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Abstract. On 2 November 1977, at 2015 UT, the sounding rocket
payload F1B of the ‘Substorm Phenomena’ campaign was launched
from Andenes (Norway). The rocket flew approximately north-
wards and traversed first an area of weak and diffuse auroral
forms in the Harang discontinuity region and then an auroral arc
in the region of the westward electrojet. From the particle mea-
surements obtained during the flight ionospheric conductivities
are calculated using two different methods. When the classical
method is used, i.e., height-integrated conductivities are calculated
from the measured thermal electron densities and temperatures,
only two values can be determined which are temporally and
spatially averaged over the upleg and downleg part of the trajec-
tory, respectively. The calculation of height-integrated conductivi-
ties from the measured energetic electron spectra, on the other
hand, yields instantaneous values for every location where a
spectrum has been sampled. Since there were substantial fluxes
of energetic protons during the flight F1B, we also take those
into account. The height-integrated conductivities calculated with
the two different methods for closely neighbouring regions and
the same geophysical situation are nearly identical. A comparison
between the contributions of energetic electrons and protons
shows that, above 130 km altitude, the ionization rates of the
incident protons were higher than those of the electrons while
below this altitude the ionization caused by the incident electrons
prevailed. Hence, most of the ionospheric conductivity above
130 km was created by energetic protons while below 130 km
altitude the energetic electron contribution was dominant.

Key words : Auroral zone — Ionization — Electron density — Con-
ductivities — Energetic electrons — Energetic protons.

Introduction

Ionospheric conductivities play an important role in the electro-
dynamics of the auroral oval. While the meridional and even two-
dimensional distributions of other important parameters like
magnetic and electric fields are already rather well known (Baum-
johann et al. 1980, and references therein), the spatial and temporal
variations of the ionospheric Hall and Pedersen conductivities are
still relatively unexplored. They may be calculated for a particular
location and moment of time if the instantaneous vertical (along
a magnetic flux tube) altitude profile of the electron density (N,)
between 90 and about 200 km is known.
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In general, there are two different methods for the determination
of N, altitude profiles in the auroral zone. The first is based on
relatively direct measurements of the thermal electrons by incoher-
ent scatter and rocket borne plasma analyzers. Vertical and nearly
instantaneous N, altitude profiles have been measured with the
Chatanika incoherent scatter radar (e.g. Brekke etal. 1974; Banks
and Doupnik 1975), but the measurements were restricted to only a
few locations in the auroral ionosphere. Altitude profiles of N,
have also been measured during rocket flights (e.g. Primdahl etal.
1979) but the profiles were neither vertical nor instantaneous.
Hence, the authors could give only two values for the height-
integrated conductivity, one for the upleg and one for the downleg
part of the rocket trajectory. These values were only approximate
values, since the height-integration of the conductivities was not
made along flux tubes of homogeneous energy deposition but
along the rocket trajectory and was thus dependent on the tempo-
ral and spatial variability of the energy deposition along the tra-
jectory.

The second method is based on measurements of the energy
spectra of precipitating energetic particles. Here, the ionization
caused by the incident energetic electrons and protons is computed
using the methods given by Rees (1963) and Eather and Burrows
(1966), respectively. By assuming reasonable values for the recom-
bination coefficients, vertical and instantaneous altitude profiles
of N, may be calculated for every flux tube where a spectrum has
been sampled. Hence, height-integrated conductivities may be
calculated nearly everywhere along the whole rocket trajectory,
provided that electron and proton spectra cover a sufficiently
broad energy range and have been sampled high enough above
the absorbing layers of the ionosphere.

The second method has already been used by several authors
(Sharp et al. 1975; Rees et al. 1976; Evans et al. 1977; Behm et al.
1979). In all these studies the ionization caused by incident energet-
ic electrons alone was considered, since the incident proton fluxes
were either weak or not measured. However, by comparing the
ionization efficiencies of energetic electrons given by Rees (1963;
his Fig. 2) with those of energetic protons given by Eather and
Burrows (1966, their Fig. 5a) one may note that the ionization
caused by incident energetic protons is not negligible if the proton
fluxes are of the same order or slightly lower than the electron
fluxes.

In the present study we shall calculate height-integrated con-
ductivities using data from a sounding rocket payload which
included a thermal plasma analyzer and several energetic electron



Table 1. Experiments flown aboard the payload ‘Substorm Phenomena F1B’ and used in this study

Experiment Technique

Measurements Institution

Plasma experiment TF 4 Retarding potential analyser

Particle spectrometer
Electrons TL 7
Protons TZ 1

Hemispherical electrostatic analyser
and open electron multipliers

Particle spectrometer TL 6 Magnetic particle analyser

and solid-state detectors

Particle spectrometer TK 1 Solid-state detector telescope

Electron temperature, ion density,
ion wind, vehicle potential
electron flux 0-30eV

IPM, Freiburg

Electron and proton fluxes
0.1(1) Z E(E,) = 25(40)keV

MPAE, Lindau
INW, Graz

Electron and proton fluxes MPAE, Lindau

20(40) < E,(E,,) < 200(300) keV

Proton fluxes 0.07< E, <2 MeV IFKKI, Kiel

and proton detectors. This extensive data suite enables us to apply
both methods and, for the first time, to include the energetic proton
contribution when using the second method. Where possible, we
shall compare the values given by the two different methods and
in particular, we shall discuss the relevance of energetic proton
fluxes in creating ionospheric conductivities.

Instrumentation

The payload F1B was integrated as part of a larger sounding
rocket programme named ‘Substorm Phenomena’. The experiment
complements were selected to provide a set of plasma, particle
and field observations during various phases of magnetospheric
substorm events. Details of the experiments used in this study are
compiled in Table 1, which also indicates the various institutions
responsible for the particular instrument developments.

The payloads were launched by Skylark 12 motors from the
Andgya rocket range, Norway, and flight F1B, which was launched
on 2 November 1977 at 2015 UT, lasted for about 12 min and
reached a peak altitude of 542.4 km. The payload was controlled in
attitude so as to point 20°+10° off the negative geomagnetic
field direction and had a spin period of 350 ms. The trace of the
rocket trajectory is shown in Fig. 1, at a height of 100 km (project-
ed down along magnetic field lines).

Geophysical Situation During Flight

In order to establish the configuration of the electrojet and the
optical aurora during the rocket flight, data from the Scandinavian
Magnetometer Array (SMA; Kiippers et al. 1979; Maurer and
Theile 1978) and from the all-sky camera at Abisko (Sweden) have
been analysed.

In Fig. 1 the equivalent current arrows on the Earth’s surface
and the location of an auroral arc are displayed for 2020 UT, the
most relevant interval. The coordinate system indicated in Fig. 1 has
been introduced by Kiippers et al. (1979) and named the Kiruna
system. It is a Cartesian system obtained by a projection of the
globe onto a tangential plane centered at Kiruna, Sweden (67.8°N,
20.4°E). The yy, axis of the system has been chosen as the tangent to
the projection of the ¢, (KIR)=64.8° line with ¢, being the revised
corrected geomagnetic latitude as given by Gustafsson (1970).
The x, axis is perpendicular to the yg, axis and is directed approxi-
mately 12° west of geographic north at Kiruna, where the system
has its origin (xx;=yx;=0).

The SMA observations (Fig. 1) indicate that between 2000 and
2030 UT (ie., 1h before magnetic midnight) Scandinavia was
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Fig. 1. Equivalent current arrows on the Earth’s surface. The current
arrows have their origin at the station, where the corresponding magnet-
ic disturbances have been observed. The squares denote negative Z
components. The position of the auroral arc and the rocket trajectory
have been added

situated under the Harang discontinuity region (Harang 1946;
Heppner 1972; see Baumjohann et al. 1980, for SMA signatures
of the Harang discontinuity) and both SMA and all-sky camera
data show the signatures of substorm activity. After the passage
of a westward travelling surge around 2000 UT the aurora intensif-
ied again and after 2010 UT formed a large spiral which broke
up at 2013 UT. Later, the aurora became weaker and more diffuse
in the south. At the northern boundary of auroral activity a single
arc formed which was located north of the Norwegian coast at
2020 UT (see Fig. 1). This arc intensified again at 2026 UT leading
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to another breakup at 2028 UT. Each of the auroral intensifica-
tions was accompanied by a strong enhancement of the westward
electrojet. A compilation of additional observations relevant to
this event has been given elsewhere (Wilhelm 1980).

In summary, the payload F1B traversed an area of diffuse auro-
ral forms near the Harang discontinuity shortly after the launch.
Between 235 and 275s after launch it traversed an auroral arc
located in the westward electrojet region.

Calculation of Ionospheric Conductivities
from Measured Electron Density and Temperature Profiles

Using suitable models for the neutral atmospheric densities, it is
possible to compute ionospheric electrical conductivities from
measured electron density (N,) and temperature (T;) profiles. The
altitude dependent Hall (o) and Pedersen (o) conductivities are
defined by the well-known expressions (neglecting ion-electron
collisions):

Nee( w? w? )
Ouy= P ——
7B \w2+v? o +v?
(1
N [ w.v, w;V;
o= PEIICIASCYY
B \wi+v o+

where e is the electron charge, B is the magnetic field magnitude,
w; .=eBm; . is the ion (or electron) gyrofrequency, m; . is the ion
(or electron) mass and v; . is the ion (or electron) neutral collision
frequency. The collision frequencies may be calculated as follows
(note that only T, was measured and thus a T-independent ex-
pression for v; has to be used):

ve=15x10""" M T,

v =42x10" 1% M )

where M is the number of neutrals (Bostrom 1973; Jones and
Rees 1973).

The N, and T, profiles which have been measured by a retard-
ing potential analyzer (plasma experiment TF4; see Table 1)
during the flight F1B are displayed in Figs. 2 and 3. In both figures
a pronounced difference between the upleg and downleg profiles
can be noted. These differences can be explained by the fact that
the payload entered regions with different auroral activity and
probably left the auroral oval at about 660 s after launch (2026 UT).
At this moment, the electron fluxes observed by the spectrometer
TL7 (see Table 1) fell below the instrument threshold, supporting
the assumption of polar cap conditions after 2026 UT, since in
the polar cap only electrons below 1 keV precipitate (polar rain,
Winningham et al. 1975; Heelis et al. in press 1980). Such electrons
do not reach altitudes below 150 km (Rees 1963), a fact that may
explain the extremely low electron densities after 2026 UT and
below 200 km altitude.

The minima and maxima in the upleg T, profile are related
to strong spatial and partially also to temporal variations of the
ionospheric conditions. A comparison with the all-sky camera
photographs reveals that the rocket traversed a diffuse auroral
patch near 2016 UT and was located between this patch and an
auroral arc after 2017 UT. Hence, the T, maximum between 75
and 100s after launch is probably related to the auroral patch,
while the high electron temperatures around 250s after launch
(2019-2929 UT) coincide with the auroral arc crossing (Fig. 1).
Also plotted in Fig. 3 is a model T, profile as given by Jones and
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Fig. 2. Altitude profiles of electron density measured during the upleg
and downleg part of flight F1B. Dotted and dashed lines give possible
extrapolations of the upleg curve (for details see text)
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Fig. 3. Altitude profiles of electron temperature measured during the
upleg and downleg part of flight F1B. For comparison the model curve
of Jones and Rees (1973) has been added

Rees (1973) for the night-time auroral zone. The significant differ-
ence between this profile and the measured ones indicates that one
has to be careful in using model T, profiles for estimating v, in
Eq. (2). Model T, values must nevertheless be used in this study
for the upleg profile below 120km, since no T, measurements



were possible during this part of the flight (before the third stage
burned out).

Similarly the electron density could not be measured below
120 km on the upleg profile. Hence, we had to assume N, values
between 90 and 120 km. Two possibilities are indicated in Fig. 2.
The dashed curve was drawn with the assumption that the mea-
sured electron density at 120 km is the maximum value (a) while
the dotted line represents an increase of N, below 120km to a
maximum of 6 x 10> electrons/cm? at 105 km altitude (b). Justifi-
cation for the latter extrapolation (b) may be found in the fact
that similar values have been measured by the Chatanika incoherent
scatter radar for disturbed times (Baron 1972) and in the N, values
calculated by the second method for a neighbouring region (Fig. 7).

The height-integrated (90-400 km) Hall and Pedersen conducti-
vities calculated from the profiles in Figs. 2 and 3 are as follows:

upleg:
(a) Zy=23 mho

—=15
Zp=15mho 2}
(b) Xy=46 mho Z_H_27
Zp=17mho X, ~
downleg:
2y =0.2mh z
HEREMIO T 2H 10

$p=02mho %,

The height-integrated conductivities and their ratio during the
upleg part of the trajectory are within the range of values given
by other authors for similar auroral conditions (Brekke et al.
1974; Wedde et al. 1977; Horwitz et al. 1978a, b). Since X depends
strongly on the electron densities between 90 and 120 km, where
the plasma parameters could not be measured, the calculated
values give only an order of magnitude. The calculated value for
Xp 1s more reliable since op has its maximum at higher altitudes
and only 159 of the total contribution to X} is influenced by the
uncertainty in N, between 90 and 120 km. Of course, additional
errors could be introduced by temporal and spatial fluctuations.
However, about 709, of the total height-integrated Pedersen
conductivity stems from contributions of op between 120 and

150 km. The rocket flew through this altitude range within 15s
covering a horizontal distance of 15km. Accordingly X,=16
+ 8 mho seems to be a representative value for the time 2016:30 UT
and the location x,;~250 km.

The Hall and Pedersen conductivities calculated from the
downleg N, and T, profiles are extremely small. This is mainly
caused by the very low electron density measured in the E-layer.
In line with the above arguments, the height-integrated conductivi-
ties given are probably representative for the polar cap region.

Since the payload traversed regions with quite different ion-
ospheric conditions, the height-integrated conductivities along the
trajectory are by no means constant and the method described
yields useful information only in areas where the payload was
within or close to the E-layer. For a more exact calculation of the
height-integrated conductivities along the trajectory, we need, at
least, instantaneous N, profiles for a number of locations. These
may be calculated by the method given in the next section.

Calculation of Ionospheric Conductivities
from Measured Energetic Particle Spectra

Instantaneous N, altitude profiles for numerous locations along
the rocket trajectory may be calculated from the measured ener-
getic particle spectra. This is done by computing altitude profiles
of the ionization rate g(h) due to the measured precipitating ener-
getic particles with the methods given by Rees (1963), Eather and
Burrows (1966), and Eather (1970). Below 200 km the N, profile
is then given by (Rishbeth and Garriott 1969)

h
Nn=]/ Zﬁh; 3)

where o(h) is the altitude dependent recombination coefficient
(we use the values given by Evans et al. 1977). When substituting
these instantaneous N, profiles into Eq. (1) instantaneous and
vertical oy and op altitude profiles can be obtained.

As already indicated, our study goes further than earlier ones
in that we incorporate the contribution of energetic protons to
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Fig. 4. Representative electron spectra constructed from measurements of the experiments TL6 and TL7. The left and middle spectra have been mea-
sured when the rocket traversed diffuse auroral forms near the Harang discontinuity. The right spectrum was measured when the rocket crossed an

auroral arc
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Fig. 5. Representative proton spectrum constructed from measurements
of the experiments 7Z1, TL6, and TK1 made around 125 s after launch

the ionization rates. We have also gone further than earlier studies
by combining spectra measured by particle spectrometers covering
adjacent energy ranges (TL7 and TL6 for electrons; TZ1, TL6,
and TK1 for protons; see Table 1) in order to determine the con-
tributions from particles in a wider energy range (0.4-100 keV for
electrons and 1-400 keV for protons as compared to the maximum
16 keV used by Evans et al. 1977). This is important since high-
energy particles penetrate deeper into the ionosphere (especially
into the lower E-layer) and ionize more neutral particles. Their

small number densities compared to particles with energies below,
say, 20 keV can thus be partially balanced by their greater efﬁc1ency
in creating ionization.

Experiment TL7 measured electron spectra at 152-215s and
357-442 s after launch with a short sweep time of 1.4s while at
229-352s the scan time was 46.7s. Experiment TL6 measured
electron spectra every 0.6 s at 106-280 s after launch, which were
integrated over times of 2.5 and 5.5s. For those times shown in
Fig. 4 spectra of both experiments are combined. The pitch angle
distributions (not shown here) were also determined and helped to
decide whether isotropic (<80°) or cosine-dependent particle
distributions had to be used in Rees’ algorithm.

The proton spectra are combined from the data obtained by
the experiments TZ1, TL6, and TK1 for the interval 100-340s.
Each of the spectra can be represented by power law functions in
the energy ranges 1-20, 20-200, and 200-400 keV. An example is
given in Fig. 5 for a time of 1255 after launch. For intervals in
which the spectral indices and parameters are rather similar, we
use average spectra. Although the observed proton fluxes were
anisotropic (field-aligned), we decided to employ the ionization
rates given by Eather and Burrows (1966) for isotropic distributions
only. The proton flux measured at 20° pitch angle was taken to
be representative in the interval 0°-60°.

In the following we shall use (average) spectra sampled at
150-300's after launch. During this interval the payload flew at
altitudes above 400 km. Hence, we can assume that the fraction
of energy already deposited by the incident energetic particles is
negligible and that there are hardly any neutral hydrogen atoms to
cause spreading of the proton beam (Eather 1967).

In order to show that the number of precipitating energetic
protons is indeed high enough to ionize a significant number of
neutrals, we compare the integral particle fluxes for energetic
electrons and protons (in the energy range 1-100 keV) in Fig. 6.
It is apparent that during the flight F1B the integral proton flux
was unusually strong and always higher than the electron flux.
This is especially significant immediately south of the auroral arc
where the electron fluxes were even below the instrument threshold.
Only when the payload traversed the auroral arc around 250s
after launch and at about xi;=450km, were the flux levels of
electrons and protons nearly identical (about 10° particles/cm? s).
Hence, one may conclude that to omit to consider the proton
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contribution would lead to a serious underestimation of the ioniza-
tion rates as well as the electron densities and thus the ionospheric
conductivities.

For a more detailed analysis of the influence of electrons and
protons on the altitude profiles of ionization rate, electron density
and Hall and Pedersen conductivities, we calculate those values
from the electron and proton spectra measured near 152s after
launch (the electron spectrum is shown in the left panel of Fig. 4
while the proton spectrum was similar to that displayed in Fig. 5).
The results are displayed in Figs. 7 and 8. It can easily be seen that
the ionization rate and the electron density below 110km are
dominated by the energetic electron contribution, while above this
altitude the energetic proton contribution prevails. The different
altitude dependence can be explained by the fact that the mean
free path for energetic protons is smaller than that of electrons
having the same energy and hence, on the average, the protons do
not penetrate so deeply into the lower ionosphere. The altitude
dependence is also reflected in the Hall and Pedersen conductivity
profiles: the Pedersen conductivity with its maximum at 130 km
is caused mainly by incident euergetic protons while the Hall
conductivity which has its maximum at 100 km height, is dominated
by -the energetic electron contribution.

The same tendency can also be seen in Fig. 9 where we display
the height-integrated Hall and Pedersen conductivities and their
ratio along the rocket trajectory and compare the values calculated
from gq.(h) only (left diagram) and from q(h)=gq.(h)+q,(h) (right
diagram). This comparison shows that for flight F1B the ionization
by energetic protons cannot be neglected. In particular, both to
the south (215-230 s after launch) and north (> 280 s) of the auroral
arc the height-integrated conductivities are caused mainly by
energetic proton fluxes, which were about 100 times more intense
than the electron fluxes at these locations (Fig. 6). In these areas,
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the height-integrated Hall conductivity is also mainly due to pro-
tons, while otherwise the energetic protons contribute mainly to
the height-integrated Pedersen conductivity, as already shown in
Fig. 8. The fact that about one half of the height-integrated Pedersen
conductivity, but only about 209 of the height-integrated Hall
conductivity, is caused by protons is also reflected in the Xy/Zp
ratios (lower panels in Fig. 9). They range between 1 and 3 when
considering precipitating electrons only and between 1 and 2 when
the additional effects of precipitating protons are taken into
account.

When considering the height-integrated conductivities and their
ratio in relation to the optical aurora and the electrojets (see
above) it seems noteworthy that in the Harang discontinuity,
where diffuse auroral forms have been observed, the calculated
values (2 =40 mho, Z,=20 mho) are slightly higher than those
given by Horwitz et al. (1978a). The values calculated for times
when the rocket traversed the auroral arc within the westward
electrojet (=48 mho, Z,=22mho) are comparable to those
given by Evans et al. (1977) and Horwitz et al. (1978a). Finally,
it seems interesting that the Z/Z, ratio is always close to 2 in
regions where aurora has been observed and close to 1 outside
these regions (south and north of the arc).

Summary and Conclusions

In Table 2 we summarize the calculated height-integrated conduc-
tivities and their ratio in different latitudinal regions of the high-
latitude ionosphere. The values in the first and last row are calculat-
ed from the measured N, and T, profiles (method 1 above) while
the other four are calculated from the energetic particle spectra
(method 2 above). It is apparent that there are strong variations
of the height-integrated conductivities along the rocket trajectory
which can only be resolved when using the second method. Since
additional atmospheric model parameters (e.g., recombination
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Fig. 9. Height-integrated conductivities and X,;/Z, ratio along a part of t

time after launch [s]

he rocket trajectory. The values in the left diagram are calculated from the

electron spectra only, while in the right diagram electron and proton contributions are taken into account

Table 2. Average conductivities for the different regions traversed by the rocket
xx; [km] Aurora Electrojet 2y [mho] 2 [mho] Zu/Zp Method
used

~250 Diffuse auroral forms Harang discontinuity ~35 16 ~2 1
280-330 Diffuse auroral forms Harang discontinuity 40 22 1.8 2
330-420 No aurora Westward electrojet 20 19 1.1 2
420-460 Auroral arc Westward electrojet 48 22 2.2 2
460-500 No aurora Westward electrojet? 9 11 0.8 2

~ 700 No aurora Polar cap? 0.2 0.2 1.0 1

coefficients) have to be used for the electron density calculations
in method 2, it is probably less accurate than method 1. However,
a comparison of the values given in the first two rows of Table 2,
which are representative of closely neighbouring regions and the
same geophysical conditions but are calculated by the two different
methods, shows that both methods yield nearly the same results.
A comparison of these values with the corresponding ones in the
left diagram of Fig. 9 shows that a neglect of the energetic proton
contribution in method 2 results in an under-estimation of the
conductivities and the height-integrated Pedersen conductivity in
particular, at least for conditions with high proton fluxes.
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