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ABSTRACT. During the period 5-13 October 1984 a coordinated solar-terrestrial data base was acquired to
develop a comprehensive understanding and an associated predictive capability for the cause-effect relationships
which control the global-scale ionosphere. The effort, the first in a series of continuing investigations in a program
called SUNDIAL, combined modelling of the ionospheric, magnetospheric, and thermospheric domains with a
measurements activity that included a network of ionospheric monitoring stations at high-, middle-, and low
latitudes in the American, European/African. and Asian/Australian sectors. Solar, solar wind, interplanetary,
and geomagnetic data were also obtained through the NOAA Space Environment Services Center. The period
began with nearly two full days of typically guiescent solar minimum conditions, with the night of the 6th marking
a transition to a substantial increase in solar wind velocities, and enhanced dynamics in the interplanetary
magnetic field with associated geomagnetic disturbances. The increased solar wind velocities resulted from a
corotating high-speed stream coupled to a transequatorial solar coronal hole. Evidence points to a step-wise
coupling of processes from the coronal hole through the interplanetary and magnetospheric domains down to the
equatorial ionosphere, where penetrating electric fields participated in triggering the most disturbed condition of
equatorial spread-F ever recorded by the Jicamarca Observatory. The correlation of events also included : (1)
enhanced particle precipitation power at high latitudes, (2) an associated cross polar cap potential of 75 kV, and
(3) simultancous global observations of Fregion dynamics. In addition, detailed model comparisons with
observations of the quiet and disturbed ionosphere point to requirements for improved global specification of
thermospheric winds and electric fields. The content of this paper presents an overview of the program, its initial
findings, recommendations, and future perspectives.

Annales Geophysicae, 1988, 6, (1), 3-18.

1. BACKGROUND

Brief statement of the problem

The solar-terrestrial system is very complex, with a
myriad of macro- and microphysical processes that
challenge the development of a unified physical
description that synthesizes the contributions of solar,
magnetospheric, interplanetary, and ionospheric
physics. A well-planned interdisciplinary effort com-
bining theoretical modelling with a coordinated
global-scale measurement program should lead to
significant advances in our understanding of the solar-
terrestrial system as a whole and the development of a
real-time predictive capability for the ultimate interac-
tions and subsystem responses in the entire Sun-Earth
network.

The general approach of the SUNDIAL program is
illustrated in figure 1, a schematic presentation of
elements that focus on the ionosphere, but require
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solar and interplanetary inputs and a detailed under-
standing of the interactive roles that the ionosphere
plays with the magnetosphere and the thermosphere.

INTERPLANETARY
MEDIUM

THERAMOSPHERE

MAGNETOSPHERE

Figure 1
Schematic tllustration of phenomenological domains covered in the
SUNDIAL objectives.
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The program couples global-scale theories and experi-
ments as an ¢ priori condition for the test and
development of our understanding of contributing
cause-effect relationships. The first experimental cam-
paign emploved nearly 70 ground-based ionospheric
stations, most of them operating around-the-clock for
the period 5-13 October, 1984. The ionospheric data
were supplemented with solar and magnetogram
information from the National Oceanographic and
Atmospheric Association (NOAA), and the monitor-
ing of the interplanetary medium was provided by the
IMP-8 and ICE spacecraft. Theoretical models focus-
sed on a first principles approach to global-scale
ionospheric F-region processes, with a synergistic
approach to magnetospheric and thermospheric mod-
elling, and attendant interactions. From a purely
empirical perspective, the IRI (International Refer-
ence Ionosphere (Rawer, 1981)) also played a role in
the program objectives, inasmuch as it is a widely
available description of E- and F-region parameters
and oftentimes invoked as an accurate description of
averaged solar, seasonal. and solar-cycle controls.
The IRI and first principle codes are critically com-
pared with accumulated global-scale data in the
SUNDIAL investigation.

In the sections that follow, a general description of
ionospheric processes will be advanced in order to
establish a perspective on the active coupling networks
involved in ionospheric predictions and to establish
the general expanse of the problem being addressed.
Specifics of the SUNDIAL investigation will then
provide details on the measurement program, as-
sociated observations, and theoretical model descrip-
tions. Commentary will also be advanced with regard
to perspectives on future requirements and program
plans.

The ionospheric domain and some coupling processes

An overview.

While the Earth’s ionosphere is a major terrestrial
sink for solar and magnetospheric events (Wolf, 1975,
1982 ; Fisk eral., 1984), it is far from a passive
element in the solar-terrestrial system, for the spatial
distribution of ionospheric conductivity can affect
magnetospheric plasma transport and the configur-
ation of the magnetospheric current system (cf. Chiu
et al., 1984). Its interactive role is also evident from
accumulating satellite measurements which show the
ionosphere to be an important source of ions in the
magnetosphere.

Within its own right the ionosphere is a complex
subsystem having its own intrinsic coupling networks.
Traditionally, ionospheric studies have been divided
into  phenomena at  low-, middle-, and Thigh
geomagnetic latitudes where fundamentally different
mechanisms can be associated with the degree of
magnetic-field coupling to higher altitude magneto-
spheric events. At low latitudes, where the
geomagnetic field tends to be horizontal, the coupling
to the higher altitude magnetosphere is largely
through indirect effects (wind systems, electrojet
currents, travelling ionosphere disturbances (TID’s),
electric fields, etc.), while at high latitudes the more
vertical magnetic field promotes strong magneto-

spheric coupling and direct access of energetic par-
ticles. To date, many of these elements have been
studied separately, with no major attempts at a fully-
integrated approach.

With regard to coupling and dynamics, the nighttime
equatorial ionosphere has been intensively studied,
particularly under conditions of equatorial spread-F
(ESF) (Fejer and Kelley, 1980 ; Abdu efal., 1983 ;
Kelley eral., 1982a, b ; Kelley and McClure, 1981 ;
Keskinen ef al., 1981 ; Livingston ef al., 1981 ; Os-
sakow, 1981 : Rino efal.. 1981 ; Tsunoda, 1985 ;
Tsunoda et al., 1982). The overall ESF process is a
nighttime phenomenon (usually occurring within the
period 2300 =300 h local time), centered about the
magnetic equator in a belt about +20° wide, with
seasonal, solar-cycle, and day-to-day variations super-
imposed. The triggering of ESF is intimately related
to flux-tube integrated conductivities, thermospheric
winds, and global-scale electric fields, with the latter
two terms having driving forces traceable to high
latitudes and to dynamics in the interplanetary and
magnetospheric domains.

Before proceeding with detailed discussions of global
F-region dynamics and associated coupling processes,
we introduce a general commentary on the E-region
ionosphere (Szuszczewicz et al., 1978 ; Farley eral.,
1978 ; Fejer and Kelley, 1980 ; Pfaff er al., 1984). By
contrast with the f~region. the £-region is less under-
stood, largely because of its inaccessibility to system-
atic global investigations by satellites. The E-region
must be probed with rockets, ground-based radar,
and HF sounding systems. This has resulted in geo-
graphically-localized studies of E-region phenomena,
which by their very nature are deficient in information
on horizontal variations. While not considered of
major importance when viewed from a perspective of
total ionospheric electron content, the E-region can
play an active interchange role with a number of f-
region processes, and must therefore be reckoned
with in the development of any comprehensive model
attempting to treat (or predict) ionospheric plasma
distributions and transport. In this context we note
that the E-region plays a major role in global-scale
current systems and electric fields.

Equatorial spread-F (ESF)

The problems of predicting the onset of processes
leading to macro- and microscale ionospheric structure
often depend on accurate descriptions of phenomena
remote from the site under study. As an illustration,
consider irregularity development during the occur-
rence of equatorial spread-F. Spread-F' can, in first
order, be thought of as a two-fluid instability process
(heavy fluid resting on a light fluid supported by
gravity), with the nighttime F,-layer (N, ~ 10° cm™?)
being the heavy fluid and the lower-density
molecular-ion  region  directly  below it (N, ~
10°-10* em~7) being the light fluid. The system is
supported against gravity by a horizontal magnetic
field. Pushing the two-fluid analogy one step further,
one can appreciate that a disturbance at the two-fluid
interface (e.g., via electric fields or thermospheric
winds) would result in a rising bubble with attendant
breakdown to smaller structures.
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The definition of ESF irregularities has advanced to a
point where there is a reasonably good understanding
of their scale size distributions, cause-effect relation-
ships, and day/night, seasonal and solar-cycle vari-
ations (e.g. Bandyopadhyay and Aarons, 1970 ; Basu
et al., 1978 ; Costa and Kelley, 19784, b ; Dyson et al.
1974 : Huba and Ossakow, 1979, 1981 ; Kelley et al.,
1982a ; Matsushita and Kamide, 1981a. b ; McClure
etal., 1977, Singh and Szuszczewicz, 1984 ;
Szuszczewicz, 1978 ; Szuszezewicz et al., 1980 ; Tsuno-
da, 1980 ; Tsunoda et al., 1979). This does not mean
that a truly-predictive capability is in hand, but rather
that we have a substantially improved understanding
of several connected processes. For example, in our
understanding of ESF it is clear that the zero-order
parameters of F-region height, bottomside gradient,
and overall F-region rise velocity are important factors
which optimize the probability for the onset of ESF.
Accumulating theoretical and experimental results
show that higher F-region altitudes, smaller bottom-
side gradient scale lengths, larger F-layer post-sunset
rise velocities, and larger initial bottomside disturb-
ances all enhance the probability of ESF occurrence.
These are basic F-region parameters (with the excep-
tion of the « initial disturbance ») for which there is no
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accurate predictive capability. On any given night the
appearance of ESF can only be «predicted » by
relying on persistence or on statistical studies of
seasonal and solar-cycle probabilities. This was
dramatically demonstrated in the BIME (Brazilian
Tonospheric  Modification Experiment) Campaign
when an attempt was made to trigger ESF through a
man-made macroscale plasma structure created by
chemical injection on a vertically-rising, steep, post-
sunset, bottomside F-layer gradient (Narcisi, 1983 ;
Szuszczewicz et al., 1983).

With regard to controlling zero-order parameters, a
long-standing dilemma has been the longitudinally-
dependent seasonal variation of ESF. Tsunoda (1983)
suggested that the seasonal maxima in ESF and
associated radio wave scintillation activity (originally
thought to coincide with the spring and autumnal
equinoxes) coincide with the time of year when the
solar terminator is most nearly aligned with the local
geomagnetic flux tubes, He showed that ESF had the
highest probability of occurrence when the flux-tube
integrated E-region Pedersen conductivity was chang-
ing most rapidly... a situation that exists when conju-
gate E-region footprints of a given magnetic flux-tube
undergo a near-simultaneous sunset. This interpre-
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tation is consistent with equatorial irregularity gener-
ation by the collisional Rayleigh-Taylor instability and
irregularity-growth enhancement by gradient drift
instabilities. A somewhat parallel suggestion has come
from analysis of topside soundings by the ISS-b
satellite (Murayama and Matuura, 1984), with the
conclusion that any effects based on the magnetic field
configuration alone could not explain the longitudi-
nal-seasonal variation of ESF, The investigators main-
tained that the neutral wind direction relative to the
magnetic meridian was an important seasonal con-
sideration that tended to match their data and accumu-
lated statistics on global ESF distributions.

High-latitude considerations.

High-latitude ionospheric plasma populations arc a
culmination of processes that include EUV and
energetic-particle ionization, ion chemistry, horizontal
and field-aligned transport, gradient- and current-
driven instabilities, acceleration processes. and
additional mechanisms yet to be uncovered in unravel-
ling the global-scale picture (see Fejer and Kelley,
1980 ; Schunk eral., 1984 ; Ossakow etal., 1984 ;
Szuszczewicz, 1984).

While the high-latitude ionosphere is extremely com-
plex, ground-based and satellite-borne optical diag-
nostics have contributed substantially to a synoptic
perspective  of  associated  morphologies  and
phenomenologies (see lowest panel of fig. 2) with
major domains having been identified as diffuse
auroras, discrete auroral arcs, the polar cap and the
polar cusp (Akasofu, 1981 ; Clark and Raitt, 1976 ;
Kelley eral., 1982 ; Schunk etal., 1976 ; Rodriguez
and Szuszczewicz, 1984).

The electron precipitation at high-latitudes is variable
in its energy distribution, horizontal extent, and
temporal characteristics (see « Precipitating Elec-
tron » panel in fig. 2). As a result, it creates horizontal
and vertical ionospheric plasma structure by virtue of
its own spatial, temporal, and energy configuration.

Once created, local plasma structures are subjected to
magnetic-field controls, a magnetospherically-im-

—Electric Field (-B; Vgy)
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Coupling Function € ===
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posed convection electric field, and interactions with
superimposed current systems (see top panels of
fig. 2). The electric field that convects ionospheric
plasma is intimately connected with the global-scale
current systems flowing between the ionosphere and
the magnetosphere. The intensity and detailed struc- ,
ture of the electric fields and currents are determined
mainly by characteristics of the entire magneto-
spheric-ionospheric electrical circuit and the direction
of the interplanetary magnetic field. Along with the
polar wind, the convection electric field and current
systems represent the fundamental link between the
interplanetary medium and the near-Earth iono-
sphere.

Coupling to the magnetosphere and the interplanetary
medium.

That the high latitude ionosphere exhibits an effective
coupling with the magnetosphere and the interplane-
tary medium is an accepted fact, with perhaps one of
the best illustrations being substorm activity. A recent
investigation of this type of coupling was conducted
by Rodriguez et al. (1987) who correlated in situ F-
region irregularity behavior in auroral oval expansions
with the southward turning of the interplanetary
magnetic field (IMF). Figure 3 presents data that
show how solar wind, magnetospheric, and iono-
spheric parameters were correlated throughout the
two-day period which they studied. The upper three
panels show the interplanetary solar wind parameters,
— B. V,, (the east-west electric field), £ (the coupling
function, (Perreault and Akasofu, 1978 ; Murayama,
1982 ; Akasofu, 1983 ; D’Angelo and Goertz, 1979)),
IMF (magnitude of the interplanetary magnetic field),
and 0. (the angle of the IMF relative to the Earth’s
magnetic moment) derived from measurements on
board the IMP-8 batu]lilc The coupling function is
given by e =V, B%sin* (0/2) L§, where B is the
IMF magnitude, 8 is the polar angle of B in the y-z
plane, and L, is a constant (=7 R). #is often used as
an estimate of the electromagnetic power flux entering
the magnetosphere, with geomagnetic substorms gen-
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erally associated with values of £ greater than about
10%erg.s™! (1erg.s™! = 1077 watts).

Of special interest in figure 3 is the angle 6, which
defines the IMF vector with respect to the z-axis of the
solar-magnetospheric coordinate system (direction of
the Earth’s magnetic moment). The condition of
having a southward (negative z) component in the
IMF is associated with an enhanced merging rate of
the IMF with the magnetospheric magnetic field at the
magnetopause and an increase in energy transfer to
the magnetosphere (Russel, 1980). In contrast, a
northward direction for the IMF correlates with
subdued geomagnetic activity.

The fourth and fifth panels of figure 3 plot the AE and
Dst indices, which are surface measurements of the
perturbations (positive and negative) of the horizontal
component of the geomagnetic field due to the
auroral electrojet current and the magnetospheric
ring current, respectively. Both AE and Dst are global
disturbance indices obtained by synthesizing measure-
ments from a network of ground stations situated
around the world at the appropriate latitudes
(Mayaud, 1980).

During the substorm duration studied by Rodriguez
etal. (1987) the solar wind electric field and the
coupling function ¢ were observed to track each other
and correlate closely with 65.. Variations in the AL
and Dst indices also correlated with fluctuations in
6 5., but with a small lag. Throughout the substorm
period, imsitu plasma density measurements were
collected by the S3-4 satellite (Szuszczewicz et al.,
1982) in the high-latitude F-region ionosphere in the
altitude range 250-280 km. Correlation of ionospheric
plasma irregularity intensities and their positions
within the oval boundaries showed increased intensity
and increased equatorward movement of the high
latitude morphological domains (e.g. the nightside
oval) with increasing AE. These results were not
surprising but have been reviewed here to demon-
strate the direct interplanetary-magnetospheric-iono-
spheric coupling and to highlight the uncertainty in
predicting the southward turning of the IMF... a
critical parameter in identifving the potential onset of
a substorm and subsequent ionospheric dynamics.
Like the vertical movement of the nighttime equato-
rial F-layer, 6. can have dramatically unpredictable
behavior (see fig. 3), with equivalent levels of unpre-

dictability in the high-latitude ionosphere and the
global electric field.

2. THE INTEGRATED APPROACH OF
SUNDIAL

The ground-based program

To advance our fundamental understanding of iono-
spheric controls and improve global-scale prediction
capabilities, the SUNDIAL program has combined
theory with measurement in a stepwise progressive
investigation covering seasonal and solar cycle varia-
tions.

The SUNDIAL ionospheric monitoring network in-
cludes high-, middle-, and low latitudes in the Ameri-
can, European/African and Asian/Australian sectors
(see fig.4) with an agreement on common data
formats and around-the-clock data collection. The
first SUNDIAL campaign covered a contiguous 8-day
period from 5-13 October 1984, with solar, solar
wind, interplanetary, and geomagnetic data provided
through the National Oceanographic and Atmospheric
Association (NOAA).

The  ground-based  ionospheric  measurement
techniques included ionosondes. backscatier radars,
VHF polarimeters, scintillation receivers and all-sky
and scanning photometers. Ionosonde measurements
were made at least every hour, and normally once
every 15 min for the entire eight-day period.

While stations agreed on a uniform plot format for
geophysical parameters, the backscatter radar formats
in the SUNDIAL program were simple adaptations of
those which tend to be unique to a given facility. In
addition, radar observation time was substantially less
than that of other ground-based diagnostics, primarily
because of associated costs.

The scanning 6300 A photometers were incorporated
to provide meridional and/or zonal profiles of airglow
intensity. These measurements were designed to pro-
vide information on E-W, N-S distributions of large-
scale ionospheric features and their temporal evolu-
tion. Typically, meridional and zonal scans were
operated at a rate of one scan per minute covering an
angular variation of + 75° from vertical and repeated
hourly throughout nighttime portions of the eight-day
campaign.

Figure 4
Global  network
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The modelling program
An overall perspective on requirements.

The overall goal of the SUNDIAL program is the
development of a predictive capability for the con-
dition of the ionosphere in its quiescent and disturbed
states. In reducing this statement to its most funda-
mental definition, the goal requires the prediction of
the ionospheric plasma density profile N, (z) at all
latitudes and longitudes. Time dependence is of
course implicit. Accordingly, the accurate speci-
fication of N,(r,t), with relevant parameter defini-
tions illustrated in figure 5, is shown as the final
output in the simple flow diagram of the measurement
and modelling activities in the program (see fig. 6).
The zeroth-order input requirements (left-most box in
fig. 6) trace themselves to the Sun, but require only
definition of the interplanetary parameters involving
the solar wind density and velocity, and the interplan-
etary magnetic field and its vector direction. Coupling
these primary input terms to the required output are
first principle codes (discussed below) which treat the
magnetospheric, thermospheric, and ionospheric do-
mains. The codes are not « first principle » from a
purist’s perspective, for they require a number of
empirical model inputs to couple themselves to proc-
esses that go beyond the current capabilities for a full-
scale self-consistent « first-principles »  approach.
This, however, is considered a realistic starting point
for establishing the predictive properties of the sys-
tem.

The magneiospheric model.

The ultimate program requirement on a magneto-
spheric model is the accurate prediction of precipitat-
ing particle fluxes and magnetospherically-imposed
ionospheric electric fields. Looking to the left-most
block in the program flow diagram (fig. 6), the
primary input requirements are the three fundamental
parameters  of  the interplanetary  medium
(p, v, Byye)- Code requirements, however, necessi-
tate the additional input of a number of empirical
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model specifications, In an ideal situation this require-

ment is limited to the empirical definition of the field-
o .

line integrated conductivities ( df g) and the

o
weighted integral of wind velocity

(et )

with E-region winds being most crucial. The baseline
model is that generally referred to as the « Rice
Convection Model » (Harel et al., 19814, b). It covers
the lower latitude part of the auroral zone, beginning
roughly at the equatorward edge of region-1 Birkeland
currents, and extends out to about 10 Ry in the
equatorial plane. The required model inputs include :

1) the polar-cap potential drop (estimated from the
IMF input) ;

2) the initial distribution of the magnetospheric plas-
ma ;

3) the distribution function of plasma entering the
modelled region ;

4) a model of the thermospheric winds ;

MATHEMATICAL/GEQPHYSICAL
DOMAINS IN THE INTERNATIONAL
REFERENCE IONOSPHERE

Figure 5
lonaspheric layer specifications and domains in the
empirical prescription of the International Reference

IONOSPHERIC ELECTRON DENSITY

Ionosphere. SUNDIAL efforis focus on the E- and
FLregions.
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5) field-line integrated conductivities ; and
6) a magnetospheric magnetic field model (pv* input).

The model provides a consistent picture of the plasma
sheet, ring current, the plasmasphere and iono-
spheric-related parameters. The auroral electric field
profiles tend to be more realistic than co-latitude
power-law descriptions (e.g. Harel et al., 19815) and
the model provides an improved representation of
electric field penetration to low latitudes (Spiro et al.,
1981). Some of the newer features in the code (e.g..
the thermospheric wind model) are being tested in the
SUNDIAL program. Specific model outputs, detailed
in the paper by Spiro et al. (1988), include :

1) ionospheric electric fields and horizontal currents ;
2) magnetospheric electric fields and currents, includ-
ing magnetospheric field-aligned currents ;

3) magnetospheric particle distributions, including
those in the plasma sheet and radiation belts, and

4) fluxes of precipitating electrons.

Items 1 and 4 represent the primary coupling terms
that affect the specification of the global-scale iono-
sphere.

The ionospheric modelling approach.

The model adopted for test and development in the
SUNDIAL program is that described by R. W.
Schunk and co-workers (Schunk and Walker, 1973 ;
Schunk et al., 1975, 1976 ; Schunk and Raitt, 1980
Schunk and Sojka, 1982a). It is a time-dependent, 3-
dimensional, multi-ion (NO", O;, Nj, O', N',
He') model of the global ionosphere at altitudes
between 120 and 800 km. The model takes account of
the effects of field-aligned diffusion, cross-field elec-
trodynamic drifts both in the equatorial region and at
high latitudes, interhemispheric flow, thermospheric
winds, polar wind escape, energy-dependent chemical
reactions, neutral composition changes, and 1on pro-
duction by EUV radiation and auroral precipitation.

Altitude profiles of the ion and electron temperatures
and the six ion densities are obtained by solving the
appropriate continuity, momentuii, and energy equa-
tions. At middle and high latitudes, the equations are
solved over the altitude range from 120 to 800 km,
with chemical equilibrium at 120 km and a specified
plasma escape flux at 800 km being the lower and
upper boundary conditions, respectively. At low lati-
tudes, the densities are computed along trans-equato-
rial flux tubes from 120 km in one hemisphere to
120 km in the conjugate hemisphere.

A number of parameters are required as inputs to this
model. The ionization is produced through three
mechanisms : EUV solar radiation, resonantly scat-
tered radiation, and auroral precipitation. For each,
the input source needs to be specified. Also, the
neutral atmospheric composition and temperature are
required ; for these the mass spectrometer/incoherent
scatter (MSIS) model has been adopted (Hedin,
1983). In addition, both thermospheric wind and
magnetospherically imposed convection electric-field
patterns are needed.

To date, the ionospheric model has been used mainly

to study high latitude phenomena. The focus of the
high-latitude work has been the study of the iono-
spheric response to slow convection in winter (Sojka
etal., 1981a, b), rapid convection in winter (Sojka et
al., 1981¢). and rapid convection in summer (Sojka
etal., 1982). The model was also used to study the ion
temperature variation in the daytime high-latitude
ionosphere for a wide range of conditions (Schunk
and Sojka, 1982¢), and it was used to uncover the
presence of ion temperature hot spots during periods
of sustained high magnetic activity (Schunk and
Sojka, 1982b). More recently, the ionospheric re-
sponse to «stormlike » variations in some of the
important magnetospheric inputs, including the plas-
ma convection pattern and the precipitating auroral
clectron flux (Sojka and Schunk, 1984, Sojka eral.,
1983), was studied. So far, only one attempt at a fully
global study has been conducted (Sojka and Schunk,
19854). The current investigation will provide a mul-
tiplicity of test points at the magnetospheric and
ionospheric boundaries of the code. Papers by Abdu
et al. (1988), Leitinger efal. (1988) and Wilkinson
et al. (1988) treat a detailed comparison of the code
with SUNDIAL observations and include an
additional comparison with the empirically-derived
International Reference lonosphere (see also Schunk
and Szuszczewicz, 1988).

The International Reference Ionosphere.

Empirical models are based on a statistical and/or
numerical description of the ionosphere in terms of
location (geographic or geomagnetic), time (solar
zenith angle), solar activity (10.7 cm flux or sunspot
number), and season. By definition, empirical iono-
spheric models are based on accumulated data, includ-
ing critical frequencies (fy E, f, E,, foF,, and
fo F»), altitudes of peak concentrations (k,, E, h,, F,,
and A, I';), and halfl thicknesses of the individual
layers. The data is compiled typically from
ionosondes, topside sounders, and in sifu satellite and
rocket profiles (wherever available). Averaged pro-
files are then synthesized, and analytical fits developed
(fig. 5) with the end product representing an intelli-
gent mix of empiricism, physics, extrapolation, and
intuition. In many cases the quality of the empirical
model representation of actual conditions is directly
related to available data, its global distribution,
parameter space converge, time base, and accuracy.
Obvious gaps include ionogram definition of the E-F
region valley, subionospheric locations over oceans,
and F-region characteristics under condition of blan-
keting sporadic-E. By definition, averaged empirical
profiles provide no information on irregularity struc-
ture, and accordingly are intrinsically inaccurate in
those ionospheric domains where irregularity struc-
tures are the norm. One such domain is the high-
latitude ionosphere where empirical models have
major shortcomings and ionosonde data bases can be
compromised in attempts to provide fundamental
height profile information.

Notwithstanding the limitations imposed on empirical
models, they can (and do) provide a valuable resource
that includes a broad experience base in ionospheric
profiling and data archiving. In addition, many empiri-
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cal models (e.g., IRI, the International Reference
lonosphere) are made available internationally for
applications to individual investigator interests. If the
ultimate goal of the SUNDIAL program is to be
realized, an interactive real-time modelling and data
acquisition effort must evolve ; and requirements for
minimum computational time will dictate a merger of
conecepts in long-running first-principles and shorter-
form empirical codes.

There are a number of contemporary schemes for
empirical modelling of ionospheric profiles, with
reviews included in the works of Dandekar (1982) and
Dudeney and Kressman (1986). After comparisons
with synoptic satellite data and the empirical model of
Chiu (1975). the International Reference Ionosphere
(IRI) was selected as the best available empirical
representation of the ionosphere, and was adapted for
more intensive comparisons in the SUNDIAL investi-
gations (Schunk and Szuszczewicz, 1988).

The IRI (Rawer, 1981 ; Schunk and Szuszczewicz,
1988) provides global-scale information not only on
the macroscale features of electron density (as in
fig. 5), but also on the ion and electron temperatures,
and the ion composition. These additional features
make the IRI an attractive model for comparison with
SUNDIAL data and our first-principle code results.
The IRI is an evolutionary code which makes no
pretense about predictive capabilities, with its primary
emphasis being an attempt at a global-scale represen-
tation of observations. In this regard the TRI makes its
limitations clear, particularly with regard to the rela-
tive paucity of ion composition results. The founders
and contributors to the IRI encourage workers in the
field to help fill in the gaps, both in the understanding
of ionospheric processes, and in the scope of exper-
imental coverage. We expect that the SUNDIAL
activities will be most useful in its theoretical and
experimental comparisons with the IRI.

The IRI profiles are generated by a synthesis of
functions descriptively identified with each of six
different mathematically- and/or geophysically unique
altitude regions (see right side of fig. 5). Exercise of
the TRI software package requires external speci-
fication of date, time, position, and solar activity
(sunspot number) ; and the outputs are tabular lists of
N, T, T;, and M,. Intrinsic to the software package
are the required input parameters discussed above.
The details of IRI products relevant to the SUNDIAL
measurement and modelling program are presented in
a series of papers (Schunk and Szuszczewicz, 1988 ;
Wilkinson er al., 1988 ; Abdu er al., 1988 ; Leitinger et
al., 1988).

3. AN OVERVIEW ON OBSERVATIONS AND
ANALYSES

Solar, interplanetary, and geomagnetic conditions
Solar and interplanetary.

The first SUNDIAL campaign was conducted in
October 1984, approaching solar minimum in the
declining phase of Solar Cycle 21 (see fig. 7). The
year 1984 may be related to 1973 of Solar Cycle 20,
and to 1962 of Solar Cycle 19, noting that the true
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Sunspor numbers for Selar Cycles 1921, showing SUNDIAL-84
period and previous solar cycle correlation with SKYLAB.

period of solar activity is 22 years (in association with
a double reversal of polarities) and that geomagnetic
activity is more similar in 22 year correlations, particu-
larly in the declining phase of solar activity.

The October 1984 SUNDIAL period fell within an
essentially flare-free interval that included the rise,
maximum, and fall in the velocities of a co-rotating
high-speed solar wind stream that was associated with
the equatorward extension of a polar coronal hole.
With the exception of the transition to the dynamics
associated with the high-speed stream, solar phenom-
enology was nominally that of a typical solar minimum
condition. Solar activity was very low throughout the
SUNDIAL period with the Sun spotless for several
days. The 2800 MHz (10 cm) solar flux measured at
the Ottawa Radio Observatory was 74 = 1 flux units,
(see top panel of fig. 11) only a few units above the
levels seen during the previous solar minimum. There
were no significant flares at soft-X-ray wavelengths
(1-8 A). or notable solar radio noise events during the
period ; and only a few optical flares were reported
with no significant enhancements in energetic particle
fluxes measured at geosynchronous satellite altitudes
(GOES data, J. Joselyn, private communication).

The interplanetary observation of the high-speed
solar wind stream shown in figure 8 bore the classic
characteristics of high speed and low densities. Fig-
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Smoothed 1-h averaged solar wind parameters of density and bulk
velocity as measured by the MIT plasma instrument on the IMP-8
spacecrafi (courtesy I Lazarus). Dotted curve is an extrapolation of
residts,
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ure 9 presents the complementary but fragmentary
IMF B, data that were accumulated by the TMP-8
spacecraft. The source of the high-speed stream has
been identified as the equatorward extension of the
northern, solar, polar coronal hole seen in the middle
and lower panels of figure 10. The northern hole,
predominantly negative in magnetic polarity, ex-
tended across the Sun’s equator with essentially
meridional eastern and western edges. It was this
north-south orientation of the hole’s equatorial
boundaries that gave the associated co-rotating high-
speed solar wind stream its well-defined interplanetary
structure (see figs. 8 and 10).

The class of streams associated with trans-equatorial
coronal holes was first identified unambiguously,
using coronal hole images and two spacecraft, by
Krieger et al. (1973), and later confirmed by Nolte ez
al. (1976) in their analysis of Skylab data (see fig. 7 for
solar cycle correlations). 1t is not surprising that the
SUNDIAL stream resembles those during Skylab,
since the much-studied Skylab streams were observed
11 years prior to SUNDIAL, during the declining
phase of the previous Solar Cycle 20.
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spacecrafi on 3, 6, and 7 Ociober 1984 (Courtesy of the GSFC Data
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Geomagnetic conditions.

The trans-equatorial coronal hole and the associated
interplanetary particle and magnetic field dynamics
provided the causal terms for magnetospheric and
ionospheric disturbances observed at the end of the
second day in the SUNDIAL-84 campaign. The
geomagnetic field was mostly quiet on the 5th and 6th
(A, = 7 on the 5th) and throughout the major portion
of the SUNDIAL observation period. Exceptions
include the 7th and 12th (A, = 43 and 32, respect-
ively), which pointed to storm-level disturbances (see
fig. 11).

On the whole, the level of geomagnetic disturbance
was typical of the generally active conditions experi-
enced during the equinox periods of March-April and
September-October each vear. This annual average
seasonal variation in geomagnetic activity (minima
occur near the solstices) is not well understood,
although various explanations have been proposed
(Green. 1984). Figure 11 includes a comparison of the
observed and forecast values for the Fredericksburg
daily A-index and the GWC (Global Weather Central)
A, index. The agreement between predictions and
observations is seen to be somewhat tenuous.

Tonospheric input power and responses

Analyses of high-latitude magnetograms (see Spiro et
al., 1988) support the existence of quiescent iono-
spheric and magnetospheric conditions at SUNDIAL
times prior to 2000 UT on 6 October. The period
2000-2100 UT marked the onset of a substantial
substorm with full development at 2200 UT (600
maximum excursion). This onset is reflected in the
southward turning of the IMF at 2018 UT on
6 October and in the Dst and AE indices plotted for 6-
7 October 1984 in figure 12 (adapted from Spiro et al.,
1988). Several of the magnetogram sites indicated the
beginning of a recovery phase at about 2220 UT (see
e.g. equatorial magnetograms in fig. 15) and at
2300 UT all stations had recovered. These results are
consistent with the IMF data in figure 9, which show a
southward turning of the IMF at 2018 UT on the 6th,
with a sudden northward reversal at 2200 UT. The
magnetogram results and attendant AL indices (see
Spiro et al., 1988) also suggest that the IMF main-
tained its northward orientation throughout the rest
of the evening on the 6th (filling in the gap in the IMP-
8 data). Magnetogram analysis also points to another
substorm in the period 0100-0200 UT on the 7th.

A measure of energetic particle precipitation power at
high latitude and the cross polar cap potential through-
out the entire SUNDIAL period was made available
through the NOAA/TIROS « precipitation activity
index » (Foster ef al., 1986). The SUNDIAL-84
results are presented in figure 13, with an inspection
of the results showing a correlation with the events
described on 5 through 7 October. The figure also
shows for that period a sustained precipitation power
greater than 70 GW and a cross-polar cap potential
averaging about 75 kV. These levels of power and
potential correspond to a precipitation activity index §
to 9 and an average K, between 4" and 5. Further
inspection of figure 13 shows the low input power
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levels on 5 October and through 20 UT on 6 October,
and again in the final two days, 12-13 October, of the
campaign.

SUNDIAL monitoring stations in the low-to-equa-
torial latitude zones registered ionospheric responses
indicative of global-scale coupling to the interplane-
tary and magnetospheric disturbances. In the Euro-

LEGEMD:
L ——
Mossurus O L |

GEOMAGNETIC INDEX A,
{A—Frederichshurgh

ARIGWE|

SUNDIAL PERIOD OCTOBER 1364
Figure 11
Predicted (dotted line) and observed (thick line) values of 10 cm
selar flux, and the Fredricksburg and planetary geomagnetic indices,
Ay and A, respeciively.

" 15 P W w 03 8
UT HOURS 6-7 OCTOBER 1984
Figure 12
Dst and AE indices for 6-7 October 1984 (adapied from paper by
Spire et al., 1988).

pean sector the strongest mid-latitude disturbance
occurred on October 8 (see Leitinger er al., 1988),
while at the equator in the South American sector
intense spread-F conditions existed on the 6th through
the 8th, with the 6th having recorded the most intense
observation of equatorial spread-F ever documented
by the Jicamarca Observatory (fig. 14). Global scale
processes were clearly evident in the equatorial data
which showed simultaneous ' F events in Brazil,
Peru, Africa, and Southeast Asia (Abdu e al., 1988).
The «record setting » spread-F and associated 3 m
irregularity plume events at the Jicamarca Radar
Observatory (fig. 14) followed a rapid increase in the
vertical F-region plasma drift velocity that had its
onset at about 1900 LT (see Spiro er af., 1988). This
vertical drift velocity enhancement. at a universal
time of 00 UT on 7 October, is typical of low latitude
clectric field penetration events during magneto-
spheric disturbances. Such events in the dusk sector
are often associated with sudden increases in magneto-
spheric convection (see Fejer, 1986 and Spiro et al.,
1988). Its occurrence, immediately following the nor-
mal evening F-region dynamo-induced pre-reversal
enhancement in the vertical ionization drift (that had
an onset at 18 LT (23 UT) on this day), is believed
responsible for the intense nature of this unpre-
cedented spread-F event over Jicamarca (see Fejer,
1981 ; Abdu ef al., 1988 ; Spiro ef al., 1988). Simul-
taneous fluctuations in F-layer heights and horizontal
(H) components in magnetograms were observed at
locations in the American, African, Indian, and
Southeast Asian sectors of the equatorial zone. Evi-
dence of coupling of the different ionospheric height
domains was also detected at a number of geographic
regions as well as on a global scale (Abdu ef al., 1988).

Figure I5 shows the H-component variations over
Vassouras ( — 28" dip), Brazil, and Huancayo
(—1"dip), Peru. The figure also presents h'F,
h, F5, hi F variations, and the SUNDIAL spread-F
index code (numbers 1, 2, and 3 depicting at any
frequency the degree of spreading in the ionogram for
thicknesses =< 100 km, 100-200 km, and = 200 km
respectively). During this event simultaneous disturb-
ances of the H-field were observed in the dayside
hemisphere at Thumba ( ~ 1 dip), India. The global
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188
s
Figure 13 sa
Energetic particle precipiiation power
at high latitudes and the cross polar- 25
cap potential for the SUNDIAL-84
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nature of magnetic field variations and the correlated
F-region height changes over Cachoeira-Paulista
suggest disturbed magnetospheric electric field pene-
tration to the world-wide low-latitude ionosphere.
This is corroborated by the Jicamarca radar data. The
onset time of the electric field enhancement over
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ance, height variations at the same UT were observed
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Figure 13

H-component magnetograms at Huancayo (Peru) and Vassouras
(Brazil), and ionosonde data (including the SUNDIAL spread-F
index) for the F-region ionosphere above C. Paulista (Brazil), for 6-
7 October 1984, (UT = LT + 3 h).
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Figure 14

Jicamarca radar plot of reflected energy
from domains of 3-m plasma irregularities
during the equatorial spread-F event of 6-
7 October 1984 (UT = LT + 5 h).

Further evidence for the penetration of increased
electric fields to low latitudes (resulting from the
onset of events on the night of the 6th) is presented in
figure 16, where real-height profiles (derived from
ionosonde data) of ionospheric densities show in-
creased F-region heights with each day following the
most quiet period on the 6th. The figure also includes
the very first comparisons of observations with the
first principle code developed by Schunk and co-
workers and with the International Reference Iono-
sphere (Rawer, 1981). The IRI output corresponds to
the Ahmedabad station under conditions of low
sunspot number in the seasonally-averaged October
time frame.

On the first principle code results in figure 16 (and
17), it should be noted that the code output is
sensitive at mid-latitudes to the adopted thermo-
spheric wind pattern, with this test having considered
only the meridional component. The wind model
prescribed a maximum value of 200 m/s at night and a
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Comparison of observed ionospheric height profiles ai Ahmedabad,
India with the « predictions » of the [nternational Reference lono-
sphere (IR1) and the theoretical model of Schunk and co-workers.
The model caleulations are intended to represent the undisiurbed
ionosphere observed on 6 October.
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minimum of 0 m/s during the day. Associated varia-
tions with latitude and longitude are described in
Sojka and Schunk (1985b). At equatorial latitudes the
model predictions are sensitive to the adopted equa-
torial electric field, with this preliminary test employ-
ing the quiet-time model of Richmond et al. (1980).
Comparing the first-principle and empirical model
outputs with the appropriate quiet-day conditions of
6 October favors agreement with the IRI in terms of
the locations of the bottom-side gradient and the F-
peak. Both models predict N,, F, values 2-3 times
larger than observed. Substantially more comparisons
are made in the papers of Wilkinson er al. (1988) and
Abdu er al, (1988) with associated analyses and
recommendations for model refinements.

An enlightening comparison of first-principle code
results with observations at Ahmedabad is presented
in figure 17, where a 24-h plot compares observations
and predictions of f, F, and h,, F,. The comparison
shows a relatively good agreement in peak daytime
values of both parameters but a substantial offset in
the time at which the peaks occur. This initial finding
points to the inadequacy of the empirically-derived

Observations _-'ﬂ'“'
B — P
e g
13
Maodel Rasults
O f.F
12— {3
A =400
= L %
= o = 5
= Ahmedabad Y
o 6 Ocrober 1984 L]
a o B
= 430 _
w 9 E
a %
T <
o @
w d =
I 7 o 300 *
i) W3
E S
= .)';*4
(5]
5 4e
- 250
a
3
] 200
oo oz (17} 06 [ 10 12 14 16 18 20 2 24
75°E MERIDIAN TIME (UT + 5 HOURS)
Figure 17

A 24 h comparison of observed values for f, Fs (critical frequency
corresponding o N, F,) and h,, Fy at Ahmedabad, India with the
thearetical model prediction of Schunk and co-workers.

electric field model (a fundamental input to the first
principle code) and the requirement for its refinement
and more global-scale testing. These efforts and
associated effects on model predictions are reported
on in the paper of Schunk and Szuszczewicz (1988). s

4. COMMENTS AND CONCLUSIONS

The SUNDIAL-84 observations covered quiet and
disturbed conditions, including the passage across the
Earth of a well-defined, co-rotating, high-speed, so-
lar-wind stream, unperturbed by solar flare activity.
This provided a tremendous simplification in identify-
ing cause-effect relationships, and allows some confi-
dence that the results of SUNDIAL-84 analyses can
be applied to other ionospheric disturbances as-
sociated with recurrent solar wind streams and
dynamics in the IMF. Of course, the effectiveness of a
high-speed stream to trigger a major magnetic storm
depends to a large extent on whether the magneto-
sphere experiences extended periods of southward
IMF. The generalization of our results to more
complex solar wind structures must be cautious, but
the first campaign has laid out the baseline phenomen-
ology. Future campaigns will focus on a systematic
study of « seasonal » ionospheric behaviors as we pass
through solar minimum into the ascending phase of
Solar Cycle 22, Figure 18 presents the SUNDIAL
campaign schedule through 1991, with the develop-
ment of coordinated global-scale neutral wind
measurements, incorporation of the thermospheric
NCAR/TGCM (see e.g. Fessen et al., 1986) model,
and intimate participation of satellite programs of
opportunity (as of this writing the VIKING satellite
and ground-based observational programs (Viking
Science Team. 1986) have participated in the Septem-
ber/October 1986 and June 1987 investigations).

In SUNDIAL-84, measurements and models pointed
to a coupling of processes involving a solar coronal
hole, an associated high-speed solar wind stream,
dynamics of the interplanetary magnetic field, and
magnetospheric-ionospheric coupling to the equatorial
ionosphere, where penetrating electric fields partici-
pated in triggering the most disturbed condition of
equatorial spread-F ever recorded by the Jicamarca
Observatory. The correlation of events also included

1984 1988 1987 1988 1989 1990 1991
1369 121369121 369121369121 36891213609 121356 9 12
A A A CA A A A A A
SEPTEMBER =
EQUINOX ° ®
M. SUMMER . .
Figure 18 S WINTER
SUNDIAL campaign schedule up to and
including the maximum of Solar Cy- MARCH . .
. Ty : ] ok EQUINOX
cle 22, Each campaign involves a mini-
mum of 8-days of continuous ionosphere
observations. The campaign of Septem- 3. SUMMER
ber 1986 was 14 days in duration and W WINTER i .
included the eclipse of 3 October 1980.
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sustained high-latitude energetic particle precipitation
power greater than 70 GW (4= K, =15") and an
associated cross polar potential about 75 kV ; and the
global nature of the coupling processes was
documented by simultaneous observations of F-region
dynamics at the American, African, Indian, and
Southeast Asian stations in the SUNDIAL network.
Under the quiet-time conditions of the first two days
of the campaign. comparisons of ionospheric data
with the empirical models of Chiu and the. Inter-
national Reference lonosphere (IRI) favor the IRI
(Schunk and Szuszczewicz, 1988) while similar com-
parisons with the global-scale ionospheric model of
Schunk and co-workers pointing to requirements for
an improved specification of low-to-equatorial electric
fields and global-scale thermospheric winds.

As we look forward to follow-on campaigns, the
decline of Solar Cycle 21 continues into its minimum
of activity (see fig. 7). The years 1984-1986 may be
compared with 1973-1975 of Solar Cycle 20 (although
a closer correspondence would be to 1962-1964 of
Solar Cycle 19 as discussed earlier).

Solar and interplanctary observations in the previous
solar cycle can provide a useful perspective on upcom-
ing conditions. During 1973-1975, the interplanetary
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