driving force? Two mechanisms have been proposed for
this driving force. The first is the Kelvin-Helmholtz instability gencrated
at the magnetopanse by the flow of magnetosheath plasma along the flanks of
the magnetosphere (Southwood, 1968). Under the Kelvin-Helmholtz mechanism,
waves would be generated given a high solar wind speed and large angle between
the magnetosheath flow direction and the magnetic field directions on either
side of the magnetopause. The second magnetopause wave generation mechanism
i{s the direct transmission of waves through the magnetosheath from the bow
shock (ijpgﬁ}ggg, 1972). Under this mechanism, waves would be generated
preferentially for small angles between the sun~earth line and the direction

of the solar wind magnetic field.
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ii) The Solar Wind and Geomagnetic Activity. It is generally accepted
that geomagnetic activity is driven by the solar wind. Whereas the mechanisms
by which energy 1is transferred are not well understood, a number of correlation
studies (cf., Burch, 1974; Crooker, 1975) strongly indicate that the transfer
mechanism involves merging between the IMF and the geomagnetic field. The
southward component of the IMF and solar wind speed give excellent correlations

with geomagnetic activity (Crooker et al., 1977; Burlaga and Lepping, 1977;

and others).

iii) Micropulsations and Geomagnetic Activity. Both dayside continuous
nicropulsations and geomagnetic activity correlate well with many solar wind
parameters. However, the two correlate differently and with different sets of
parameters, so that a direct theoretical relationship between gecmagnetic activity
and micropulsations is difficult to formulate.

Micropulsations made at Borok (L = 2.9) have shown a good correlation

between micropulsation period and Kp (Troitskaya, 1967). Figure 3.2 shows
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Figure 3.2 From Troitskaya (1967): Dependence of Pc 2-4 periods on Kp at Borok.
¢C. Recent Results

Three recent pieces of work have given significant credibility to the

mechanisms previously proposed for pulsation generation, and have given
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support to the possibility of producing a comprehensive micropulsation
index which would indicate the level of geomagnetic activity. Two of the
studies were based upon satellite observations and the third was based upon

ground micropulsation observations. Most importantly, all three studies used

digital data, which allowed flexible data manipulation and sophisticated
computer analysis.

Recent simultaneous observations of geomagnetic pulsations using three

synchronous satellites (Hughes et al., 1978) were in strong agreement with
generation of the waves by the Kelvin-Helmholtz mechanism. The data were
collected in February, 1975 when, for a few days, the three geosynchronous
satellites ATS 6, SMS 1, and SMS 2 were operating in close proximity. The
data were cross-spectral-analyzed to obtain phase differences between the
spacecraft. All periods of pulsation activity observed on the dayside of the
magnetosphere during one week were analyzed. Figure 3.3 shows the results
of power spectral analysis upon a typical micropulsation event observed during
the local morning. It should be noted that the same spectral peak was observed
at all three spacecraft (the separation between adjacent satellites was about
10°) and that the signals were highly coherent.

During the local morning and early afternoon hours, it was found that
when there was a significant peak in the power spectrum at two satellites,
there was a fair degree of coherence between the two signals to enable calculation

of an m number (representing azimuthal wavelength). 1In local afternoon after

1400, however, this coherence often did not apply.
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Figure 3.3. Spectra and cross—-spectral coherence of the radial and azimuthal
magnetic fields obtained by the three space craft during a typical
local morning pulsation. From Hughes et al., (1978).

Figure 3.4 shows the variation of m number obtained as a function of time.

The results provide support for the Kelvin-Helmholtz wave generation mechanism.

In the vast majority of the morning events, the more easterly satellite

leads in phase, while around noon this trend is reversed, and in the early

afternoon the more westerly satellite leads. This indicates wave propagation

away from noon, in the same direction as the flow of the solar wind plasma

around the magnetopause.
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Figure 3.4,

The lack of coherence between the signals observed at two different
satellites in the late afterncon indicates a strong localization in longitude.
A possible source of those pulsations could be hot protons injected from
the nightside. Thus, such pulsations would be expected to be associated

with individual substorm events, and the power spectral density of those

waves would be an indicator of geomagnetic activitv level.

A recent studv by Greenstadt et al. (1979) indicates that both the
Kelvin-Helmholtz mechanism and direct injection of waves through the magneto-
pause are important sources of micropulsation energv. In that studv, hourly
distributions of micropulsation activity orientation angle were correlated

both with the solar wind aligument of the IMF and with solar wind speed.

As shown in Figpure 13,5, the results showed positive point correlation with
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both speed and orientation. In addition, the joint correlations showed
that enhanced magnetic pulsation amplitudes were associated with solar wind
speeds above 200-300 km/sec and angles between the IMF and sun-earth line of
less than 500-600. The threshold effects further support both the bow

shock origin and the Kelvin-Helmholtz generation of daytime micropulsation

signals.
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In another pulsation study using data from the geosynchronous satellite
ATS-6, Arthur et al. (1978) calculated the power spectral density of geomagnetic
field variations for the month of August, 1974. Two segments of approximately
9 hours each, centered at local noon and at local midnight, were used for
the analysis. Figure 3.6 shows the time variation of the pewer spectral
density as well as the IKp for the month of data. These results have
striking implications on the correlation between micropulsation power content

and geomagnetic activity. It is significant that the power spectral density

is directly related to I¥Kp on both the dayside and the nightside. Smaller
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(larger) fKp corresponds to smaller (larger) values of power spectral density.

Arthur et al. also compared the average characteristics of power spectra
at synchronous orbit with observations from other regions of interest in
magnetospheric physics: the interplanetary medium, the magnetosheath, the
outer magnetosphere near the magnetopause, and the surface of the earth.

Figure 3.7 shows the average spectrum for each of the five regions. The
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Figure 3.7. Average power spectra for the five regions, interplanetarv,
magnetosheath, magnetopause, svnchronous orbit, and ground.
From Arthur et al. (1978).

results in Figure 3.7 indicate that, except for the magnetosheath, which is
known to be verv Jdisturbed, the power levels in each region increase from
the interplanetarvy medium inward to the surface of the earth. Thus, given
a good source of comprehensive digital data, ground observations should
be at least as sensitive an indicator of geomagnetic activity as thoese
reported by Arthur et al.

D. Summarv and Recommendations

The results indicated herein suggested that:

i) both the Kelvin-Helmholtz mechanism and direct injection of

waves from the bow shock are important sources of micropulsation

energy (Hughes et al., 1978: Greenstadt and Olson, 1979)



1i) micropulsation period is a possible indicator of peomarnetic
activity tevel (Troitskava, 1967),
i11) and the power spectral density of micropulsations mav be used
as an indicator of geomagnetic activity level (Arthur ot al., 1978).

The AFCL magnetometer network is an ideal tool for tormulating a micro-
pulsation index for the level of geomagnetic activitv., The AFGL data is also
ideal for comparison vith observations trom other chaius of magnetometers.,
Since the AFGL data is digital, it would be straightiorvard to perfomm power
spectral analvsis, And since all facilities used for the network are dedicated
to the network, the data are available uninterrupted tfor long periods of time.

Two possible approaches may be used to formulate and catibrate a micro-
pulsation index from the AFCGL magnetometer notwork Jdata.

The tivst, and simplest, approach would be to pass the data throush
A osuite of tilters, cach passband carefully chosen to cover a particular
rart o the micropulsation spectrum. The output of each {ilter would then
be time averaved and corrvelated with geomagnetic activity, e.oo, Kp.  Aftor
appropriate studv, the filter band passes could be precisciv defined so as
toocover the spectrum in a way that the most significant channels could be
isolated. At that peint, the superiluous channels could be eliminated (although
they probably should be retained for future studv).

A second, more sophisticated, approach would be as follows.  Compute the
power spectral density matvix tor an appropriate time interval {(one hour,
a1 starty. Retain the power spectral Jdensity for ecach component of the
macnetic ticlhd, Caretul comparison of shitts ot spectral peaks with chaneing
seomaynet ie activity would verity ov vetate the possibility of using micropulsation

period as the kev o indicator ot activity Tovel.
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Following the technique of Arthur et al. (1978), the level of the spectrum
(characterized by key spectral estimates) could be correlated with gcomagnetic
activity. Based on the success of this approach :t synchronous orbit, it is
likely that a micropulsation index using this technique on AFGL magnetometer
network data could be a reliable indicator of geomagnetic activity.

In this report, we have emphasized dayside continuous micropulsations as
possible indicators of geomagnetic activity. However, it is apparent that
irregular micropulsations, especially Pi2, may also be good indicators of the
level of activity. Pi2 are transient pulsations associated with substorms, with
naximum effect at middle and low latitudes. Pi2 are known to correlate with Kp
(Troitskava, 1967). A possible future studv of the potential of Pi2 occurrence

as a geomagnetic activity index using the AFGL network data should be considered

at some point.
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4. IONOSPHERIC ELECTRIC FIELDS AND CURRENTS DRIVEN BY BI1RKELAND CURRENTS

A. Introduction

A significant observational finding of the past decade is the discovery
of magnetospheric electric currents that flow along magnetic field lines
and enter the ionosphere in the auroral regions. These so~called Birkeland,
or field-aligned currents, constitute a major coupling between the magnetosphere
and the ionosphere. Other recent observations suggest that certain ionospheric
phenomena, that may occur at all latitudes from the polar cap to the equator,
are causallyconnected to the electric field, current, and conductivity
variations that occur in the auroral regions. For the purpose of eventually
relating observed mid latitude field signatures to magnetospheric-ionospheric
current configurations, we have developed a model for the pglobal distribution
of ionospheric currents generated by a specified input-output Birkeland
current configuration. The model developed is discussed in this chapter and
some principal results are included in the three publications reprinted at
the end of this chapter.

The model developed of global distributions of c¢lectric fields and
currents driven by field alipgned currents is uscful in several wavs. To cite
three reasons: (1) Within the model, the i{onospheric distribution of electric
currents that result trom various models of geomagnetic events, such as
substorms, arce determined, and from these currents, ultimatelv, the magnetic
disturbance patterns can then be caleculated for such cevents. These modeled
cvents are then used in conjunction with actual records (mapnetograms, sav,
at middle tatitude) to infer the behavior of the high latitude ionosphere.
Corryinzout this procedure is discussed in more detail later in this chapter.)
() The electric ficlds in the ionosphere are determined globally for model

events.  Since a preat manv plasma phenomena, e.g., at the dip equator, depend
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upon the local electric field, one could use such a model to determine the
relationship between, say, equatorial ionospheric plasma observations and
Birkeland currents. (3) This gives quantitative insight into the relative con-
tributions of various electrodynamic effects that are operative (such as
Birkeland currents, neutral winds, conductivity structure, etc.) in determining
the resultant distributions of ionospheric electric fields and currents.
Thus, in summary, the kind of modeling developed serves to enhance our under-
standing of the connection between magnetospheric dynamics and various electro-
dynamic effects in the global ionosphere. This improved understanding, in turn,
will enable us to develop ways to exploit the connection for practical purposes.

B. Definition of the Model

The definition of our model is as follows. The ionospheric height-integrated
tensor conductivity and the distribution of field-aligned currents into and
out of the ionosphere are specified (i.e., taken as known variables) for each
model event considered. The basic condition imposed at each point in the
ionosphere is that charge is conserved. This is done through the continuity
equation, which, using Ohm's law, has the form

I(field-aligned) = Vo « L(0,y) + V2¢(8,Y)

The left~hand side of this equation is provided by the given Birkeland current
distribution at the ionosphere. ¢(8,y) is the electric potential in the (height-
integrated) ionosphere at the colatitudinal and azimuthal angles 6 and y. The
ionospheric clectric field and current distribution are determined by the

relations:

E(0,v) = V2 #(e,Y),
J(8,y) = £(8,y) * E(8,Y).

The subscript on the gradient indicates that only transverse derivatives (tangential

to the spherical ionosphere) are operative.

The conductivity tensor L(0,y) is assumed known and Includes the principal
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spatial variations: a large increase of dayside over nightside conductivity

’ A
i
i

due to solar photofonization (i.e., the solar-zenith angle variation); and
a large increase in the auroral regions due to energetic particle precipitation.

These variations are depicted schematically in Figure 4.]1. 1n addition, the

layer conductivity formulation employed leads to enhancements of the diagonal
conductivities and a zero of the off-diagonal conductivities at the equator

Carovillano, 1979b). The assumed distribution of driving currents is adapted ]

from the Triad satellite ohservations (c.f. Figure 2 of the second reprinted

paper in this chapter (Nopper and Carovillano, 1979a). With these modeling

parameters, we are able to represent a range of magnetospheric conditions
from verv quiet to quite disturbed.

The numerical scheme employed to solve the continuity equation is an
iterative method using successive relaxations. Tterations are made to a finite
difference representation of the continuity equation on a hemispherical grid.

This well-known technique (Forsyth and Wasow, 1960; Binns and Lawrenson,

e A e .

1973) vields reliable numerical results, as tested independently usiug Gauss's
Law in two dimensions on the final output, and gives accurate electric lields

and currents to within a few percent almost everywhere.

C. Applications of the Model

In this section, we briefly describe the situations modeled and the |
Jdetermined equipotential patterns and electric ficld distributions. We also

summarize here the results contained in the three reprinted papers included

fn section D of this chapter. We shall refer to those three papers as Paper 1

(NQRRﬂ[fEBL£§U3§H}lﬂﬂ9' 1978), Paper 1T (Nopner and Carovillano, 1979a),

and Paper [TI (Nopper and Carovillano, 1979b).
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PHYSICAL IONOSPHERIC
CONDUCTIVITIES

Fiwure 4.1 Schematic representation of the distribution of {onospheric conductivitv
used in the model. Conductivity is proportional to density of stippling.

Features shown include the solar-zenith (i.e., dayv-night) variation,

and cnhanced conductivitv in the auroral ovals.
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The basic quiet-time (or weakly disturbed) pattern of field~aligned currents
discerned by the Triad satellite includes a "Region 1" (poleward) pair, with
current into the dawnside and out of the duskside ilonosphere, at the high
latitude edge of the auroral oval: and a "Region 2" (equatorward) pair, with
opposite polarity to the Region 1 set, at the equatorward edge of the oval;
Region 1 currents, at 106A, are typically twice the strength of the Region 2

currents during quiet periods. (See Figure 2a of Paper 1 (Nopper and Carovillano,

1978) for our idealization of this structure; this figure also shows the equi-
potentials for this set of source currents). Systematic findings arc that

the dusklike equipotentials are pushed up toward the pole, while the dawnside
cquipotentials are drawn down toward the cequator: in addition, the polar cap
equipotentials are pushed over toward the dawnside of the polar cap. These

distortions are understood (Wolf, 1970: Nopper and Carovillano, 1979b) to

result from the contrast in conductivity between the day and night sides of the
earth, and are present in all models with such a conductivity structure. A
consequence of this asymmetry appears in the clectric field distribution. Thus,
Paper I (Nopper and Carovillano, 1978) shows the quiet-time east-west electric
field at the equator as a function of local time; one sees that the ficld
is eastward over three~quarters of the day and westward for only about six
hours from 2300-0500 LT, and that the field is stronger during its westward
orientation than its eastward (a consequence of the requirement that'§E'ﬂl = 0).
Quiet-time clectric field components at latitudes 54 and 300, as functions

af local time, are displayed in Figures 4 and 5 of Paper 11 (Nopper and Carovillano,

1979a) where the local-time asvmmetries are also evident.
During disturbed periods, observations indicate that the topologv of the
field-alipgned currents remains the same as for quiet times, but that the

strengths of the currents increasc to roughly 3x106A in both the Region 1

.4
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and Region 2 pairs. Thus, not only do the currents increase in strength during
active conditions, but also the Region 2 current becomes approximately as

strong as in Region 1 (in quiet time, Region 1 dominates). The general

effect on the equipotential pattern can be seen in various figures in Papers

I, ITI, and III. Thus, changes in the electric fields are evident in Figures

2a and 3 of Paper I, and Figures 8 and 9 of Paper II. The change in equipotential
pattern is seen in Figures Za and 2c of Paper ITI. A striking result 1is that,
during disturbed periods, the east-west component of the electric field reverses
its quiet-time direction at the equator (and other latitudes) at most local times.

Using models of the field-aligned currents during quiet and disturbed
periods as just discussed, we show in Paper 1 that the source currents as
observed during active times generate equatorial electric fields of sufficient
strength and in the proper direction to account for the fluctuations and
reversals of the electric field seen in equatorial records. Originally inferred
from magnetic observations, these disturbances in the equatorial clectric
field have now been seen directly as actual ionospheric effects by radar and
other sensing techniques, and often occur simultaneously with high-latitude
disturbances. Thus, Paper I establishes the ionospheric conductivity as a
contributing mechanism to the coupling of electric fields from high latitudes,
where driving forces of magnetospheric origin are applied, to low ionospheric
latitudes.

The consequences of global spreading of electric fields of magnetospheric
origin are examinel! further in Paper 1I. Here, in addition to the polar-equatorial
coupling discussed above, we conclude that the electric fields due to Birkeland
currents are comparable or exceed in magnitude those generated in neutral

wind models at all latitudes, and generally have large subdiurnal (12, 8, ... hour)

components. Thus, even during quiet periods, neutral wind models are insufficient
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to model ionospheric electric fields and currents, and the ofiects of
magnetospheric sources must be included. It was also obscerved in Paper 11
that during disturbed times, the electric field in the polar cap deviates from
its canonical dawn-to-dusk direction and re-orients toward the sun.

This last effect is the topic of Paper 11T where the polar cap clectric
field is c¢xamined under various disturbanc: conditions.  The principal resalt
is that the structure of equipotentials, globallv and in the polar cap, depends
sensitively on the relative strengths of the ficld-aligned current pairs. For
Region 1 currents much stronger than Region 2 (a verv "quiet" condition), the
averape electric field direction in the polar cap is about 60" east of noon.

As the Region 2 currents inerease in strenvth, corresponding to magnetic
conditions becoming increasingly active, the orientation of the polar cap
clectric ficld rotates clockwise (as seen from above the pole) towards noon
and would actually point into the pre-noon scctor should the intensity of Region
currents slightly exceed Region 1 currents.  In Paper 111, Figures Za-e
show the smooth progression of equipotenti satterns for Region 1/Repion 2
intensity ratios of 2:1 (quict conditions) through 1:1 (disturbed conditions)
te 122 (intensely and probably unrealistically disturbed conditions). The
electric tield direction, measured counterclockwise from noon, is given in
Figure 4.2 as a function of the intensity ratio.  Because the intensity of
Region ! currents (s directly dependent upon geomapnetic activity conditions,
an jmportant implication of our work js that the clectrie field orientation in
the polar cap should also correlate with peomaesnet ic activity.
D. Reprinted Publications (Papers T, 11, and 111)

the reprints mentioned in the forepoing texst and brietfly discussed in

Section (0 as Papers 1, II, and 117 arce presented in this section.
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Abstract. Observational evidence indicates
thiat high~latitude magnetic activity can be
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POLAR-EQUATORIAL COUPLING DURING MAGNELICALLY ACTIVE PERIODS
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reversals in the equatorial electrojet current
occurred both lay and night during times of

causally related to fluctuations and reversals
of the equatorial electric field. Using Birke-
tand currents as the driving forces, we have
wide numerical calculations ot the {onogpheric
electric flelds and currents that distribute
globally. Our calculations utilize a tatrly
realistic empirical tonespheric conductivity
nodel and the field-aligned current distributijon
fnterred from TRLIAD measurements. The results
presented here demonstrate that the fileld-
aligned curreants observed during disturbed
perieds can account for the equatorial fluctua-
tions and reversals in electric ficld and
assoclated magnetic disturbances noted during
such times. In this way, magretouspheric dyna-
mivs has a Jdirect and significant influence on
the equatorial ionosphere through the iono-
spheric conductivity.

Introduction

A body of obhservat {onal evidence has been
acvumulat ing tor decades that high-latitude and
evwuatorial fenospheric electric filelds and
currents are coupled during active times. The
first evidence invelved ground wmagnetomecter
measuremcnts trom equatorial and high-latitude
observatorivs which showed variations closely
corre “ated in time [Akasofu and Chapman, 1963,
1967 Oawumechili er al., 1973}. These fluc-
tuat ions were often attributed to a coherent,
extensive fonospherfc current svstem generated
during polar substorms with "1eturn currents”
that atfected the diavside equatorial electrojet.
However, there was ro immediate way to rule out
the explanation tha: such ground magnetic
cftects were of extra-ionospheric origin, e.g.,
trem rine currvents.  Thus 4 causative polar-
eqaatarial fonospheric coupling could not he
vstablished from magnetic records alone. With
the rise ot fonosphoric sounding techniques
sach as {ncocherent scatter and VHF Doppler radar,
in conjunct fon with ground magnetic records,
hservatfonal eviderce now indicates that high-
tatitade and cquatorial magnetic activity often

crrelate well with each other and with detalls
o equatorial electric 173 variations, for
wxample, Matsushita and Balsley [1972} found that
LOO v (hanges 1o gecmagnet {c H at equatorial
Huanoavo correlated well with radar-measured
decreases in westward electron drife velocity
dusing 0 period when the ring (utirent was too
wek toogqecoamt for Heo Using VHF Doppler radar,
Carter vtoal. {19767 found cases wiere cqua-

erden tla tuations dn fon oveloo ity with time
coates of Load mintes correlated with gedo-
cavretio Hoand dn tiru owith the high-lat{rude

otaations ceen or the Dixon Taiand magneto-
foejer o croads (14 and that fase
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high Kp, when polar magnetic activity is sta-
tistically more frequent. Thus, at least for
certain disturbances, radar measurements
support the inference from magnetic records
that the high-latitude and cquatorial fono-
spheres are (nupled electrically.

we will use the term "polar-equatorial
coupling” to refer to such coupling of iono-
spneric electric f{elds and currents. In our
approach, the coupling vesults from driving
forces in the nigh-latitude ionosphere, and
the connection with magnetospheric dynamics
is from Birkeland corrents. The results
reported below essentially establish the role
of the tonospheric conductivity in explaining
the ohserved polar-equaite riac coupling. The
major improvements in sur results over past
efforta in the area [Iﬂﬂﬁﬁkl.qpé,fiﬁhigﬂ- 1967;
Wolf, 1970; Jagg! and Welf, 1973; Maeda and
Maekawa, 1973 Lyatsky et al., 1974; Yasuhara
et al., 1975] are {n our {aproved representa-
T{ons of ficld-aligned current distributions
ana onductivity, and especially in our care-
ful treatment of the cquatorial conductivity.
Because of these tmprovements we are able to
determine the magnitudes of low- and equa-
torial-lat{tude eftects accurately., Modeling
parameters can be better apecified than in the
past mainly because of the gynoptic pictures
provided by the TRTIAD Satellite of the driving
field-aligned currents under different condi-
tions, and the improve:!d eripirical kmowledge of
the ionospheric co- "wtivity provided by
technfques such ag in.uvicrent acatter. In the
following sections we describe our models and
the calculated resalos.

The Models

sur apptoach {s to solve the equation of con-
tiaufty for the height-integrated fonospheric
current, given the high-lat,.tude distribution of
the driving fteld-altgned currents and the iono—
spherdc layer condovtivities.  In these calcula-
tions we enly obtain the {onosasheric electric
fields that resuit from magnetuouspheric coupling,
and therefore do not take {n*o account other
dynamical cffects such asa neutral winds., This
ts probably not a serious deficiency fn modeling
the present effects, for which the global coher-
ence in time occurs on scales considerably shorter
than the rewponse time of the global wind system,
which i perhiaps a couple of hours lfgﬁﬂgy_ﬁpﬂ
Kanke, 1972].

fhe picture of the ti01d aligned currents
adopted is taken from the TRTAD results [LLlQ@a
and FPotemea, 19761, Ruielly, TRIAD reports two
distinct sets f Jarge-=scale field-aligned cur-

repts: a polewars) set (regien 1) which is per-
manent . and 4n oequatarinl set (region 2), which
The dtstributicons are r1oughly

fa more transient.,

ou




T Norner and Jarovillano: Polarv-tquatorial couphing

Fig. la. Polar plot of equipotential pattern

(1o kV) due to a region 1 current set of 106 A at
72°: 4ato the ionosphere (cross-hatching) on the
dawnside, outward (stippling) on the duskside.
Noon i{s at the top, dusk to the left, etc.; the
outer circle represents the equator, and the inner
circles are at 30° and 60° latitude.

symmetrical northern to southern hemisphere.
Region 1 currents flow into the fonosphere on
the dawnside and cut on the duskside; region 2
currents are of opposite polarity. The reglons
have a large spread in local time and overlap
neat midnight. Duri{ng quiet t{mes, region 1
currents are stronger than the vegion 2 currents
(which may even be absent) and amount to = 106 A,
During active times the intensities of both sets
increase and become equal to about 3 x 106 A
_________ At all times, evi-
dence is that the net current into the ionosphere
equals the net current out. For our present
tdealizatton of the TRIAD synoptic observations,
wv placed the current sources along arcs of con-
stant latitude with a longitudinal extent of 132°
and distributed the current uniformly along these
ares.  This structure {s {llustrated in Figures
1 and la,

1 |
¥ 8 24 06 12

—_ E _____~—¢.¢—__-\J —-c-o—-E —_

Piy. 1. Eloctric tacbd oas a4 function of local
tame at the cquator the letters Foand W oat the
hottom of the figure give the sense, east or
weat . ol the ecuatorlal ¢ s1d,

24
Fig. 2a. Equipotential pattern of region 1l cur-
rents of 10° A at 72° and reglon 2 currents of
5 x 10 A at 66°. This scenario approximates the
quiet-time TRIAD observations.

The direct, Pedersen, and Hall conductivities
were represented by simple functions that repro-
duce the observed major structures of the icno-
gphertc conductivity, the solar-zenith angle
variation and the auroral enharcement. The
coefficients were selected as typical or most
characteristic values from measurvments of
Rowe and Mathews [1973], Brekke et al. (19741,
Kennel and Rees [1972], and others. W:th 0 the
coelatitude and ¢ the longitude measured eastward
from ncon, the height-integrated conductivities
for the calculations presented here are (in mhos):

Pedersen: op(ﬁ,o) = 0.3 + 5.0 exp{-[cos_l
vl
(sind® cos¢)] /1.804}
+ 3.0 expl-(8 - 0.39%/0.01}
Hall: GH(9.¢) = 2.0 ﬂp(ﬁ,@)
direct:

no(ﬂ.w) - 31.62 np(e,m)

The first two teims in 0y provide a low value at
night and a smooth solar-zenith angle varfation
on the dayside which closely approximates the
measured form of Van Zandt [1967]; the dav-to-

2

12

Fig. b, VFlectric ticlds for the
made ]l (same tormat as Flgure 1b),

Y i e 4 A S S T T e g a7 e = s A PR IS e g~




T TR A ST =

T

wopper end varovehano,

(2 18 24 06 12

Fip, . Flectric tields for the case ot egual

regton 1 and region ) currents (1oAY, The for-

nat in the same as {n Figure b aad 2b. Comparci
son with Figure 2a shows that the equatoriat
vlectric fleld s oppositely dtirected over most

local times.

night conductivity contrast {s about 0 to 1.
The last term provides a broad auvoral enhance-
2ent zone of 15° width peakiny at 69°,  These
tunctions represent a4 compromise between the
"best” observed or phenomenologival models aud
the requirements of suitable smoothoess tor the
numerical caleulaticnal scheme. e above
expression for the condactivittes were used fo
the usual laver formolas o, Rishbeth and
sarriote [1969)) to obtatn the two-d {mensional
crothin-shell conductivity tensor

-

taling the

carth’ s augnetic fleld to be cipotar. he
centinuity equation
J(=ourceY = Ve o Ty

tsosolved numerteally ustog dittereace tormulas
noa 30y 10 prid, The resulting algebrale
cpnttons are solved tor the tonospheric poten-
ttal 7L rrowm which the electric tield and
carrent density are determined. Our model has
Soerth-seuth svametry se that valoulativns are
2ade tn the nortthern hemisphere with the bound-
drvocondition ot coro current ctossing the
cauator [Wolf, 1975].  Novth-south svmmetts
Clminates the considerattion ot couplang
Totween confugate hemispheres, cox., along
Slasmaspherde field Tines.  damerfcal aceu-
racy ot the solutlons was caretully menftored,
d an addit fenal todependent traint was
wedd todnprove the quality ~f the results.
Sheocontratng s declved trom Gauss's Taw in
two Jdimencions and hasicallv espresses the

Toval requitement ot continuity o tonospheric
rrent that the correct solutton must satisty,
AR

o largest numer{cal errors (n the tesules

cosanted are o few percent .

suils aimd Discunsion

aromedet gntet and active conciticns e the
Yty way. For o verv o gutet fimes, the steady
Ceward treld-aligned vurvrent set s wiven oan
intensaty of 10T v and the equatorwend et s
woedthe v oantens iy, wiive tioes are

Uoocaninyg betts o sets ecnal owinhogn o tntensaty

(RN &t ot Preoorhe e valoatatiess
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Polar quatertal dCoapling Tl

tentdals are pulled poleward (pushed equatorward)
on the dusk (dawn) side {5 Jdue to the conducti-
vity contiast between dav oand night [Wolt sl
Tbe tendency ot the subauroral equipotentials to
rotate toward later local tames was attrihated
by wolt {1970]) qud Vasyltunas [1970) to the
enhanced mode! auroral conductivity., Fipure b
shows the reselting clecttie Tield morphelopy
at the cquator as a tuncefon of local time,
Note that the clectoic tield at the equator ts
westward over fust a4 brivt sector of loca!l time
(essent tally the miduight-dawn quadtant).  The
cquatorial electvie tleld ts about 1-0 mVio.
Thia Jarge mapnf{tude supgests that lmpulsive
activation o enhancement of tield-aiigned
vurrents Jdoring distuibed times could contri-
bute electric t{celds which asre of proper
polarity and great enough strength at low
lat ftudes to pro. we sfigatftcant fluctuations
fn (and cven veversals ot) the quiet-time
patiern.,  For a guict-time equatorial mor-
phelogy, we tegard the observational ploture
ot Woodman [19701 to be tvplceal: ecastward
tield ot 0.5 wV/m over most of the davside,
with a4 sharp increase to 1 aV/m near Jdusk,
tollowed by a reversal to - 0.5 av/m in a
westward ditection over most of the nightside.
Figure la gives the equipotential pattern
that results trom addiag regien 2 curtents of
S % 105 A at 66° to the current pattern of
Figure la.  This nodeling situation corresponds
te the quict-time TRIAD measurcments. Here, one
assocfates the regien 1 ocurre 18 with the magne-
tospheric convection clectric tield and the
reglon 0 currents with the shielding currents
coming from the {nner edge of the plasma sheet
(Coge, wWolt [1975)).0 Figure la shows the pene-
tration of the equipotentials to low lat.tudes
to he greatly restricted, and Figure b shows
correspondingly that the electric fields at low
tatitudes are si{pnitteantly reduced by the
reston 0 oaoutce, though thelr directions are
more or less the same as to Figure 1b, Qur
gaiet-time resulis at the equaror resemble the
quivt-time morphology ot Woodman {19701, Ta
represeat active cuanlioné, the strength of
the region [ source Is {ncreased to matoeh that
of regton 1, namely, 9P AL Under these condi-
tioas the dlrection ot the equatortal electrdic
ti{eld s
over most local times, as shown in Figure 3
ttjtma and Petemra {1976] assocaiated the
strennth of region J currents with the level
ot anroral electrojer activity,  The reglon 0
crarrents presunably originate in the inner

reversed compared to gufet conditions

cdge of the plasma sheer/ring current, which s

ctten the soutee of high-latitode {onvapherice
activitv.,  As sugeested by the TRIADY measute -
menta, durfag ot ive periods cutrent intensi-
ttes reach 3V 100 A Gud the seales of Figure
Vare to be multiplied by oaboat three, Yo
these conditions, the cquatorial reversal o
the guiet -time moarphology of Woodman (1070
e quite proncun eds 1 active pertads are
dodeled byoepuisive, cat~ot-phase fiuctua
\

tlens o repfen el vevioe D ocutrent sete.,

Coen g 1 oot by Joreversais woed
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In summary, the present calculations indi-
cate the degree to which the ionospheric con-
ductivity couples electric fields driven by
higu~latitude {ield-aligned currents to the
equatorial ionosphere. The coupling is
sufficient to account for the fluctuations and
reversals in tlte equatorial electric field
which occur in active periods. Our model gives
a consistent picture of magnetically quiet and
active perfoda by incorporating essential fea-
tures of the observed behavior of field-aligned
currents to infer asscciated equatorial effects.
Future applications will deal with selected
modeling conditions associated with several
classes of magnetic activity.
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IONOSPHERIC FLECTRIC FIELDS DRIVEN BY FIELD-ALICNED CURRENTS
R. W. Nopper, Jr. and R. L. Carovillano

Department of Physics, Boston College
Chestnut Hill, Massachusetts 02167

Abstract. Field-aligned currents provide an important coupling
between magnetospheric and ionospheric processes, driving ionospheric
electric fields on a global scale. We have developed a model {n which
global distributions of electric fields and currents are calculated
using mathematical boundary conditions on field-aligned currents that
are chosen to correspond to observations made on the Triad satellite.
The ionospheric conductivity tensor is represented empirically and
includes spatial inhomogeneities resulting from the solar-zenith angle
variation and a local auroral zone enhancement. Numerical results
are accurate over the entire latitude range, pole to equator.

One application made was to examine t“e role of the ionospheric
conductivity in coupling electric fields from high to low latitude.
Ground magnetic observations and direct measurements of equatorial
ionospheric phenomena have indicated that magnetospheric coupling
effects penetrate at least to L = 3.2 during quiet times and to the
ejuator during disturbed times. Calculations using quiet-time sources
as observed by Triad yleld electric ficlds at all latitudes which are
at least comparable in strength to those produced by dynamo wind models
and which have non-diurnal morphologies. In our calculations for dis-
tarbed times, imposed fluctuations in the strength of the field-aligned
(Region 2) currents are found to produce large variations in the mid-
and low-latitude electric field and account for reversal from its quiet
time configuration, as is often observed. The electric field in the
prlar cap is shown to vary significantly in response to substorm condi-
tions when Region 2 currents are appreciable. We conclude that under
bath quiet and disturbed conditions magnetospheric sources produce
tonospheric effects on a global scale.

Introduction

Most past efforts at modeling the coupling between the magnetosphere
and lonosphere have excluded proper consideration of the low-latitude
jonosphere. The importance of auroral zone effects on the coupling
his recently been emphasized with the observations that have establiahed
Birkeland currents to be a permanent feature at high latitudes, Impor-
tant low-latftude effects occur essentially by leakage of current from
high latitudes. Thus, calculated ionospheric results of Wolf [1970], .
Jaggt and Wolf [1973), Maeda and Maekawa [1973), Lyatsky et al, {1974},

Yasuhara et al. [1975], and others are generally adequate at high lati-
tudes but are not designed to apply at middle and low latitudes.
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Ionospheric evidence is now available that suggestsa direct rela-
tionship between high- and low-latitude phenomena. Thus, during dis-
turbed times, rapid magnetic variations closely correlated in time are
observed at auroral zone and equatorial stations (e.g., Akasofu and
Chapman [1963); Onwumechili et al. [1973]). Ionospheric electric
fields and currents sometimes fluctuate and reverse in concert with
this class of magnetic fluctuations as shown by correlative studies of
magnetograms and radar measurements of mid- and low-latitude ionospheric
plasma drift episodes (e.g., Balsley [1966), Van Zandt et al. [1971],
Carter et al. [1976], Fejer et al. il976]), and other ionospheric pheno-
mena, such as the sudden disappearance of equatorial sporadic-E and vhf
radar echoes (Cohen and Bowles [1963], Rastogi (1977], Rastogi et al.
[1977], Patel [1978]). Thus the existence of a polar-equatorial iono-
spheric coupling during disturbed times is documented observationally.

At quiet times, Matsushita [1971] and Leont'yev and Lyatskiy [1975]
proposed that the Sq equivalent current system might be driven in part
by magnetospheric sources, the conventional generating mechanism being
the E-region dynamo. Observationally, F-region plasma drift measure-
ments at Millstone Hill by Carpenter and Kirchhoff [1974, 1975] corrob-
orate a magnetospheric origin for the quiet-time electric field down to
L = 3,2, More recently, Gonzales et al. [1978] have shown that only in
extremely quiet times is the classical dynamo effect dominant over mag-
netospheric sources in plasma drifts seen at Millstone Hi{ll, It remains
an open question how far equatorward the quiet-time configuration of
magnetospheric sources exerts a measurable effect.

Our motivation to calculate the distribution of ilonospheric electric
fields was to evaluate the degree of coupling between the high- and
low-latitude ionospheres. As detailed in the next section, our modeling
procedure utilizes a realistic model of the fonospheric conductivity
and the observed field-aligned current distribution; careful numerical
treatment of dip-angle effects in the equatorial regions renders the
calculation accurate globally. These Inputs (conductivity and Birke-
land current) can be modified to conform to improved empirical require-
ments or special physical circumstances. Model results are presented
both for quiet and for disturbed periods. We find that magnetospheric
sources contribute on an equal footing with calculated dynamo sources
to the quiet-time electric field morphologies at all latitudes; on the
other hand, magnetospheric sources alone produce large enough electric
field variations at middle and low latitudes to account for observed
disturbed-time fluctuations and reversals. Thus effects of magneto~-
spheric coupling to the ifonosphere are significant at all latitudes
during both quiet and disturbed times.

Definition of the Model

Our approach 1s to solve the equation of continuity of the height-
integrated ionospheric current, given the ionospheric conductivity
distribution 15(6,¢) and the driving field-aligned currents J(source).
The electric fields we calculate may not be the total ionospheric field;
for example, we do not include neutral wind effects. We impose boundary
. Jditions that require north-south symmetry in the conductivities and
sources. If (0,4) denote the co-latitude and azimuth and ¥V, is the
transverse gradient, we obtain the ionospheric potential 0(6.0) from
the cquation of continuity
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J(source) = V, - L(0,4) - ¥, ¢(8,9)

by numerically relaxing its finite difference representation on a

30 x 30 grid of nodal points covering the northern hemisphere iono-
sphere.  Southern hemisphere results are determined by the symmetry
condition of zero current crossing the equator. The numerical accuracy
is verified by checking that the calculated current is locally con-
served among adjacent nodal points toa good approximation. The calcu-
lated electric fields are accurate solutions to the continuity equation
(with assumed source and counductivity models) within a few percent
everywhere on the grid.

The ionospheric height~integrated conductivities are expressed by
simple functions multiplied by adjustable coefficients, These expres-
sions give a good fit to the principal structures observed, namely,

a base level constant conductivity (denoted by subscript "K") a solar-
zenith angle varlation (subscript "X"), and an auroral enhancement
(subscript "A"):

Pedersen SP(G,Q) = ZPK + XPX exp {-[cos™!(sind cos¢)}?/1.804}
+ Iy, exp (-[0 - 0.35]2/0.01) mhos,
iall Tgl0s9) = Eg + L exp {-[cos™!(sind cos¢)}2/1.804)
- - 2
+ Ty, exp | {6 - 0.35]4/0.01} mhos,
direct £,(0,4) = 31.62 1,(6,4)  mhos.

Here, 8 and ¢ (measured eastward from noon) are in radians. The coeffi-
cfents are chosen to reproduce the most characteristic or typical values
from Kennel and Rees {1972], Rowe and Mathews (1973], Brekke et al.
{1974], and others. Those employed in the present modeling are as

follows:

ek Tex e L S
Quict 0.3 5.0 3.0 0.6 10.0 6.0
Disturbed 0.3 5.0 6.0 0.6 10.0 18.0

These conductivities are then adjusted for dip angle effects in the
usual way [Rishbeth and Garriott, 1969] to yileld the elements of the
tensor 5(),$) used in the continuity equation., Figure 1 illustrates
the varfation in %gzq as a functfon of 8 along the noon-midnight meri-
diar. Note the dif?erent auroral enhancements, peaking at 69° latitude,
for cuiet and disturbed times, and the 20 to 1 contrast between day and
night values,

For driving currents we utflize the Triad results reported by I1{jima
and Potemra {1976, 1978], shown in Figure 2. These consist of two
large-scale current structures: Region 1, often associated with
magnetospher ¢ convection, which flows into the {onosphere on the dawn-
side and out on the duskside; Region 2, often correlated with auroral
celoctrojet activity, which has the opposite polarity, In our idealiza-
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Fig. 1. Variation of conductivity tensor
element Igg along the noon-midnight meri-
dian from the dayside to the pole to the
nightside equator. The dashed (dotted)
portions give the model auroral conduc-

tivity values during quiet (disturbed)
times.

tions, Region 1 currents are located at latitude 72%, and Region 2 at

l 66°. We abstract the quiet- and disturbed-time current strengths from
} ' the Triad results to be:

| Reglon 1 Region 2

vl Quiet 106 A 5 x 105 A

. i Disturbed 105 A 105 A

i

L

It is characteristic of quiet times that the Region ! currents are
: roughly twice as strong as the Region 2, wvhereas during more active
periods the two sets carry equal currents, from 10° A (as tabulated
here) to several times 106 A,
; . At present there is no definitive empirical evidence available that
' specifies the origin or the time-dependent behavior of the field-aligned
: lL.ikewise, theoretical simulation efforts nf the dynamical

currents.,
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Fig. 2. The ficld-aligned current distributions determined using the
Triad satellite {I1ijima and Potemra, 1978).

procusses that couple the magnetosphere and ionosphere are in their
ecarly stages of development. (See the paper by Harel et al., this
volune.) The Triad results adopted in our modeling scheme have only a
statistical significance; thus our calculated results would only have
statistical significance and would not necessarily be representative

of particular events on a case by case basis. Rather, our results
should characterize typical distributions of ionospheric electric fields
‘and currents that are generated by typically obhserved field~aligned
currents.

Quiet~Time Results

0ar main interest in this first application {s to determine the
contribution made by the field-aligned currents to the quiet time elec-
tric field morphology at middle and low latitudes. In Figure 3 the
cquinotential curves are given for the quiet-time modeling parameters
presanted above., It is seen that a two-cell pattern results from the
quict time pattern of Reglon 1 and Region 2 currents. This agrees with
the two-cell convection patterns of Heppner [1977]. The polar-cap
field is directed roughly dawn to dusk with magnitude 23 mV/m. There
is a striking dusk-dawn asymmetry, in which duskside equipotentials are
pushad toward higher latitudes and those on the dawnside are pulled to
lower latitudes. This effect was explained by Wolf [1970] as due to
the Jifference in conductivity between day and night. It {s intereat-
ing to note, since the ilonospheric currents are likewise asymmetrical,
that even for a symmetrical disposition of field-aligned curcents (as
taken here) the resulting ground magnetic effect will be asymmetrical
dusk to dawn.

Figure 4 shows the meridional (or ©) component of the electric field
as a function of local time at the latitudes of Millstone Hill (54°)

88

i
i
:
|
i
4




S

—— ey, G——

—— e e ——

562 IONOSPHERIC ELECTRIC FIELDS DRIVEN BY FIELD-ALIGNED CURRENTS

12

. /j, AN
Y&

-S

24

Flg. 3. Polar plot of the equipotential
curves, 1 kV, for quiet times. Here, the
Region 1 currents are twice as strong as
the Region 2, and the auroral conductivity
is moderate. Circles are centered at the
pole at colatitude 300, 60°, and 90° (the
equator). The total cross-polar-cap
potential drop is about 50 kV in this
model.

and Arecibo (30°); E, at the equator is identically zero in these
models. This field component would correspond to an eastward component
of drift of ionospheric plasma. The calculated magnitudes, 5 nV/m at
54° and 1.5 mV/m at 30°, are approximately as large as those generated
in neutral wind models [Matgushita and Tarpley, 1970]. Thus, magneto-
spheric sources and neutral winds must both be included and play com-
parable roles in modeling quiet time effects at low latitudes. Figure
4 displays a predominantly diurnal morphology at 54°, where maximum and
minimum electric field values occur about twelve hours apart. In our
model, the premidnight field is northwards and this would generate a
wegtward F-region plasma drift at Millstone Hill; this drift 1is
obgerved by Gonzales et al. [1978] on all but the quietest days. The
classical dynamo effect, which gives southward fields in this sector,
would be dominant over magnetospheric driving effects, according to
our results, only during very gquiet times.

In Figure 5 the azimuthal (or 0. goaitive eastwards) quiet-time
electric flelds are given at 54°, and the equator, corresponding

to northward plasma drifts, Again the calculated magnitudes are com-
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Fig. 4. Meridional component of the
electric field, in wV/m, at 54° and

300 latitude, as a function of local
time, for the quiet-time model (Q).

Pogitive Ey corresponds to a gouth-

ward directed electric field.

parable to those from neutral wind mudels. A new result is that this
component has strong non~diurnal Fourier components, with principal
maxima and minima occurring about six hours apart. This results as a
beating effect between the diurnal field-aligned source structure and
the diurnal but out-of-phase conductivity distribution. To see the
magnitude of the non-diurnal components, we idealize the morphologies
of Figure 5 and show the Fourier amplitude spectrum of this signal in
Figure 6. We find that the 12 hour component dominates over the
diurnal, and that the 8 hour component is also quite strong. Thus the
subdiurnal harmonics in observed quiet-time plasma drift morphologies
(e.g., Blanc et al. [1977]) may have significant contributions from
magnetospheric sources (as well as from the atmospheric dynamo).

Disturbed-Time Results

Our goal in modeling active times is to investigate the fluctuations
and reversals observed in the otherwise quiet-time electric field at
low latitudes. In order to do thia it is necessary to impose a time-
dependence in our modeling parameters. According to observations,
Repion 2 currents tend to be variable and roughly equal in intensity
to the relatively fixed Region ]| currents during disturbed times
{lijima and Potemra, 1976, 1978]). In addition, the auroral conduc-
tivities increase, due to enhanced particle precipitation, during times
when the auroral electrojets are active. Thus we adopt the basic
disturbed-time model parameters as tabulated above {n section 11.
Fluctuations are considered to be alternating sequences of the quiet
and disturbed model-results.

The disturbed time equipotential pattern is given in Figure 7, The
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Fig. 5. Azimuthal component of the
electric field (mv/m) at 54°, 130°,
and 09, as a function of local time,
for quiet times (Q). Positive Eg
corresponds to an eastward directed
field.

enhanced Region 2 source has moved the formerly prominent duskside
vortex to the noon sector and reduced it in size. The equipotential
curves tend to be distorted poleward (equatorward) on the dusk (dawn)
side, as in the quiet-time model. An interesting feature of this case
is the sunward-directed electric field over the polar cap. The magni-
tude and intensity of the polar cap electric field is a sensitive
function of characteristics of the Region 2 currenc system., The sunward
direction of the electric field shown in Figure 7 results because in
this case the Recion 1 and Region 2 currents have equal intensities.
The direction would rotate towards dusk if the Region 2 intensity were
decreased, and towards dawn if increased. The polar cap electric field
is weak (8 mV/m her. because of the opposite polarity and equal
strength of the Region 1 and Region 2 currents. Polar cap convection in
this case is directed dawn-to-dusk. Such deviations from quiet-time
antisunvard convection are occasionally seen during disturbed periods
(e.g., Heppner [19771).

In Figure 8 a comparison is made of the azimuthal electric field
components at 30°, between quiet- and disturbed-time results, curves
Q and D’'. Over most of local times, the strengthened Region 2 currents
have reversed the electric field at thig latitude. (The added auroral
conductivity during disturbed times has little effect upon the reversal,
as can be seen from curve D, which uses the sources of D' but the con-
ductivity of Q.) The equatorial electric field is similar to that at
30°, but of roughly half the magnitude, as shown (n Figure 9. Since
the characteristic Triad active field-aligned current strengths often
tend to be several times the value (105 A) used in obtaining Figures 7
through 9, it follows that the equatorial electric field can be several
times that shown in these figures. Thus strengths up to 2 mV/m can
sometim:s be obtained and these will, for most iocal times, be directed
oppositely to the quict-time electric fields, Hence, variations in the
Region ! currents may be responsible for the fluctuations and reversals
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Fig. 8. Azimuthal electric field com-
ponents at 300 for quiet (Q) and dis-
turbed (D') models. (Model D utilizes
sources of D' and conductivities of

Q.) Fluctuations in the strength of the
Region 2 currents and auroral precipi-
tation would cause this electric field
component to vary between Q and D'.

in the equatorial electric field and associated ionospheric phenomena,
as refcrenced earlier. The observed rapid variations in the equatorial
field cannot be accounted for by the neutral wind system with its large
incrtia and slower responsce time, Further discussion of this case is
given in Nopper and Carovillano {1978].

Summary and Conclusions

The principal outcome of our modeling study is the calculation of
relatively large electric fields due to magnetospheric sources at all
ionospheric latitudes. During quiet times, the observed configuration
of field-aligned currents contributes large magnitudes and non-diurnal
spectral terms to mid- and low-latitude electric fields and, conse-
quently, to plasma drifts. These effects of magnetospheric origin
. should not be cxcluded from models of the quiet ilonosphere since they
compete with the tradftional source of quiet-time variations, dynamo
winds. Adopting a plausible model for time variations in the Region 2
currents leads to an explanation of the fluctuations and reversals of
the Jow-latitude electric field observed in disturbed times. Region 2

) currents also affect the direction and magnitude of polar cap electric

| fields inan important way. In summary, the dynamics of the magneto-

l sphere/ionosphere coupled system, as manifest in field-aligned currents,

e e S .0

——— e tns

Fig. 9. Same as Figure 8 for the
equator.
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exerts a global influence on the ionosphere for all but the quietest
levels of geomagnetic activity,
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On the Orientation of the Polar Cap Electric Field j

R. W. NOPPER, JR., AND R. L. CAROVILLANO

‘ Department of Physics, Boston College, Chesinut Hill, Massachusetis 02167

mincd how the distribution of the electric field in the polar cap ionosphere is controlled by the day-night
contrast in conductivity and by the relative strengths of the region | and region 2 field-aligned currents
The sunward directed conductivity gradient acts to set up a space charge in the polar cap which crowds
the equipotentials toward the dawn sector for current sources of both region | and region 2 polanity, this
eflectively shifts the polar cap convection pattern toward dawn. Our resuits show further that for a given
conduc.vity distnibution the orientation of the clectric field in the central polar cap depends sensitively
on the velative strengths of the Birkeland current pairs: fur very weak region 2 currents (quict times) the
polar electric field is directed =60° east of noon, for equal region | and 2 currents (disturbed times) the
direction 1s = 10" east of noon, and for stronger region 2 than | currents (which may happen on occasion)
the electric field points into the prenoon sector. These findings imply that the onientation of the polar cap
elecince field should serve as a measure or index of the ratio of region | to region 2 net current intensity
and should possess correlations with geomagnetic activity similar to those of this ratio. This analysis does

‘ Using realistic models of the ionospheric conductivity and the field-aligned currents, we have deter-
f
i

aot include effects of possible source currents in the region of the polar cusp.

1. INTRODUCTION

Although the electric field in the polar cap is often de-
scribed as being directed dawn to dusk. it is well known that
only rarely is this precisely the case. ln fact, both the electric
tield magnitude and the electric field direction across the polar
cap are known to change in response to variations in a num-
bor of etfects, including the season of the year and the values
ot vanous components of the IMF (interplanetary magnetic
ticld) fe g. Langel, 1973; Heppner, 1977, Fairfield, 1977). Such
observations indicate that the patterns of plasma convection
tor electrostatic equipotential hines) frequently differ from
uniform antisunward flow.

In recent years the Triad, lsis 2, and S3-2 spacecral have
measured vector magnetic field fluctuations that indicate the
presence of held-aligned currents, and a synoptic pattern for
these currents has been defined [liyima and Potemra. 1978). In
addition. atmospheric models are constantly being improved
[Juacchia, 1977, and the . "nique of tncoherent scatter radar
has been useful in obtaining measurements of ionospheric
conductivities, thus allowing fayrly realistic conductivity mod-
¢ls o be developed. Treating the observed field-aligned cur-
rents as driving terms and given the ionospheric conductivity
distrsbution. vne can caleulate the distributions of ionospheric
clectnic hield and current which would result in that model sit-
uation Recent efforts of this sort have been made by Yasu.
hara et al {I1975). Mackawa and Maeda (1978), Nishet et al.
|19TK]. Napper and Carovillano [1978, 1979], and Kamide and
Mutvishua |1979) The last three references utilized con-
ductivity maodels that aepresent the principal structure ob-
served (vanation with solar zenith angle and auroral enhance-
ment) and are intended to apply globally.

The purpose of this brief note is 10 discuss properties of the
clectae ficld in the polar cap. We note that even for a symmeti-
tical disposition of field-aligned currents, an idealized model
stuation, the clectric field at the pole is usually not directed
dawn to dusk In additton, our calculations show that the di-

these input currents are known to vary with geomagnetic ac-
tivity, one would expect the polar cap electnc field direction
to show a simifar dependence.

2. Tur MODELING SCHEME

We have developed a numerical procedure to solve the
equation for the continuity of 1onospheric current,

Jisource) = V,- (4. ).V, (4. ¢)

using finite difference methods and an iterative technique.
Here, @ is the ionospheric electrostatic potential, from which
the ionospheric electric field and current distributions are ob-
tained. The assumed representations for the height-integrated
tensor conductivity X and for the driving field-aligned cur-
rents J(source) are discussed briefly below. We ignore dynamo
winds, which are expected to play a secondary role in the
high-latitude region of interest here. The accuracy of numeri-
cal results is checked by applying a test based upon Gauss's
law in two dimensions to various areas of the numerical grid.
This check certifies that ionospheric current is locally con-
served everywhere on the grid Lo within a few percent.

Our empirical conductivity model is given by simple func-
tions of position multiplied by adjustable coefficients. The
functions are designed to give reasonable approximations to
the solar zenith angle and auroral variations of conductivity,
and the coefficients are selected to give agreement to pub-
lished observed values je.g., Brekke et al., 1974; Rowe and
Mathews, 1973). With 8 the colatitude and ¢ the azimuth mea-
sured castward from noon the conductivity model employed
in the present study s, in mhos,

Pedersen
YA, ¢) =03 + SOexp {-Jcos '(sin 8 cos $)]°/1.804)
+ 30 cexp {~(8 - 0.35)/0.01}

Hall
rechon of the polar cap electrie field 1s a sensttive function of
the relative strengths ot the field-aligned current sheets (re- X0, 6) = 20L(6.¢)
pront 1 oand 2 current pairs). Since the relative sirengths of .
¢ P & Direct
Copyright © 1979 by the Amenican Geophysicat Union, L0 ¢) = I.622(6, ¢)
Paper number 9ADR) (XY
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Fig |. The variations in tensor conduclivity clements Z,, X,

and X along the noon-midnight meridian (i.c., from the noon equa-
tor t the pole to the midnight equator).

These expressions are used in the usual formulas [e.g., Rish-
beth and Garriott, 1969] for the elements of the layer con-
ductivity tensor (8, ¢) appearing in the continuity equation.
Figure | shows the variation of these elements along the
meridian from the equator at noon to the pole to the equator
at midnight. Azimuthally symmetrical auroral zone enhance-
ments peaked at 69° latitude are superposed on the back-
ground conductivity, which has a 20: 1 day-to-night contrast.
This conductivity model is symmetrical between northern and
southern hemispheres. We calculate northern hemisphere re-
sults using the boundary condition of zero meridional current
at the equator.

The driving currents used are based upon the statistical
Triad results reported by lijima and Potemra [1978). These re-
sults indicate the existence of two distinct sets of large-scale

kig. 2a

Fig. 2 Polar plots of the equipotential patterns for the con-
ductivity modet and field-aligned currents given in section 2. In each
) curves (labeled in kilovolts) are

figure the same five equip
shown The outer circle 1s the equator; the inner ones arc 30° and 60°
latude The rauos of region | and region 2 current sirength are (o) 2,
M 1S (o) 1.(d) 067, and (¢) 0.5 In all cases the region | current way
" A The resulung polas cap electnc field onentations are about (a)
+307 (h) 40°, () 12°, (d) ~48°. and (e) —72°, measured counter-
clockwise from noon

LS:)

ficld-aligned current: region | currents flow into the iono-
sphere at the high-latitude edge of the auroral oval on the
dawnside and out of the ionosphere on the duskside: region 2
currents have the opposite polarity and are located somewhat
equatorward of the region | set. Both regions have a large
spread in azimuth and overlap near midnight. Characteristi-
cally, in weakly disturbed periods the region ! set carries
about 10* A, and the region 2 half to three quarters of that
value. (In quietl periods the region 2 set is weaker and may
even be absent.) During active periods, however, the strengths
of both sets increase to perhaps 3 x 10° A, and the region 2 set
may even exceed the region 1 set in net amperage. For our
present purposes we have idealized the above as follows. The
region 1 currents are applied in two bands, extending azimu-
thally from 18° to 150° (duskside) and from 210° o 342°
(dawnside) at 72° latitude; the region 2 currents are in bands
with the same azimuthal extents but at 66° latitude. Since one
purpose of this note is to illustrate the effect of changing the
ratio of region 1 and region 2 current strength, the region 1
source is held fixed at 10" A, and the region 2 source is varied
to give region 1/region 2 ratios of 2:1, 1.5:1, 1:1, 1:1.5, and
1:2. The last two ratios are included here for pedagogical pus-
poses and probably do not occur in practice, since the current
intensity in region 2 is rarely reported to exceed that in region
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Fig. 24

I. The effects of input currents in the region of the polar cusp
are not included in this analysis.

3. DISCUSSION AND RESULTS

Before considering our calculated results it is useful to re-
view polar cap equipotential patterns under simpler circum-
stances. In the presence of only symmetrically located region
1 sources, if the Pedersen conductivity were uniform and the
Hall conductivity absent then the equipotentials would pos-
sess dawn-to-dusk symmetry, and the electric field would es-
sentially point from dawa to dusk. The effect of a nonzero
Hall conductivity is demonstrated in the axisymmetrical
model of Vasyliunas |1970]; this model has a driving source
that is sinusoidal in azimuth, neglects day-night variations in
conductivity, and includes an enhanced auroral conductivity
band. For this case, polar cap equipotentials remain uniform
and sun aligned, although auroral and subauroral equipoten-
uals are rotated because of the band of enhanced auroral con-
ductivity. Thus such axisymmetrical modeling vasiations have
no eflect on the oriemation of the electric field or the distribu-
tion of equipotentials in the polar cap.

The condition of axisymmetry was broken by Wolf [1970),
who included a realistic variation with solar zenith angle in
the conductivity tensor; however, his model was not applied to
the polar cap. Atkinson and Huschison [1978) have recently
presented analytical results for Pedersen and Hall con-

ductivities that decrease exponentially across the polar cap.
They find that the steeper the day-night conductivity decrease
from noon 10 midnight is, the more the equipotential lines are
squeezed into the dawn sector of the polar cap. The corre-
sponding effect was essentially seen and explained earlier by
Wolf [1970] in his analysis of mid-latitude equipotentials. In
the polar cap the combined effect of the polarity of the Birke-
land currents (in at dawn, out at dusk, or vice versa) and the
direction of the conductivity gradient produces an electric
field move intense at dawn than at dusk. Equipotential lines
are therefore more dense near dawn than at dusk. This effect
arises physically because of the charge density (proportional to
=V Z, .1, where | is the total current) generated by the day-
night conductivity gradient. This charge density is negative
for region | polarity and positive for region 2 polarity, be-
cause of the reversed direction of the Hall current, and in-
creases in magnitude toward the dayside. Thus for ecither
polarity the density of the equipotential lines is greater in the
dawn sector than in the dusk sector. Of course, the polar cap
clectric fields generated by region | and region 2 polarities are
oppositely directed and, for example, give rise to oppositely
directed convection patterns,

For a fixed source the distortion of the equipotentials and
the direction of the electric field are controlled by the con-
ductivity gradient. This feature can be seen in the results of
Atkinson and Hutchison [1978] for symmetrical sources, where
the polar cap electric ficld direction always differs from dawn
to dusk and is further altered by the steepness of the con-
ductivity gradient. The effect of the conductivity gradient can
also be seen in our earlier work [Nopper and Carovillano,
1978, 1979] and in the calculations of Nisbet et al. {1978) and
Komide and Matsushita {1979]. In our present calculations we
show, in addition, how the direction of the polar cap electric
field is affected by the refative intensity of the region | and re-
gion 2 current sources.

In Figures 2a- 2¢ we show the global patterns of the same
five equipotential lines for the ratios 2, 1.5, 1, 2/3, and 1/2 of
region | to region 2 current, as defined in section 2. (Region |
currents are fixed at 10" A for these calculations.)

Figure 2a would correspond roughly to a quiet time field-
aligned current configuration. The mid-latitude equipotential
pattern follows the ‘midlatitude rules’ given by Wolf [1970):
the duskside (dawnside) equipotentials are distorted toward
(away from) the pole by the action of the day-night con-
ductivity asymmetry. The polar cap equipotentials are more
dense in the dawn sector, as discussed above. The direction of
electric field at the pole is about +50° (i.e., east of noon).

The region 2 source intensity increases in strength in the se-
quence of Figures 2b-¢. These figures show the negative vor-
tex to be decreasing in size and rotating about 180° across the
dayside toward dawn, while the positive equipotentials rotate
in the same sense (clockwise) through midnight toward dusk,
eventually to form a large vortex there. (This vortex does not
appear in Figure 2e because of our choice of displayed
equipotentials.) in all cases the expected behavior of the
equipotential shapes, given above, is seen. In the sequence of
cases in Figure 2 the direction of the polar cap electric field is
seen 1o rotate clockwise as the region 2 source intensity is in-
creased. The direction goes from about +50° for the ratio 2: 1
of region | to region 2 current intensitics to about —70° for
the ratio 1:2. To see the extremes for the cases represented,
the polar cap electric field direction is +60° when region 2
currents are absent and —-96° when region | currents are ab-
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E. Refinements of the Model

As indicated by the foregoing discussions, global ionospheric modeling
is a worthy means to gain understanding of many physical effects and offers
a wide range of possibilities for comparing theory and observation. To advance
the utility of our model, a number of refinements are needed both in representing
our input parameters in a more realistic fashion and in addressing a new class
of physical effects. Here we shall briefly discuss possible improvements to
the global modeling scheme.

The conductivity model used is adequate for general studies but can be
refined to accord with the latest improved ionospheric models (e.g., Mehta, 1979),
and particularly with auroral region incoherent scatter results (e.g., Vondrak

and Vickrey, 1979; de la Beaujardiere et al., 1977) which provide a far more

realistic picture of high-latitude conductivities for both quiet and active times.
In order to maintain numerical accuracy, the high-latitude portion of the mesh
will need to be refined, as observation shows the highly conducting auroral
regions to possess abrupt gradients. Similar numerical techniques used for

our model can be applied to the modeling of individual auroral arcs. Given

the field-aligned currents over an arc and the ionospheric conductivity in

that region, the distributions of electric field and current (electrojets)

can be calculated. The parameters involved in such modeling can be determined
in case studies from the ground and/or from rockets, so that a tight control on
the calculations may be available. In addition to upgrading the auroral region
conductivity, it would be useful to include a seasonal dependence in the model,
in which the latitude of the subsolar point (wherethe conductivity is largest)
changes with time of year. This seasonal effect would give rise to very large

effects in the electric fields and currents at the equator and polar caps. For
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example, the summer polar cap is much more conducting than the winter polar

cap, and during equinox there is a strong gradient across the polar cap (Paper
) III). Thus, quantities which depend significantly upon polar cap conductivities,
such as electric fields, convection patterns (equipotentials), and currents,
can be expected to depend sensitively upon time of year.
In addition to the two major pairs of field-aligned currents modeled at

present, there is another set observed in the cusp region (Iijima and Potemra,

1976) which seem to depend upon the y-component (By) of the interplanetary

magnetic field (IMF) (Iijima et al., 1978; McDiarmid et al., 1977, 1978a, b,

1979; Wilhjelm et al., 1978). This is of importance because evidence has been

accumulating that the interplanetary magnetic field affects the global ionosphere
i and hence could profitably be introduced into our modeling. For example,
Maezawa (1976) and Burke et al. (1979) have postulated a correlation between
| the high latitude convection pattern and IMF Bz; Heppner (1972, 1977), Friis-

! Christensen and Wilhjelm (1975), Wilhjelm et al. (1978), and McDiarmid et al.

(1978b, 1979) have studied the relation of high latitude convection and IMF By.
In middle latitudes, Matsushita (1975) has shown the dependence of the Sq
! current system focus on IMF By. At low latitudes, studies relating ionospheric
electrodynamic effects and IMF Bz have been published by Patel (1978),

Rastogi (1977), Rastogi and Chandra (1974), Rastogi and Kroehl (1978), Rastogi

and Patel (1975), and Rastogi et al. (1978); correlation between iomsopheric

effects and By have been shown by Bhargava and Rangarajan (1977) and Galperin

- ""&-""—- -

et al.(1978). A schematic summary of the salient observations for the northern
high latitude region is given in Figure 4.3, Unfortunately, the inclusion of

cusp currents to introduce an IMF-dependent effect into the modeling would greatly

.
e ——

enlarge the computational task. These currents are anti-symmetrical (northern-

to-southern hemisphere) whercas the Reglon 1 and 2 current sources used in our
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present model are symmetrical. With symmetrical sources we are able to
impose a boundary condition at the equator that greatly improves numerical

accuracy and reduces the size of the calculational effort. With cusp-currents

included, both hemispheres will need to be explicitly modeled and solutions

obtained over the complete globe.

For a more complete picture of the ionospheric electric fields and
currents during quiet and disturbed times, it would be necessary to include
neutral winds in the dynamo (E) region of the ionosphere. For wind field u,
magnetic field B, and conductivity I, this source term has the form V -IL(uxB).

Strictly speaking, the neutral wind speed u to be used in our formulation

should be height-independent. Unfortunately, models of neutral winds do not

provide such modes for us to adopt (Forbes and Lindzen, 1976); one exception

is the (1,-2) mode, which fortuitously is the main contributor in quiet times
(J. Forbes, pvt. communication). At the present time, there is actually no

comprehensive dynamo wind model that has general acceptance. This problem

limits the possibility of including neutral winds in our modeling scheme with
a high degree of confidence, at least for the immediate future.
i F. Magnetic Ground Signatures
; The culmination of our model would be to relate predictions to ground
l magnetic signatures. Difficulties to be overcome to accomplish this task are
discussed in this section. The problem is complicated by many factors, but

significant advances are certainly possible if the proper time and effort is

= ——

devoted to the task. Ground magnetic signatures are treated more specifically
in chapter 5 within a well defined context.

ﬁ There is a prodigious amount of information available to the space physics

community in the form of magnetograms from thousands of station-years. Magnetic
observatories are relatively inexpensive to instrument and operate and, since

. recent efforts at installing high-quality instruments in chains and/or networks
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have been exerted, magnetic records will continue to form the core of our ground
data base. Two ways in which magnetograms have been used for many years are:
(1) the records from one or a small number of stations are inspected to infer
limited information about nearby current systems (e.g., the use of auroral zone
magnetograms to investigate electrojets); (2) the records from a global collection
of stations are processed Into "equivalent current systems' (see Stern (1977)
for a discussion of the procedure). Recently, the equivalent current system
concept has been greatly upgraded by the use of magnetometer arrays, which by
virtue of a relativelv dense distribution of instruments on a regular grid
allows more information to be extracted from magnetic variation data than
otherwise possible. Even with dense global coverage on the ground, however,
it is not possible to iunfer the current system uniquely that is responsible
for a given magnetic disturbance distributed over the globe. Special assumptions
are necded to obtain a current system that corresponds to a given magnetic
disturbance. Thus, to derive "equivalent current systems,' the ansatz is made
that all currents flow in the ionosphere (which is demonstrably false).

The task of inferring currents from a given magnetic disturbance is an
"inverse problem'" to the usual task of calculating the magnetic disturbance
that results from a given set of currents in space. For specified boundary
conditions, the magnetic field resulting from a given current configuration is
unique. 1In contrast, the inverse problem is not unique. For example, Fukushima
(1969) considered the problem of a vertical line current along the z-axis
entering a uniformly conducting plane located at right angles to the z-axis.
This current configuration - vertical line current plus distributed currents
in the horizontal plane at z=0 - produces no magnetic field below the conducting
plane (i.e., at z<0). Thus, if the ionosphere is approximated by a plane

conductor, even at times of zero magnetic disturbance at the surface of the
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earth there wmay or may not be overhead currents of magnetospheric origin. This
simple example demonstrates that inferences to be made from ground magnetic
observations of ionospheric and/or magnetospheric currents ~an only be
made within the context of a model. In the "equivalent current' representation,
the ground magnetic signature is assumed to be generated by currents confined
completely to the ionosphere.

The development of realistic models to represent the magnetic signatures
of ground observations is further complicated by induction effects within
the earth. These induction effects '"contaminate" the magnetic record in

reflecting the external current system. For example, Nopper and Hermance

(1974) have shown that, for substorm-like events, induction effects alter
magnetic component disturbance magnitudes and introduce significant phase
shifts. Early methods of quantifying effects of induction were the construction
of "induction arrows" and the separation of magnetic fluctuations into
internal and external parts using analytic techniques (e.g., Price, 1967).
With the refinement of mathematical techniques and the introduction of arrays,
more quantitative characterization of source and induced fields are now
available (e.g., Schmucker, 1970a, b; Alabi et al., 1975). Gregori and
Efg;erotti (1980) have reviewed this subject. Most of these studies have
been aimed at determining earth conductivity structure and not ionospheric
current configurations. The determination and removal of the effects of
induction from ground magnetic observatory records constitutes a major
field of research in itself.

Other recent considerations of the inverse problem are those of Kamide et
al. (1976) and Oldenburg (1978). Kamide et al. (1976) have developed an
automated technique to solve Poisson's equation for the magnetic potential

by a finite-difference method to obtain an equivalent current system.
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Oldenberg (1978) used a linear inverse theory to construct a most probable
current system compatible with the ground disturbance pattern. Both of these
efforts are, of course, subject to the difficulties mentioned above, namely,
the necessity to constrain the currents to flow in a particular configuration
in order to obtain results.

The calculation of a ground magnetic signature from a given current
distribution may be performed without the inherent ambiguity of the inverse
problem. Thus, magnetic field signatures have been obtained from wire
models (Cummings, 1966), from direct integration over distributed currents

using the Biot-Savart law (Crooker and Siscoe, 1974; Kisabeth, 1972), from

wire-model simulations (Olson, 1974) and from a magnetic charge representation
(Kisabeth, 1979); these computations are generally straightforward but tedious.
The difficulty with these direct approaches derives from our lack of knowledge

of the actual spatial configurations of the contributing currents, which

are known to include ionospheric, field-aligned, ring, tail, magnetopause,

and earth components. An unfortunate practical difficultv of assumed current
models is that several of these components of a complete current system in

a given event-model contribute on a roughly equal fcoting, and some in opposing

scnses (e.g., Fukushima and Kamide, 1974; R. Wolf, pvt. communication;

Alabi et al., 1975). As a result, the calculated ground signature is quite
sensitive to details of the model current system, whose correspondence with
reality is poorly known. These limitations are apparent, in context, in the
simple model described in Chapter 5 of the ground signature for the Birkeland

current svstem.
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5. SIMPLE ESTIMATE OF THE GROUND MAGNETIC SIGNATURE OF THE
BIRKELAND-IONOSPHERIC CURRENT SYSTEM AT LOW LATITUDES

A. Introduction

Inherent difficulties for the determination of the ground magnetic
signature for the complete current configuration generated by Birkeland
currents were discuseed in Chapter 4. 1In this chapter, a simple model is
developed to obtain first estimates of the ground magnetic signature of the
Birkeland-Ionospheric current system. The approach taken was to combine
the Fukushima-Vasyliunas theorem and the requirement of induced shielding
currents within the earth with a schematic representation of the main Birkeland
current systems to reduce the problem to an analytic expression of great
simplicity, With this model, we show that the main characteristic of the low
latitude disturbance field of such a current system is a harmonic variation
in the H-component of the field. The local time of maximum disturbance depends
on the nature of the ionospheric closure of the Birkeland current system. One
suggestion compatible with our model is the possibility that the classical
mid latitude disturbance field asymmetry normally associated with a partial
ring current is instead the signature of the Birkeland current system.

The systems of permanent polar Birkeland ourrent first identified by

Zmuda and Armstrong (1974) are now believed to be the main electrodynamical

links connecting the ionosphere to the magnetosphere and the solar wind, The
near—earth distribution of these current systems and their variations in time
and space are presently the subjects of intensive investigation (see the review
by Potemra, 1979). Already a fairly complete picture of the current patterns
has been inferred statistically from data on encounters with the current systems

made by low-altitude, polar-orbiting spacecraft (e.g., Iijima and Potemra, 1976;
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19/8). ‘These patterns were utilized in the modelling calculations presented in
Chapter 4. This relatively recent emergence of a new and fairly well defined
global current pattern comes after a long history of analysis and interpretation
of ground-based magnetic records. The question thus arises: What is the
ground magnetic signature of the Birkeland current systems? The signature
most likely would be distinctive and be present among the known types of
magnetic disturbances, where its interpretation would remain incomplete or
incorrect until it is identified.

A strong motivation for identifying the ground magnetic signature of
the Birkeland current systems, for our purposes, is that by monitoring the
signature, the behavior of the current systems themselves can be inferred.
Ground based magnetometer observations have the advantage of high time resolu-
tion (essentially continuous) and easy availability compared to satellite
observations. For these reasons, we have under the contract taken a number of
steps toward the goal of achieving ground based magnetometer characterization
of the polar Birkeland current systems. Our approach was to develop theoretical
models to determine the types of ground magnetic signature produced by given

Birkeland current configurations. Our findings are presented in this chapter.

B. Ionospheric Shielding Effects

The magnetic signature at the surface of earth 1s created by the combined
effects of internal and external currents, Internal currents account for the
main field (essentially dipolar) and induction effects due to transient
disturbances of external origin. External currents are primarily of

magnetospheric and ionospheric origin and constitute complicated three dimen-

sional arrays. The full Birkeland current system (with its full three
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dimensional character) is one such external current gystem. Under certain
conditions, it is well known that the ionosphere serves to shield the earth
from external magnetic effects. The physical basis for the shielding is
nicely demonstrated in the simple theorems stated recently by Fukushima (1969)
(planar geometry) and Vasyliunas (1970) (spherical geometry). We begin with
a statement and simple derivation of these theorems,

Given: An infinite plane is connected to infinity by straight lines
perpendicular to its surface. The lines are all in the same half space (e.g.,
all extending upwards from a horizontal plane). Along these lines, electrical
current flows to and from infinity and closes in the plane, which has uniform,
isotropic conductivity. There is no restriction on the number of lines or
their location.

Fukushima's Theorem: There is no magnetic field produced by this

current system in the current-free half space (i.e,, below the

horizontal plane).

Given: A spherical surface with uniform, isotropic electrical conductivity

is connected to infinity by straight, radial lines. The lines carry electrical
current to and from the sphere, and the current closes in the surface of the
sphere. There is no restriction on the number or the disposition of the lines.

Vasyliunad Theorem: There is no magnetic field produced by this

current system in the interior of the sphere.

It is understood that these theorems are stated in the context of magneto-
statics in the sense that signal propagation times can be ignored. We prove
the theorems for one connecting, current-carrying line in each case, Then,

since the problem is linear, the theorem follows for an arbitrary number and

disposition of lines by linear superposition.
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; In the case of a single line, we may choose the line to be the axis

e

of a cylindrical polar coordinate system. Since the only source for the
l field in this case is the current through the line, the fields must be axi-
} symmetric with respect to the line. Also, since V.B = 0, axial symmetry

requires that the magnetic field be of the form

E_ = B(I‘,Z,t)é

where r,z and ¢ are the radial, axial, and azimuthal variables of the chosen
cylindrical coordinate system, and §_is a unit vector in the azimuthal direction.
The magnetic field is to be determined from Ampere's law given in MKS notation

by:
3K
at ()

(el Laal
[N

VxB=ul+

o]

Application of Stoke's Theorem to equation (1) yields

H
B(r,z,t) = 5> (I_+ I) 2

where IC and 1 are the total electric and displacement currents through a

D
circle of radius r centered at the location z on the axis.

Through any point, P, in the current-free half space or in the interior
of the sphere we can draw an axis-centered circle, Because of axisymmetry,
the circle will lie wholly in the current-free region in both cases. Thus,
IC = 0 for any such circle for each point P.

To find the ID appropriate to the circle through P, we need to know the

flux of electric field through the circle. The relevant electric field for

the problem is generated by the electrical charges that are carried by the

current between infinity and the conducting surface in each case, Because of




115

the symmetries involved, planar in one case and spherical in the other, the

; electric field lies wholly between the surfaces and the charges at infinity,

J We must keep in mind that the charges transferred to the surfaces are compen-
sated for by equal and opposite charges at infinity. Thus the field 1is

: V confined between the surfaces and infinity in the manner of a parallel plate
condenser or a spherical condenser. Hence, we have I_ = 0 also.

D

Since we have shown that Ic and I_ are zero, it follows that B(r,z,t) = 0

D
for any point in the current-free half plane and in the interjior of a conducting
sphere. Hence, B is zero everywhere in these source free regions, and stated
in the theorems.

In most intended applications, more than one current-carrying line would

i be involved, and current could then flow in both directions. 1In this way the

net current can be maintained equal to zero. Also the result is unaffected

if the number of current-carrying lines is proliferated to generate distributed

current systems. !

C. Model Results at Low Latitudes ﬂ
é The application of the theorem to the case of Birkeland current systems
' is fairly direct. The Birkeland field-aligned currents would correspond to

the radial currents and the ionosphere to the conducting, spherical surface.

— e

Field lines at high latitudes are approximately radial. For example, at a ﬂ

geomagnetic colatitude of 200, the field is inclined 10° with respect to the

PR X

radial direction. the main contribution to the surface magnetic field produced
by a field-aligned current is made by the near—-earth, quasi-radial portion

of the field line (Crooker and Siscoe, 1974). Thus, the Birkeland field-

aligned current systems approximate the radial currents for which the theorem

strictly applies.,
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With sufficient accuracy for some purposes the Birkeland current systems
can be represented as four separate radial line currents directed toward or
away from the ionosphere, as illustrated in Figure 5.1. At not a very great
depth in the earth, the conductivity is large enough that earth shielding
currents are induced and have the effect of cancelling the Birkeland current
field at greater depths, but increasing the field at the surface. It is
easy to demonstrate that the field at the surface produced by the Birkeland
currents and their shielding currents is approximately the same as the field
produced by extending the Birkeland currents through the earth, as suggested ;
by the dashed lines on the figure. (One should, in fact, also retain a
current-free gap between the level at which the shielding currents flow and
the ionosphere. But this is a small correction at low latitudes.) ;

The largest perturbation in the H-component at low latitudes produced i
by the Birkeland currents systems occurs along the noon-midnight meridian. i

The value at point A on the noon equator is ;
Yo
H =~ _= -
A Y (I1 sin a; - I, sin az) (3)

where HA is measured positive northward, Ii(i = 1,2) is the total current in
the region i current system, and o, is the colatitude of the region i current

system. By symmetry:
H = -H, . (4)

The ionospheric closure currents provide shielding and tend to reduce the
perturbation magnetic field at the surface. As we have seen, if the conduc-

tivity of the ionosphere were isotropic and uniform, the closure current

would cancel the field of the Birkeland current everywhere under the ionosphere,
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The conductivity of the ionosphere is neither isotropic nor uniform,
The presence of Hall currents and of spatial gradients in the conductivities
violate the conditions necessary for perfect cancellation of the Birkeland
current field at the surface of the earth. There are two limiting cases which
illustrate the range of the surface fields that result. In the direct closure
limit, the Birkeland currents close in narrow, latitudinally confined electro-
jets. In the other limit, the Pederson conductivity is taken to be uniform,
so that the field of the Birkeland current plus its Pederson current closure
is zero under the ionosphere. However, the associated Hall current produces
a non-zero field at the surface.

The direct closure case is represented to a good approximation by equations
(3) and (4) for HA and HB. The field produced at low latitudes by the direct
closure current (subscript D) is considerably smaller than that produced by

the Birkeland current (Crooker and Siscoe, 1974). Thus,

u
= - R— -
(HA)D (HB)D “Re (I1 sin a = I, sin az) (5)
Also, by symmetry, referring to points C and D in Figure 5.1,
(), = () =0 (6)

To obtain similar expressions for the case of uniform Pederson
conductivity, we assume that the ratio of the Hall to Pederson conductivities
is a constant n, i.e., the Hall conductivity is also taken to be uniform.
(However, the sign of n must change across the equator to reflect the change
in the sign of the vertical component of the earth's magnetic field,) The
Hall current, gﬂ, is perpendicular to the Pederson current gp everywhere,

in a direction given by gp x i in the northern hemisphere, where i is a unit

=S e
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vector in the radial direction. AH filows in the —ip x i direction in the

southern hemisphere. The Hall current streamline pattern 1s, therefore,
everywhere orthogonal to the streamline pattern of the Pederson current, It

is easy to demonstrate by means of a sketch of the current streamlines that at

middle and low latitudes, the Hall current pattern can be obtained simply by
performing a 90° eastward rotation in longitude of the Pederson current pattern,
At high latitudes, the two patterns deviate even after rotation, since one
closes completely in the ionosphere whereas the other terminates at the iono-
spheric intersection of the Birkeland currents. The two patterns would coincide

exactly after rotation in the limit in which a, and a, approach zero (c.f.,

1
Figure 5.1). l

i The field at middle and low latitudes is determined mainly by the middle

and low latitude part of the current pattern. Hence, the Hall current field is

approximately the same as the field of the Pederson current appropriately

rotated. But from the Fukushima-Vasyliunas theorem, we know that the surface
field of the Pederson current is equal and opposite to that of the Birkeland

current. After tracing the connection from the Hall current field to the

Pederson and Birkeland current fields, remembering that the Birkeland and

Pederson fields have opposite signs, we find that the Hall field 1s approximately
‘ the same as the Birkeland field obtained by rotating the current pattern in

Figure 5.1 90° westward. We must also multiply the Birkeland field by the

conductivity ratio n to obtain the strength of the Hall field. Thus, we arrive

at the results for uniform conductivity (subscript u):

j noon-midnight: (HA)u = (HB)u = 0 (7)

dusk-dawn: m) = —(HD)U 8 —— (I, sin a, = 1, sin “2) (8)

Cu
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In both limits, the quantity (I1 sin a; -~ 12 s.n az) enters and must be

supplied empirically. From the review article by Potemra (1979), we extract

the statistical values shown in Table 1 for quiet and disturbed conditions.

Table 5.1 Parameters used to evaluate antipodal magnetic
disturbances at the equator.

+
* *
Disturbance Level I1 12 @) ay (HA)D (HC)u
Quiet (|AL| < 100 y) 1.55  1.10 162 19° -4.3 v 8.7
Disturbed (|AL| > 100 y)  2.70  2.45 18° 21° 2,7 v ~5.4
Difference 7.0 vy -14.1
Antipodal Difference 14,1 v -28.2

* in units of 10° amperes
* n = 2 assumed
Since the base line for measuring the amplitude of disturbances is
established during quiet conditions, the proper measure of the disturbance
produced by the Birkeland current systems is the difference between quiet
and disturbed conditions. The total amplitude of the global disturbance field
is the difference between antipodal points on the equator.
If the disturbance field is represented by a sine wave with zero average,

the Table 5.1 gives for its amplitude a value of 7 y in the direct closure case

‘ t and 14 y in the uniform conductivity case. The Hall-to-Pederson conductivity

ratio n, was taken to be 2 (Nopper and Carovillano, 1978), The low latitude

‘ disturbance field in the direct closure case takes the form of a noon-midnight
agsymmetry in H, with a positive increment at noon. In the uniform conductivity
case, it takes the form of a dawn-dusk asymmetry in H with a negative increment
at dusk.

Returning now to the original question of the low latitude ground magnetic

| signature of the Birkeland currents system, we gsee that it should take the form
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of an antipodal asymmetry in the H-component of the disturbance field, but
that the local time meridian of its maximum amplitude depends on the detailed
nature of the associated ionospheric current systems. The most notable
representative of an antipodal asymmetry at low latitudes is the well-known

dawn-dusk magnetic storm disturbance field asymmetry (Sugiura and Chapman,

1960; Crooker and Siscoe, 1971), which since 1966 has been attributed to a

partial ring current system (Cummings, 1966; Crooker and McPherron, 1972;

Crooker and Siscoe, 1974). This disturbance field is characterized by a

negative increment in H in the dusk meridian, and thus conforms to the case of
uniform conductivity. The amplitude found in our model is based on averages
of numbers representing quiet and disturbed conditions. Individual cases
would undoubtedly yield both larger and smaller amplitudes. However, it is
true that in previous studies of the low latitude disturbance-~field asymmetry,
an amplitude of 14 y would be among the very lowest values considered (e.g.,

Crooker and Siscoe, 1971). The calculation of the asymmetry for values of 1

1
and I, based on time periods for which |AL‘> 500 y or 1000 y, would likely

2
represent more faithfully the conditions under which the low latitude disturbance-
field asymmetry is most pronounced.

We note with regard to the amplitude of the low latitude disturbance field
produced by the Birkeland current system, that the disturbance fields of the
two components of this system, the region I and region 2 currents, nearly
cancel each other. What remains is a small residual field. For example, the

amplitude of the region 2 current system alone in the uniform conductivity,

disturbed condition case is (HC)u = -95 y, It would appear as if the two

component systems are coupled in such a way that if they act in direct opposition,
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as we have arranged them to do, they nearly cancel each other. In the interest
of simplicity, we have perhaps been too strict in imposing exact opposition.

The results of this study were reported at the Geomagnetism Workshop
held at AFGL, April 1979. The presentation lead R.A. Wolf and coworkers to use
the Rice University magnetospheric convection model to test the general hypo~
thesis that the low latitude disturbance field asymmetry results from the
Birkeland current systems (Harel et al., 1979). They indeed found the predicted
asymmetry, but they judged that the main factor contributing to it was a down-
ward current into the polar ionosphere in the noon meridian and an upward
current in the midnight meridian. The low latitude disturbance field was
then produced in the direct closure mode from this noon-midnight current
residual. (These currents would not be represented in our models as presented
in Chapers 4 and 5.)

A noon-midnight Birkeland current component can be simulated in our
two component model by means of a longitudinal offset between the region 1
and region 2 current systems. The region 2 system must be rotated westward
with respect to the region 1 system.

In terms of the quantities already defined, if we add an offset angle B8,
then the direct closure, disturbance field resulting from an uncompensated

westward rotation of the region 2 current system is

1l

H 2 - 2 i ai g
c "R I, sin a, sin (10)

Using disturbance condition parameters and R = 450, we find (HC)0 = =34 v,

Once again, larger values would result if currents appropriate to more dis-

turbed conditions were used.




D. Recommended Approach

For the reasons indicated in Chapter 4, while magnetic signatures
corresponding to our globally determined ionospheric current configurations
could easily be calculated, the utility of such results could be limited.
Above we presented within the context of a simple model most features necessary

to consider in determining the ground magnetic signature. TFor the purpose

of determination of such magnetic signatures, the approach we recommend is
to build upon the current Report to: (1) increase the applicability of our
models to real events (see section 4E); (2) develop a magnetospheric extension
of our current models to provide closure of currents out of the ionosphere
(this should be done in recognition of the work of R. Wolf and collaborators):

(3) take earth induction effects into account realistically.
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6. AURORAL ROUNDARY LOCATIONS

Magnetospheric conditions affect both the occurrence and location
of auroras, but until recently, there was no means of monitoring auroral
activity on a global scale. 1Images from DMSP satellites now provide the
opportunity to observe auroras every 1-2/3 hours over each pole. The
images sacrifice time resolution compared with all sky camera coverage,
but this is more than compensated for by the images' wide spatial coverage,
clockwork regularity, and timely reception vital for practical applications.
With proper training, DMSP images can be interpreted reliably without very
much difficulty. Also, the sensitivity of DMSP images rivals or surpasses
the sensitivity of all sky cameras, under good conditions (Eather, 1979).
These features make the images useful tools for observing auroral activity
and determining boundary positions.

The auroral boundarv marks the termination of particle precipitation
sutficient to excite aurora above a threshold intensitv, which depends on
the means of detection. Auroras generallyv expand both poleward and equator-
ward with increasing magnetic activity, but the connection is not tight;
although particle precipitation may carry some, as yet unknown, fraction of
field aligned currents, various definitions of magnetic activity may also
reflect electric currents linked onlv indirectly to auroras, such as the ring
current or certain ionospheric currents.,

We have studied the relationship between the equatorward auroral boundary

and two famillar indices, Kp and AE (Shechan and Carovillano, 1978). A .

reprint of the article is included at the end of this chapter. Based on 162

DMSP images taken over the north pole, the Kp dependence of the boundary near
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local midnight is consistent with earlier findings by Lui (1975), who used

ISIS 2 satellite images, and results from the south pole DMSP images analyzed
by Nagata et al. (1975). 1In Figure 6.1, the average boundary latitude is

seen to steadily decrease from 67° CGL (Kp<0) to 63° CGL (Kp>4) with increasing
magnetic activity. A 2° coL range of scatter above and below the average

locations can be attributed partly to the incompatibility between instantaneous

CcGL

o5l I‘m, ]

Figure 6.1. Average corrected geomagnetic latitude of the equatorward auroral
boundary at 0100 CGLT as a function of Kp. Error bars demark
one standard deviation. From Sheehan and Carovillano (1978).

auroral determinations and the 3 hour interval defining Kp, but similar

scatter also applies to the boundary latitude with AE, which is a virtually
instantaneous index. The average boundary location plotted in Figure 6.1 follow
rather well the ionospheric mapping of an injection boundary in the equatorial

plane determined empirically by McIlwain (1974), as indicated in Figure 6.2.

127




g - o -

128

L Ol MLT

t \‘\iQQOL[

a4 & s
O 65 PR TN
[S) E ME 72 { \%E\J

) SRS Y VN S B
60 - 0 1

~
o
TR

L ida

Figure 6.2. Data of Figure 6.1 along with the McIlwain injection boundary
mapped to the auroral zone. Two field models shown, dipole
(so0lid line), and empirical Mead-Fairfield (MF73). From Sheehan
and Carovillano, 1978.

Thus, the equatorward boundary seen in DMSP images is related to plasma
injected near the inner edge of the plasma sheet at the onset of substorms, at least

statistically.

% Gussenhoven et al. (1978) carried out a similar analysis of auroral

i boundaries in DMSP images but concentrated on the poleward boundary, which
is more difficult to clearly determine than the equatorward one. The authors
also considered DSt bechavior (Figures 6.3 and 6.4, at two local times) with
the intention of estimating ring current influence on polar cap size. They
: found that scparating Dy, affects from AE affects was difficult to accomplish
; because the general relationship between AE and Dgt hampered the accumulation
of good statistics at extreme values. Nevertheless, the task of mapping auroral

locations globally, under various magnetic conditions, remains of great

importance in studying the overall state of the magnetosphere.
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» Characteristics of the Equatorward Auroral Boundary Near Midnight
Determined From DMSP Images

R. E. SHEEHAN AND R. L. CaAROVILLANO

' Depariment of Physics, Boston College, Chestnut Hill, Mussachusetts 402167

The latitude of the equatorward auroral boundary near local midnight has been determined for 162
Defense Metcorological Satellite Program (DMSP) images in November-December 1972. When grouped
according 10 Kp and AE, these observations show approximate linear decreases in the average boundary
lstitude with increasing values of these magnetic indices. There appears also to be a slight diurnal
variation in the boundary location. Mapping of the appropriate Mcliwain injection boundaries 1o auroral
latitudes shows good agreement with the average DMSP equatorward auroral boundary fatitude. Similar
anylyses at 2000 and 2200 CGLT (corrected geomagnetic local time) using a different set of DMSP images

vield similar results, with somewhat pooier agreement under quiet conditions.

INTRODUCTION

Auroral images from satellites have been especially useful in
studies of global auroral patterns during substorms {Pike and
Whalen. 1974 Snyder et al., 1974; 4kasofu, 1974; Carovillano
et al., 1974). Isis satellites provide valuable spectral informa-
tor [Lur et al | 19754, b), while U.S. Air Force satellites in the
Defense Metcorological Satellite Program (DMSP) series pro-
duce high-resolution imuges in a broad band extending from
long visible 10 near-infrared wavelengths. Some studies are
based on a small number of images selected to complement
other data. Work involving large groups of DMSP images
[Holzworth and Meng. 1975 Carovillano, 1975, Berkey and
Aunude. 1976] requires extensive gridding and analysis,
straghtforward but tedious by hand und expensive by com-
puter. bven so, statistical studies exploring the gamut of mag-
netospheric conditions become more inviting and possible as
large quantities of images become available.

The primary measurement reported in this paper is the
latitude of the equatorward auroral boundary as seen in
DMSP images. Orbiting in circular paths with 102-min peri-
ods. DMSP satellites travel in either the noon-midnight or the
dawn-dusk meridian plane. A radiometer pointing toward
carth builds an image by rapidly scanning narrow strips per-
pendicular to the satellite path projected to the earth’s surface
(the ground track). The apparent intensity of auroras seen in
DMSP imuges depends on several fuctors: absolute radiometer
sensitiviaty, original image and copy quality (in our case, 8-
mm transparencies from the World Data Center), obligue
viewing angles away from the center of the ground track (Van
Rhign effect), and uncertain background albedo from ice and
clouds (see Carotillano {1975)] for o discussion of these effects)

Our data base consists of 162 DMSP images tiken by a
novn-nudnight sateliite dunng the period November 14 to
December 15,1972 A DMSP satellite can produce a maxi-
mum of about 430 images in a month, but gaps in the data are
rather common, and some images are of doubtful quality for
reasons related to the problems mentioned above. In addition,
vaposure problems and interference by the full moon com-
monly result in poor-quality images. The data base in this
study was chosen because it contained i good sample of high-
quahty images Our procedure was to grid each image with a
corrected geomagnetic (CG ) coordinate system { Whalen, 1970]
and to measure Lhe latitude of the equatorward auroral bound-
ary at the 0100 CGLT (CG local time) menidian. This meri-

Copynght © 1978 by the Amencan Geophysical Union

dian is convenient because of its proximity to the ground track
for images from a satellite orbiting in the noon-midnight
plane. Because the satellite is stabilized in a fixed plane relative
to the earth-sun line, the magnetic coordinates in a series of
images shift diurnally as the earth rotates below, and this effect
is taken into account by the gridding process.

Generally, diffuse-appearing aurora served to define the
measured equatorward boundary. However, DMSP images
cannot accurately portray the entire range of possible auroral
intensities. Saturation occurs at relatively low brightness levels
and often hinders discrimination between diffuse and discrete
aurora, based on structure alone. When a distinction is pos-
sible, it is based solely on the actual DMSP images and not on
complementary information. When comparisons have been
possible, our results have been quite consistent with features
seen in all-sky camera pictures. Whether diffuse or discrete in
appearance, the boundary is usually quite sharp and is mea-
sured within §° of latitude.

HistoGrRAMS WiTH Kp, AE, AND UT As PARAMETERS

Figures la, |b. and lc contain histograms showing the dis-
tribution of DMSP images by equatorward auroral boundary
latitude when grouped parametrically according to the Kp
index, the A £ index. and image universal time, respectively. In
this format, each image has four quantities associated with it:
equatorward boundary latitude, universal time, and the appro-
priate Kp and A £ indices. For increasing values of Kp and AE
the histograms display shifts in the distributions from about
67° CGL (quiet conditions) to about 62° CGL (active condi-
tions) (CGL s corrected geomagnetic latitude). There are only
a small number of cases corresponding to large values of Kp or
AE, but the trends are both unmistakable and expected from
the definitions of the indices. The distributions for Ap and AE
are sharply peaked at 67° CGL. during very guiet conditions,
but in all cases where there are more than a few images the
widih of each distribution spans about 5° of latitude. Large
scatter is understandable when Kp is used as a parameter
because it is a 3-hour-averaged mid-latitude magnetic index
and therefore may not represent the wide degree of auroral
vanability possible within a }-hour interval. The 4 £ index,
however, more nearly provides an instantaneous indication of
magnetic activity somewhere in the auroral zone. The scatter
in the distributions for the boundary latitude for S0-y AE
ranges means that there is a general, but by no means unique,
connection between general high-latitude magnetic conditions
ind the auroral boundary location

Paper number NA0S67 4749

OLIN 0007 TN [ONALOSGTA0T 00

B it o AR i

- “TEmyy: awben:




TICABLE

~
~

G £ e oty 19 Iixd

THIS PAGB 13 RpoT QUALITY PRA

r\

1750

10 1+ L s
— o

Ko=4 Kpe5

O

P

Ke=0,! K

10

—r -

K
(™

- ﬂ——*r -

t-—p-— k=

CGL

(s (N3] “an

180~
200

200-
240

30-100 100-150

AE (9)

25%0- 300~ 3%0- 400~
300 IS0 400 4%0

by

>450

(19}

wl
|
wb

s
> -

[ -3y

5
r

rus) r }.a) l." b)r- EE?)

18-2)

G
&5 -
© h,
boh
0-3 1%-18

9-i12 21-24

uTt

Py 1 Histograms of the equatorsard auroral boundary grouped
aveording to (@) Ap index, (A) 4F index, and (¢} UT. Vilues in
parcatheses mdicate the nuntber of DMSE images for cuch case

3-6 1218

1N auroral activity occurred randomly at any time of the day,
the distribution of nimages by boundary latitude would be
broad and flut when grouping was done according to the
universal time of the image. Although the small number of
cases v each UT interval in Figure 1¢ makes it difficult to draw
firm conclusions, the data in our sample tend to suggest that
the auroral equatorward boundary more commonly extends to
low latitudes in the latter half of the UT day, Images taken
around 0000 UT may be biased. however, because at this time
the 0100 CGLT meridian is 10 a position prone to Van Rhijn
enhancement. If real. the small diurnal effect exhibited in
tuure 1o could be o reflection of a durnal change in the
average polar cap size or possibly of a misalignment of the
coriedted geomagnehs coordinate system with the average
auroral oval, The size of the polar cap cannot be determined
accurately from DMSP images except in rare cases because of
thew imited spatial coverage, but similar trends with no phase
lags at several other local times would indicate an overall
expansion and contraction of the average nightside auroral
oval I svstemane phase differences among the diurnal trends
atseverad lodal imes were ohserved this hehavior would sug-
postthat aconstant average oval pertains which shufts focation
relative tooan eccentrie tand perhaps nonhinear) coordinate
sustem as the earth rotates
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VARIATION OF THE AVERAGE EQUATORWARD BoUNDARY
LATITUDE WHTH Kp AND AL

Figure 2 displays the average and standard deviation of the
equatorward auroral boundary latitude distributions at 0100
CGLT versus Ap. Here integer Ap values encompuass neighbor-
ing fractional cases, and the Ap - | data point also includes
images with Ap = 0 The decrease in the average latitude of the
equatorward boundary varies approximately lincarly with Ap
when | < Ap < 5. When the.. results are compared with the
results of Lur 1 af {1975b] from Isis 2 data, a general agree-
ment between the two types of imaging is found (Figure 3)
Also, the equatorward trend over the Kp range |- 5 1s com-
parable to that shown by Starkor {1969]) bused on all-sky
camera data for @ index values ranging from 2 10 6 On the
other hand, accord 15 not as good with an analysis o1 south
pole DMSP images duning May-June 1973 by Nagatu et al.
[1975). As shown in Figure 4. the trends are similar, but our
average latitudes are 1°-2° lower for Kp = 2, 3. and 4 These
differences could arise from the particular sets of images used
in each study or physically from a luck of conjugacy between
the northern and the southern hemisphere in the corrected
geomagnetic system. The change in the average equatorial
latitude versus A £ (Figure §) can be approximated roughly by
a linear decrease of about 1° CGL,100 v.

Only on exceptional occasions does the aurora extend below
60° CGL For example, during the great magnetic starm pe-
rnod 10 carly August 1972 the equatorward boundary ap-
proached 55° CGL oonly during an extremely disturbed inter-
val when Kp reached 8. A linear extrapolation of Figure 2 to
Ap > S ieads to a simifar value

PULASMA INJECTION PHENOMENA

Observations of magnetosphenc plasma at synchronous or-
bit (~6.6 R,) have been reported by DeForest and Mcliwain
[1971]. Those authors exhibit their data in the form of energy-
time spectrograms and give fluxes of electrons und protons in a
range of energies as a function of time. Charactenstic dis-
persion structures are scen in these spectrograms that indicate
that the satellite encounters protons and electrons of different
energics at various points along its orbit. As the satellite moves
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fram evening local time tow ard nidnight, high-energy protons
are encountered ftirst, followed by successively lower energy
protons until there oceurs a simultancous encounter with near-
sero-energy protons and electrons (the inner edge of the
plasima sheet). Occasionally, protons and clectrons of all
energies show enhanced fluxes simultaneously. as if a cloud of
heated plasma suddenly appeared or was created at the satel-
hite's locatton. This is called an injection event.

By calculating the particle drift motion caused by magnetic
lield curvature and gradient and adding the convection of a
postulated electric field, DeForest and Mcllwain were able to
trace particle trujectories backward in time from their loca-
vons at the satellite encounter at 6.6 R,. If protons and elec-
trans of all energies are triced hack in the equatorial plane to a
common time of origin, their locus falls on a smooth spiral
curving toward the earth from dusk to midnight. The locus
(the so-called injection boundary ) may be interpreted to he the
carthward boundary of a commuon source region for particles
of all energies at the time of injection. Mcllwain [1974] derived
a formula for the statistical injection boundary given by R, =
(122 0 Ap) (e - 73 Ras the injection boundary position
i units of carth radiv at the equatorial plane as a function of
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Kp and magnctic local time in hours, ¢ (1800 < ¢ = 2400
CGLT). Mauk and Mcllwain [1974] analyzed their ATS S data
in this way using the value of Kp at the time of encounter with
cold plasma and regard R, to be useful in describing the
injecuon  boundary's locition when a substorm  occurs.
Coordinated ground-based photometer and ATS § studics by
Eather et al. [1976] give further significance to the injection
boundary concept.

DMSP AURORAL BOUNDARY AND THE MCH WAIN INJECTION
BoUNDARY NEAR LOCAL MIDNIGHT

In Figure 6 a comparison is made between the DMSP
boundary location and the Mclwain injection boundary R, at
0000 CGLT as a function of Kp. The formula for R, is valid
only up to local midnight, and its extension past local mid-
night is questionabie. Although our DMSP data apply 10 1100
nstead of 0000 CGLT, this should be of little practical signiti-
cance, since the auroral boundary is generally parallel to cir-
cles of constant latitude in the vicinity of local midnight. A
simple dipole mode! (solid line) and an empirical ficld model
(dashed line) are used to map the injection boundary from the
equatonal plane to the auroral zone. The realistic magnetic
fields used in Figure 6 are the MFQ (quiet, Ap < 2) and MFD
(disturbed, Kp > 2) models described by Fairfield and Mead
[1975]. In a review of magnetic field models, Walker {1976)
considered the Mead-Fairfield models (MFQ and MFD) to be
among the best, principally because they are based on satellite
data.

In the equatonial plane the most accurate region of the
Mead-Fairlield model is ~5 Ry > X 2 =12 Rg, where X is the
distance from the earth's center along the earth-sun line, posi-
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MLT the average tune Lig would depend on the relabive liequency of
6 19 20 2 22 23 00 DMSP images and imjection events Qur observations show
e » Y . . 1 - that in spite of these Tactory the average equatarw ord suroral
K= 8'”5 > » f * » houndary relates well 10 the empinical boundary Tound by
~ . -r Moliwain
o ' . * 3 A study by Ausde and Winmngham [1977) on the low.
b . § PO S 3 tattude boundary of - 100-¢V ¢lectrons compared the shape
A ® » ) » and focation ot these boundaries neotected onto the eguatornd
Ko e w:' P ] p ‘ plane with houndaries of calculated Alfvén layers An Alfsén
' ¢ - - bayer dehinea e the dlosest approdch to carth ot plasing mos-
" r . ;F g carthward from the tud and depends on the ipressed and
3 S L S vorotation ciectng Bields as well as particle encrgy and mag-
", ’ : - » nchie moment Lhe tow-energy clectron houndanies trached
PR ] - ‘ ‘ » well with the Aftvén layer for the appropriate cledine tields
Kise ol > * f :L L that were estimated from hourls averaged 8. of the inter-
e . - B by 13 planctars mapnetic bield This factivim accord wth our results
M using the empinical bogndary that depends on Ap The ahove
LY
authors abve commented that therr indings compuared favor-
'8 9 20 2 ez z3 VO by with those ot Lo ool (1978, Al cited carhier, except that
’U; ; . 1 the particle boundanies were distributed somewhat fower in
Kp=3 é,.‘ ? ? } ? v'- latitude than the optical boundanies seen by s
) . i
e ! ' N DMSP AtrORAL Botspagy asn THE Mcltwais Innenion
. BotNnary  Privinston
. . [ ] .
0® } Because the known injection boundary extends lrom dusk 1o
K, =4 E;’bs:b' i ; r_ ;_ ; ?_ midmight. a comparison with the auroral equatorward bound-
e 1 ] - ary can also be made in that region 1o see whether the agice-
700 o L . - L, ment found above extends into the evemng sector Histograms
. ® . 3 of the DMSP equatorward auroral boundary latitude, as func-
705 5 :' . iy ] trans of both Ap and loca) tmes ranging from IR0 1o 2400
Wooef h: et ! 5 ;. i ! COIT. are wiven in Figure 7 A DMSP satelbiie in g dawn-
o ' ' » » ; B dush orbital plane provided images duning the same time
ver - - - period as was used above (November 14 10 December 15,
! T bestoprams showaing the number of DMSP amages with 1972). its orbit allows nearly daylong coverage of the evening

e tedaand varorabhoundanes i the indicated T2 onterval of CGE
ot hac tomes pamnne Tram PR00 10 0000 CGLT Tmages are
s edaaaonndime to poevaaline Ay Troizies nurk the Lititude of the
Ferdstem st s daareral oval at the vndicated tocal ime tor sanoas
ot vabies (A ca 190 Osdena e s b and Stand T tor Ap
Ocnrespoad o tgaghes gonen Trom hiphest to Towest lattude an

s toprem

]
e

1 ey directed toward the sun ATOK CGE T, for 0 < Ap - S,
s b range ot the Mdllwain boundary an the mightside equa
teriid plane s 43R, - R - 0 7 R, swhich falls manndy
e the tield model’™s most accurate tange 10 evident trom
Faoees 6 that there s good agreement between the average
DAMSE auroral boundary focation and the mapping ol R, by
the cmorrea! Mead-Faetield magnctie neld mode! The undis-
forred dipole nappine of Ry also compares guite well at all Ap
alies T should he neted that the Tormula for the Mcllwam
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mecine houandars detines aocurve at the mstant of myection
Aiter vuection the boundary posttion shitts in response to
clecre dds und patticke doft motions 1t a DMSP amage 1y
Tk sonie ime after an imection event oceurs. the auroral
houttan posthon should reflect this change Thus to the
entent that the aurosal boundary s related to the imechion
bouidary the seatter depreted i Frgoure 6 could result from
two conrees () statistical sanations an the imtial imection
hoadary facation and £ 2) modihications of the houndary locy
e after e impeatio event Naturally one would eapedt e
see rpet adiheations an the houndary as the time lag he-
v maechion event and aosabsequent DMSP o imupe ine
ceenes bor oy Large umber of Coses under given conditrons

local time sector from 2000 10 2300 CGL T Trangles at de-
creasing latitudes in Figure 7 locate the equatonal boundary of
the statistical Fetdstem oval as given by Whalen {1970) for
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I3 and $ @ = 7isalboncluded for Ap 2 3 The Q indexis 4
P mo aurorad zone magnetic index employed by Russian
workers and s roughn equivalent to Kp, especially during
quict vondivons {Father amd Mende, 1971]. Although the @
ivden does not correspond exactiy to Ap, it 1s obvious that the
DMSP boundarsy dastiibutions have a local time dependence
sttty to that of the aurorsl oval

Lgure 8 gives the latitude of the auroral and Mclbwain
injection boundanes ot 2000 and 2200 CGLT in the same
format as was used in Figure 6 In Figure 8 the small kink secn
in the Mead-Fairfield 73 (MF 73) tield mapping results from
the transition from the ME 73Q to the MF 73D model at Ap =
2 bor Ap 3 the DMSP auroral boundary agrees well with
the ticld-mupped Mcliwarn boundary When data from the
o DMSE atelhites are combined. we conclude from Figures
toand N that for moderate and high Ap values the average
cquatorward auroral boundary maps closely onto the statisti-
val Mollwain ingection houndary

W also observe in Figure ¥ that agreement between the
statestical impection and auroral boundaries worsens toward
low Apvatues tAp - 02y Asde trom purely statistical errors,
there wre two possible explanations tor this trend (1) Some of
the low Ap imuages represented in bFigure ® (about 205 ) have a
redced sensitivats - as evidenced by tantness of aity lights and
backpround lumination Such images would miss faint aur-
oras from preapitation occurning several hours after the last
imection and therefore would create o bias under low Ap
condions () Duning intervals of low Ap.injections are rare.
therctore onhy a tew DMSP amages may show auroral condi-
tions directis connected with an ingection To compare DMSP
results with the Mcllwain boundary under guiet conditions,
we should select only those images taken soon after the infre-
auent imections that do occur In tact. this procedure should
be used under aft conditions, bat because high Apors generatls
assoctited with substorms and injections, most of the mmages
atsuch times will automatically be within several hours of the
moest tecent inpecttor cvent

CoMearinos. Wit GRoeND-Basid PHoToOMETTR STUDES

Observations relating the imection boundary to auroral pre-
apttiation have been carned out previoushy For example,
preund hased photometnie measurenments, made from the foot
of the ATS S held hine by Lather e ol [1976]. have been
comparad sath particle fluves observed by ATS S at syechro-
nous arhie Ther aurorgl observations span latitudes above
and below the VTS S held hne projectsion and provide informa-
o about magnetosphene regions remote from the ATS satel-
e Thes observe that impections occurnng at ATS § corre-
seond to auroral enhancements ai the foot of the ATS § held
tire amd auroral enharcements it other latitudes dre injections
whioh oo heanferred from the Sispersion i particle arnvals
Steady werk auroras cotrespond to electron precipitation
fron: the ineer edge of the plavia sheet On the Y guiet days in
ther stady perad, Fother et al ohsersed a premidnight au-
reral boundary rangine from o6 1o 69 41 20002200 CGL T

Frpare 7 shows that DMSP gmapes exhitited many cases of
houndties nthis are s when Ap o 0or | although there are
| s e polesard Those ool boundaries which
NN Cades groater e T GG are substantially

et ot the Mellwam meecton hoanduny, regardiess of
the teld o vael oaed Such waroras wound tall outside of . or
~ehmais ot the st ee of the ground based
et a7 O]

[YNISE v oy o detent aalofgs corre

I L S T

sponding to steady plasma sheet precipitation could result
from the exposure problems discussed carlier. However, an
explanation 1s still needed for the presence of intense arcs (by
DMSP standards) observed poleward of the projected Mcll-
wain boundary If such instances are related to injections, then
they may be cxamples of the so-called *contracted oval sub-
storms’ {Aamide ot al , 1975; Akasofu, 1975] suggested to origi-
nate well back in the plasmi sheet This proposed type of
substorm occurs well poleward of most auroral zone observa-
torics and 1s reported to coincide with a northward pointing
interplanetary magnenic ficld. Poleward injections giving rise
1o contracted oval substorms do not contradict the observa-
wons of Eather ¢r al. [1976). because they are presumed to
vccur within the preexisting plasma sheet, although further
down the tait than usual

SUMMARY

Measurements of the equatorward auroral boundary lati-
tude near local midmight from 162 DMSP images show that
the average latitude varies hnearly with Kp or AE, decreasing
from 67° CGL to about 61° CGl for Kp < S or AE < 600.
The rather large scatter around the aserage positions indicates
thuat the auroral boundary is only roughly related to ground
mugnctic conditions However, @ mapping of the appropriate
Mcllwarmn anjection boundary from the equatorial plane to
auroral latitudes produces a curve that coincides fairly well
with average auroral boundaries at local midnight for Ap
ranging from | to & At 2000 and 2200 CGLT the agreement is
pood for Ap = 3-5, but the auroral boundary averages about
2° poleward of the Mcliwain boundary during quicter condi-
vons (Ap - 0-2).
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i DMSP POLEWARD AURORAL BOUNDARTES AND f

1 MOVEMENTS WITH MAGNETIC ACTIVITY

M. S. Gussenhoven, M. D'Anton, R. L. Carovillano (all at:

Department of Physics, Boston College, Chestnut Hill, MA
02167)

The DMSP images for October, 1974, are used to study the
variation of the poleward edge of auroral displays and their
latitudinal extent with a variety of ground nagnetic indices.
The variation with Dst relates to the influence of the ring
current on high latitude accessibility of auroral particles.
Consecutive DMSP images fo:. this period {(which includes a
magnetic storm and several disturbed days) are gridded in
corrected geomagnetic coordinates and local time. Two DMSP
satellites (8531 and 9532) were recording at this time. The
most poleward and the most equatorward edge of the aurora shown
for each hourly interval of local time from 1800 to 0600 hours
through the midnight sector are recorded. The well-established
equatorward motion of the equatorward edge of the aurora near
midnight, as magnetic activity increases, is shown also to be
the case at other local times studied. The poleward motion 1is

Y somewhat more complex and less regular; however, a significant

movement of the auroral boundary towards higher latitude with

increasing Dst is found at all local times.
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7. MAGNETOSPHERIC DETERMINANTS OF THE GLOBAL
DISTRIBUTION OF PARTICLE PRECIPITATION

A. Introduction

The goal of this research has been to identify and quantify the
magnetospheric factors that determine where the particle precipitation
characteristics of the auroral zone occur at any given time. New observa-
tional characteristics of the auroral zone were presented in Chapter 6. 1In
addition, the statistical or average auroral zone location is well known,
as is the fact that displacements from the average are common. The magneto-
spheric processes that govern the displacements are the subjects of concern
here.

In the simplest descriptions, the geometrical (convertible to geographical)

quantities of interest are: 1) the opening angle of the poleward limit of the

precipitation band, 2) the opening angle of the equatorward limit of the
precipitation band, and 3) the displacement of the center of the band (in the
sense of the center of a circle) from the dipole axis. These are essentially
latitudinal variations. Variations in longitude were not included in this first
(three part) phase of the investigation except as they arise from the displace-~
ments of the centers of the auroral bands from the geographical poles.

The first two quantities listed are believed to be controlled by the
orientation and strength of the interplanetary magnetic field and by the
magnetospheric ring current. The ring current contribution is particularly
important in accounting for the largest displacements of the auroral precipitation
from its average location.

A model describing how the ring current controls the opening angle of the

poleward edge of the precipitation band has been proposed under this contract.
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It requires for [ts use knowledge of the magnetic moment of the ring current
(MR)' In this model, the location of the equatorward edge of the auroral zone
is identificd with the inner edge of the ring current (Rr)'

Existing ring current models are not of much use for our purposes, because
they require that the entire ring current particle distribution be specified
as an input function. That function must be found empirically, by in situ
spacecraf t measurements, or by other means that are extraneous to the models
themselves. It was necessary, therefore, as a first stage of this investigation
to develop a ring current model in which the ring current evolved self-consistently

to a given (presumably storm~time) state from a prior (presumably prestorm) state.

8. Quasi-Self-Consistent Ring Current Model

In this section, we summarize the quasi-self-consistent, high beta, injec-
tion model for the storm-time ring current that has been successfully developed
by Siscoe (1979a). It has the advantage over previous models of completely
determining all ring current parameters in terms of two observables: 1) the
geomagnetic Dst index, and 2) the beta of the ring current plasma at a single
(and arbitrary) distance. The ring current beta can be determined at any time
prior to the ring current decay phase-cven prior to the development of the
storm. If this parameter (beta) is the same for all storms, then only Dst is
needed to specify all ring current parameters. This possibility can be investi-
gated cmpirically.

Some results obtained from the model are shown in Figures 7.1 to 7.3.
Figure 7.1 shows the calculated relationship between Dst and the geocentric

distance to the inner edge of the ring current (R ) in units of earth radii
r

(RO). The family parameter, R, is the second of the two model parameters. It
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The dependence of the ring current disturbance field
at earth (H) on the distance to the inner edge of the
ring current (R) for different "entropy" plasmas
characterized by k, the distance at which the beta of
the plasma is unity.
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function of the disturbance field bance field data from the S3-A

. (H) for different values of k. satellite for the storm of 17

December 1971 (Cahill, 1973).
Figure 7.2

Figure 7.3
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T wiuen by ¥ = ¢p”, which Is a constant of the model. Fipure 7.1 indicates
that when Rr moves into the range of 3 to 4 (Re), storm-time Dst values result,
in accord with available observations. Figure 7.2 shows the dependence of the
ring-current magnetic moment (normalized to units of the earth's dipole moment)
on Dst and the parameter k. Figure 7.3 gives a comparison between the ring
current magnetic field calculated from the model and the only published example
for which the values of k and Rr can be empirically and simultaneously determined
(Hoffman, 1973). The agreement is quite good. The deviations seen at r < 3.5
(Re) can be attributed to time variations, which were not taken into account
in the calculated curve.

As these figures show, given observed values of Dst and k (or in the case
of k perhaps a standard value will be adequate), values of MR and Rr can be
determined. These are the quantities which then govern the values of the first

of the listed geometrical features of the particle precipitation.

C. Ring Current Effect on Polar Cap Size

The Dst versus MR relationship displayed in Figure 7.2 has been used
to assess the ring current contribution to the equatorward expansion of the
auroral oval during geomagnetic storms (Siscoe, 1979b). The principle upon
which the contribution is determined is simply stated. The ring current magnetic
moment is a vector which points in the same direction as the geomagnetic
dipole moment ME' The solar wind interacts with the coupled earth-ring current
system, which as a combined dipole moment MR + ME > ME' Now we simply scale
up the size of the magnetosphere from its size when there is no storm and when
MR N ME’ using the well-known dipole scaling relations. A larger magnetosphere

necessarily has a larger amount of magnetic flux forming its tail. The magnetic
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flux in the tail maps into the polar caps of the earth, which demarcate the
polar boundaries of the auroral ovals. Thus, the poleward border of the ovals
move equatorward as Mp increases. The formula expressing this relationship

(Siscoe, 1979b) is:

cos Ap = (cos A;) (1 + ;—2)”3<§?> 1/12

st
where Ap is the magnetic latitude of the poleward edge of the oval, Py is
the solar wind stagnation pressure, and A; = 70o and pgt =1.2 x 1078 dvyne
em~?2 are fiducial (actually about average) values. Since we are interested
here in the contribution from MR’ we set Poy = pgt, i.e., we assume an average
solar wind stagnation pressure. Then we can plot the equatorward displacement
AN = A; - X as a function of MR/ME. This is shown here as Figure 7.4. Ve
see from this figure that a displacement of 5° requires a magnetic moment
ratio near unity, and a displacement of 100, a ratio of approximately two.

The curve in Figure 7.4 and the cuves in Figure 7.2 can be combined to

provide a plot of the displacement, AX, as a function of H(= % Dst) for
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different assumed values of the parameter k. This is shown here as Figure 7.5.

We see, as expected, A} increases with increasing letl and with increasing k.
As an example, consider the curve for which k = 8 and for the purpose of

illustration let Dst = % H. The actual proportionality factor between Dst and

H depends on the strength of the currents induced in the earth by the storm

and can vary from a minimum of unity to a maximum of 3/2, the value assumed.

Thus, in the case of a large storm that achieved a disturbance level given

by Dst = ~-500 nT, the corresponding value of H would be -333 nT. Using the

k = 8 curve, we then find AX = 5.750, or that the poleward edge of the auroral

oval would be located at a geomagnetic latitude near 64°,
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The dependence of the latitudinal shift of the
poleward border of the auroral oval on the
magnetic moment of the ring current,

(measured here in units of the geomagnetic
dipole moment, ME).

The two cases shown correspond to initial SMR = Q)

locations of the border at A\* = 60° and 70
geomagnetic latitudes. P

Figure 7.4
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The dependence of the latitudinal shift of the poleward border

of the auroral oval on the ring current magnetic field (Dst=1.5 H),
as determined from the Y* = 70° curve of Fig. 7.4 and the previous
derived relation between M, and H (Siscoe, 1979a) in Fig. 7.2.

Figure 7.5
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Against the prediction given here, we can compare the observations

relating to the storm of 11 February 1958 published by Akasofu and Chapman

(1962) . This particular storm was characterized by a large negative value
of Dst, which reached -500 nT, and by a large equatorward motion of the
auroral zone. All sky camera observations stations located in the mainland
United States, Canada and Alaska revealed that during one interval of about
20 minutes duration, the northern edge of the auroral oval was located at
approximately 55° geomagnetic latitude.

Clearly it would be desirable to perform similar comparisons for other
storms. However, the important conclusion to be drawn from this one storm
for which the comparison can be readily made is that the effect of the ring
current magnetic moment can account for about 30 percent of the maximum
achieved equatorward displacement of the poleward edge of the oval.

We know already that the size of the oval is modulated by the direction
and magnitude of the north-south component of the interplanetary magnetic
field (IMF). The IMF control is independent of the ring current control

discussed here. The study by Holzworth and Meng (1975) shows that the oval

expands by about 0.9° for every 1 nT increase in the southward component of

the IMF. Thus a 10° displacement requires a southward component of only il nT,
which is not a very large value to be associated with a major geomagnetic storm.
It ig, therefore, not unreasonable to conclude that in the case of the 11
February 1958 storm the combined effects of the ring current and the IMF

could have brought the poleward edge of the auroral oval southward of the

Canadian border.
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D. Polar Cap Off-Set
The radius of the auroral circle varies typically between 15 and 23 degrees
in response primarily to changes in the orientation of the interplanetary ‘

magnetic field (Holzworth and Meng, 1975). The auroral circle is displaced

on the average about 4 degrees in the anti-solar direction from the geomagnetic
pole, but at any time the offset varies typically within 3 degrees from tﬁe
average value (Meng et al,, 1977).
The geometry is shown in Figure 7.6. The equations on the figure give

the variation in both the radius Gp and the offset § as a function of solar
wind dynamic pressure Pgps @8 predicted by the standard magnetospheric scaling
relations. The weak dependence of Gp and ¢ on Pt implies that the commonly
observed variations in ep and § cannot be caused by corresponding variations

in pst.
In the course of this work, we have demonstrated that the interplanetary
magnetic field does not exert its main control over the polar cap size through
the modulation of the magnetospheric ring current. We determined that the ring
current required to produce a change in polar cap size comparable to that which
is commonly observed would also produce a large geomagnetic storm (Dst =-200Y),
which is not commonly observed. (In fact, the calculation was performed

to show that the ring current effect can be important during magnetic storms.)
This result, not unexpectedly, supports the general belief that the variation
in polar cap size results from a net transfer of magnetic flux into the tail
from the dayside, with an associated change in the shape of the magnetosphere.
We note here that the presently existing magnetospheric scaling relations,

which can be used to investigate the effect of the ring current on the polar .

cap size, are not able to treat phenomena that entail a change in magnetospheric
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shape. This result motivated the investigation into two-parameter scaling
relations, which can handle such problems, as is described below.

The anti-sunward displacement of the center of the polar cap with respect
to the geomagnetic pole evidently has its ultimate cause in the sunward-
tailward asymmetry in the magnetosphere itself, which is imposed by the sense
of the solar wind flow.

In thinking of magnetic ricld lincs inmechanical terms, field lines are
given the attribute of tension. The force by which the solar wind drags out
the magnetosphere to form the geomagnetic tail is then envisioned to be
communicated to the earth by the tension in the field lines that connect the
earth and the tail. These are the polar cap field lines. In light of this
conception, which has its basis in the theory of elastic media, it is natural
to suggest that the tailward displacement in question is a direct consequence
of the tension operating through the polar cap field lines.

The mathematical statement of the hypothesis that the tailward offset
of the polar cap results from the force acting between the earth and the tail
was trected analytically for the case of a two-dimensional interaction. An
offset of the order of 0.4 degrees was obtained this way. The calculated two-
dimensional offset is too small to account for the observations, but the
differences between the two and three-dimensional cases were sufficient to
offer hope that the three dimensional offset could be substantially larger.

The three-dimensional case was then integrated numerically. The result

did not differ materially from the previous two-dimensional case. If the tail
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force only Is considered, the offset is an order of magnitude too small. Inter-

estingly, if the dayside force (the Chapman-Ferraro force) is used, the

resulting offset is slightly over 2 degrees, or about 50 percent of the observed

displacement. Since the dayside force is dominated by the dynamic pressure of
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the solar wind, there is here a justification for ascertaining the degree of

! correlation between the polar cap offset and the solar wind dynamic pressure.

Even should the total solar wind force on the boundary account for

roughly half of the polar cap offset, we would conclude the magnetospheric
distortion not directly related to communicating the solar wind force to the
earth must contribute substantially, if not predominantly, to the offset. This
result, like the one relating to the polar cap size, indicates that the magneto-
sphere regularly changes its shape (i.e., degree of distortion) and not merely
its size, in response to change in solar wind conditions. The need t generate J
magnetospheric scaling relations to account for changes in ghape is thus once

again emphasized.

E. Two-Parameter Scaling Relations
The analysis described above provided the motivation for proceeding to a
specific extension of the magnetospheric scaling relations. We will herc¢ briefly
outline the progression this problem made under this contract. We will illustrate
that progress by means of an example which shows that the new approach is well
chosen and that it provides answers to a new class of problems.
; When the set of independent variables is restricted to the solar wind

stagnation pressure (i.e., only the normal component of the solar wind force i

on the magnetopause) and the planetary magnetic moment (including the ring

current contribution), there is only one combination of independent parameters
that has the dimension of length. The length can be chosen to be the planeto-
centric distance to the subsolar stagnation point, Rm. It is evident that if
a geometry 1is described by a single scale length, then change in size but not
shape will occur as R changes. This is the underlving basis for the '"constant

K shape"” assumption of the existing scalling relatlions.
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Many previous studies support the principle that the amount of flux
in the tail is determined primarily by the tangential component of the solar
wind force on the magnetopause, a neglected component in the prior scaling
formalism. Whereas in the prior formalism the independent variable could
be taken to be the solar wind stagnation pressure or the scale size Rm, since
one is uniquely given in terms of the other, in the present formalism one may
choose a solar wind pair of independent variables, namely: the normal and
tangential drags on the magnetopause, or an internal pair of variables, that,
in principle, may be derived from the solar wind pair. We choose Rm and the
magnet ic flux in the tail, FT‘ to be the pair of independent variables. This
choice will serve to extend the previous one-parameter set of scaling relations
to a two-parameter set. The method proceeds as before, onlv now there are more
parameters out of which to construct the dimensions of the magnetospheric
quantities of interest.

A detailed dimensional argument, the final realization of which permits
the casy application of the method, shows that the new scaling relations take
the same form as the old ones, except that the old scaling constants become
functions of the dimensicnless ratio FTRm/uOMp, where Mp is the effective
magnetic moment of the planet.

To illustrate the result, consider the magnetospheric quantity Bst’
which is the magnetic field strength inside the magnetopause at the subsclar
stagnation point. 1n the old formalism Bst was fixed simply by Bit/Zuo =p

st’

the stagnation pressure. Or in terms of Rm, it was given by Bst = ao/Rm3,

where a is known from theoretical calculations performed in the early 1960's

by Mecad and Beard and hy Midgley and Davis. 1n the new formalism Bst must be
a (FTl\m/ ;JOMD)

expressed in the form BSt = TR T where a(x) is some as yet unspecified
m
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function of x. Now, typical values of the independent parameters for the
case of earth give FTRm/uOMEtx %. Thus, in the spirit of going from a prior
formulation characterized, in effect, by the condition FTRm/uOME = (0 to one
for which the ratio is non-zero but small, we are justified in claiming

improvement if we merely make a Taylor series expansion of the function a(x)

and terminate the series at the linear term. That is, we take

F_R

T m
a = ao + al
L
uo

where a is the old constant and a; is a constant that must be determined
by theory or experiment, but once it is fixed it applies to all values of
the independent parameters. From available observations, we estimate th¢ ~ew

term to be about 30 percent of the old one, and with opposite sign. For

example,
ao aIFTRm
BSt =% 3 + ;—ﬁgﬁ—g =70y - 20 y = 50 v
m o m

One of the goals of the present investigation is to improve the determination
of the value of the new constant, both by appropriately tailored data analysis
and by specific model calculations. In the latter, the computer model of Olson
and Pfitzer will be especially valuable.

The result just obtained can be used to answer one of the new class of
questions involving changes in magnetospheric shape: for constant solar wind
stagnation pressure (hence Bst = const.), in a flux transfer event, by how

much does Rm change for unit flux transferred to the tail? Mathematically

the answer is
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For the estimated value of a, and typical values of the other parameters,

1

this equation predicts

BF o g5 iim

This result is very different from that obtaired by merely equating the
flux missing from the dayside as a result of a decrease in Rm to the increase
in the flux in the tail. The proportionality factor derived based on this
purely kinematical principle is less than 2. The dynamical forces that are
in fact determining the constitution of the tail require a much larger increase
in tail flux for a given decrease in Rm. The additional flux comes from the
nightside of the magnetosphere and is associated with the observable phenomenon
of the earthward movement of the plasma sheet when the tail flux increases.
This aspect of the total tail phenomenology was explicitly incorporated in

the medel of Coroniti and Kennel (1972). We have here tied down the many model

parameters that result if one tries to construct the various pieces of the

dynamical picture independently and then assemble them.
AR
The observed typical range in — that results from flux transfer has

been shown by Maczawa (1974) and by Holzer and Slavin (1978) to be 0.l. The

above formula then predicts a typical range for AFT/F of 0.85, which corresponds

T
to a polar cap angular radius rangc from 18° to 250, as is observed.

The method of the two-parameter scaling analysis is now ready for general
exploitation to address questions concerning the energy input rate into the

magnetosphere, and for replacing the o0ld ad hoc electric field scaling relations

by equationg properly derived according to the principles described above. The

result will be a set of relations connecting magnetospheric features and processes

to the independent so.ar wind parameters tivit determine the normal and tangential

drags on the magnetopause.
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