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I INTRODUCTION
Under support from the Air Force Office of Scientific Research, we
have begun a broad-based program of research into the origin, lifetime,
and redistribution by convection of ionospheric structure at high lati-
tudes. Structure in plasma concentration ranging from scale sizes of
hundreds of kilometers to meters is commonplace at high latitudes and

has a variety of sources [Vickrey and Kelley, 1983]." The amplitude of

ionospheric irregularities observed at any point is a strong function of
the local electrodynamics (including convection speed and velocity struc-
ture, field-aligned currents, and conductivity) as well as the history
of the convecting flux tubes to which the structure is tied. Thus, our

research program is by necessity rather diverse.

Our ultimate goal is to develop an accurate predictive physical
model of ionospheric structure at high latitudes. Such a model would
benefit the Air Force because ionospheric structure affects radio signals
and degrades Air Force communications and surveillance systems. Although

the framework for such a model exists [Vickrey and Kelley, 1983], our

present understanding does not even include knowledge of which magneto-
spheric processes affect structure at different scale sizes most. Our

present efforts are aimed at identifying these processes.

This report is organized as follows: Section II describes recent
observations and theory of the diffusion processes that ultimately re-
move plasma structure., Section III contains the results of an attempt
to better specify the ionospheric electrodynamic environment in different
time sectors and magnetic activity levels. Section IV is a list of
journal publications produced under this contract; the Appendices A

through F contain those publications.
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IT F-REGION CROSS-FIELD DIFFUSION PROCESSES

The ultimate spectrum of fluctuations in plasma concentration that

is observed experimentally is a balance between the strength and scale

. ‘,‘
4

size dependencies of the structure sources and sinks. The sources of

.l

%
1t b

-,
-
-
-

plasma structure at high latitudes are many, and their scale-size depen-

N l'l.‘
U

B
R

dence is largel, unknown. We have begun, therefore, to examine this

rd

balance through the scale-size dependence of this structure removal pro-

7

::j cess--cross field diffusion. Our hope is that through accurate modelling
&;5 of diffusion, comparisons of observations with models will help reveal
f:{ the more complicated (presumably) scale-size dependencies of the source

. i mechanisms. Our modelling has shown that a scale-size dependent cross-
:?i field diffusion rate is a natural consequence of magnetic field line

'Szz coupling to the E layer.

:i: The effects of E-region conductivity on the cross-field diffusion
&-1- of plasma gradients in the F-region has been studied by Vickrey and

izﬁ Kelley [1982]. They showed that for an insulating E region, F-region
\}E diffusion may only proceed at the electron rate, but that the diffusion
\:ﬁ rate increases as the E-region conductivity increases. In a perfectly
4?:§ conducting E-region, F-region diffusion proceeds at the ion rate. Their
. analysis did not consider, however, any scale~size dependence to the

f;ji diffusion rate DL.

j‘.‘ The first indication that D; was, indeed, a function of scale size
'}:: came from the work of Livingston et al. [1984] (Appendix B). They pre-
.ii: sented complex signal scintillation observations through an isolated and
;:“ decaying equatorial plasma bubble. Multiple scans through the bubble
-—— made from the Air Force Geophysics Laboratory (AFGL) Airborne Ionospheric
2:{- Observatory, showed evolution of irregularity energy over a broad range
':f\ of scale sizes. At wavelengths larger than about 4 km, the energy

iﬁﬁ remained nearly constant with time. At shorter scale sizes, the spectrum

T maintained an approximate power law form (f-n) and n increased with time.




-
0

R
»,
igi This behavior suggests that the cross-field diffusion rate in the F

e region depends on scale size. Figure 1 shows the empirically derived

k’ diffusion rate based on their measurements.

ENg]

igj In parallel with these efforts, Vickrey et al. [1984] (Appendix A),
%:? have investigated the production of "image' plasma density irregularities
T in the E region caused by the polarization electric fields associated

- with F-layer structure. They showed that the image formation process

;:3 preferentially produces E-region structure at kilometer scales. Their
i;ﬁ theoretical power spectrum was in good agreement with near equatorial

-.ﬁ rocket observations. A comparison between the observations of images
::x and theory is shown in Figure 2.

'Si The situation modelled by Vickrey et al. [1984] was driven, not

-;2 purely decaying as would be appropriate for comparison to the Livingston
A_; et al. [1984] observations. Nevertheless, Vickrey et al. [1984], argued
:ij that image striations would also be produced in the nondriven case.

:::i Moreover, because the image structure grows at the expense of F layer

;; N plasma, the image spectrum should reflect the scale-size dependence of

\ the effective diffusion rate in the F layer. Thus, their model could

~:;: explain, at least qualitatively, the observations of Livingston et al.
o [1984].

:if: This encouraging agreement led Heelis et al. (1984] (Appendix C) to
” develop a fully time-dependent model of a decaying F=region irregularity
EE% spectrum that includes magnetic field linme coupling to an E-region plasma.

a%g This modelling effort is showing that the E region can produce

péf fundamental changes in the temporal evolution of F layer structure that
;‘{ were not anticipated by Vickrey and Kelley [1982] or Vickrey et al. [1984].
x'é For example, the classical effect on the F-region spectrum expected from
:,i diffusion, classical or anomalous, is to increase the slope of the F-
JL;‘ region spectrum at all scale sizes with increasing time. The model of
{E:i Heelis et al. [1984] shows, however, that when the E-region ion concen-
fti: tration is low, image amplitude ANE/Ng saturates at a value determined
':ﬁ: by the amplitude of the F-layer driving structure and the temperatures
':fx in the two regions. When this occurs, the E- and F-region spectral
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> shapes differ only by a multiplicative constant. Moreover, they decay

N in amplitude at a rate that is nearly independent of scale sizc and hence,
? their common spectral form is retained. The decay rate in this situation

. is a simple function of the chemical recombination rate in the E laycr.

Chats
D

This saturated condition may be routinely achieved in the winter polar

8 4
e,

cap, in equatorial spread F, and perhaps in barium clouds.
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IIT HIGH-LATITUDE CONDUCTIVITY AND FIELD-ALIGNED CURRENT SYSTEMS

Pl
.'o'n—

Strong sources of structured F-region plasma at high latitudes in-

clude the E x B and current convective instabilities that are driven by

i% the convection electric field and magnetic-field-aligned currents. In
'3 addition to influencing the lifetime of structure, the E region can be a
Y strong damper of these instabilities. Thus, the morphological relation-
ship between the conductivity pattern and current systems is important

,t for understanding the distribution of high-latitude plasma structure.

. Robinson et al. [1984] (Appendix E), have examined the relation-

o ship between field-aligned current and conductivity in the morning- and

f. evening-sector Region 2 current sheet and in the evening-sector Region 1

Vi- current sheet. They found little correlation between the field-aligned
i current density and conductivity along the same flux tube, The direction
¥ of the field-aligned current, however, does influence the conductance in

& that upward currents favor the formation of parallel potential drops and

%3 hence, auroral arcs.

}3 Of interest from a structure point of view is the fact that only in

the morning-sector Region 2 current sheet do the energetic electrons
carry a large fraction of the upward current, Also, the parallel current

in auroral arcs is often too large to be carried by precipitating elec-

Sx3>.

p trons alone. The significance of this is that only that portion of the

total field aligned current that is carried by thermal particles is de-

b stabilizing to the current convective instability. Thus, except for the
.j morning-sector Region 2, magnetometer measurements of the magnitude of

: j“ can be used to calculate the growth rate of the current convective
- instabilities. 1
" et
r. The relationships between field aligned currents, electric fields, ,jﬁ;‘;
:.; and conductivities in the morning sector auroral zone have received rela- S":'Ef
:ﬁ tively little attention in comparison to the evening sector. Kamide et ':'f'?;
o3 al. [1984] (Appendix D) have examined the electric field, current, and : '
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conductivity patterns as well as visible aurnra in the early morning

s
. .

: sector. They found, in agreement with Kamide and Vickrey [1983] that the ';.a: §

( westward electrojet has a dual character depending . . latitude in that ' .

‘; local-time sector. Namely, the dominant contributor to the amplitudc of 52;;:;5

3 the westward electrojet in its poleward half is a relatively intensec j;ﬁ;:?f

y southward electric field. In the equatorward half, high Hall conductivity T
associated with bright visible aurora dominated the electrojet amplitudc. ' ?.;
This has the interesting implication that only the equatorward half of f:f}f{i

J the westward ''auroral' electrojet is actually associated with visible T
aurora. In terms of structure morphology, we would expect relatively

2 more structure in the poleward half of the electrojet because the driver

g; Esouth is large and the damping by E-region conductivity is low.

é We have noted above that (1) the ultimate goal of structure modelling

> is to construct a physical, predictive model of structure morphology and

E (2) that field-aligned currents can be a strong source of structure. A

5; key input to such a model, then, is the dependence of field-aligned current

;3 current intensity on magnetic activity. Using a simple model for the

. closure of field-aligned currents by meridional Pedersen currents, Robin-

v son [1984] (Appendix F) has derived an empirical relationship between the

&? global field-aligned current intensity, Jo and the KP index:

v J, (A/km) = 97 + 71 x K, (1)

“d

4

: Making use of the correlation between KP and the polar cap potential

: drop, ¢o’ given by Reiff et al. [1981], Jo can be related to ﬂo:

j 3, (A/km) = 6.5 x §_ - 90 (2)

!

a; These relationships are illustrated in Figure 3. Robinson further

\; shows that these expressions can be used to show that the maximum iono-

,i spheric Joule heating rate increases as the square of the polar cap

potential provided § >> 15 kV.
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THE LIMITING PEDERSEN CURRENT IN THE IONOSPHERE AS A
FUNCTION OF Kp. The upper scale shows the value of the polar
cap potential drop as deduced by Reiff et al. [1981]. The straight
line is a weighted, linear least-squares fit to the six data points. The
dashed curve represents a quadratic dependence of current on potential
drop forced to agree for Kp = 3.
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ABSTRACT

Ionospheric plasma instabilities are usually discussed in terms of
local parameters. However, because electric fields of scale size A 2 1 km
map along magnetic field lines, plasma populations far away from a locally
unstable region may be affected by the instability process and vice-versa.
We present observations of electron density variations in the Fl region of
the ionosphere at two locations near the magnetic equator. Oscillations
in electron number density that were confined to a narrow wavelength
regime were observed in a region of the ionosphere with a very weak ver-
tical density gradient. Since magnetic flux tube interchange instabilities
cannot create structure in such an environment we suggest that these are
"images'" of instabilities occurring elsewhere along the magnetic field
line. A simple steady state theory of image formation is developed which
is in good agreement with the observations. Moreover, this theory predicts
a scale-size dependent "effective-diffusion' process in the F region which
may dominate over classical cross-field diffusion at kilometer scale sizes.
Such a scale-size dependent diffusion process is required to explain

recent scintillation observations of decaying equatorial plumes.
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ég’? I INTRODUCTION

(7 Ionospheric plasma instabilities are often discussed in terms of

oy local parameters. However, magnetic field lines can link unstable regions
;:g to other plasma populations that may affect the evolution of the instability
}ié process. An example is the role of a conducting E region in diffusive

3 damping of F-region structure and in the suppression of electrostatic in-
o
;:-. stabilities [Volk and Haerendel, 1971; Goldman et al., 1976; Vickrey and
%: Kelley, 1982].

ég; Another effect most often studied in conjunction with F-region barium-
é j cloud striations is the generation of image striations im the background
;iq medium. As discussed in more detail below, an image forms at altitudes

where the ion gas is compressible, namely, the E and lower F1 regions.

To date the existence of images has not been experimentally verified

although computer simulations have predicted their generation [Goldman et

ar

al., 1976; Lloyd and Haerendel, 1973].

u,
2
e
%A

The data discussed here come from fixed bias Langmuir probes flown

on two rockets launched just off the magnetic equator during equatorial

ot
P
-

spread F conditions. One, a Javalin sounding rocket, was launched by NASA

2y

;;’ from Natal, Brazil, on 18 November 1973 at 2122 UT [Kelley et al., 1976,
{?‘ 1979a; Costa and Kelley, 1978]. The second, a Terrier-Malemute designated
7§% as PLUMEX I, was launched by the Defense Nuclear Agency from Kwajalein

E:» Atoll on 17 July 1979 at 1233 UT [Szuszczewicz et al., 1980; Rino et al.,

1981; Kelley et al., 1982]. We will show that the spectrum of density

.
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structure observed in the Fl-layer valley (160 to 200 km altitude) off

the magnetic equator is consistent with that expected from the image for-

mation process (which depends on scale length and density) driven by the

gravitational Rayleigh-Taylor instability operating on the bottomside

F layer at the equator itself,
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I1 DATA PRESENTATION

A plasma density profile from the downleg of the Natal rocket flight
is reproduced in Figure l{a) with an expanded plot of the F-layer valley
and E-region density profiles in Figure 1(b) (upleg data is not available
in these flights in the low altitude region due to the timing of sensor
deployment). The plasma density profile was extremely structured through-
out the flight. Near and just below the F-region peak, the turbulence
has been interpreted in terms of the non-linear gravitational Rayleigh-
Taylor instability [see earlier references]. The low-altitude layered
(90 to 130 km) structure is typical of the equatorial E region and is not
produced by the "image' process. Of interest to the present study are the

quasi-sinusoidal fluctuations in the F,-layer valley (170 to 200 km) where

1
the local zero-order vertical plasma density gradient nearly vanishes.
Because of the finite dip angle at Natal, these fluctuations project

along magnetic field lines to the magnetic equator at heights ranging from
280 to 315 km. Note that this altitude range corresponds to heights where
the local equatorial F region is suspected to be unstable to the gravita-
tional Rayleigh-Taylor process. The geometry is illustrated schematically
in Figure 2. Of course, we do not have simultaneous F region observations

directly at the equator but it is highly likely that bottomside spread-F

was occurring there also.
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Another example from the PLUMEX I rocket downleg is presented in
Figure 3. Again, quasi-sinusoidal oscillations were observed in the Fl-
layer valley region at heights that map to the magnetic equator in the
altitude range at which the local equatorial spread F fluctuations were

detected. The detector used in the present study was not deployed during ) .

the upleg of PLUMEX I. However, Narcisi and Szuszczewicz [1981) have pre- ?;25

sented profiles from the upleg and from PLUMEX I1 Although some variations

in density exist inthe '"valley,'" a strong quasi-sinusoidal signal was not
present. Concerning rocket flights nearly on the magnetic equator, the
Equion [Morse et al., 1977] rocket did not detect such fluctuations nor
did two flights from India [Prakash, private communication, 1982}, nor the
more recent launches (2) from Peru [Kelley, private communication, 1983].
Thus, two out of four of the available off-equatorial rocket data sets have
shown sinusoidal structures in the valley region while four on-equator

flights did not.

A series of spectra corresponding to different altitude ranges from
Figure 1 are presented in Figures 4 and 5. The Figure 4 spectra all
correspond to bottomside equatorial spread F. The spectrum from the
lowest altitude displays a form that varies as k-z over the regime from
A =5000m to X = 50 m, where the instrument noise level was reached.

The highest altitude spectrum seems to have a somewhat shallower spectral
form at the long wavelengths (500 to 5000 m). These results are in good
agreement with the PLUMEX I results reported by Rino et al., [1981] and

Kelley et al. [1982] as well as a number of others [see Fejer and Kelley,

1980 for references].




The Fl-layer valley spectra in Figure 5 are quite different from
those in Figure 4, as are the waveforms. The spectra are peaked at wave-
lengths of 700 to 1400 m as one would expect from the sinusoidal nature
of the waveforms. We show in the next section that such a peak in the

spectra is consistent with the image formation process.
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IIT ANALYSIS

A, The F-layer Gravitational Rayleigh-Taylor Instability:

A Source for the Structures

The mechanisms whereby plasma irregularities are formed in the F-

layer ionosphere can be studied by considering the continuity equation:

F
dn F _
YR A (n” v) =P -1 (1)

where n is the electron density, v is the flow velocity, P the production
rate and L the loss rate. In the nighttime F layer, the latter two terms

can be ignored yielding

F

Ignoring variations along the direction of the magnetic field, the ion
velocity in the F region is given by E x §/Bz, which is divergence free,

and thus

n . (3)
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o In effect, the irregularities are formed by incompressibly mixing an

. existing background density gradient by means of the perturbation electric R
L [ 2
‘Cfc fields generated in the instability process. These processes are reason- f;?f
AR
[ . . e
.af‘ ably well understood and well documented [see recent reviews by Fejer and Lo
W el
S T
; Kelley, (1980) and Qssakow (1981)]. For our purposes here, we need only R
Se2ceY ====nn Y
L describe the perturbation electric field (or equivalent velocity) structure V,:,j
R AN
S e
,hﬁ? in the unstable F layer because it is this structure that maps to lower f,*{4
N A
v altitudes and drives the image process. ;L;;j
1\ 21
:?): It can be shown from nonlinear Rayleigh-Taylor instability theory
ko with no zero order zonal electric field [Keskinen and Ossakow, 1981], that
the electric-field and density fluctuations are related by @
. T
X
:':". F -
's..'-.. :‘ .
SE = -8B [6_n] (4)
) F n
( v W
. in e
SN -
OSX ;
PAS -
N
LRI
Lt where g is gravitational acceleration, B is the magnetic~field strength,
: F o, . L snlF .
‘ol v, is the ion-neutral collision frequency, and are density fluc-
:,}, in n
h .-_','
:f{f tuations such as those whose spectra are shown in Figure 3. Thus, the
PP
A .
N velocity turbulence that drives image formation can be specified in terms o
e 3
St of our measurements of the density fluctuations. Our goal then is to 0
PeN .
AN show that the spectrum of image irregularities observed is the result of X
'.'J..
e e
"oy a balance between this driver, which depends on scale size, and the image
Ny
e formation and diffusive damping processes, which are also scale size de-
s
::.';.; pendent.
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- Note that the Rayleigh-Taylor process operating on the same magnetic
field line will not create local structure in the F-layer valley if the
zero-order density gradient vanishes. The electric field will still map

to the region where density structure is observed, but with no density
gradient the stirring will not produce structured density. In fact, to

o first order in the small parameter (v;/Q,) the flux tube in the valley will
: also drift rigidly attached to the F layer source. Thus we can perform our

analysis in a frame moving with the flux tube.

; B. The Image Formation Process

To understand the formation of images, we must examine a more compli-
cated version of the continuity equation. As will be discussed in more
detail below, images form at altitudes where the incompressibility assump-
tion utilized above breaks down. Compressibility arises fron non-negligible
:R Pedersen drifts (VP = %% E), whic’ must be added to the E x B flow con-

" sidered above. Here op is the Pedersen conductivity, which for E and F

1
layer heights, is given by
nq V,
op = T (5)
o m, {2,
q‘.o 1l 1

AN
A )
L LR Y

2k

where q is the electron charge; m, and Qi are the ion mass and gyrofre-

:;

- E

T quency, respectively, and vin is the ion neutral collision frequency at
-

the image altitude. Throughout the following, the superscript E denotes
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quantities at the image altitude even though we are concentrating princi-
pally on the Fl-layer valley region. Additional complications to the
continuity equation include the effects of relatively rapid cross-field
plasma diffusion and chemical recombination. 1f we include these effects,

Equation (2) becomes

E
E - = = qv, 2
a_n-.q. i-}.ExB .VnE-nE——&VOE-DVZHE-O’nE =0 (6)
At E 2 z o o 2 1L o
v, B E
in miQi

where we have ignored any horizontal variation in electron density but
have, for completeness, included a vertical gradient term, which is weak
in the valley region. D_L is the cross-field plasma diffusion rate and

« is the effective recombination coefficient. In this expression E
represents the sum of a possible zero-order electric field Eo and the
electric field 8E due to the Rayleigh-Taylor process operating at the dip
equator. The second temm in Equation (6) vanishes if the local degséty .
gradient does. In our two examples the smallest value for L = (% 7;?)
was 60 km. Thus, if we calculate the growth rates of the local Rayleigh-
Taylor instability (g/vgn L) or the E x B instability (EolBL) we find

vy = 8 x 10-55 and 2.5 X 10-4 respectively, where we have taken EO/B =

15 m/s upward as observed during the Natal flight. These values are
quite small and hence, we are justified in neglecting these local insta-
bility mechanisms. (Note, moreover, that during the PLUMEX I flight the

ionosphere was descending and thus, was stable on the bottomside to the

E x B process.)
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We now consider the effect of a finite driving electric field, §E,
on the Fl-layer piasma, where §E is due to a fully developed plasma insta-
bility on the same magnetic field lines. For the moment we ignore the
question of the mapping efficiency of the electric field; we will return
later to discuss the eff-ct of finite parallel resistivity. To proceed
we partition k space into equal intervals of width Ak which we choose to
be smaller than the bandwidth of the spectral peaks in Figures 5(a) and
5(b). Using Equation (4) the magnitude of the driving electric field at

some value of ko is thus

ko+Ak/2 1/2

vF n

F
5E(k ) = B& p2(k) dk =8B &n Ay
o vF o

in i

k -Ak/2 in
(o]

F 2
where Pz(k) is the power spectrum of the density fluctuations ,Qﬁ_] (k).

As shown in Figure 3, the power spectrum is well represented by the an

equation of the form

The dashed line corresponds to kcse 3x 10-3 m-l. Recall that we do not

know the actual Pz(k) at the source since the rockets necessarily detected
the local (off-equatorial) bottomside spread-F spectrum. Nonetheless
Equation (8) is a reasonably good approximation to all of the reported
bottomside spread-F spectra (e.g., Morse et al., 1977; Kelley et al.,

1979). Now, if we consider the process to be in a steady state

E
(dn"/9t = 0), we can calculate the amplitude of an image structure at

wavenumber k,




3 D

¥

“ ‘,‘l‘d.
L )’

07
)

)

v ey
Fotsto®s

R
‘)..‘

[
[s
»

»

-{ ‘v{‘;/\.“-..". R
DA R O

*

IR T

12
E q vin kgB 6nF ( ) k2 D E 2 dnEnE =0 (9)
+ o, 2 F A M1 ol :
E° v,
m Q. in
il
We have expressed the local density in the low altitude region in terms
E
of a zero order part and a fluctuating part nE = “5 + 0y and we assume
nf << ng. Solving for the local density fluctuation yields
E E RnF
v = A (10)
EL - in 8 K =B (k,4k) .
nE HF v? (kzD +ZanE)
o) i in i o)

Before analyzing this result we should question the steady state
assumption. It seems reasonable that if the growth rate of driven images
is comparable to the Rayleigh-Taylor process itself, then observed satu-
rated F region structures (6n/n =y tens of percent) should be associated
with saturated images. The Rayleigh-Taylor growth rate is given by
g/vfnLF, where LF is the vertical density gradient on the bottomside of

the F layer. The ratio of image to Rayleigh-Taylor growth rates deduced

from Equation (6) is thus

n.

N

<
..

» .
. .

SR IR N S
, . >

g n
— [=— (k,4ak)
)l o)

i
< (11)

_ (
o (%))

=]
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)
-,
{l
2
% k +AK/2 1
" F ° 2
= 80 (k,ak) = p?(k)dk . (12)
o n
A1
ko Ak/2
)
7
S 6nF .
e Because —;-(R,Ak) is about five percent in the bandpass interval Ak
-“"
= of the observed images, (vgn/Qi)'~ 0.1, Lp ~ 20 km, and the value of k_
: : at the peak of the image growth rate is ~:10-2m-l, R ~ 1. Thus, the
'A\"
,ff growth of images should occur on a similar time scale to that of the
%
= “parent" striations. The growth rate of images is even faster at lower
A
i:ﬁ altitudes for comparable electron densities. Thus, because the occurrence
A
-
o of bottomside spread F is well known and documented, the formation of
<
o
, image striations should be rapid and our steady state analysis reasonable.
z
2; In order to directly compare the result given in Equation (10) with
)
N
v the measurements we must take its absolute value squared and divide by
)
Ak, yielding the predicted power spectral density. Using parameters
"
o . ; . E F _
A suitable for the equatorial ionosphere: vin/Qi = .1; g/Vin = 25 m/s;
N 7 3 -1 E

_ 2 _ - _ .8 3 .
D =10m /s; o s = 1x 10 " em” s~ and n = 10" em”, yields the result

LAp
' »

)13

plotted in Figure 6. The plot displays a spectral shape that is similar

P

to the observations shown in Figure 5, although our theory predicts a

Y,

[
s Laa

higher amplitude of irregularities than was actually observed. The ampli-

! .‘ﬂ

tude could be made to agree more closely by adjusting some of the poorly

s‘-

e

’,

known quantities such as oogg OT vin' However, our point here is to

AN

establish the validity of the theory and point out some consequences

>
A

1A

of the physical process, To do so we need not reproduce data exactly.
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.\Z- C. Electric Field Mapping Considerations :;TV?\
- el
f:j We turn now to the question of electric field mapping. Qualitatively : }ji{
; the effect should be only to steepen the drop off in spectral intensity ‘é‘iiﬁ
S
O at large k since the mapping efficiency is best for large wavelengths. ' fﬁ
\‘I\ -~l
. Being slightly more quantitative we can use Farley's [1959]) result for 1
“a .
) high latitudes since we are considering an F region source at the dip morasd
{%: equator mapped along magnetic field lines which are penpendicular to the -,1
e ]
{ji source region, The only change is that the field maps in two directions R
i" which reduces the mapping length by a factor of two. Farley showed that e
\'-
:g; the crucial parameter in this regard is the reduced height
o 1/2
N dz’ = (7P/3°) / dz
N
oo
}.t where cp is the Pedersen conductivity, S, is the parallel conductivity,
‘h"‘~l
(- and dz and dz’ are parallel to B.
-::\
N In a coordinate system with z replaced by z’, spatial variations in
.:\
:f{ the electric potential in the x and y direction will be accompanied by
: variations of comparable scale in the direction parallel to B. That is,
;Ji the potential distribution will be isotropic in the reduced coordinate
;Sj system. Physically, the variation is due to the finite conductivity of
)
‘o the medium in the direction parallel to B and the resulting finite
7.
>
T potential drop along the magnetic field. For an equatorial F region
E:; source at 300 km, as hypothesized in the present paper, the reduced
- e,
‘!! height factor is given by
- ’
(0 /op) ™% = 1686 (10°/m)L/2
7]
o where n is the electron density in cm-3.
:;:
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s In contrast to the Farley [1959] case which only dealt with E region ;:
3 sources, the height reduction factor is very large for an F region source. ‘f
L’ Thus, sub-kilometer scale structure will map for large distances from an

EE F region source and can act upon the lower altitude plasma in the manner

E discussed above.

é; D. Effects of Image Formation on F-Layer Structure

i; Up to this point we have emphasized the effects on the image region

‘; of a plasma instability operating elsewhere along the magnetic field line.

23 However, because the system is closely coupled, the formation of images

.

,i has important ramifications for the evolution of the F layer "parent"

structure as well. As an example, let us consider the simple case of a

decaying (i.e., non-driven) cylindrical density irregularity in the F

ERA XA

layer. The processes involved in image formation for this situation are

A

s illustrated schematically in Figure 7. Diffusion acts to move plasma

‘: away from the high density region (assumed near the center of the cylinder
B~

-

1C) in Figure 7) and into the less dense regions outside. The inherent

N diffusion rate of ions is higher than for electrons. Ion diffusion is

A3

‘; restrained, however, by an electric field which maintains charge neutrality
5
'3& in the plasma. In our cylindrically symmetric case, this electric field
'$\ is directed inward everywhere inside the cylinder. Because this electric
Y

A
.&: field maps to low altitudes where the ion-neutral collision frequency is
;” high, E-region ions Pedersen drift toward the center of the cylinder and
*: the ion gas is compressed. Provided the E region electron density is

N

:} low enough, an image striation can grow against recombination [see dis-
E)
i? cussion in Vickrey and Kelley, 1982].
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It is important to keep in mind that the electrons are highly ;";;
magnetized even in the E region. Therefore, the electron gas behaves T.‘!
as an incompressible fluid throughout the altitude region under discussion. 5_;;
Although elec.rons are tied to a given field line, they can move easily 5;25;
along that field line. Charge neutrality is preserved in the plasma %ff‘.

(even though the ion gas is being compressed in the E region and the
electron gas is not), by electron motion along magnetic field lines.

Thus, the F-region cross-field plasma diffusion process changes the

s

(O]
R )
.

altitude distribution but not the total number of electrons on a given

P
-

B
et

Ay A

flux tube. The net loss of electrons from the F region portion of a

.

flux tube exactly balances the net gain of ions in the E region image.
2 Since, as we have shown, the image growth rate is scale size dependent,
- the effective cross-field diffusion rate in the F layer should also be
affected differently for different scales. 1Indeed, to explain recent
" scintillation observations of a decaying equatorial F layer plume one

- must invoke an effective diffusion rate that has such a scale size

dependence [Livingston et al., 1983].
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IV SUMMARY

In this paper we have presented what we believe is the first
evidence for the formation of image irregularities in the ionospheric
medium. We have also computed a saturated power spectral density for
the structure and find that the amplitude and wavelength dependence

matches the observed spectra quite well.

The case we have studied involves images of F-region irregularities
created by the Rayleigh-Taylor process in equatorial spread F. A similar
analysis should apply, however, to any process that produces structure
in the electric field perpendicular to B. At auroral latitudes image
striations may not form because chemical damping due to recombination

is large due to particle precipitation (Vickrey and Kelley, 1982).

Exceptions might be in the winter polar cap or in the region just equator-
ward of the nighttime diffuse auroral zone where the E-region density

should be comparable to mid-latitude values.

The formation of image striations depends upon the compressibility
of the ion gas in the E region. However, because the electron gas is
incompressible even at E region heights, the image formation process
redistributes electrons in altitude along the magnetic field. This
redistribution results in an effective diffusion rate in the F region
which is scale size dependent. Thus, field line coupling to the E region

will affect the temporal evolution of plasma structure all along the flux

tube.
o
Sy
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FIGURE CAPTIONS

(a) Downleg Plasma Density Data Measured During the Natal
Rocket Flight. Fluctuations in the topside data above
330 km are spurious but those below that height are valid.
Expanded Plot of F-Layer Valley and E-Region Density

Profiles from (a).

Figure 2 Schematic Diagram of the Magnetic and Field Mapping Geometry

we Propose to Explain the Image Mechanism.

Figure 3 Plasma Density Data Measured During the Downleg of PLUMEX I.

a2

Figure 4 (a) Waveform and Spectrum of Irregularities Between 303 and

‘. ‘l .l"“ I'

322 km Altitude Corresponding to Figure 1(a).
(b) Waveform and Spectrum of Irregularities Between 294 and
312 km Altitude Corresponding to Figure 1(a)

Waveform and Spectrum of Irregularities Between 267 and

287 km Altitude Corresponding to Figure 1(a)

Figure 5 Waveform and Spectrum of Irregularities Observed Between

194 and 204 km Altitude Corresponding to Figure 1(a).

L)

Waveform and Spectrum of Irregularities Observed Between

173 and 184 km Altitude Corresponding to Figure 1(a).

SA S

»
3, a5 4y v

Figure 6 Theoretical Steady-State Spectrum of Image Fluctuations Pre-

dicted by Equation (10)

ENA S K

Schematic Diagram Showing the Redistribution of Electrons

P A0ay

Along the Magnetic Field During the Image Formation Process.
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IRREGULARITY DECAY IN AN ISOLATED PLASMA BUBBLE
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ABSTRACT

Complex signal scintillation observations of an isolated and decaying
equatorial plasma bubble are described. Multiple scans through the bubble
made from the Air Force Geophysics Laboratory (AFGL) Airborne Ionospheric
Observatory, show evolution of irregularity energy over a broad range of
scale sizes. At wavelengths larger than about 4 km, the energy remains
nearly constant with time. At shorter scale sizes the spectrum maintains an
approximate power law form (f—n) and n increases with time. This behavior
suggests that the effective cross-field diffusion rate in the F region is
scale size dependent. A scale size dependence of the diffusion rate has

recently been predicted theoretically [Vickrey et al., 1983] and is the

result of magnetic field line coupling to the E layer.
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1. INTRODUCTION

Irregularity generation in the nighttime equatorial F-region is
dominated by the large scale electron density structures which have come to
be known as plasma bubbles. These depleted regions and the irregularities
they produce as they develop, are clearly associated with radar backscatter,
ionogram spread-F, airglow depletions and radiowave scintillation [Ossakow,
1979, and references cited therein). Typically, the experimental effort has
been directed toward the growth and full development phases of plasma
bubbles in the early evening local time sector. In this paper we describe
measurements of a much weaker, decay phase bubble., By making repeated scans
through that bubble, detailed changes in its irregularity content have been

measured.

The observations were made using the Air Force Geophysics Laboratory’s
Airborne Ionospheric Observatory. Previous measurements using the aircraft
have established the bottomside airglow, spread-F and intensity
scintillation signatures of equatorial plasma bubbles [e.g., Weber et al.,
1980]. In early 1979, the scintillation measurement capability of the
aircraft was expanded to provide complex signal measurements from CW
satellite sources using a technique outlined in Livingston [1983]. The
phase of a transionospherically propagated signal is not strongly affected
by diffraction at the frequencies and perturbation levels of interest here
(Rino, 1979}, and its power spectrum provides an almost direct mapping of
the in-situ irregularity continuum. The inherent sensitivity of the phase

measurements also makes it possible to observe subtle changes in that
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continuum over a large range of spatial scales. This time/wavelength
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dependence of spectral energy is an essential element in the definition of

y—

irregularity decay.
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2. EXPERIMENT BACKGROUND

The observations included in this paper were made during a flight from

Ascension Island on 27/28 March, 1979; the objective of that flight was to

o agie o », p— "4 ¥
PRIAINS R Arioh Sy,

locate an isolated, eastward-drifting plasma depletion, and to make repeated

& scintillation measurements through the disturbance as it decayed. A route
W
f was selected far enough south of the magnetic equator to ensure high enough

" ]

background 6300 A airglow intensities to contrast with the plasma bubbles

; and associated airglow depletions. Early in the flight, one moderate ';:

:i airglow depletion was observed, but the structure had decayed before any :i:

. ~

™ propagation raypaths intersected the disturbance. A second depletion was ;j

- Y

s encountered shortly thereafter, and, at local times between 2300 to 0130 E{Eiigii

< PNl A

: hours, a series of east-west legs were flown to make repeated scintillation :?E;:E:E
AR

= and optical measurements of the bubble as it decayed. -

§

J

Figure 1 is a map of the F-region (350 km) penetration point scanned by

o
A

the aircraft during the multiple east-west flight legs. The successive

tracks are nearly parallel, and each is at a constant dip latitude near 130.

N The radio scintillation source used throughout the scintillation
!
) measurements was a 249 MHz signal from a geostationary satellite located due
"
: west of the aircraft at an elevation of 73°. The aircraft speed was nearly
} constant in both eastward and westward directions producing a cross field
s penetration velocity component of slightly greater than 200 m/s at F region
N, altitudes.
i
¢
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Figure 2 shows the all sky 6300 A airglow images for three times during

5 & Ak

PO

the flight. The dots indicate the propagation path intersection at the

\

\

assumed airglow emission height of 250 km, where the all-sky lens images a

LAk

‘\

circle of 600 km radius in the ionosphere. The airglow depletions visible

LA

AR A

P

in Figure 2, although structured, are relatively weak compared to others

&

measured near Ascension Island in 1978 [Weber et al., 1980]}. They do,

20

2,

however, verify continuity in the structure we are investigating on

s &8
"."(.

consecutive airplane passes.
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3. TEC STRUCTURE AND INTENSITY SCINTILLATION

Figure 3a shows the signal intensity and large-scale dispersive phase
variation, flying eastward for leg 1, the first scan through the bubble.
The onset of intensity scintillation, which is caused by irregularities of
~200 m cross—-field dimension, is very rapid on the western edge of the
disturbance and is associated with a gradient in total electron content
(TEC) which entails a decrease in column density of about 1 x 1017

2
electrons/m .

The Rayleigh-Taylor instability generation of plasma bubbles in the
nighttime equatorial ionosphere is by now, a much-studied and reasonably
well-understood process. In some cases, the bubble growth is moderate or
stalls at an early stage, leaving a large, westward tilted density depletion
in the bottomside F-region [Tsunoda, 1981]. Although the large-scale growth
stage of the bubble itself has ended, its edges are still prone to gradient
drift instability structuring. At these local times, the zonal neutral wind
is large ( 150 m/s) and eastward. In such conditions the generalized
Rayleigh-Taylor process is unstable to a westward directed plasma gradient
(Kelley et al., 1981]. It is therefore the westward edge of an upwelling
which is most likely to develop intermediate scale structure. This behavior
is consistent with Figure 4 which is a simple model based upon our ATEC and
scintillation data for flight leg 1. The vertical extent of the bubble can
only be guessed. There is no question, however, that it is the west wall
which is structured in regions where the plasma drift vector and the density

gradients are parallel.
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Figure 4. One Possible Configuration of Electron Density (contours)
and Irregularity Distribution (shaded) Which
Duplicates the Observed Signal Structure.
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“ In Figures 3b through 3e, the intensity scintillation and ATEC for
‘E subsequent cuts through the drifting bubble are shown. For westward legs,
K
. the time scales have been reversed and expanded to match those eastward, in
o
_::-::; both direction and distance. The relative eastward/westward time scales
- ‘ were ascertained by first locating, in space (Figure 1), the westward R
:::::: intensity scintillation or depletion boundaries for consecutive legs. This Tl
\':\‘ AR ~.
e yields a cross-field, macroscale drift of ~ 90 m/s throughout the
o2 &
L observation period at a penetration altitude of 350 km, RET%
;'.:::, A
::t:: By comparing flight legs in Figure 3 it can be seen that the intensity
scintillation declines rapidly to a level indistinguishable from the noise
Py I
AR level by the fourth leg, but the ATEC pattern remains nearly constant in
N
Yo form. (On the second leg, the phase data is distorted prior to 2325 UT by
’
( rapid aircraft deviation from straight and level flight.)
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4, PHASE SPECTRA AND IRREGULARITY DECAY

The intensity records in Figure 3 effectively illustrate the east-west
asymmetry in, and temporal decay of > 400 m spatial scale irregularities.
The phase data and, in particular, the temporal changes in energy and the
shape of the phase spectra from leg to leg, can be used to quantitatively

determine the decay rate and provide information about possible decay

mechanisms,

In Figure 5, the phase spectra of the overall bubble are shown for the
three eastbound flight legs (1, 3, and 5). These have been offset from one
another by 10 dB for clarity. By including the entire bubble in each
spectrum, we can observe energy in spatial wavelengths from the ~ 80 km
outer scale down through about 400 m. For the eastbound flight, the bubble
drifts with the aircraft, producing an effective scan rate of ~ 110 m/s.
This establishes the correspondence between the temporal and irregularity

cross field spatial scales shown.

The spectrum for leg 1 is of a familiar experimental form (although no
theory has yet successfully predicted this power law index). It is nearly
power law with an average spectral index near -2.5; this slope and the
spectral density levels agree well with those observed in morphological

studies of irregularity spectra at the equator [e.g., Livingston et al.,

1981]. Such a phase spectral index corresponds to a one-dimensional rocket

or satellite spectrum with index -1.5. We consider it, then, to be the

signature of a region sampled during, or shortly after, Rayleigh-Taylor
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Figure 5. Phase Power Spectra for the Bubble

From Flight Legs 1, 3, and 5.
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and/or gradient drift structuring, as already suggested. For legs 3 and 5,

however, sampled some 40 and 70 minutes after leg 1, the spectra have

MYy~ MO ..

3 considerably steepened through energy decay at short spectral scales. For
i: purposes of discussion, we will use the break in the spectra which this

j decay creates near 4 km, as the dividing line between two different regimes.
i

,g At spatial scales larger than about 4 km, the spectra are nearly equal
-,

v in shape and in energy content for all flight legs. The decay at the peak
ES is only about 5 dB in 70 minutes time. Since the scintillation

'% technique is sensitive to (AN)2 rather than (AN/N)Z, some of the observed

decay may be due to the decrease in absolute plasma density. A detailed

. interpretation of the spectral features in this large scale regime, which is

N

{: dominated by aeronomic processes (Booker, 1979), is beyond the scope of this
i paper. The broad enhancement in energy centered near 7 km which is made

Y

{Q consplcuous by the energy depletion near 15 km, may be a remnant of the

W

&

:{ larger-scale perturbation (e.g., a gravity wave) which initiated the bubble,

4"

) We note that this feature is very similar to that seen in the in-situ

o

oY

2; electron density spectra presented by Kelley et al. [1982].

"

X
': Of more interest to the present study, and in contrast to the stability
1 ‘i \ R ‘..
j of energy at large scales, the energy at short scales decays rapidly during .
N
..3 the observation period. For example, at an irregularity scale size near 1 j:;
- o
‘1‘ km, the energy decays at an even rate of ~ 9 dB per hour from leg 1l to leg 3 b
N -_."-.
:f to leg 5. Using the relationship o
X =3
o oy
o

*:n‘ -
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|AN|2 (k, € +1) = |AN|2 (k, to) exp - {2 k2 D 1} (1)

we find a diffusion coefficient for k = (27/1000m) of 7 m2/s. On the other

hand, the classical ambipolar cross field diffusion coefficient (which is

equal to twice the electron perpendicular diffusion coefficient) 1is given

by

2 2
QLc Zpeue ~ 0,96 m" /s (2)

The diffusion coefficient at the one km scale is thus considerably greater

than the classical ambipolar rate.

As we shall discuss more fully below, an enhanced diffusion rate is not
difficult to explain., What is more interesting is the fact that a single

diffusion coefficient (independent of k) cannot be used to describe the

process. For example, by choosing D = 7 m2/s, we can match the decay rate ~f$i&i:b
- -'- .‘I " -
(SRR S

at 1 km, but that is the only scale at which the decay rate is matched by t;&}}i‘
~ '.\'.R:‘. 9

the classical formula given in Equation 1. This result is illustrated in ::i“{}i
Py

Figure 6 where Equation 1 has been solved at a time, Ty corresponding to
leg 5 with an input spectrum |ANl2 (k, to) matched to the leg 1 data (the
straight line in the figure is the least squares fit to the leg 1 data used
as input). The solution matches the observed spectrum at 1 km. However,
the experimental decay rate is considerably higher at longer wavelengths and

considerably slower at shorter scales.
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Figure 6,

Comparison of the Flight Leg 5 Data with

Spectrum Expected from Equation (1) for a

Diffusion Constant of 7.2 mzs-l.
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The data in Figure 5 provide an opportunity to determine empirically the
scale size dependance of the diffusion rate, D (k). Over the scale size
regime 400 m < A < 4 km, the spectra in Figure 5 are nearly power law with
slopes of -2.5, -4, and -5 respectively. By equating the value of IANl2 at
4 km for three such power law spectra and differencing the curves at all
other scale sizes, we can solve Equation (1) for D,(k). The result is
plotted in Figure 7. The curve represents the average between differencing
leg 5 and leg 1 and leg 3 and leg 1. The error bars indicate the
differences in the two estimates. This empirical D (k) is, of course, model
dependent in the sense that Equation (3) assumes that each Fourier mode
decayfindependently of the adjacent modes. As discussed below, it is
unlikely that the physical mechanism or mechanisms which lead to the
observed anomalous decay characteristics share the property of mode
independence. The D (k) we have found should thus be regarded as both

empirical and model dependent.
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A 5. DISCUSSION

Y

e
E:%: A. Enhanced Classical Diffusion
'..:.q
Y
1
v
= A diffusion coefficient enhanced with respect to the ambipolar rate
[Vickrey and Kelley, 1982] can be understood as follows. The ambipolar rate
3L

ﬁ, occurs when the more rapid perpendicular ion diffusion leads to a space
)

b
! charge electric field which severely limits the ion flow and slightly
‘:;: enhances the electron velocity. An equilibrium results in which the two
j%&j fluids diffuse at the same rate. Now if field aligned currents can flow,
A

Y
;4 for example, to a "conducting end plate" such as the E region in the auroral

[

zone [Vickrey and Kelley, 1982], the ambipolar electric field can be

X

i
4

)

LIRS .

”

"shorted out” and diffusion proceeds at the faster rate determined by

o
&
)

(™ ’
2
Pl

A

™~

= (D, = D,,) +D,, (3)

7
“I,
o
]

M "yl =

.'-'. L ACA
™
<+
™~

A

ALY AN
Y 1)

Wt

where the ZP are the height integrated Pedersen conductivities. The E

Ay & % -
';~-s,;.l
F 2

region is of little importance in the nighttime equatorial zone. However,

the conjugate F region has almost by definition, a comparable height

s
n_' -.’ l‘. .

%;}: integrated conductivity which, when substituted for ZE above, implies that
::::; D*c = .5 D*i' Taking Vin T .6 sec—land CP 5 m corresponding to a height
*$< of 350 km yields D*c = 7 m2/s. Thus, the enhanced diffusion rate is not as
s surprising as the observed wavelength dependence; i.e., the rate of

diffusion could be explained classically, but the spectrum of decaying
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turbulence is another matter. In the next two sections we investigate two

mechanisms which could lead to a scale size dependent diffusion rate.

B. The Drift Wave Hypothesis

It has been suggested by Costa and Kelley [1978a,b], Burke et al.

[1979], Huba and Ossakow [1981], Kelley [1982], and perhaps others, that

drift waves play an important role in F region diffusion. In linear
theories these waves are de-stabilized by gradients in the plasma and, in
their non-linear state, act to smooth out the gradients which produce them.

The result is anomalous diffusion of the driving structure.

Gary [1980] has analytically studied anomalous diffusion due to drift

waves, The waves grow at wavelengths such that k‘_p1 2 1 which corresponds

to wavelengths below about 40 m. Kelley et al. [1982] and Kelley [1982]
have compared the amplitude and spectral forms of both density and electric

field fluctuations predicted by Gary [1980] and by Bernhardt et al. [1982]

in this wavelength regime, and found excellent agreement with data obtained

in the topside equatorial spread F environment (i.e., altitudes > 280 km).

Gary’s analytical form for the anomalous diffusion coefficient is

which can also be written
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D, = 1.29 D, (K2) (5)

where 1 is the ion mean free path parallel to the magnetic field (th/vin)
and K is the gradient scale length (1/n dn/dx).1 wave number of the driving
scale. For a sinusoidal driver with wavelength of 3 km, corresponding to
the break in the spectrum and a mean free path of 450 m, Da =1.2D,, =17

1
m2/S-

This result is in reasonable agreement with the present data set in the
sense that the enhanced decay at long wavelengths may be explained. Since
the drift waves themselves occur only at very short wavelengths, however,
one must hypothesize a link in k space for this mechanism to be valid. In
fluid turbulence theory such a linkage occurs in the so-called inertial
subrange where energy is passed between adjacent wavenumbers and a cascade
of energy occurs from large to small scales. The net effect is to maintain

the energy level in the intermediate range, with dissipation occurring at

short wavelengths,

These arguements must remain somewﬁat speculative since turbulence
theory is not as well developed in plasma applications. The data are not
inconsistent with these concepts, however, provided an analog of the

inertial subrange exists in plasmas.

B-21

T ETPILL P LI A S L S

WY, L 51%,




C. The Image Formation Process

An alternative mechanism that can lead to a scale size dependent loss of

F layer structure has been proposed by Vickrey et al. [1983], who have
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investigated theoretically the formation of image striations in the E layer.

Images result from the finite compressibility of the E region ion gas.

Since the electron gas is incompressible in both the E and F regions,
however, the image formation process redistributes electrons in altitude
(along the magnetic field line) in a scale size selective way such that V «

J = 0.

The model calculations of Vickrey et al.'[l983], show that the saturated

E region image spectrum has a peak near 1 km and scale size in agreement
with near-equatorial rocket observations. Since the image irregularities

grow at the expense of F layer plasma, Vickrey et al. [1983], argued that

the "effective" diffusion rate in the F layer would reflect, at least
qualitatively, the scale size dependence of the image formation process.
The present observations are supportive of that argument. It should be kept

in mind, however, that the observed spectrum is a balance between possibly

scale-size dependent drivers and loss mechanisms. Nevertheless, the present
observations are supportive of a "non-driven" situation in which the
spectral evolution is determined purely by diffusion processes. A
quantitative time-dependent cross-field diffusion model including magnetic
field-1line coupling effects is currently being developed and will be

reported elsewhere,
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We have shown unique airborne observations of the spectral evolution of
ionospheric structure in an isolated decaying plasma bubble. The temporal
behavior of the decaying plume structure suggests that the loss mechanism of
structure is scale size dependent. The effective cross-field diffusion rate
deduced from the observations is scale size dependent and in qualitative

agreement with the theoretical model described by Vickrey et al. [1983].
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ABSTRACT

A time-dependent model of a decaying F-region structure that includes
electrical coupling along magnetic field lines to the E-region is examined.
The temporal behavior of the ion concentration fluctuations is determined
by the electric field in the coupled system as well as by the initial
perturbation spectra and the E-region recombination rate. The formation
of image structure in the E-region ion concentration affects the lifetime
of F-layer structure in a scale size dependent way. Once an image is
formed, the image amplitude and the driving F-region structure amplitude

decay at the same rate. At large scale sizes, A(A = 2x/k), this rate is

proportional to k2 and the ratio of the temperatures in each region. At

small scale sizes it depends on the E-region recombination rate and the
temperatures of the two regions but is only very weakly dependent on k.
The background E-region concentration determines the wave number beyond
which the structure amplitude decay rate is almost independent of its

scale size.

1. Introduction

Structure in the ion concentration and ambient electric field in the
ionospheric F region exists at scale sizes ranging from global scales to
centimeters. The sources of this structure vary with location. At the
equator, for example, nighttime F-region structure results from instabil-
ities that can dominate the plasma motion. At high latitudes, plasma
instabilities are accompanied by structured particle precipitation, strong

and highly structured magnetospheric convection electric fields and field-
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aligned currents, all of which can produce variations in ion concentration IR

[Fejer and Kelley, 1979]. The ultimate spectrum of fluctuations in ion

concentration that is observed experimentally is a balance between the

strength and scale-size dependencies of the sources and sinks of structure.

In this paper, we concentrate on the scale-size dependence of one structure el
removal process--classical diffusion. Other processes (i.e., anomalous _L%,;i
diffusion, non-linear mode coupling, etc.) may produce additional scale- _QQ]}

size dependencies in the loss process that are not considered here. In

our treatment, all scale sizes evolve independently.

We show that electrical coupling along magnetic field lines to the

E layer can strongly impact the temporal evolution of a decaying F-region

irregularity. The effects of E-region conductivity on the cross-field

[RS

diffusion of plasma gradients in the F region has been studied by Vickrey

Sty

[ A

and Kelley [1982]. They show that for an insulating E region, F-region

diffusion may only proceed at the electron rate, but that the diffusion

: 7[,-

rate increases with increases in E-region conductivity. In the presence

of a perfectly conducting E-region, F-region diffusion proceeds at the

ion rate. Further work in this area has shown, however, that the presence
of F-region irregularities can produce image irregularities in the E region
by virtue of the polarization fields generated by the F-region structure.

Vickrey et al. [1984], have shown evidence for the existence of such images

in the equatorial ionosphere and have shown theoretically that their power
spectrum has a peak near 1 kilometer. The situation they modeled was
driven, not purely decaying as will be treated here, Nonetheless, since
the E-region structure is driven at the expense of F-region structure, they

argued that the effective F-region diffusion rate (or loss rate) must also

be scale size Jependent.



Here we examine quantitatively the effects of E-region image formation
on the decay of F-region structure. We show that the loss rate for F-
region structure is scale size dependent and investigate the factors that
determine the scale size at which maximum loss occurs. The effects of E-

and F-region conductivities and E-region recombination are included.

In what follows it is important to draw a distinction between an
effective diffusion rate appropriate to a plasma structure and the plasma
loss rate from that structure. An effective diffusion rate may be defined
by assuming that the temporal evolution of a perturbation density, AN, at

some scale size, k, can be expressed in the form

AN(k, t+At) = AN(k, t) exp[- At D(k,t)] (1)

Here D(k,t) is the diffusion rate that in the classical case, [e.g., Vickrey
and Kelley, 1982] is proportional to k2 and independent of t. Vickrey and
Kelley [1982] have shown that if the effects of a conducting E region are
considered but any structure is assumed to have a negligible effect on the
local conductivity and its gradient, then the effective plasma diffusion

rate is given by

D(k,t} = d k

L
LE + I F (2)

(o)

where d; is the local ion diffusion constant.

An alternative approach to the problem is to examine the plasma loss
rate, 3/3t [AN(k,t)]. Such an approach is more appropriate here because

the effective diffusion rat. is a function of k and t and thus loses its

usefulness.
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2. Theoretical Background

The variation of plasma concentration, N, and velocity, V, as a func-
tion of time, t, in the ionosphere is determined by the cortinuity and

momentum equations

3N/3t =P - L - v « (NV) (3)

dv,/dt = 1/N 9(NbT,) + e(E+ V, x B) - m, v, (V,-U) (4)
1 1 1 1 in 1

BVe/At = ~1/N V(NbTe) - e(E + Ve X B) - me\)en(Ve - U) - meVei(Ve-Vi) (5)

Here P and L denote the production and loss rates for the ion species, Tis
the temperature, and E is the electric field. b, e, Vv and B are Boltzman's
constant, the electronic charge, the collision frequency for momentum trans-
fer and the earth's magnetic field vector respectively. Subscripts i, e and
n denote the particles, ion electron or neutral, to which the parameter
refers. In Equation (4) we have neglected the effects of electron-ion
collision on the ions and if we further assume that the neutral gas velo-
city U is identically zero, then manipulation of Equation (4) yields an

expression for the ion Pedersen drift velocity.

evy bTv §
Vip = ——7——77 E- ——g——— VpN (6)
m(@y +vyi) Nm(Q" + vy )

Here v, refers only to ion neutral collisions, the subscript P denotes
the component in the direction of the electric field (i.e., the Pedersen

direction) and Oi is the ion gyro-frequency.
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Similar manipulation of Equation (5) yields an expression for the

electron Pedersen drift.

- eVe bT\)e
vV = E - YN+ RV, (7)
ep m (QZ + vz) Nm (QZ + v2 P ip
e e e e e e

Here Ve denotes the sum of the electron-neutral and electron-ion momentum
transfer collision frequencies. The ion Pedersen drift is included because
we cannot ignore electron ion collisions on the electrons and the multi-
plicative factor, R, is given by

Qez"ie/"in + VeiVe

R = (8)
Qel + vez

Equations (6) and (7) are used to derive the Pedersen current.

Jp = [(I‘R)"’ip + oep]E - e[(l-R)dil = dgy ]VPN 9)

where

ezva
olp =

—_—

sz\)l

dy = ——a—a
mg Qg vy °)

and the subscript £ denotes either ions or electrons., Keeping in mind the
validity of our assumptions and using appropriate values for the parameters,

Equation (9) can be used at all altitudes.

In our study of the effects of E-region conductivity and images on
F-region structure we adopt the simple geometry used by Vickrey and Kelley

[i98" 1 shown schematically in Figure 1. The E and F regions are considered

C-7

“a¥ Ty -
- b . BPNCINT A . . .
. RARTARS . . R . e e e e e e,
« g ‘P O \"\f -_"-' P P ‘- LT e e . \-‘\

Ll ST T T ’-'-'.'-"--'_»."n:.""-‘_-'v. IR SC S . St AT et T N T T

w4 O DCTTRE AR
AT S LR SRS -




- -~ ‘-.-“.‘;-.'.‘"‘ -_:,_. - --;v}'a-';i)'v-';r:“i'.‘_‘r“.‘\‘:_‘ "_Tﬂ'_'-_:‘.‘.'_' -."'_ .""'_ -‘:‘:‘. et e R N YW YT W VT TTTILY T

as slabs connected by vertical, infinitely conducting magnetic field lines.

In both the E and the F regions, the Hall current is assumed to be diver-

gence free. SRR

If additionally we assume that no current flows out of the top of the f::i-f

F region or out of the bottom of the E region, then current continuity at

the E~F region boundary demands that '-ﬁ;::

E F
9.J. = =97 (10)

where J is the height-integrated current in the region, the subscript P

again refers to the Pedersen direction and the superscripts E and F refer

e, g e, e -

to the E and F regions respectively.

vy ot
f '

Equation (10) represents the fundamental electrical coupling relation

by which E- and F-region structures and their associated electric fields

R
LW

affect each other. In order to examine the effects of such structure, we T

will always follow the bulk flow of the plasma in response to an imposed s

electric field. Because we treat only the linear problem there is no -

‘u‘ " R ’l 'r
. ' B R
L .
, AR
b T, 0l st
f . - S
! ‘l . . . . .
oohdia g s

interaction between different scale sizes, Thus, we may consider the

kel

total ion-concentration structure and the electric-field structure it

creates at each k as a simple wave form, such that

N(k) = No(1 + AN/Ny(k)) (11)
where

AN(k) = ANg(k) sin(kx+8)) (12)
and E(k) = E;(k) sin(kx+8)) (13)
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Here N0 is the background undisturbed ion concentration, the Pedersen

direction is denoted by the coordinate x, and the scale size )\ of the
perturbation is given by A = 2x/k. Then, using Equation (9) and assuming
ANo(k)/No is independent of altitude in both the E and F regions, we can

show for each region that

AN, AN,

Jp(k) = zo[lTo—(k)] Eo(k) - eD Vp [—No (k)] (14)
b where

s top

Iy = [ [(I'R)oip + 0gpldz
o bottom

o top
( Dy = f [(1-R)dy; = dgy ldz

YA
o bottom

e

o,

o)

:- The integrals extend over the altitude extent of each slab, Equations
"0

;.: (10) and (14) yield an expression for the electric field throughout the
Tas
e system that can be linearized to the form

N

‘_

e

N AN,F ANE

2l [LoF + ZoE] Eg(k) = =ek[D,F —>— (k) + DgE —= (k)] (15)
: NF N E
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N
C\‘
‘:Q Having established the electrical coupling properties of the region we i
L~ now return to the local continuity Equation (3). 1In the F region we neg- -
N lect the chemical loss process since it affects No and ANO equally and Car
C‘.‘ -;
lés therefore will not affect ANO/NO. Then, assuming all gradients are in the .
e\ Pedersen direction, Equations (3) and (6) give o
i
S 5;F AN F SRR
, 9 N 1 20 (k SN
) 2 It ANOF(k) = - k —g Eg(k) - k2 DiF NOF (k) (16) RN
e 7
-, -
oy In the E region we assume that the background ion concentration No is main-
LY
ot tained in equilibrium against chemical recombination with rate «. Then
A
. .. . . E
}? retaining first order terms in AN (k) we have
.q::
' 3 ——— S {E NE
o 3t MEK) = - WO =2 = w0 - 0 -0 % )
! o e
A 0
1y
RS
WS In both equations bar quantities represent height integrals over the
A
ja appropriate region, and the subscript i denotes the height integrated
|
-
fi arameter applicable only to the ions. Substituting for the electric
.~ P PP y g
i
WA field Eo(k) in Equations (16) and (17) from Equation (15) yields equations
2 that can be solved for ANi(k) and ANg(k) as a function of time. Such a
. procedure allows us to investigate the evolution of E- and f-region irre-
N
” gularity spectra from a given initial state assuming that there is no
‘;ﬁ interaction between different scale sizes.
-'l
b
A8
! .
& 3. Results and Discussion
-
o We have investigated the effects of E-region image formation on the
>
‘3 decay of F-region structure by solving the continuity equations in the E
S
::_ and F layer. In these equations, the loss processes for the irregularities
Wy
B

o %
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are local cross field ion diffusion and additionally in the FE layer, chemi~-

cal recombination. The ambipolar diffusion electric field that opposes
ion diffusion, however, has now changed from the local value, bT(YN/N)/q,
to include the electrical coupling between the E and F regions. Before
illustrating the effects of this coupling in detail, it is worth pointing

out some of its basic properties.

If the E-region conductivity is infinite, then the ambipolar electric
field produced by an F-region structure is shorted out completely and the

decay of F-layer structure depends only on the local ion diffusion constant

F . . . .
diL’ The existence of E-region structure does not affect this situation.

At the other extreme, if we assume that the E-region conductivity is zero,

then E-region structure cannot exist and we can show that the coefficient

‘Y
2

of ANg in Equation (16) depends only on the local electron diffusion co-

.
Crer}
)

JRA

efficient dF .
eL

[
ok s

Figure 2 illustrates the temporal evolution of F-region structure in S

the presence of a conducting E region in which no images are formed. Here

e YN

we have arbitrarily selected an initial F~region spectrum that has the

form [Vickrey et al., 1984]

' 2
ﬂ?. (k) =__.1__2_ (m) (18)
No 1 + (k/k¢)

where kc was chosen to be 3 X 10-3m-l. Panels A and B show the decay of
this initial spectrum when the peak E-region ion concentration is 105c:m-3
and 10"cm.3 respectively. The curve labelled F shows the spectrum after

a three hour decay period and intermediate spectra are shown every 5 min,

The curve labelled I shows the state of the structure after 5 min. It

C-11
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should be pointed out that the evolution of the spectral shape is a func-
tion of the initial shape chosen, however, by dealing with a spectrum we
can contrast the behavior at different scale sizes, The initial spectral
shape chosen is based on observed irregularity spectra, but in the physical

situation we are modelling all scale sizes evolve independently.

In both cases illustrated in Figure 2, the irregularities decay in
the manner expected from our previous discussion. That is, ANF/NS de-
creases exponentially but the diffusion coefficient in the exponent is

reduced from its local value by the ratio 25/(25 + 25

). 1In case A this
ratio is very close to unity since the E region is an extremely good
conductor. The F-region decay therefore occurs at close to its maximum
rate. In case B, however, the diffusion coefficient is reduced by approxi-
mately 50 percent and the associated reduction in the decay rate can be
seen by comparing the initial temporal evolution and the final spectrum
in the two cases. Figure 3 shows the rate of change of height-integrated
density perturbation [i.e., B/Bt(ggi)] for case B as a function of time
and wave number, k., Several features of structure loss with a diffusion
coefficient that is independent of time are evident. Most easily seen is
the existence of a peak in the loss rate as a function of k and the move-

ment of this peak to smaller values of k as time increases. It can be

shown in fact that the maximum loss rate occurs at

k = (TD)lQ

where D is the diffusion constant and T is the time over which the struc-

ture has decayed.
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Vickrey et al. [1984] have pointed out that in order to significantly

affect the behavior shown in Figures 2 and 3, an E-region image structure
must develop substantially against chemical recombination. In a highly
conducting E-region, with its associated high ion concentration, image
amplitude is expected to be small., Figure 4 shows this to be the case.

It illustrates the temporal evolution of F-region structure and its asso-
ciated E-region image (in the same format and) under the same initial
conditions as Figure 2A. Comparison of the F-region spectra in Figures 4
and 2A show that the E-region image, despite its small amplitude, signifi-
cantly affects the F-region decay. This example also illustrates some
fundamental features . the image structure and its temporal evolution

that may be understood as follows.

The image formation process has been described in some detail by
Vickrey et al. [1984]. The pressure gradient associated with F-region
plasma structure causes plasma diffusion in a direction opposite to the
gradient in electron number density. The resulting polarization electric
field maps along the magnetic field to the E layer where the ion gas is
relatively compressible. If at some altitude in the E layer, the ions are
compressed together by this electric field at a rate Ycomp that is more
rapid then they either diffuse away or recombine (at the rates Y4iff and

Y respectively) then an "image' structure will form. These rates can

chem
be identified with the second, third and first terms respectively in

Equation (17).

The evolution of the E-region image structure shown in Figure 4 can
be understood by considering the modelled situation. We begin with some
perturbation density in the F region. This perturbation produces an image
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structure in the E region and they both evolve; the E region growing and

the F region decaying until

2 E
9 _ =0
5t (0N
This condition is satisfied when
2
ANGE /NGE (k) Kz 4EDF / (19)
ANGF/NGF (k) 2a (NE)? (T oF+T B )+ T B E

From that point on, both spectra decay. We note that after five minutes
both E- and F-region spectra are seen to decay in Figure 4, implying that
the E-region growth is very rapid and the structure reaches its maximum

amplitude in less than 5 min. Subsequently both the E- and F-~region struc-

ture will decay and by applying Equation (19) in Equations (16) and (17),

.
RORNCILy

ow that :
we can sh pr=n@

E-.\

2
ANF ANGE -2k2 D FL E a (N,E)

Ea_[bg__l?_(kgl =£[1°g r? (kgl= . OEZ op el FoE] (20

t No N No© [2a (NoE)" (2 oF+E o5 )+K L 5" Dy

(9

Examination of Equation (20) shows that for large scale sizes (small

k) the irregularity amplitude will decay so that

2 E : -
3 ANSF _k D;F I, 1) : .

3¢ | 198 F (k)| = N.Y(; E4r Fy :
t No NoF (ZoE+Z oF) T
At small scale sizes (large k) the irregularity spectral shapes will be :l}§3i}ﬁ
preserved as they decay since }"ﬁl;-i:
SRR
Puna
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F Ey p,FLE
52 | log ANo” (y] = - 22Ng") Dytto (22)
t NOF NOF T oFDiE

As has been pointed out by Vickrey and Kelley [1982], the amplitude

of an image structure is strongly dependent on the E-region recombination
rate or identically the E-region background ion concentration. This can
be seen from Equation (19) and by contrasting Figures 5 and 4. In these
figures, which correspond to maximum E-region concentrations of lOz‘cm-3
and 105cm-3 respectively, the peak amplitudes of the image irregularities
differ by about 20 dB. The temporal behavior of the image spectrum in
Figure 5 appears markedly different from that of Figure 4, but the differ-

ences simply reflect the characteristics of Equations (21) and (22). As

the effective recombination rate a(NE)2 decreases, the k value beyond

which the spectral shape is preserved moves to smaller k (longer wavelengths)
leading to a preserved spectral shape over much of the scale-size range
contained in the figure. These effects can be emphasized by allowing

the E-region recombination rate to become zero. In this case the E-region

irregularity will continue to grow until

ANGE/NE (k) TF
ANFNF ) | TE (23)
ANGF /NGE (k) T

where we have assumed that the ion and electron temperatures are equal at

all heights. This condition was also derived by Vickrey and Kelley [1982]

by determining the E region gradient necessary to roduce an electric
field, Eo, that is equal to the ambipolar diffusion electric field that
F region ions would experience if the E layer were nonconducting. Once

condition (23) is achieved, the E and F-region spectra decay only at the
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slow electron diffusion rate., This behavior is seen in Figure 6. It ';::%TL
should be noted that at large scale sizes (small k) the time required to ;jfﬁ}}?
reach the equilibrium condition (23) is much longer than the 3 hour period
we have studied, and so the E-region spectrum is continually growing in

this figure. Finally, we note that the E-region image spectrum that we

are examining depends strongly on the F-region driving spectrum and its

evolution. Nevertheless it can be shown that a maximum in the E-region

spectrum must occur for all reasonable (i.e., monotonically decreasing)

F-region spectral shapes, and that it can only occur at a place where the
2

F-region spectral slope is less than k “. This would typically occur at

scale sizes between 1 km and 5 km.

The effects of image formation on the rate at which an F-region pertur-
bation density is lost can be seen in Figure 7. Contours of constant
perturbation loss rate are shown as a function of k and t for the same
ionospheric conditions that apply to Figure 5. This figure should be
compared with Figure 3, which is appropriate for the same conditions but
assumes the image structure does not form., As is evident from the image
spectrum, the maximum F-region perturbation loss occurs where the maxi-
mum E-region growth appears and for the conditions chosen here that scale
size remains relatively constant with time. A comparison of the absolute
loss rates in Figures 3 and 7 can be deceiving, since in addition to the
coupling effects themselves, the loss rate is also dependent on the magni-
tude of the perturbation density. In fact, an examination of Figures 2A
and 4 shows that the image formation process tends to preserve structure
in the F region at all scale sizes, although the scale size at which
preservation becomes significant depends upon the background E-region

number density.




Ky Figure 8 shows contours of the ratio of F-region spectral amplitudes

s that result from our calculations when decay is allowed to proceed with

and without the formation of E-region images. Little change in the tem-

poral evolution is seen for large scale sizes, and indeed the loss rate

.
a1

v in Equation (21) is in fact identical to that obtained for the case of
- no image formation. At smaller scale sizes the decaying spectral ampli-
o
g tude may be many tens of dB higher than one would expect if the image
s
¢ . .
formation process is neglected.
\
>,
. 4, Conclusions
.
We have presented a model of the temporal evolution of a decaying
- spectrum of F-region irregularities that includes electrical coupling along
{; magnetic field lines to a compressible E-region plasma. The existence of
g
{ F-region structure induces irregularities in an initially uniform E layer
,k: in a scale size selective way. Because E-region images form at the expense
"
'f.
o of F layer plasma, the k dependence of the F-region structure loss rate is
4
2
strongly influenced by coupling to the E layer., The density gradients
CR
:} associated with image structure impact the driving electrostatic field
iﬁ and parallel current that couple the two layers. The net result is that
2
w images prolong the lifetime of F layer structure in a scale size depen-
s dent way.
' We have shown that the amplitude of the E-region image irregularities
- are related to the driving F-region irregularity in a way that allows the
:ﬂj image spectral amplitude to be a constant multiple of the F-region spectral
-

amplitude for all wave numbers beyond a particular value. This condition
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may be routinely achieved where the E-region density is low (i.e., in the

v, 4, A8
s

winter polar cap, in equatorial spread-F or in barium clouds). In this

St condition, the E and F layer spectra decay with a common spectral shape
N at a rate determined by E-region chemistry.
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Figure Captions

Fig. 1. Schematic {1llustration of simple cylindrically symmetric geometry

assumed in the model

Fig. 2. Temporal evolution of F-region structure from an initial arbitrary

.
“A.

NI
) -,

L
spectrum of irregularity amplitudes. Different evolutions depend u;f} }
only on the effective E~-region conductivity . .

.
a

NI

Py § P

Fig. 3. Loss rate of the F-region column content associated with the structure
in figure 2b.

Fig. 4. Temporal evolution of F-region and E-reglon structure from an initial
arbitrary spectrum of irregularities in the F-region. Fjregion struc-
ture is produced by the image formation process in a background con-

centration 103 co~?

and conditions are identical to those for
figure 2a.
Fig. 5. Temporal evolution of F-region and E-region structure from an

arbitrary spectrum of F-region irregularities. E-region structure is

b

S

produced by the image formation process in a background concentration 1}“ -

-~ 4

of 104 cm™3. Conditions are identical to these in figure 2b. {:.,.}j

LRSS

Fig. 6. Same as figure 5 except that the E-region recombination rate is mw.:
ORI

' .
o

reduced to zero.

Fig. 7. Loss rate of the F-region column content associated with the

structure in figure 5. Note a peak in the loss rate at a scale
size that remains relatively constant in time.

Fig. 8. Temporal evolution of the ratio of F-region structure amplitude
when the image formation process i1is neglected to that when it is
included. Structure is preserved at all scale sizes although
little effect 18 seen at very large scale sizes. Conditions are

appropriate to figures 2b and 5.
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Figure 1. Schematic Illustration of Simple Cylindrically
Symmetric Geometry Assumed in the Model.
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Aurora and Electrojet Configuration in the Early Morning Sector

Y. Kamipe.'2 R. M. ROBINSON.' S.-1. Akasort. anp T. A, Paresira’

Nearly simultaneous data from the Chatamba radar, the TRIAD sateilite, and the 1MS Alaska men-
dian chain of magneuc and auroral observatones are utibized to exanuine the spatial relationship among
auroras, field-aligned currents. wnospheric electnic fclds, and conductivities in the westward electropet in
early mornming hours. The westward electrojet 1s found to be dominated by one of twao ditferent quan-
tities, depending on latitudinal locations in this local time sector. The poleward hall of the electrojet 18
governed by a relatively intense southward electric field On the other hand the Hall conductinty s the
dominant factor 1n controlling the electrojet current in the equatorward hall The electrojet center
appears 10 be located within the region of the upward field-aligned current Major auroral activty s
present only in the equatorward half of the electrojet in which the upward field-aligned current presals,
although it appears that the latitudinal variations of the conductivity and current mtensity are not well

related within that region.

1. INTRODUCTION

Significant progress in our understanding of the large-scale
distribution of field-aligned currents and their location relative
to the auroral electrojets was made during the last decade.
This was primarily due to the development of vector magne-
tometers onboard polar-orbiting satellites and ground-based
radars at auroral latitudes. As pointed out by Kamide [1981]}
and Baumjohann [ 1983], however, most of the previous studies
have been made only in the evening to premidnight sectors. in
spite of the fact that current and field patterns depend statis-
tically on local time [e.g.. Kamide and Vickrey, 1983]. Only
few papers [ Kamide et al., 1976. de la Beaujardiere et at.. 1977
Sulzbacher et al., 1980; Zanetti et al., 1983] have dealt with the
relationship between the electrojet and ficld-aligned current
configurations in the morning sector. although these studies
were somewhat limited in that multiple ionospheric parame-
ters at more than one site along a meridian were not available.

By using rocket and satellite data, two most recent studies
[Senior et al., 1982: Ziesolleck et al., 1983] have addressed the
question of how the connection of the auroral electrojets and
field-aligned currents relates to different auroral features in
early morning hours. In particular, Senior et al. have present-
ed simultaneous observations of ionization, conductivities,
electric fields, and currents made by the Chatanika incoherent
scatter radar. They have combined the Chatanika radar and
TRIAD satellite data and found that the latitudinal extent of
the westward electrojet covers both the downward (region 1)
and upward (region 2) field-aligned current regions. However,
in determining the latitudinal breadth of the electrojet, their
conclusion was based only on the H component of ground-
based magnetometers.

The purpose of this brief report is to examine in detail
three-component magnetic perturbations from the IMS
Alaska chain of magnetometers and the auroral distribution
from two all-sky cameras near the radar site. This data set
allows us to obtain a new insight in mapping the aurora-
current configurations in early morning hours.

' NOAA Space Environment Luboratory.

I Now at Kyoto Sangyo University.

' Radio Physics Laboratory. SRU International.

* Geophysical Institute. University of Alaska

¥ Applied Physics Laboratory. Johns Hopkins University
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Semor et al. [1982] have listed six cases in which TRIAD
traversed over Aliaska, measuring magnetic effects of field-
aligned currents, when the Chatanika radar was in operation.
For two intervals (January 10 and 22, 1981) out of the six
cases examined by Senior et al., all-sky photographs and IMS
magnetometer records were available, and substorms were in
progress.

The operating mode of the Chatanika radar employed for
measurements discussed in this paper consists of elevation
scans in magnetic meridian. Detatls on the experimental tech-
nique were described in Vondrak and Baron [1976). Our basic
data set from the radar measurements includes latitudinal pro-
files of the clectric field vectors in two dimensions and the
height-integrated Pedersen (X,) and Hall (X,) conductivities
as well as the horizontal ionospheric current vector. Error
bars in deducing these properties from the radar data are
discussed in detail by Rohinson et af. {1982) and Kamide and
Vickrey [1983].

A complete description of the triaxial magnetometer on-
board the TRIAD satellite. which is in a nearly circular orbit
at about 800 km. is given in Armstrong avd Zmuda [1973].
The original 4. B. and Z components referred to satellite atti-
tude and are converted in this paper into the geomagnetic east
B..north B, and vertical B, components.

The Alaska meridian chain of magnetometers and all-sky
cameras have been operated from the beginning of the IMS.
To compare properly the chain magnetometer records with
satellite and radar data. the perturbations in the H, D, and Z
components were plotted as a function of invartant latitude.
Such profiles were then interpreted on the basis of the stan-
dard technique [cf. Kisabeth und Rostoker. 1977] in deducing
the center and the latitudinal width of the auroral electrojet. It
is possible then to locate the auroral electrojet to an accuracy
of 0.5-1 in latitude.

3. RESULTS

On January 10, 1981, the TRIAD satellite traversed south-
ward along a geographic longitude ~ 142 W. At closest ap-
proach it was about 300 km cast of the Chatanika radar. In
Figure | wc show H component magnetograms from the
Alaska meridian chain of stations. As indicated by the vertical
line, simultaneous observations by radar and satellite occurred
during the maximum cpoch of a weak substorm. It took 13
min (1256 1310 UT) for the radar to cover the E region in
invariant latitude range from 62 to 69 . The field-aligned
current distribution within this latitudinal range was scanned
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Fig. 1. H component records from the IMS Alaska meridian
chasn of six magnetometers for January 10, 1981, Invariant latitude is
shown {i'r each station. The vertical Iine indicates a time intecrval {oc
which detailed latitudinal profiles of 10nospheric parameters and field-
aligned currents are given tn Figure 2.

by TRIAD at an earlier time (1255- 1257 UT) of the entire
radar scan. As is evident from Figure 1 the substorm activity
reached almost the maximum stage below the latitude of Fort
Yukon when the radar-satellite measurements were made,
whereas the clectrojet intensity was still growing at Inuvik and
Arctic Village. In particular, the magnitude of the H compo-
nent disturbance increased ~ 100 nT at Arctic Village in the
15-min period (1255-1310 UT).

Figure 2 compares the three latitudinal profiles: Chatanika
radar data, ground-based magnetic perturbations, and TRIAD
magnetic data. Note that measurement of the electric fieid can
be made when the radar is pointing in the vicinity of the
magnetic zenith. The ground magnetic profiles are shown at
two UT's by using two different lines. The electrojet extent
was then determined by the latitudinal distribution of AH and
AZ; AD was almost zero at all stations within the field of view
of the radar. In spite of the rapid changes in the H component
at some stations, the northern and southern boundaries and
center of the electrojet did not undergo a significant change
during the 15-min interval. Note that since the H component
profiles do not have a sharp peak in this particular case, the
inference of the electrojet center relied heavily on the AZ pro-
file. This inferred electrojet extent (indicated by a horizontal
bar) is generally consistent with the j, profile deduced from the
Chatanika radar data. which, however, includes many spatial
fluctuations. The TRIAD information is shown only in terms
of the geomagnetic east-west component. since perturbations
in other components are negligibly small.

Kasmior 11 at

Britt Ripoki

With these provisions in nund. several pomnts ol anterest are
noticeable from Figure 2. First, the radar data indicate that
the “westward™ clectrojet was flowing southwestward, a typr-
cal feature in the carly morming sector Furthermore, as pomnt-
ed out by Semor et al. [1982) and Kumude and Vichrey | 19K,
the peak of the Hall conductivity and the peak of the south-
ward clectric ticld do not oceur at the same latitude. There are
two physically different regions across the westward electropet
in this local tme sector: the conductivity-dominant and the
clectric-tickd-dominant regions. The cquatorward half of the
radar field of view features a high Hall conductiviey (X, ~ 30
mhot and a refatively small clectnie ficdd (< 10 mVy m
while the poleward half 1s characterized by a large electrnic
field (30 mV m) and a relavely low Hall conductiviny
Second, the region of intense auroral precipitation creating the
high £, X, ratio (peaked at ~ 66y does not necessanly con-
cide with the region of the strongest electroet. which was
located at ~67 to 67.5. This is somewhat difierent from
what one might have expected. Note that although A and
AZ appear to be consistent with each other. the determination
of the electrojet center is not without problems. As noticed. for
example. by Hughes und Rostoker [1979] and Akasofu et al.
[1980]. the AZ profiles show a marked asymmetry across the
crossover with the + AZ extremum beng lurger than A/
extremum. From an extensne caleulation of model three-
dimensional current systems. Hughes and Rostoker interpre-
ted that this asymmetry in AZ in the morning sector is due to
the effects of the southward closing current system in the west-
ward electrojet region, but there is the possibility that a uni-
form +AZ (of unknown origin} is superimposed on the elec-
trojet AZ contribution. In the latter case the electrojet center
may not be jocated at the 7 = O crossover but at the AZ =
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All-sky camera photograph data from Fort Yukon and Poker Flat for January 10, 1981 Geomagnetic north and

east are directed 1o the right side and downward. respectively, on the photographs

(AZ ., — AZ,,,,). 2 latitude. However, in our particular case,
shown in Figure 2. the new center would be located only 0.3
north of the AZ = 0 point. Third. in the TRIAD magnetic
perturbation one can notice a distinct change in the slope of
B, near 68 , indicating that the field-aligned currents change
the direction from downward (to the north) to upward (to the
south). From the B, slope a rough estimate of the current
density can be made, yielding 2.2 uA m? for the downward
current and 0.7 pA'm? for the upward current. The “total”
currents integrated along the latitude for the upward and
downward currents, separately, are found to be almost equal,
both giving 0.28 A 'm. This agrees with the statistical result of
lijima and Potemra [1978; see their Figure 14].

A very interesting point is that the region |:region 2 inter-
face is located well within the poleward half of the clectrojet.
That is to say, the electrojet center is embedded in the region
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Fig. 4. Same as Figure 2 except for date January 22, 1981

of the upward ficld-ahgned current. This is somewhat different
from the tinding of Semor ¢t al. [ 1982], who suggested that the
clectrojet center s close to the boundary of the upward and
downward ficld-ahgned currents. Note that Senior et al. deter-
muned the lantude of the center of the auroral electrojet to be
68 . since they used only the H component records. Another
point of nterest 15 that detaled Tatitudinal variations of the
Hall conductusity and the upward tield-aligned currents are
not well correlated in the equatorward hall of the westward
clectrojet. The most intense upward current between 66.5 and
68.0 is seen in the latitudinal area where Z,, is decreasing
toward higher latitudes, although there is stll uncertainty
about temporal changes in the latitudinal structure during the
interval of the radar scan. This result may suggest that the
characteristic energy of precipitating electrons creating a high
conductive channel diflers from that of current-carrying elec-
trons.

It is of interest to see the distribution of visibie auroras
corresponding to such o rather complicated current configur-
ation. All-sky camera records from Fort Yukon and Poker
Flat for a 20-min period (every S min) are shown in Figure 3.
The records are not in their best quality because of diffuse
overcast conditions at both places, but it is still possible to
locate the auroral luminosity along the radar scan. An identi-
cal auroral display can be seen in the southern-half sky (to the
left in the all-sky camera data) of Fort Yukon and in the
northern sky (to the right) from Poker Flat. The equatorward
termination of the bright aurora appears to occur overhead at
Poker Flat. while the poleward edge of the luminosity moved
poleward from 66.5 at 1255 UT to 670 at 1310 UT, as-
suming the auroral altitude to be 110 km. This latitudinal
regime coincides with the region of a high Hall conductivity
(>15 20 mhos): L, is almost uniform in a broader regime.
from ~64 to 68 . Senior et al. [1982] have shown electron
density contour plots in an “altitude-latitude™ scheme deduced
from the radar observations: see their Figure 8. It appears that
the latitudinal regime of the electron density enhancements of
>3 % 10% el em? coincides with that of the bright auroras. In
other words, a significant ionization and the corresponding
visthle auroras are located only in the equatorward half of the
westward electrojet.

Figure 4 shows another example of the simultaneous com-
parison for the Tanuary 22, 1981, case in which similar charac-
teristies are well repeated. although the intensity of the west-
wird clectrojet is rather weak in this particular case. The
TRIAD and Chatamka radar measurements were made
during the recovery stage of a weak substorm. The ground
magnetometer data indicate no major change occurring in the
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Downword
Current

Upward Field-
Aligned Current

Aurora

——

Westward
Electrojet

L -
Equatorword Poleward

Fig. §  Schematic illustration of the westward electrojet in the
early morning sector. The poleward half of the electrojet is dominated
by the southward electnic field. whereas its equatorward half is domi-
nated by the Hall conductivity. The field-aligned current reversal
oceurs at the peak of the electric ficld.

13-min interval (1252-1305 UT). so that the electrojet extent
can be determined relatively accurately. The conductivity is
dominant in the equatorward half of the electrojet, while the
poleward half is characterized by a large southward electric
field reaching 80 mV.m. In spite of such a dramatic change in
latitudinal profiles of the electric field and conductivity, the
westward electrojet current is almost uniform from 64.5 to
68.7 . This result is consistent with what one can infer from
the latitudinal profile of ground magnetic perturbations. It is
clearly seen that the electrojet center (67 to about 67.5) is
located well within the upward field-aligned current region.
This is, again. in disagreement with the results obtained by
Senior et al. [1982] who identified the center, by using AH
alone, to be at >68.5 in the region of the downward field-
aligned current. However, AZ was, in fact. very large at Arctic
Village, signaling that the electrojet center should be well
equatorward of this station (68.3 ). An inspection of all-sky
camera data indicates that the poleward boundary of auroral
luminosity remained at about 35 km south of Fort Yukon for
the interval of the radar;satellite simultaneous measurement.
in agreement with the location of a sharp gradient in £, and
E.,

We have found similar characteristics 1in other data sets
from TRIAD and Chatanika radar for January 23. 1981, and
August 24. 1978, for which only IMS magnetometer data were
available: unfortunately. all-sky camera data were not avail-
able for the two dates.

4. Discussier.

By combining the measurcments of 1onospheric parameters
made by the Chatanika radar and the IMS Alaska meridian
magnetometer chain together with TRIAD magnetic dat and
all-sky photographs. the relative location of the early morning
clectrojet with respect to held-aligned currents and auroral
luminosity has been determined. It has been found that the
poleward portion of the westward electrojet in early morning
hours has a strong southward electric field. while its equator-
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ward portion has a relatively high Hall conductivity This isin
general agreement with the results of Aamude and b ickres
[1983] and Ziesolleck et al [1983], who used radar and
rocket observations, respectively  Our present andlysis has
provided further results for the distribution of visthle quroras,
which have been found to exist only in the equatorwand half
of the westward electroget. The appearance of the auroras only
in the equatorward half s consistent with the results of Sulzhu
cher et al. [1980]. who estimated the fatitudimal protile of the
ratto Ly Epan indication of energetic particle precipitation,
from magnetic data of the polar-orbiting satellite TRIAD and
the Scandiavia magnetometer array: see their bigure 6
Senior et al. {1982] have shown that significant enhancements
in the electron density profile occar only within the regron of
the upward tield-aligned current

In this connection it 1 of great interest to address the
question as to whether or not the commonly adopted auroral
oval includes the poleward half of the westward electroget,
where we do not necessarily invoke intense auroral forms
Note that the definition of the auroral oval was onginally
made in terms of probability of seeing auroral activity [see. for
example, Feldstemn and Starkor, 1967]. An important pomnt
here is that in the poleward half. an intense downward ficld-
aligned current flows. This is the region where Klumpar el
[1976) observed up-going, low-cnergy clectrons escaping from
the 10nosphere. carrying a sizcable density of the downward
ficld-aligned current. Although it has been « common practice
to assume that the auroral oval and the auroral electrojets are
colocated (this is why the terminology the “auroral”™ electrojets
has been used). our study demonstrates clearly that this 1s not
the casc in the carly morning sector. To summarize our obser-
vations. we show in Figure 5 a plausible contiguration of the
westward electrojet in the early morning sector.

Senior et al. [1982] have indicated that the region 1 down-
ward and region 2 upward tield-aligned currents divide the
carly-morning westward electrojet into two latitudinal regions.
The equatorward half. where the upward field current is flow-
ing. is shown to be dominated by a high conductivity, and the
poleward half is associated with the downward current. While
the westward clectrojet can be divided into two such latitudi-
nal regions, the present study suggests that the two regions do
not coincide with the upward and downward ficld-aligned cur-
rent regions, respectively. There is an intermediate region in
which the conductivity is not completely dominant. but the
upward field-aligned current 1s intense. Indeed. this is the
tegion where the westward electrojet is centered. Our rather
complicated profile 15 consistent. at least qualitatively, with
the most recent results of Zanetti er al. {1983]. who have used
threc-component magnctometer data from MAGSAT. The
altitude of this polar-orbiting satellite is relatively low, so that
the magnetometer data include the effects caused by both
field-aligned currents and ionospheric currents. 1t has been
indicated by Zanetti et al. that the region | region 2 interface
does not necessarily coincide with the peak location of the
westward electrojet in the morning sector. In other words, the
region of the clectrojet maxima do not occur in the region
where either the Hall conductivity or the southward electric
field maximizes. The maximum region of the electrojet is actu-
ally located somewhere in between. The maximum electric
field appears to coincide with the reversal of the upward
downward field-aligned currents. Indeed. Senior et al. have
noted that the southward clectric field is quite large at (and
poleward of) this interface. It should be noted further that.
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although the schematic diagram n Figare 3 shows only targe
scale latitudinal profite of wonosphernic parameters, often there
exsst small-scale (< 100 km) current ssstems assoctited with
auroral arcs having a large £, L, ratio Sulzhacher cr ol
{1980] have shown that such small-scale svstems have essen-
tially the same current contiguration as the Lirge-scale system
and are located in the region of upward tield-abgned currents
In the cases examuned m this paper. the Pedersen condue-
tiviy was more or tess uniform across the electrojet breadih.
meaning that the electric tield protile in Figure 3 represents
the Pedersen current profile as well. Thus it s most Iikely, as

indicated by Semor et al. [ 1982]. that sieniticant portions of

the downward and upward ficld-abigned currents are closed by
the southward Pedersen current. Note, howeser. that this cur-
rent closure in the carly morning sector s ditferent to some
extent from the closure in the fate-morning sector, where the
intensities of the regron 1 and region 2 currents, itegrated
over the enure latitude of the westward clectroget. are not of
the same order of magnitude any longer (Kanude et al.. 1976]
In late morning hours, portions of the mtense downward field-
aligned current feed the westward electrojet. and other por-
tions tend to flow southward as the Pedersen current. its an
important task to extend this particular latitudinal “shee™ with
those in other local time sectors.
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We have used field-aligned current data obtained by the Triad satellite

.

during 21 passes over Alaska to order conductivity measurements made simulta-

r‘;r..
s'a2"a"a

neously by the Chatanika radar. Three distinct field-aligned current sheets

LR LS
-

vere sampled during these experiments: the Region 2 current sheet in the

morning and evening sectors and the Region 1 current sheet in the evening sec-

tor. We display the height-integrated conductivities (conductances) in vari-

|
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ous formats to show the characteristics of precipitation in each of the field-

'y

aligned current regions. The conductances in the Region 2 evening sector cur-

rent sheet increase uniformly with latitude and the total increase in conduct-

ance across the sheet is fairly constant. The latitudinal profiles of con-
ductance across the Region 1 evening sector current sheet show that auroral
arcs tend to occur in the poleward portion of the sheet. In the morning sec-
tor Region 2 current sheet the Hall conductance 1s larger and changes much
more rapidly with latitude than the Pedersen conductance. The Hall and
Pedersen conductance can be interpreted in terms of the number density and
temperature of a Maxwellian distribution of electrons that would produce the
same conductance values. We call this electron population the equivalent Max-
wellian source. Although the temperatures and densities thus deduced may not
be equal to those of the electrons in the plasma sheet, these quantities can
still be used to characterize, in a relative sense, the source regions in the
magnetosphere to which the field-aligned currents connect. The same concept
is used to study the extent to which the precipitating electrons can carry the
field-aligned current measured in the various regions. A comparison of con-
ductance with the field-aligned current measured at the same latitude reveals
that the two quantities are not correlated. We conclude that only the direc-

tion of the field-aligned currents influences the conductance in that upward
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currents favor the formation of parallel potential drops and auroral arcs.
The electron density and temperature of the source appears to be more impor-
tant in determining the conductances than the magnitude of the field-aligned

currents,

I INTRODUCTION

Auroral zone conductivities were measured during the ten years of opera-
tion of the Chatanika radar in Alaska. In contrast to conductivity measure-—
ments inferred from satellite data radar measurements yield the conductivity

directly from the ionization profile. Statistical models of auroral zone con-

ductivities have been constructed from satellite data [Wallis and Budzinski,
1981; Spiro et al,, 1982] and the results are consistent with conductivities
measured by the Chatanika radar and published in various papers [e.g., Brekke
et al., 1974; Vickrey et al., 1981]. A similar statistical approach using the
Chatanika radar data is difficult because the Chatanika data are limited in
latitudinal coverage.

In this paper we take a somewhat different approach. We present conduc-
tivity measurements made while the radar was scanning in elevation in the mag-
netic meridian during coordinated experiments with the Triad satellite. The
advantages of using this data set is that the field-aligned current informa-
tion provided by Triad can be used to order the conductivity measurements.
I1jima and Potemra (1976) used Triad data to show that the large scale field-

aligned currents can be divided into two regions. Region 1 connects to the

poleward portion of the auroral zone and is upward in the afternoon and even-
ing sectors and downward from midnight through the morning hours. The

Region 2 current sheets connect to the equatorward portion of the auroral zone

and are oppositely directed. There 1is evidence to suggest that each of these
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large-scale field-aligned current sheets connects to different regions in the
plasma sheet [Winningham et al., 1975; Sugiura, 1975]. Because the conductiv-
ities are produced primarily by precipitating electrons, the height-integrated
conductivities in each of the field-aligned current sheets should reflect the
differences in the particle populations of the magnetosphere to whicl. the cur-
rents connect. However, the ionospheric conductances are also affected by the
field~aligned current existing on the same flux tube because current-driven
instabilities occurring in regions of upward current lead to the formation of
parallel potential drops that accelerate electrons into the atmosphere.
Coordinated experiments between the Triad satellite and the Chatanika
radar were scheduled routinely from September 1979 to March 1982 when the
radar was dismantled for relocation to Greenland. Case studies of electric
fields and conductivities and their relation to field-aligned currents mea-
sured by Triad have been discussed by Robinson et al. (1982) and Senior et al.
(1982). 1In this paper we examine conductivities using the entire Chatanika/

Triad data base.
11 EXPERIMENTAL TECHNIQUE

During the Triad/Chatanika experiments the radar scanned in elevation in
the magnetic meridian. Each scan took 12 to 15 minutes to complete and
spanned about 140° in elevation angle. Electron density and line-of-sight
velocity data obtained during a scan were used to determine conductivity and
electric field as a function of both latitude and altitude. The magnetometers
on the Triad satellite can measure magnetic perturbations with a temporal res-
olution of .5 s or about 4 km in the ionosphere. Because the Triad satellite
pass did not always occur near the Chatanika meridian the satellite and radar

dats were expressed as a function of invariant latitude for comparison. In
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this study we have used only data from satellite passes that contain some evi-
dence that auroral forms were extended in the east—-west direction. Decisions
to include a particular pass in the study were made on the basis of (1) all
sky ramera photographs when available, (2) the north-south magnetic perturba-
tion in the Triad data, and (3) the similarity between the appearance of the
ionosphere as determined from radar elevation scans before and after the time
of the pass. Triad passes during which the satellite crossed the longitude of
Chatanika more than 400 km from the radar’s meridian were not used in the
study.

Temporal ambiguities were removed from the data set by only using the
radar scan that was simultaneous with the Triad pass. Scans before and after
the satellite pass were examined to ensure the steadiness of the ionosphere
during the experiment. Passes that occurred during substorm conditions were
not used in the study.

Field-aligned currents for each pass were determined from Triad magnetic
field measurements expressed in geomagnetic coordinates., Processing and fil-
tering of the Triad data are described by Saflekos et al. (1978). In most
cases, the field-aligned current sheets in Regions 1 and 2 were well defined
in the Triad data. In several instances, however, the Triad data could not be
interpreted in terms of the statistical pattern mapped out by Iijima and
Potemra (1976), although no indication of disturbed conditions was apparent in
the radar data. Data from these passes were not used in the study.

The field-aligned current derived from the Triad data for each pass was
used to determine the equatorward and poleward boundary of each current sheet.
These parameters were used to express the conductivities as a function of
fractional distance across the current sheet. Baseline problems ofter made it

difficult to identify the boundaries of the field-aligned currents in the
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e Triad data, This 1is especially true at the equatorward edge of the Region 2
f:;‘ current sheet. However, in most cases this boundary could be localized to a

% latitudinal region that was small compared to the total width of the sheet.

o Height-integrated conductivities were computed by combining radar mea-
ibﬁ surements of electron density with neutral atmosphere parameters given by the
} 1000° thermopause model of Banks and Kockarts (1973). The ion neutral colli- e
bii: sion frequency used was 3.75 x 10-10 [N] ! where [N] 1is the neutral number
density in cm™3. Because the limits of the radar scan were 15° and 25° eleva-
. tion to the north and south, respectively, only about a 500 km wide section of .'_ 7,’__";‘.1
;Ti the E region ionosphere was sampled during a scan. In this paper, all conduc-

e tivities were integrated over altitude from 80 km to 160 km. In accordance fiu}j?

v with Spiro et al, (1982), we use the term conductance to mean height-

j;: integrated conductivities.

S Table 1 gives the date and local time of the passes used in this study.
L} Most of the passes occurred in winter months, Even for those passes near
equinox, the solar contribution to E region conductance was negligible. The
- solar zenith angle at the times of the passes was never less than 90°, Thus,

precipitating particles primarily produced the E region density measured by

the radar.

AN Three distinct field-aligned current regions are represented in the data
a‘; set: Region 2 evening sector, Region 1 evening sector, and Region 2 morning
fi;i sector. No radar data were obtained within the Region 1 current sheet in the
5&;; morning sector. The conductances in each of these three regions will be exam
ikﬁ ined in three ways. We begin by showing the latitudinal variation of the con-
Eé;z ductances. We then discuss the precipitating electron characteristics in each
;?ET of the regions by introducing the concept of an equivalent Maxwellian source.
;;} The equivalent Maxwellian source is the electron population at high altitudes
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above the ionosphere that would produce the same combination of height-
integrated Hall and Pedersen conductivities. Using the same concept, we dis-
cuss the extent to which the precipitating electrons can carry the field-

aligned current measured by Triad in the three regions.

Equivalent Maxwellian Source

In this section we compute the ionospheric conductances produced by pre-
cipitation from a Maxwellian population of electrons at high altitudes along a

magnetic flux tube. A Maxwellian velocity distribution is given by

32 _ 2
F(v) = “<§l:ﬁ> P /2kT (1)

where n is the density, T is the temperature, k is Boltzmann’s constant, v is
the electron velocity and m is the electron mass. The differential energy

spectrum of the electrons is given by

32
F(E) = 2—*2: n(%) e E/KT (2)
m

where E is the electron energy. If the pitch angle distribution at high alti-
tudes above the ifonosphere is isotropic, (i.e., strong pitch angle diffusion)
the energy spectrum of electrons precipitating into the ionosphere will be
given by Eq. (2). The height-integrated conductivity produced by precipitat-
ing electrons with this energy spectrum can be found by first using an energy
deposition code [e.g., Rees, (1963)] to compute the resulting ionization in
the altitude range where the perpendicular conductivities are significant

(70 km to 200 km). Height-integrated conductivities are then calculated by

the classical formulae. In reality, the lower energy portion of the electron
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;Q spectrum deviates from a Maxwellian due to the production of secondary elec-
. trons., However, precipitating electrons with energies less than 1 Kev will
deposit little energy below about 160 km. Thus, the conductances are deter—
E‘ mined primarily by the part of the spectrum that is nearly Maxwellian in
i; shape.
ig Using the technique described above, we computed the Hall and Pedersen
. conductances resulting from precipitating electrons with Maxwellian source
distributions given by Eq. (1) with densities of .1, .2, 1, and 2 em~3.  The
results are shown in Figure l. Note that the ratio of Hall to Pedersen con-
ductance depends only on kT while either the Hall or Pedersen conductance
alone depends on both source density and temperature. A given combination of
Hall and Pedersen conductance corresponds to a unique set of values for n and
kT. The values of n and kT thus derived characterize the electrons that pro-
duce the conductivity.
The net current carried by electrons with an energy distribution given by
Eq. (2) is given by

1y (A/mz) - 8.5 x 10 k1) /2 (3)

where n 18 in cm™3 and kT is in Kev. Figure 2 shows the conductances that are
produced when electrons from a Maxwellian source carry currents along the
field line of 0.5, 1.0, 2.0, and 4.0 wA/m2,

The results in Figures 1 and 2 are true only for a Maxwellian source and
in the case of strong pitch angle diffusion. Several investigators have
attempted to make coordinated measurements of electron fluxes at conjugate
points in the ionosphere and in the equatorial plane of the magnetosphere

[Meng et al., 1979; Hones et al., 1971). These results are not conclusive and

the extent of isotropy in plasma sheet wvelocity distributions is not known.
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This suggests that although the source density and temperature of the electron
source giving rise to the observed conductances may not be determined in an
absolute sense, the relative changes that we observe are significant. We sub-
sequently refer to the ele~tron population defined by the auroral conductances
as the equivalent Maxwellian source. The density and temperature of the
equivalent Maxwellian source are often good parameters to use in describing
conductances observed in auroral forms. Similarly the conductances observed

in the ionosphere provide a direct indication of the characteristics of the

source electrons,

III RESULTS

Latitudinal Variations of Conductances

In Figures 3, 4, and 5, we display the latitudinal variations of the con-
ductances in each of the three field-aligned current regions. The abscissa in
these figures is the fractional distance across the current sheet. Figure 3
shows the results for the Region 2 evening sector current sheet for 13 Triad
satellite passes. Note that the conductances increase linearly across the
current sheet and that the total change in conductance across the current
sheet is very similar for all the passes regardless of the actual width of the
current sheet. This is especially true for the Pedersen conductance. The
Hall conductance is enhanced in some cases in the poleward portion of the cur-
rent sheet., The ratio of Hall conductance to Pedersen conductance in this
field-aligned current region is typically between 1.0 and l.4.

Figures 4(a) and 4(b) show the latitudinal variation in Pedersen and Hall
conductances, respectively, across the Region 1 current sheet for seven even-
ing sector Triad passes. Auroral arcs are apparent in all of these traces as

latitudinally confined conductivity enhancements with relatively sharp gradi-
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"y ents at the edges. In six out of seven cases these enhancements were confined Z;f
¥ N
"4 to the poleward half of the current sheets. The one exception corresponds to SRR
- AR
( the most intense and widest of all the arcs observed. The width of the arc > o
if for this case was about 100 km or half the width of the current sheet. With n
Lo, AR
‘b. ..._--‘_ ._'-.
‘i. the exception of this pass, the data shown in Figure 4 indicate that the con- .;;ff:{:
' ductance in the equatorward half of Region 1 is very similar to that of the

o

‘{j poleward edge of Region 2. In fact, the conductance decreases slightly with

~J

:f latitude in this portion of the Region 1 current sheet. Although this data

]

\ set is limited, we note that an arc-like electron density enhancement was

33 present in the data whenever there was a well-defined Region 1 current sheet
‘EE in the field of view of the radar.

‘.l

Figures 5(a) and 5(b) show the latitudinal variation in Pedersen and Hall

;:i conductance, respectively, across the Region 2 current sheet for five morning
f?j sector passes. The Pedersen conductance is typically between 8 and 16 mhos
§' and does not vary a great deal with latitude. The Hall conductance, on the

QC other hand, exhibits large random variations with latitude. The ratio of Hall

...J
:}j to Pedersen conductance in the morning sector varies between 1.0 and 2.4 and

.‘:J

is larger than that in the evening sector.

'ig Precipitating Particle Characteristics

2;33.
b Figures 6, 7, and 8 are scatterplots of the Hall and Pedersen ratio as a

_f function of the Hall conductance for each of the three field-aligned current

t; regions, The curves from Figure 1 have been superimposed for reference,
T These results show that the differences in conductances in the three field-
: J aligned currents regions can be interpreted in terms of variations of the den-

.
,»Y sity and temperature of the source regions. In the Region 2 evening sector
1
o current sheet, the densities implied by the conductances are .04 to 1 cn~3 and

“
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the characteristic energles are less than about 2 Keve In much of the Region . :;1_;
T

1 evening sector current sheet, the conductances are similar to these values. c
—
However, auroral arcs occur within this upward current sheet and the arcs seem : ,}
to or‘ginate from electrons of about the same temperature but with higher den- ]
sities. As discussed below, the densities associated with arcs must be inter- :fc;;i}
_— ,‘,T"t..

preted somewhat differently owing to the presence of parallel potential drops

[ Y

between the ionosphere and the source. In the morning sector current sheet, Qii:ff

3

,,
0y
Ak A A

the source densities are between 0.5 and 2.0 cm ° and the temperatures are ;fxiqi-
between 1 and 4 Kev.

To aid in the interpretation of the data plotted in Figures 6, 7, and 8,
we show in Figure 9 two electron density contour plots constructed from radar
elevation scans made during Triad satellite passes. The contours in the

figure are drawn in a magnetic coordinate system so that field lines are ver-

tical. The arrows in the figures indicate the direction of the field-aligned

currents as determined from the simultaneous Triad magnetometer data. For the
scan in Figure 9(a) both the Region 1 and Region 2 evening sector current
sheets were within the radar field of view. In Figure 9(b), we show the loca-
tion of the Region 2 morning sector current sheet. Figures 10(a) and 10(b)
are scatterplots of conductances measured during the scans shown in Fig-
ure 9(a) and 9(b), respectively. In Figures 10(a) and 10(b), we have used x's
to indicate conductances measured in upward current regions and dots to indi-
cate conductances measured in downward current regions, As in Figures 6 and
8, the conductances measured in each of the three regions are distributed in
different portions of the ZH/Zp versus Iy plane.

These differences are further emphasized by the differential energy spec~
tra shown in Figure 1l. The dashed lines show electron energy spectra recon-

structed using the UNTANGLE code [Vondrak and Baron, 1977] from the ionization

E-12
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lif profiles labeled A, B, and C in Figure 9. Profile A is indicative of the

EE? ionization produced by precipitation from the inner edge of the plasma sheet.
if Profile B is typical of central plasma sheet precipitation which is thought to
N be responsible for the diffuse aurora. The solid curves represent the equiva-
bx

lent Maxwellian source spectra. The temperature and density of the Maxwellian
is given in the figure. Although the temperatures of the Maxwellians in

Figures 11(a) and 11(b) do not differ substantially, the densities differ by a
- factor of six. Thus, the gradient in conductivity across the Region 2 current

sheet is produced primarily by a corresponding change in plasma sheet density.

s

.I 'i

. 8
A AL L

We may also conclude from Figures 11(a) and 11(b) that for energies below

about 10 Kev the equivalent Maxwellian source spectrum is a good approximation

0
»

% &

v ‘-\
to the real spectrum.
Ny
20 Parallel Current
. "f:
e
. Figures 12 and 13 are plots of conductance as a function of field-aligned
;-{é current density. Figure 12 includes data from all flux tubes within the
N~ o
;Q? Region 2 field-aligned current sheet. In the evening sector, Region 2 is
- ".:
-f‘ downward (negative), while in the morning sector Region 2 is upward (posi-
::i tive). Therefore, in Figure 12 most of the data to the right of the zero line
N
;:;: was obtained from morning sector Triad passes. Figures 12(a) and 12(b) show
- \-'_
:.f that the conductances in Region 2 are slightly higher in the morning sector
ji; than in the evening sector. This tendency is more pronounced for the Hall
NI
g conductance, Thus, this evening-morning asymmetry is most obvious in the Hall
“
.:\)
SN to Pedersen ratio plotted in Figure 12(c).
;:ﬁ) Figure 13 displays the results for the evening sector Region 1 current
N
:~$: sheet. Recall that no data were obtained for Region 1 in the morning sector.
-.‘ o
J \..
\i} However, there are two data points where downward current was observed within
28
N E-13
) 'b’\

oy




Wy WL e v, g w g g g " BTV " F F 5 »w a 4 & W - . )
L2 % gt e §*a A% re S S ) S 0Pm 0 A n v de AL A T I S A AT IO R It R R e e S A T T L T L e e e e E T
ARAAA I A4 AICR A S LI R e A . . . . .

the Region 1 evening sector current sheet. It is clear from Figure 13 that

SQ there is a wide range of conductance associated with any given field-aligned éf" 1
;V. current value. For example, the Pedersen conductance associated with a rV__lQ_
i;: Region 1 current of 2.5 uwA/m? can be as little as 5 mhos or as large as 'filiﬁéj
EEE 40 mhos. The maximum values for the conductances are substantially higher ﬁffiiif
.. than in the Region 2 current sheet. However, the Hall to Pedersen ratio is ’. ) .

not significantly different from that measured in the morning sector Region 2

L W

.
RS )
« s a e
POy W T

current sheet.

IV DISCUSSION

We have displayed conductances in the auroral zone in several different
formats. Using simultaneous measurements of field-aligned currents by the
Triad satellite, we ordered the data according to the current region within
which the data were obtained. The properties of the conductances in each of
the three field-aligned current regions sampled are reviewed and discussed

below.

Region 2 Evening Sector

Perhaps the most striking aspect of conductances in the Region 2 evening
sector current sheet is the linear change with latitude displayed in Figure 3.
Several studies have indicated close spatial coincidence between this current
sheet and the diffuse aurora [Robinson et al,, 1982; Tsunoda et al., 1976].
The latitudinal distribution of precipitation in the diffuse aurora has been

studied by Whalen (1974) using ionosphere sounder data. He found that the

T
.
“

o energy flux and average energy of the diffuse aurora have Gaussian latitudinal
:j profiles, Fonteyn and Blanc (1983) inferred a similar distribution on theo-
"
e
Ry
ii retical grounds. The latitudinal distribution is determined by the combined
~
\.“
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g!; effects of magnetospheric convection and pitch angle diffusion. The decrease
:i;_ in precipitating electron flux with decreasing latitude is caused by depletion

of the electron population as a result of strong pitch angle diffusion. This
decrease in source density is exemplified by the results shown in Fig-
ures 11(a) and 11(b). In this example, the source density across the Region 2
current sheet changed by about a factor of six.

The parallel current contribution from precipitating electrons in the

Region 2 evening sector current sheet is shown in Figure 12, The current car-

ried by precipitating electrons is directed upward while the total current is
downward. Thus, the electrons responsible for the conductance in this current

sheet oppose the net field-aligned current.

Region 1 Evening Sector

The equatorward portion of the Region 1 evening sector current sheet has
conductances similar to those found at the poleward edge of the Region 2 cur-
rent sheet. Robinson et al. (1982) have shown that the boundary between the
Region 2 and Region 1 current sheets in the evening sector usually occurs near
a latitudinally localized enhancement in E region density referred to as the
interface arc. In terms of the diffuse aurora model of Fonteyn and Blanc
(1983) this localized maximum is the result of strong pitch angle diffusion on
nondepleted flux tubes. That is, the competing effects of convection and pre-
cipitation produce a localized region of enhanced flux. Auroral arcs occur
poleward of this interface arc. As shown in Figure 9 arcs appear to originate
from Maxwellian sources with higher densities than the diffuse aurora. How-

ever, interpretation of the meaning of the equivalent Maxwellian source spec-

trum is ambiguous within auroral arcs. Evans (1974) has discussed the energy

spectra of precipitating electrons that are likely to result from acceleration iﬂii?~:§
be @8

SN

.__\-_\:_ :_
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of a Maxwellian source through a parallel potential drop Vo. For energles

greater than V°

2E o 3/2 L

F(E) = ;5 n (??Ef) exp [-(E —eVo)/kT] 4) j{;;
vhere e is the electron charge. For energies less than V  the spectrum is _—~‘
comprised of backscattered and secondary electrons and electrons that have 't'
been reflected (perhaps several times) from the bottom of the potential bar- ;figf:
rier (Pulliam et al., 1981]. Considering this, it is at first somewhat sur- 'V '.

prising that the conductances in auroral arcs tend to be distributed along a
constant density contour. However, as noted above, electrons with energy less
than 1 Kev do not contribute to the conductances. When V, is less than 1 Kev
the spectrum above 1 Kev is Maxwellian with the fluxes at each energy larger
than those of the unaccelerated Maxwellian by a factor eVO/kT. In this case,
the density of the equivalent Maxwellian source is higher than the density of
the unaccelerated electrons by the same factor. For all the conductances in
an auroral arc to lie along a constant density contour as in Figure 10(a)
requires that the factor eVO/kT be constant everywhere in the arc. Because
arcs have been associated with inverted V events V, must vary across the arc.
However, Hoffman and Lin (1981) examined the quantities kT and V_  for many
inverted V events and found that the ratio eV, /kT tends to remain constant
within each event. That is, the potential drop increases with the source tem-
perature. Thus, the resulting conductances appear to be produced by a source
whose density does not vary across the arc.

For V, greater than 1 Kev the portion of the primary spectrum below ev,
is not Maxwellian. However, the difference may not be significant since the

filling in of the spectrum by secondaries may produce fluxes very similar to
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that expected from a pure Maxwellian [Pulliam et al., 1981]. In particular,

1f V, 1s not too large (1-5 Kev), only the Pedersen conductance will be

- affected by the non-Maxwellian part of the spectrum because the Hall mobility ii;i;i“
g! peaks at altitudes that are not affected by lower energy ele-trons. Thus, the ; :f45ﬂ
2;? precipitation in most auroral arcs can be attributed to a Maxwellian source {1;*;Li
-\-‘ ST
with a density of neV /kT where n is the actual source density. ;j'Viiij

In examining conductivity data from evening sector auroral arcs, we have  1.;}‘“

TN
. o

..'.. 2. A

found a great deal of variability from one arc to the next in the density of ff:;:

S
.

L}

the equivalent Maxwellian source. This variability may reflect differences in ;L-,j_
the quantity eVOIkT rather than in the density., If the source density in the

. arc is assumed to be the same as that outside the arc, the quantity eVolkT can

-
f? be determined from the density of the equivalent Maxwellian source.
o We can use the equivalent Maxwellian source concept to examine the extent
E;; to which precipitating electrons can carry the upward current observed in the
< Region 1 evening sector current sheet. Comparing Figure 13 with Figure 2
- shows that the observed conductances are not consistent with the field-aligned
Zﬁ current measured along the same field line. Thus, lower energy electrons must
- also contribute to the current in the Region 1 evening sector current sheet,
:;E Region 2 Morning Sector
a7
X The latitudinal profile of conductance in the Region 2 morning sector
: current sheet differs from that in the evening sector diffuse aurora in two
sj respects. First, the peak in the precipitating electron flux occurs near the
53{ center of the current sheet rather than between the two sheets. Second, there
_,EE are large variations in the Hall to Pedersen ratio with the ratio being larger
E?EE on the average than those in the evening sector. This asymmetry may be due to
?é; differences in the source populations, or may be due to the effects of field-
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aligned currents on pitch angle diffusion. The wider range in source tempera-
ture in the Region 2 morning sector population results in the spreading out
along a constant density contour of the points in Figure 8. Thus, the source
density in the morning sector is clearlv defined and lies between .6 and

2 ™3,

In contrast to the results found for the upward current sheet in the
evening sector, the conductances and field-aligned currents observed in the
moring sector are more consistent with that expected from a Maxwellian elec-
tron source. This can be seen by comparing Figure 12 with Figure 2. For
example, a field line carrying a parallel current of 1.5 uA/m2 on which a Hall
conductance between 5 and 30 mhos is measured, must have a Hall to Pedersen
ratio between 1.0 and 2.2 if produced by a Maxwellian source. This is close

to the measured values shown in the bottom panel of Figure 12,

Magnetic Storm Related Conductivities

The data that comprise Figures 3 to 12 necessarily represent only mag-
netically quiet to moderate periods, because in more active times the field-
aligned current sheets become difficult to identify. However, even in active
periods, an equivalent Maxwellian source can be identified. The temperature
and density of the source is fairly distinctive and changes dramatically in
space and time. An example is shown in Figures 14 and 15. Figure 14 shows
two electron density contour plots from elevation scans approximately 2 hours
apart. The first occurred during the onset of a 500 nT negative bay at Col-
lege, while the second occurred later in the recovery period. The scatter-
plots in Figure 15 show that the conductances in the first scan are consistent
with precipitation from a source of density between 1 and 5 cm'3 and tempera-

ture between 1 and 8 Kev. The conductances in the second scan indicate a
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= source density between .2 and 1 cm™3 and a temperature between 3 and 6 Kev, o
fu_ Note that because of the wide range in conductances observed in each of these - .%

| _j scans the value of the source density is quite obvious,

V SUMMARY AND CONCLUSIONS

:’ By combining Triad satellite measurements of field-aligned currents with
\ simultaneously obtained Chatanika measurements of height-integrated conductiv-
- ity, we have been able to characterize conductances in each of three field-
“ aligned current regions.
\ The latitudinal profiles of conductance are distinct in each of the
-‘_ field-aligned current sheets. In Region 2 of the evening sector, the conduct-
S ance increases uniformly with latitude with the total change across the cur-
‘ rent sheet very similar in all cases. In Region 1 of the evening sector,
. auroral arcs are usually confined to the poleward portion of the current
T‘;\-{ sheet. In Region 2 of the morning sector, the Hall conductance is larger than
2 :':S the Pedersen conductance and changes much more rapidly with latitude. Except
o for the presence of auroral arcs, the conductances in the evening sector are
$::': consistent with those predicted by models of particle precipitation by strong
.\“'.S pitch-angle diffusion.
- We interpreted the conductances in terms of the number density and tem- : ‘
;\_ﬁ perature of a Maxwellian source of electrons that would produce the same con-
" L -
3 o ductance values. The evening sector diffuse aurora seems to originate from a ) _ ;j:
population with temperature less than about 2 Kev and density less than - —. %
i;; 1 em™3, The morning sector diffuse aurora within the Region 2 current sheet €
‘ originates from a population with temperatures between 1 and 4 Kev and den-
;E sity between .6 and 2 cm™3. The gource density and temperature in the
$ 2
T




TN O e TaNd T aTaTe " T e N e e e e e e T e e et

Y

Region 1 current sheet in the evening sector is similar to that of Region 2 in

R

e
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the evening sector except within auroral arcs. Arcs appear to originate from

pl a population within density greater than 1.0 cm-3. However, this is probably
; because the fluxer at each energy are higher by a factor eVO/kT owing to

i acceleration through parallel potential drops.

. We also compared the conductances with the field-aligned currents mea-

_; sured at the same latitude by the Triad satellite. There is little correla-
E tion between the field-aligned current density and the conductance measured

along the same flux tube. Thus, our results do not suggest a relation between

i field-aligned current density and conductances, either their absolute values
E; or their ratio. Only the direction of the field-aligned currents influences

. the conductance in that upward currents favor the formation of parallel poten-
'Si tial drops and auroral arcs. The electron density and temperature of the

;; source population appears to be more important in determining the ionospheric
: conductances than the magnitude of the field-aligned currents.

EE The concept of equivalent Maxwellian source was used to study the extent
i' to which the electrons producing the conductance can carry the observed field-
. aligned currents. Only in the morning sector Region 2 current sheet can the
:Z energetic electrons carry a large fraction of the upward current.

:S Finally, we note that our data are more heavily weighted toward local

" times near midnight. The conductances within field-aligned current sheets at
E dawn and dusk may differ from those shown here. This difference may arise

;S because of a local time variation in the properties of the source plasma or

. the spatial relationship of the field-aligned currents relative to this

‘; source. For example, the Region 2 current sheet in the evening sector may

extend well equatorward of the central plasma sheet electron precipitation

[Klumpar, 1979]. In addition, precipitating protons within this current sheet

E-20
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may produce conductances differing from those shown here. Similar effects may

be present in the morning sector and in the dayside auroral zone.
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FIGURE LEGENDS

1 Contours of constant source density and characteristic energy in the !:H/zp

versus Iy plane. A Maxwellian velocity distribution of electrons at the o

o

N source is assumed. L
¢ﬂ§ 2 Pedersen and Hall conductances and their ratio as a function of j,; for ';{;Tj
) electrons with Maxwellian source distributions of density 0.2 and .]
‘;:-_"‘ 2.0 Cln-3. )

3 Latitudinal variations of Hall and Pedersen conductance measured during 13

0
L Triad satellite passes through the Region 2 evening sector current sheet.
jjf' 4 Latitudinal variations of Hall and Pedersen conductance measured during
ﬁ:{ seven Triad satellite passes through the Region 1 evening sector current
j:i sheet.
-i;ﬁ 5 Latitudinal variations of Hall and Pedersen conductance measured during
“-' five Triad satellite passes through the Region 2 morning sector current
f;i sheet.
(-
éj{ 6 Hall to Pedersen conductance ratio as a function of Hall conductance mea-
A sured within the Region 2 evening sector current sheet.
7 Hall to Pedersen conductance ratio as a function of Hall conductance mea-
sured within the Region 1 evening sector current sheet,
:;53 8 Hall to Pedersen conductance ratio as a function of Hall conductance mea-
. _‘4
vﬁ:} sured within the Region 2 morning sector current sheet.
‘e
’i;i 9 Electron density as a function of latitude and altitude measured during
,:j: two radar elevation scans during Triad satellite passes. The arrows indi-
N
':i: cate the direction of the field-aligned currents determined from the Triad
.‘:':‘:
'.';., magnetometer data.
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Hall to Pedersen ratio as a function of Hall conductance measured during

the two scans of Figure 9. Data obtained in regions of upward current are

shown by X’s. Dots designate data obtained in downward current regions.

Electron spectra inferred from the electron density profiles along Lines
A, B, and C in Figure 9. The dashed lines show the inferred spectra while

the solid curves are Maxwellian spectra deduced from the Hall and Pedersen

conductances.,

Pedersen and Hall conductances and their ratio as a function of the field-
aligned current density measured at the same invariant latitude by the
Triad satellite during simultaneous passes. Data from the Region 2 morn-

ing and evening sector current sheets are shown,

Same as Figure 12 for the Region 1 current sheet. Only data from the

evening sector were available.

Electron density as a function of latitude and altitude measured at two

different times during a substorm on 22 January 1982,

Hall to Pedersen conductance ratio as a function of Hall conductance mea-

sured during the two radar scans shown in Figure 14,
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Kp Dependence of Auroral Zone Field-Aligned Current Intensity

R. M. ROBINSON

SRI International. Radio Physics Laboratory

More than 200 hours of Chatanika radar elevation scan data have been used to show that the
Pedersen current in the ionosphere is ltmited 10 a value that is proportional to the planetary magnetic
index Kp. By assuming a simple model for the closure of field-aligned currents in the ionosphere, we
argue that this limit is equal to the latitudinally integrated field-aligned current i y. A least-squares
fit to the data gives the limiting current intensity J, by the following expression: J, (A km) =
97 + 71 x Kp. As an extension of this result we use a previously derived relation beiween polar cap
potential drop and Kp to establish a current-voltage relationship for the magnetospheric generator. We
also show how these results can be used to put an upper limit on the Joule heating rate for a given polar

cap potential drop.

INTRODUCTION

lijima and Potemra [1976] used magnetometer data from
the Triad satellite to show that the average field-aligned cur-
rent intensity almost doubled for measurements obtained
when the AL index exceeded 100 nT. The intensity is defined
as the field-aligned current density in A/m? integrated latitudi-
nally across the region 1 or region 2 Birkeland current sheet.
Because Reiff et al. [1981] showed that the AE index is corre-
lated with the polar cap potential drop, the field-aligned cur-
rent intensity increases with the polar cap potential drop. The
polar cap potential drop is a good measure of the mag-
netospheric electric field that drives convection and, therefore,
is analogous to the output voltage of a generator. The re-
sulting field-aligned current represents the current driven by
the magnetospheric generator.

In this paper we assume a very simple model for the field-
aligned currents and use Chatanika radar measurements of
electric field and conductivity to show how the field-aligned
current intensity varies with Kp. As an extension of these
resuits. we use the relation between polar cap potential drop
and Kp found by Reiff et al. [1981] to derive a current voltage
diagram for the magnetospheric generator.

The model we use is shown in Figure 1. We assume that the
field-aligned currents flow in extended sheets that close by
Pedersen currents in the ionosphere. Note that the field-
aligned current in the sheets, J, {(in A’km), is equal to the
height-integrated Pedersen current in the region designated by
B. We show this region extended in latitude when, in fact, the
two current sheets are usually adjacent. In either case.
measurements of the height-integrated Pedersen current in the
ionosphere will produce values up to, but not exceeding. Jo.
Measurements of the total current in the ionosphere are not
sufficient to determine this quantity because the Hall compo-
nent of the current is often much larger than the Pedersen
current. Thus, for example. the maximum perturbation mea-
sured by ground-based magnetometers cannot be used to de-
termine J, Similarly. field-aligned current measurements
made by polar orbiting satellites may not be the same as the
current generated in the magnetosphere because some of the
field-aligned currents may be produced by gradients in the
ionospheric Hall current. This contribution to the field-aligned

Copyright 1984 by the American Geophysica! Union.

Paper number 3A1702.
0148-0227 84 '003A-1702502.00

currents is nondissipative and does not necessarily connect to
the magnetospheric generator.

In contrast to these techniques, measurements made by in-
coherent scatter radar can be used to measure J, because both
the Hall and Pedersen components of the total current in the
ionosphere can be determined. Here we use measurements
made by the Chatanika radar. The data set consists of
measurements of conductivity and electric field made during
more than 200 hours of elevation scan experiments. In the
elevation scan mode, measurements are made over a latitudi-
nal range of about 6°. The resolution of the measurements
varies from 5 km to 30 km. The duration of each scan and the
time between scans varied for these experiments. In the 200
hours of observations, approximately 800 scans were made.
Each scan yielded 40 to S0 measurements of conductivity and
electric field so that a total of about 35,000 measurements was
available.

de la Beaujardiere et al. [1977] and Robinson et al. [1981]
discuss the method by which vector electric fields are deter-
mined from ion drift measurements in the meridian plane. The
ion drift V in the F region yields the east-west electric field
directly according to

Egw=—VB )

The north-south electric field is given by

Ens = "B + k Egw + BUpw — R PL 2

k,  k k,
where B is the magnetic field strength, k, and k, are Pedersen
and Hall mobility coefficients weighted by the radar range
gates and U, and Upyg are the two components of the E
region neutral wind, assumed constant with altitude (de la
Beaujardiere et al., 1977]. V, is the E region ion drift measured
by the radar along the same field line as the F region measure-
ment. Because the E region neutral wind velocity is not mea-
sured. it is assumed to be negligible. The effects of this as-
sumption on the measurements of Pedersen current are dis-
cussed below.

The uncertainty in the measurements of electric field de-
pends to a large extent on the electron density in the E region.
In this paper, we only show measurements of electric field with
uncertainties less than 15 mV/m. In most cases, however, the
uncertainties were between 5 and 10 mV/m. The 15 mV/m
tolerance imposed on the measurements climinated approxi-
mately 20% of the data.
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Fig. 1. Simplified model of field-aligned curre.:ts and their closure
in the ionosphere. The current sheets, shown in cross-section, are
assumed to extend along the auroral oval.

The height-integrated Pedersen current in the ionosphere is
Jp=ZJAE +UxB) 3)

where I, is the Federsen conductance and U is the neutral-
wind velocity, assumed constant over the altitude range where
Z, is significant (100 to 160 km). In our model of field-aligned
currents the closing currents are mostly northward. The
northward Pedersen current is

Ins = Z,Ens — E,UgwB @

Using (2) in (4), we find that the northward Pedersen cur-
rent does not depend on the east-west component of the neu-
tral wind. The coefficients k, and k, are such that a northward
velocity of 100 m/s produces an error in the electric field
measurement of about 15 mV/m insofar as the effect on Ped-
ersen current is concerned. Typical E region neutral wind ve-
locities are smaller than this [ Brekke et al., 1973].

RESULTS

Figure 2 is an example of the type of data used in this
paper. The horizontal axis is the height-integrated Pedersen
conductivity and the vertical axis is the north-south electric
field. Because of the orientation of the field-aligned currents
sheets we expect that most of the current will be driven by
geomagneticaily north- or south-directed electric fields. The
data in Figure 2 represent measurements made between 0551
and 1400 UT on 22 January 1982. Immediately apparent is
that the electric field, either northward or southward, is small
when the conductivity is large. This behavior has been noted
by many observers and has been attributed to polarization
charges that accumulate at the edges of regions of enhanced
conductivity. de la Beaujardiere et al. [1977] suggested that in
the morning sector, the Hall currents driven by westward elec-
tric fields may act to neutralize these polarization charges and
at times create large electric field in enhanced conductivity
strips. This behavior is not apparent in Figure 2. The anti-
correlation between E and I, occurs both in the evening
(northward electric field) and morning (southward electric

field) sectors. In the figures that follow, we will not show the
northward and southward components of the electric fields.
Instead, we will show only the magnitude of the electric field
as a function of Pedersen conductivity.

The envelope of the points in Figure 2 is approximately a
hyperbola so that we can write for the height-integrated hori-
zontal Pedersen current

LE<J 5)

where J' is about 400 A/km. Recalling the model in Figure 1
we conclude that on this particular day the intensity of the
field-aligned current directly driven by the magnetospheric
generator never exceeded about 400 A km.

Similar data from two other elevation scan experiments are
shown in Figure 3. The data in Figure 3a were obtained
during a three-hour interval during which the planetary mag-
netic index Kp was 3. The data in Figure 3b were obtained
during a 24-hour experiment. During these 24 hours, ZKp was
41. A reference curve given by the equation Z E = 350 A/km
is drawn in both plots. In these plots, it is clear that the
envelope of the data can be fitted to a hyperbola. However,
the product L E has significantly larger values for the more
active day. To enclose the data in Figure 3b requires a func-
tion given by Z,E = 600 A/km, while to enclose the data in
Figure 3a requires the function £,E = 350 A/km. The data in
Figure 2 were obtained when Kp varied between 3 and 4 and
the envelope of the points is about T E x 400 A/km. These
examples suggest that the limiting Pedersen current depends
on world-wide magnetic activity as reflected by the Kp index.

At first, this may not seem too surprising. However, as
pointed out above, indices such as Kp based on ground mag-

22 JANUARY 1982 0550 TO 1400 UT
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Fig. 2. Plot of Chatanika radar measurements of electric field as a
function of height-integrated Pedersen conductivity on February 22,
1982.
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Electric field as a function of Pedersen conductivity during elevation scan experiments on (a) February 3, 1978

and (b) February 21, 1979.

netometer data are influenced overwhelmingly by the Hall
current. For characterizing the magnetospheric generator, the
Pedersen current is more important. In addition, we are relat-
ing a local measurement of the Pedersen current to a global
magnetic index. Thus a priori the trend shown in Figures 2
and 3 would not be expected.

To illustrate this trend further, we use the 200 hours of
clevation scan measurements to determine the magnitude of
the limiting current as a function of Kp. In Figure 4, we plot

X, as a function of E with the data sorted according to Kp.
The number of data points in each Kp category is given at the
top of the figure. In each case, it is apparent that the electric
field is limited to a value that depends on the conductivity, the
envelopes being approximately hyperbolas. The hyperbolas
shown in Figure 4 were chosen to contain 95% of the data.
We illustrate the distribution of data in Figure 4 more
quantitatively in Figure 5, which shows the fraction of data
with values less than any given value of Z,E. For the present

100[—. .
Lo K=t Ky =2
N = 1523

E
>
E
|50
— ZPE’230 A/km
w

0

100 —

Kp = 4

£
3 .
E | ~X E = 430 A/km

50 P
I
o

o UNEE: 1 LT Gk AR

0 6 12 18 24 30 o 12 18 24 0 6 12 18 24 30

Z, — mhos I, — mhos Iy, — mhos

Fig. 4. Electric field magnitude versus height-integrated Pedersen conductivity sorted by Kp. The number of data points
in each plot is given by N. The hyperbolas were drawn (o contain 95% of the data.
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Fig. 5. The fraction F of data above any given value of L E for
six Kp intervals. The circles indicate the currents below which 85, 90,
and 95", of the measurements were contained.

purposes, we shali assume that the limit of the Pedersen cur-
rent for each Kp interval is defined by the current below
which 90°. of the points are found. The uncertainty in the
limit found in this way we define as the difference in the limit
when the percentage varies by 5% in either direction. The
85, 90°,, and 95% values for each Kp interval are designa-
ted by circles in Figure 5.

In Figure 6 we plot these values as a function of Kp. The
solid line is a linear least-squares fit through the data. In
performing the fit, the data were weighted by the lengths of
the bars in the figure. Note that the lengths of the bars are
inversely related to the number of data points in each Kp bin.

The results in Figure 6 show that the maximum Pedersen
current measured in the ionosphere increases approximately
linearly with Kp. When this information is considered in rela-
tion to the model in Figure 1, we conclude that the change in
the maximum Pedersen current results from the increase in the
intensity of field-aligned currents. Note that this increase in
intensity can result from an increase in field-aligned current
density over part or all of the current sheet or simply a broad-
ening of the current sheet with no change in current density.
Ia either case, it represents an increase in the total current
generated by the magnetospheric dynamo.

Discussion

We have shown in Figure 6 that the magnitude of the iono-
spheric Pedersen current is statistically less than some value
that depends on Kp. The least-squares fit to the data in Figure
6 is given by the following expression

(E,E)palArkm) = 97 + 71 x Kp {6)

Using a very simple model of field-aligned currents, we argue
that this maximum Pedersen current is approximately equal
to the intensity of the field-aligned currents. Thus the intensity
of field-aligned currents J, is related to Kp according to

JolA km) =97 + 71 x Kp W)

ROBINSON : BRIEF REPORT

This result can be compared to that of !ijima and Potemra
[1976] who used Triad magnetometer data to study the de-
pendence of field-aligned current intensity on magnetic ac-
tivity. For Kp between 2— and 4+ the average region !
field-aligned current intensity is 300 A/km in the afternoon to
midnight local time sector and 250 A/km in the midnight to
forenoon local time sector. We use the region | values for this
comparison because they are presumably the currents that are
driven directly by the magnetospheric generator. The field-
aligned current intensity determined by lijima and Potemra
[1976] for this Kp range agrees very well with that given by
(7). For Kp = 3,(T) gives J, = 310 A km, slightly higher than
the Triad results.

The good agreement with [ijima and Potemra [1976] is en-
couraging, especially considering the simplicity of our model.
For example, the mous. contains the assumption that all the
tield-aligned currents close meridionally between the two
sheets. In reality. some of the current may close zonally along
the length of the sheet or meridionally into the polar cap. In
these cases, the maximum ionospheric Pedersen current will
be less than the field-aligned current intensity.

We also assumed in our model that the intensity of the
field-aligned currents is independent of local time. Because
Chatanika usually lies equatorward of the auroral zone during
the daylight hours, the data are heavily weighted toward the
evening and early morning sectors; therefore, the results in
Figure 6 may not apply to the dayside field-aligned currents.

In addition to these problems a number of factors make the
maximum Pedersen current expresed in (6) a poorly defined
quantity. As discussed earlier, the radar electric field measure-
ments have uncertainties up to 15 mV m and the presence of

- Afam

CURRENT

Fig. 6. The limiting Pedersen current in the ionosphere as a func-
tion of Kp. The circles represent the current below which 90 of the
data were contained. The upper and lower extents of the error bars
represent the currents below which 85 and 95% of the data were
contained, respectively. The upper scale shows the value of the polar
cap potential drop as deduced by Reiff er al. (1981]. The straight line
is a weighted. linear least-squares fit to the six data points. The
dashed curve represents a quadratic dependence of current on poten-
tial drop forced to agree for Kp = 3.
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E region neutral winds can result in comparable errors. In
addition, the calculation of current requires the Pedersen con-
ductivity, which depends on the ion-neutral collision fre-
quency. This may be in error by as much as 30%. We chose to
use the current that contained 90% of the data to take these
effects into account. The error bars in Figure 6 reflect the
resulting uncertainties in the maximum current so derived.

Even when these uncertainties are taken into account, I E
often exceeds the limits defined by the hyperbolas in each Kp
bin by rather large amounts. Many of these deviations are
probably due to the 3-hour temporal resolution of the Kp
index. However, in looking at the data more closely. we found
that for about half of the cases where the Pedersen currents
exceeded the limit, the east-west electric field was large (great-
er than 10 mV:m). The large east-west electric field definitely
indicates that the simple model for field-aligned currents
shown in Figure 1 may no longer be valid. An additional
field-aligned current system may also be present. One possi-
bility is that a substorm type field-aligned current system
exists in which field-aligned currents connect to the ends of a
substorm-associated westward electrojet. It is not clear, in this
case, that the Pedersen current is limited to any definite value.

We can take the results in Figure 6 one step further by
using the correlation between Kp and polar cap potential
drop @, found by Reiff et al. [1981]. Using this relation, we
can write (7) as

Jo(Akm) = 6.5 x &y — 90 )

Equation (8) relates the polar cap potential drop to the re-
sulting field-aligned current intensity. The polar cap potential
drop as a function of Kp is given by the upper scale in Figure
6.

By interpreting our results in this manner we imply that for
a given polar cap potential drop (or magnetospheric electric
field). a unique field-aligned current intensity will result from
the output of the magnetospheric dynamo. However, Fujii et
al. [1981] analyzed Triad satellite magnetometer data and
showed that statistically the field-aligned current intensity in
the summer hemisphere is double that in the winter hemi-
sphere. This is presumably due to the enhanced conductivity
over the polar regions produced by solar EUV. The higher
conductance results in a larger output current for a given
applied voltage. Because our data were obtained during the
winter the results in Figure 6 apply to the nonsunlit hemi-
sphere only.

If such a dependence on overall conductance exists, we may
argue that no unique current results from a given driving
potential because the conductance produced by precipitating
particles may vary for a given level of magnetic activity. How-
ever. several statistical studies of auroral zone conductance as
a function of magnetic activity indicate that the magnitude
and spatial distribution of auroral precipitation is fairly well
defined for a given level of activity [Wallis and Bud:zinski,
1981 Spiro et al., 1982]. Thus, only when an additional source
of ionization is present such as solar EUV will the conduc-
tance increase enough to affect the resulting field-aligned cur-
rent intensity.

The results in Figure 6 can be used to test proposed mecha-
nisms for driving the field-aligned currents. For example. Ros-
toker and Bostrom {1976] have suggested a mechanism in
which field-aligned currents are created by the deceleration of
the radial component of plasma drift away from the earth-sun
line. They predict a field-aligned current intensity given by

Jo = A®,? ®

where A is a constant that depends on the geometry and
magnitude of the field lines in the magnetotail and the mass
density in the plasma sheet. In Figure 6, we have shown this
function using a value of 4 such that the theoretical results
equal the experimental results for Kp = 3. The quadratic de-
pendence of J, on ¢ is not clearly apparent in the data in
Figure 6. There is a suggestion that the current increases more
rapidly than the linear relationship for Kp = 5. The method
we have used to determine J,; gives only a lower bound to the
current. For Kp = 6 the auroral oval may possibly have been
expanded to such an extent that the radar did not sample the
region of maximum Pedersen current. In addition, the quadra-
tic dependence may be concealed because the correlation be-
tween Kp and polar cap potential found by Reiff et al. [1981]
used a linear fit to the data. Note that the model of Rostoker
and Bostrom [1976] implies a rather severe dependence of the
current generated on local time away from midnight. This
dependence on local time is not apparent in our data. In spite
of this, it is interesting to note that the theoretically derived
current-voltage relationship agrees well with the data even
though no changes in the geometry and magnitude of the tail
magnetic field with Kp are included in the model. Thus the
observed changes in potential drop and field-aligned current
intensity can be accommodated by a change in convection
velocity alone.

As a further application of the results in Figure 6. we can
estimate the maximum amount of Joule heating to be ex-
pected for any Kp value. The total Joule heat input Q, be-
tween latitudes 4, and 4, is

0, = j L,Ed; (10)
4

Using the results of Figure 6, we can write
LE < Jo(Kp)

where J, is the current plotted in the figure. Thus

A

E di

Q, < JulKp) J.

Ay

(12)
Q; S JokKpW,,

where @, is the potential drop between 4, and 4,. If 4, and
/4, bound the auroral zone. ®,, is approximately half the

polar cap potential drop. The maximum Joule heating along
any meridian is then

Qimax = Jol KpYP, 2 (13)
Using (8). this becomes
QimadMW km} = 1 2(6.5 @2 — 90 O (14)

Thus for @, » 15 kV, the maximum Joule heating rate in-
creases as the square of the polar cap potential. Assuming a
circular auroral zone with a circumference of 16,000 km, (14}
gives a power input between 10'! and 10'2 W for @, > S0kV.
This estimate of the maximum Joule heating rate agrees with
the estimate of Banks er al. [1981] based on an independent
study using Chatanika radar data.

SUMMARY

We have used Chatanika radar measurements of electric
field and conductivity to derive a relationship between the
magnetic activity index Kp and the auroral zone field-aligned
current intensity. When separated according to Kp the Ped-
ersen current in the ionosphere is less than or equal to some
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maximum current. We assume a simple model for field-aligned
currents to show that this maximum current is equal to the
intensity of the field-aligned currents generated in the mag-
netosphere Because Kp is correlated with the polar cap po-
tential drop, the current generated in the magnetosphere can
be related to the applied voltage. We also use these results to
estimate the maximum Joule heating rate as a function of Kp.
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