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I INTRODUCTION

Ionization in the earth's atmospherc can have significant effects
on radio-wave propagation and satellite communications. Adequate compen-
sation of these effects can only he made if the global distribution of
ionization can be specified at any instant in time. One of the more
promising means by which this global distribution can be cstimated is
reniote sensing. Remote sensing can be done either by directly detecting
the ionization or by indirectly specifying the source and then computing
the resulting ionization using physical models. At low- and mid-latitudes
the primary source of ionization is ultraviolet (UV) radiation from the
sun, At high latitudes, the ionization produced by particle precipitation
can be comparable to or greater than that produced by solar UV. In gen-
eral, auroral particle precipitation is highly dynamic so that specifi-
cation of the sources at high latitudes is extremely complex. Fortunately,
however, thce most common type of auroral precipitation is also the most
stcady and spatially uniform. The aurora produced by this steady and
spatially uniforn precipitation has been referred to as the continuous

aurora [Whalen, 12831,

In contrast to the discrete aurora, the continuous aurora is the
site of E-region jonization that is fairly constant over scale lengths of
tens ot kilometers and for times on the order of hours. The continuous
aurora has been alternatively referred to as the diffuse aurora or the
mantle aurora. The distinction between these terms has been discussed
by Whalen {1943, 1n yseneral, the continuous aurora is produced by
clectron and proton precipitation frow the zentral plasma sheet through

pitch-anale diffusion [Sharber, 19%i]. tHowever, the principal contribu-

Lors to -region ionization in the continuous aurora are precipitating
¢lectrons vith cnoercics of 1 to 10 keV,  Winningham ct al. [197&].

.y , o v . ( . _
S Prasstoand Sharber L1951 have Jiaocusaod the cnersy =spectra ol the
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Because it is the most common and widely distributed form of aurora,

it is important to understand the continuous aurora in terms of its dis-

tribution and its sources.

satellitc measurements to study the characteristics

tion in the continuous aurora.

incoherent-scatter radar at Chatanika, Alaska.

The radar data were

The

measurements madce by the DMSP and NOAA satellites.

study is described in the next section.

In this paper, we use ground-based radar and

and sources of ioniza-
obtained by the
satellite data include

The data used in this

We then discuss the characteris-

tics and sources of the continuous aurora using statistical analysis of

the radar data as well as case studies involving coordinated satellite

measurements.
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IT FEXPERIMENTAl TECHNIQUE

The radar data used in this study were obtainced by the Chatanika
incoherent-scatter radar. The invariant latitude of Chatanika, Alaska
is 64.8°, which makes it ideal for studying the continuous aurora in the
evening and morning local-time sectors. A useful operating mode for
this type of study is an clevation scoan in which the radar scans between

the north and south horizons in the magnetic meridian planc. Each scan

takes 12 to 15 min to complete. Electron density and line-of-sight ion-

drift velocity is mcasured as a function of latitude and altitude. As ]
the carth rotates, the measurements provide a serics of meridional cuts . i
through the auroral zone. 1If the auroral pattern is stationary, both ) 4
the latitudinal and longitudinal structure of the aurora can be determined. _.ﬂ,J

The meridian scan is also useful for coordinated experiments with

polar-orbiting satcllites. Polar-orbiting satcllites provide measurcments

as a function of latitude across the auroral zone. These measurements

can be dircctly related to the latitudinal profiles of ionization and f_,ff

clectric ficld dediced from the radar data. 1In this study, we used data

frow the DMSP and NOAA satellites. These are polav-orbiting, sun- 'fﬁf}
synchronous atellitces that carry instrumentation to measute precipitating i_ 4
particle fluxes. The detectors are sensitive to particles in the encrgy ;; ]
range that i rost important for production of lonization in the auroral ifi .
Eoand F orecions thindreds of electron volts to 20 keV). The DMSP satel- )
Jites data uwd herc consist only of measurements of precipitating elec- '
Lron-. The L0AA satellite data include weasurements of precipitating . }
proton tio a- woll. Nonc of the satellites used in this study arce :f:;:
capable ol measurin, e pitch-angle distribution of the incoming particles.

Howeve oo o Lo toor and proton precip’tation in the continvous aurora is

Yairly 1-onc 00 TSharcker, 19811,
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IIT CHARACTERISTICS O® THIE CONTINUOUS AURORA

An example of clectron density data obtained during one scan through
the continuous aurora is shown in #igure 1. The figure shows contours of
constant electron density in the magnetic meridian plan. The horizontal
axis is invarjiant latitude, so that magnetic field lines are approximately
vertical. The data in Figure 1 were obtained during a coordinated experi-
ment involving four rocket launches, the Chatanika radar, and the Air
Force Geophysics Laboratory's airborne ilonospheric observatory. Results
of this experiment have been discu:sed by Swider and Narcissi [1981],

Robinson [1982], McMahon et al. [1982], and Strickland and Danjell [1982].

Apparent in the contour plot of Figure 1 are several enhancements in
electron density. 1In the E region, there is an enhancement to the north
with a peak density of 3 x lO5 el/cm3. The large latitudinal gradients
at the edges of this enhancement indicate that it was probably an auroral
arc. In contrast, the E-region ionization south of this arc has a peak
density of 1.4 x 105 el/cm3 and has much smaller latitudinal gradients.
The latitudinal variation of the weaker enhancement is typical of the
continuous aurora. Radar data from scans before and after the one shown
contirm the stecadiness of this feature. Because it was apparent in con-
tour plots over a pecriod of several hours, we may conclude that this

aurora was extended in the cast-west direction.
The ionization in the continuous aurora has a characteristic latitu-
dinal distribution that is exemplified in Figure 1. That is, there is

ally a single peak in latitude with a symmetric fall-off on either

[hi- symrctry has been studied by Whalen [1983] who used iono-
sphe 0 soundor data to show that the latitudinal distribution of ioni-
sat’ i~ very orten Gaussian. By using a chain of sounder stations,
a9 was able to show that the parameters of the Gaussian do not
vary oreatly with longitude. Exanination of data from successive radar
~cans contir ~ the lon,itudinal homogeneity of the continuous aurora.
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is consistent with the conclusions ot Sharber {1981} who observed that
the latitudinal profile of proton precipitation was approximately
Gaussian. Combined with the similarity between the altitude profiles
in the electron and proton aurora, we conclude that the ionization pro-

duced by the two sources is very similar.

We have used the radar and satellite data for 9 Decenber 1981 to
assess the accuracy of two existing codes that compute electron-density
profiles from precipitating proton fluxes. One code is based on the
work ol Rees [1982] who used an empirical approach that assumes contianous
cterpy loss,  An alternate formulism has been developed by Jasperse and
Basu {19821 using linear transport theory. Our assessment of these codes
however, is not definitive for two reasons. First, the uncertaintics in
the calibration ol the NOAA 6 proton detectors are fairly large. A com-
parison of the responses of the NOAA 6 detectors with proton detectors
i the DMSP F6 satellite during conjunctions of the two vehicles indicate
that the tluxes measured by NOAA 6 may be too low by about a factor of

twors

The second reason that our comparison is not definitive is that the
NOAA 6 satellite was displaced from the radar meridian. Because we can-
not say il the local-time variation displayed in Figure 7 is spatial or
temporal, the fonization actually produced by the fluxes measured by the
~atellite 1s somewhat uncervain. Despite these problems, it is possible
toomake detinite statements about the relative accuracy of the t(wo codes

mentioned above.

Examples of three proton spectra measured by NOAA 6 in the 9 December
cveni are shown in Figure 9. They were obtained at three different lati-
tuides within the proton aurora and were chosen to provide an indication
of the range of spectra obscerved in that event. Although spectral infor-
mation avallable from the NOAA 6 proton detectors is ltimited to the
vroton fluxes at four energies, proton fluxes at other energies are
estimatea by adding two additional constraints supplied by the satellite
meawaremeiits,. {hese include the integrated energy flux between 300 eV
g 28 ke and the enerygy at which the proton flux maximizes. The

whoitron ot theswe constraints allows a reasonably accurate reconstruction
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in which the proton fluxes were measured by the NOAA 6 satellite. The
upper panel shows the electron density distribution measured by the
Choatanika radar gt about 1800 Jocal time on 9 December 1981, The NOAA 6
t1ta are shown in the bottom panel. The total enerpy flux carried by

S0 s att protons is shown as a function of invariant latitude.

S0 tata stiow that betlween 64° and 68° the proton precipitation had

. sty st oaboat 005 vrgs/cmzs. The corresponding flux carried by g i
. this rewion is less than 0.01 ergs/cmzs. Comparison with 'fi
et oo s the tigare shows that this flux of precipitating protons
‘ : o b-region donization with a peak of about 1 x lO5 el/cm3. o
oo v tentatied the ionization measured by the radar during the g

st 1 -oan bepinning at 0332 UT as being produced by proton precipi-

i possible to follow the development of the proton aurora in

Dot trem subsequent radar scans.  Figure 8 summarizes the data from
evat ton o soans beginning at 0332 UT.  The figure shows the electron
vty at pdtekr altitude as a function of invariant latitude and local
ceo Ihie dashed Tines indicate the locations actually sampled by the
raotar cJduring each soan with the starting time of the scan given at the
eettom of the trace. Also shown in the figure is the location of the
NOAA b satellite pass in invariant-latitude and magnetic-local-time coor-

drnates. The latitudinal range within which protons dominated the pre-

cipitation is shown by the cross-hatching superimposed on the trajectory.
At the time of the pass, the radar was executing the scan beginning at .
1900 local time. Thus, the satellite was displaced one to two hours in 2

local time to the west of the radar.

There are several features to note in Figure 8. First, the equator-

ward edge of the proton aurora is slanted, extending to lower latitudes

’
. .

at later local times.  This slant is consistent with that of the statis-
tical auroral oval. Second, the proton aurora is more intense at later
local times. This is cither a real spatial variation or is the result

of a temporal variation over the two or three hours required by the radar
to sampie these local times, Finally, the latitudinal variations in the
ionization are simiiar at dirfferent local times. That is, the jonization

has a central peak with a gradual decrease on either side. This behavior

16
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contours of electron density computed from the DMSP electron spectro-
meter data. Only the tluxes of electrons with cnergics greater than
I keV were used. The computed profiles agree very well with those

measured.

B. Protons

The calculations used in Figure 5 have been performed on numerous
data sets when good coordinated measurements were available over the
continuous aurora. In general, the agreement between calculated and
observed ionization is excellent. However, on several occasions the
radar data has indicated the presence of significantly more ionization
than can be explained by the measured electron fluxes. Examples of two
such data sets are shown in Figure 6. Figures 6(a) and 6(b) arc electron
density contour plots constructed from radar elevation scan data. Fipurces
b(¢) and 6(d) show the electron density derived from simultancous electron
tlux measurements from the DMSP F4 satellite, assuming that precipitating
clectrons were the only source of ionizations. In contrast to Figure 5,
these two examples indicate the existence of substantial E-region ioniza-
tion equatorward of electron precipitation. We attribute the cxcess
ionization to precipitating proton fluxes becanse protons are the only
other significant ionization source in the nipghtrime ionosphere. In
both cases the transition between proton anrora and clectron aurora is
apparent as a ledge in the lowest altitude contour. Thus, the electron
precipitation produces ionization at lower sltitudes than the protan
precipitation. The ionization within the region of proton precipitation
peaks at about 1 x 10’ o]/n'm3 at 130-km altitude. Except tor the ditfer-
erence in the altitade of maximum penctration, the two miroras are very
similar.  Tis is true also for the Tatitading) distribation, IThe
tatitudina! varia®ion in peak density in the proton aurcra is wimilar
cpough to that in o Sloctran aarora that it would bhe difficalt to dja-

tinguish the two from jonization measiremen' « alone.

I the above exampl! s the presence of proton predipitation could
not o be o contirred bhecause of the lack of A proton spectrometer on the

DMEP Foa aas Py Howewer o Plignr e 7 chow an example of 4 proton aotor.
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auroras. We see immediately that the differences between the two are
attributable to the different energy fluxes and characteristic energies

of precipitating electrons in these two local-time sectors.

An alternate set of parameters that are useful in characterizing
the ionization in the continuous aurora is the height-integrated Hall and
Pedersen conductivities computed from the ionization profile. In addi-
tion to being useful in estimating the electron source characteristics
they also have application to problems in which auroral electrodynamics
are important. The relations between Hall and Pedersen conductance and
the properties of a Maxwellian electron beam have been described by

Vickrey et al. [1981]. These relations indicate that ionization in

the evening-sector continuous aurora can be attributed to a source of
3 C .
density between 0.1 and 0.6 el/cm” and characteristic energies between

0.8 and 1.6 keV.

An additional ramification of the Maxwellian nature of continuous
auroral precipitation is that spectrophotometric techniques for deter-
mination of the ionization profile work especially well. These techniques
use measurements of auroral emissions at two wavelengths to infer the
average energy and energy flux of the precipitating clectrons [Rees and
Luckey, 1974]. When the incoming spectrum is Maxwellian, the ambiguities
involved in these calculations are minimized. Examples of ionization

profiles deduced from photometric measurements at two wavelengths have

been presented by Vondrak and Sears [19781 and Mende et al. {1984]. "?;

The energy deposition codes described above can also be used to R
reconstruct the altitude profile of ionization from high-altitude measurc- R

ments of precipitating clectron fluxes. Vondrak [1981] has demonstrated

the capability of deriving Eeregion ionization profiles from satellite _ ‘}3

measurements of electron [luxes. An example of these calculations for

electron fluxes measured over a continuous aurora is shown in Figure 5
R Contours ol electron density ireasured by the Chatanika radar during an 1]
elevation scan in the magnetic meridin plane are shown in the upper

panel of the figure. Simultanenus wi h the scan was a pass of the DMSP

F4 «atel’ite. The location of the pais was approximately along the

magnet ¢ meridian within 100 km of Chatanika. The bottom panel shows

1!
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where E is in keV. The density at the peak is relatively insensitive
o

to characteristic energy but increases as the square root of the ecnergy

flux. Approximate expressions relating fOE and nmaxE to energy flux

independent of the characteristic encrpy are

1
£.E =3.18 0 [Miz) (2)
and
5 0% -3
n E=1.25x10" 0% [em 7] (3)
max
) ) 2 . )
where ¢ is the energy flux in ergs/cm s. Equation (2) is very close to

the relation between fOE and energy flux derived experimentally by

Sharber [1981].

As a demonstration of the way in which these relations can be used
to characterize the continuous aurora, we show in Figure 4 the range in

hquE and noa E observed in the evening- and morning-sector continuous
e ax
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FIGURE 4 COMPARISON OF THE RANGE OF NmaxE AND hmaxE
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[V SOURCES OF THE CONTINUOUS AURORA

A. Electrons

Sharber 1981} presented 18IS 2 satellite data to show that the

continuous aurora is primarily produced by precipitating electrons whose

F . ditterential number spectrum is approximately Maxwellian for energies
h vreater than about 1 keV. We can calculate the ionization profile pro-
1 duced by precipitating electrons in the altitude range up to about 200 km

using any o! =everal auroral energy deposition codes [Rees, 1963; Walt

et al., 1909; Berger et al., 1970; Banks et al., 1974, Jasperse and

Strickland, 1981]. An example is shown by the solid curve in Figure 2,
which was computed using a Maxwellian energy spectrum with a character-
R ) 2
istic enerpay (Ej) of 1 keV and an encrgy flux (9) of 2 ergs/cm s. The
¢

resulting profile is very similar to those observed.

The significance of the Maxwellian nature of precipitation in the
continuous aurora is that the spectrum and the resulting ionization pro-
file can be uniquely described by two parameters. For example, a useful
set of parameters is the electron density at the E-region peak (nmaxE)

and

L]

and the altitude of the peak (h EY. Figurc 3 shows { E, n E
max o ma

hquE as a tunction of the characteristic cenergy of the Maxwellian. The

calculations were done using an energy deposition code based on the tech-

nique described by Rees [1963]. The results show that the height of

the maximum E-region density depends only on the characteristic energy.

The altitudes above and below the peak at which the density falls to

80 percent of the peak density are also shown. For smaller values of

Eo, the peaks are broader and higher. An approximate expression relating
)
b E to characteristic energy independent of energy flux is *

X -1

ho B o= =13.6 In(E ) + 128 [kn] (O o

max

.
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FIGURE 2

SUPERIMPOSED ELECTRON DENSITY MEASUREMENTS
FROM THE AURORA SHOWN IN FIGURE 1
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The altitude distribution of ionization in the continuous aurora is
shown in Figure 2, in which data from five profiles in Figure 1 have been
superimposed. The range in nmaxE is from 1 to 2 x 105 el/cm3. The alti-
tude of peak density, hmaxE’ is from 120 to 140 km. The peak is often
broad and difficult to identify. Below the peak the ionization falls oft
rapidly while abcve the peak a much slower decrease is observed. Electron
densities in the continuous aurora below 90 km are usually less than

lO4 el/cm3
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FIGURE 9 PRECIPITATING PROTON ENERGY
SPECTRA MEASURED BY NOAA-6 AT
THREE SELECTED LATITUDES

of the actual spcctrum. The spectra shown in Figure 9 are approximately

Maxwellian with temperatures between > and 7 keV., The energy f{lux varies

between 0.1 and 0.6 ergs/umzs.

Electron density profiles computed from the two codes using these
three spectra as input are shown in Figure 10 (a), (b), and (c). Also
shown in Figure 10 are clectron density profiles measured by the radar
in the proton aurora. Becausc of the displaccuent between the radar
meridian and the satellite ground track, the correct profile to use for
comparison cannot be detcrumined. Ratier than try to choose a profile at
the same invariant latitude, we chosc instcad profiles whose peak densities
were approximately cqual to those computed from the codes. For profiles
in which thc peak densitics computed with the two codo-~ did not agrec,
we chose a profilc with pecak density cqual to the avorage of the two,
Althou,;h thi s selection process is somewhat arbitrary, it allows us to
rake sot o staterents about the accuracy of cach wode!.  'n particular,
we note from Fisure 10 that the code hiasced on incar trmmsport thoory

modcels the deercase in density with a titude above the peak ruch ~ove
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SPECTRA SHOWN IN FIGURE 9
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)
accurately than the continuous eneirgy loss approach. In addition, the
continuous energy loss approach yiclds E-region peak altitudes signifi-
3 cantly lower than those indicated by the radar profiles. Thus, this

comparison indicates that the linear transport theory gives a more accurate
representation of the altitude distribution of ionization produced by pre-

cipitating protons.

C. Photoionization

A third possible source of continuous F-region ionization is photo-

ionization. To assess the contribation from this source, we examined

) Chatanika radar data obtained on |: different days during the post ten
vears [Robinson and Vondrak, 1984]. To sty the donizaition produced
exclusively by photoionization, we chose mapgnetically quiet days that
ensured the absence ot particle precipitation. We sorted the data

] according to solar zenith angle and solar flux. Four solar flux cate-

vories were defined based on the 10,.7-cm solar flux: Sa = 80 to 120,
Sa = 120 to 168, Sa = 160 to 200, and Sa = 200 to 240. The result of

averaging the profiles within cach bin is shown in Figure 1l1. Average

profiles for each of the tour solar flux intervals are shown for solar
zenith angles of 45°, 65° and 85°, These results show that for solar
zenith angles less thar 657, photoionization produces E-region densities

- comparable to those observed in the continuous aurcra. Also, the ionization

] at the F-region peak can change by more than a tactor of two between the

lowest and highest levels of solar flux.

We compare the jonization produced by solar illumination to the N

equivalent flux of precipitating electrons in Figure 12, During the

» , i . S
' maximum years of the solar cyele, when the 1007-cm solar flux can exceed .
200, photoionization can be as eftective in fonizing the kb region as an SR
. 2 ) . T
electron beam of 1 ergfem™ s even for solar zenith angles as large a< 767, e d
At a peopraphic 'atitude of 707 in summer, the solar zenith angle i+ less 1
. -

than 77° Yor mest ot the day.  Because the fonization produced by solar
illumination varies slowly with latitude, this soarce can produce ioniza-
tion in the K orepion with a JTatitadinal distribution ~imilar to that in

the continuois aurora,
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Although precipitating electrons account for most of the ionization

,

[}
“

)

in the continuous aurora, other sources may also be present that contri-

bute comparably to E-region electron density. Proton precipitation can
- 5 3 .
producc an E region with densities greater than 10~ el/cm” at altitudes

between 120 and 130 km. In the examples shown here, this occurred close

C
IR SR W P L

to local dusk at latitudes equatorward of the electron precipitation.
liowever, we have little information about what combination of circum-
stances create such intense fluxes. Photoionization can also produce E- e

region densities comparable to those found in the continuous aurora.

The ionization produced by these three sources can be fairly accur-
ately determined when information is available about the intensity of the
source. For precipitating electrons, a straightforward energy deposition
code can be used to compute the electron density profile between 90- and
160-km altitude. Because the energy distribution of precipitating clec- S
trons is approximately Maxwellian, accurate spectral information can be
obtained by spectrophotometric techniques. For precipitating protons,
further testing of the codes that compute altitude profiles of ionization N
from proton spectral information needs to be performed. Our prcliminary -
analysis indicates that linear transport theory provides more accuratc A
results than codes based on continuous energy loss. Precipitating proton
chergy spectra are also approximately Maxwellian. However, spectrophoto- o
netric techniques for determining the parameters of the Maxwellian have .
yet to be developed. Finally, ionization produced by solar illumination .
depends on solar zenith angle and F 10.7-cm solar flux. A statistical
study bascd on Chatanika radar data indicates that the altitude profile E;Q
of ionization from photoionization can bc accurately determined from

these two quantities.
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