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ABSTRACT

Incoherent scatter radar measurements of the ionospheric electron
density, electron and ion temperaturg and vgrtical ion drift made at
the Millstone Hill Observatory <42-6—N,—71.5-W) were used to derive C:>q ;
the neutral temperature and a measure of the neutral winds in the
mid-thermosphere. 5 Neutral densities for all calculations were taken
from the MS;§,mddé1 of Hedin et al (1977). The experimental data was
applied/tﬁ’the dynamic model of Emery (1978) to obtain the diurnal
pattérns of the zonal and meridional winds.

Over the six year period 1970, near solar maximum, through 1975,
at solar minimum, 83 days of diurnally averaged winds were examined
to determine if there was a change in the seasonal variation in the
circulation as solar activity decreased. It was found that the mag-
nitude of the seasonal variation in both the zonal and meridional
winds remains about the same, although the winter averaged winds
become more poleward near solar minimum. consistent with the model
of Roble et al (1977).

For several geomagnetically disturbed days examined, it was
found that the diurnal wind pattern was significantly different from
quiet days. The nighttime meridional winds were markedly stronger
equatorward and the zonal winds tended to be more westward.\ Also,
the neutral temperature showed periods of large enhancement/during
the night, indicative of the transport of auroral heating to mid-
latitudes by the strong winds. There was a consistent evidence of
an equatorward surge-in the meridional winds near local midnight on
disturbed days.

‘>, In the analysis procedures, it was demonstrated that frictional
heating by the neutrals is an important factor in deriving the neutral
temperature from the ion heat balance equation. It was also shown
that electric field effects are important in the derivation of winds
during disturbed periods.
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THE DEPENDENCE OF THE CIRCULATION OF THE
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ABSTRACT

Incoherent scatter radar measurements of the ionospheric parameters
electron density, electron and ion tempetature, and vertical ion drift
made above the Millstone Hill Observatory (42. 6° N, 71. 5° W, 57°N invariant
latitude) are used to derive the neutral parameters of exospheric temper-
ature, T, and the horizontal component of the neutral wind along the
magnetic “meridian. These data were used in a semi-empirical dynamic
model of Emery(1977) to calculate the zonal and meridional winds in the
thermosphere. Neutral densities required in the calculations were
derived from the mass spectrometer/incoherent scatter (MSIS) model of
Hedin et al (1977).

The present analysis included data taken in 1972 through 1975 to
which was added the 37 days in 1970-1971 analyzed by Emery (1977) to
give 83 days of observations over the six year period 1970, near solar
cycle maximum, through 1975, at solar minimum. The dynamic model inte-
grates the momentum equations over a 24 hour period in the height range
120 to 600 km The primary output from the model is diurnal wind pat-
terns at 300 km and the diurnally averaged mean of each component at 300
km.

Considering the changes in the seasonal variation of the diurnally
averaged winds, it was found that the annual variation in both the
meridional and zonal velocities stayed about the same through the solar
cycle, at 57 and 30 m/sec, respectively. The annual mean meridional
wind did decrease from 15 m/sec equatorward near solar maximum to about
0 m/sec at solar minimum. The annual mean zonal wind stayed about the
same at 2—3 m/sec westward. The approximately constant value of the
annual mean, and the increase in the poleward mean wind in winter near
solar minimum aré consistent with the model predictions of Roble et al
L, (1977). A comparison of the diurnally averaged winds with the auroral
electrojet (AE) index showed a generally linear trend of more westward
average winds as AE increases. Near equinox the meridional winds showed
a weak trend of more equatorward average winds as AE increased, but the
complete data set showed no statistically significant trend.

The solar cycle variation analysis did not consider electric field-
induced ion drifts in any of the calculations. A series of moderately
L disturbed days (AE 2300) was analyzed using a “disturbed" model electric
field. For one disturbed day, there were coincident electric field
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observations which could be applied. The frictional heating of the ions
by the neutral wind was included in the derivation of T, from the ion
heat balance equation. Although the diurnally averaged winds did not
follow the correlation with AE as consistently as the less disturbed
days, the diurnal wind pattern showed clear evidence of increased equa~
torward winds during the nighttime. All the days also exhibited some
enhancement of the nighttime temperature, indicative of a deposition of
heat from high latitudes by the winds. Three distinct features could
be seen in the derived meridional winds, viz. i) enhanced equatorward
winds at night which reflect a planetary scale response to the high
latitude heating, ii) an equatorward surge in the winds near local
midnight that is probably an extension of the midnight surge seen by
Bates and Roberts (1977a) at Chatanika, and iii) equatorward pulses in
the winds and increases in T associated with large scale gravity waves
initiated by onset of separate auroral substorms.

For the one disturbed day for which coincident electric field data
was available, comparison of the winds computed with and without electric
fieldinduced ion drifts showed a clear difference in the structure of
the diurnal pattern of both components. For the diurnally averaged
winds, the meridional wind showed only a small difference of a few
m/sec, while the zonal wind was much more westward when the electric
field was included.
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John V. Evans Senior Lecturer
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1. INTRODUCTION

1.1 General Description and Definitions

1.1.1 The Neutral Atmosphere

The thermosphere is that region of the atmosphere above the
mesopause extending from about 80,k¥ to 600 km. As shown in Figure 1.1,
the neutral temperature profile has a minimum at the mesopause of about
180°K and increases rapidly to reach a limiting value, known as the exo-
spheric temperature, T_. The height at which the vertical temperature
gradient becomes essentially zero is called the thermopause. A region
above which there is a constant temperature arises because the molecular
thermal conductivity eventually becomes very large and can readily
redistribute the small amount of heat absorbed above this level.

The dominant energy source for the thermosphere, and the reason for
the large temperature gradient, is the absorption of solar extreme
ultraviolet (EUV), most of which is absorbed in the region between 100
and 200 km. There are no efficient radiators in the thermosphere so
most of the absorbed energf is transported downward, either by thermal
conduction or by diffusion in the form of potential chemical energy.

The intensity of the solar EUV, most of which is absorbed in the
thermosphere, has much larger variations than the intensity of the
visible spectra which reaches the surface. The total EUV flux is well
correlated with the 10.7 cm solar radio flux, and exhibits two basic
fluctuations, the 27-day variation associated with the rotation of the
sun, and the ll-year sunspot cycle. There are fluctuations within these
periods associated with increases in activity over a period of days and
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with the short-time events such as solar flares. Figure 1.1 shows
examples of how the exospheric temperature and thermopause height vary
with solar activity. At mid-latitudes there is also a seasonal fluctua-
tions of the temperature of about :IOOOK.

Most of the EUV absorption is associated with the photodissociation

and photoionization of oxygen. Dissociation of O, into two O atoms by

2
radiation with wavelengths between 102.5 nm and 200 nm is the primary
heat source between 100 and 140 km. The recombination of oxygen is via

a three body reaction
0+O+M+02+M (1.1)

and requires collisions between two oxygen atoms and another molecule.
Above 90 km this recombination rate is very slow. The downward diffu-
sion of atomic oxygen to lower altitudes where it recombines more rapidly
is one source of heating for the upper mesosphere.

Besides being an energy source, the dissociative process plays a
role in determining the neutral density of the thermosphere. At about
110 km, molecular diffusion becomes larger than eddy diffusion. Above
this region, known as the turbopause, molecular diffusion dominates. To
a first approximation, each constituent will adjust itself vertically in
diffusive equilibrium with a scale height dependent on its molecular

weight

Ht = kT/mig (1.2)

where k is the Boltzmann constant, T the neutral temperature, m, the

i
mass of the ith constituent, and g the gravitational acceleration. At

the turbopause, N2 and o2 are the dominant species, with atomic oxygen

14
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being a minor constituent. Because atomic oxygen has about twice the
scale height of the molecular constituents, it becomes the major consti-
tuent above about 150 km (Figure 1.2). At still higher heights, in the
region known as the exosphere, He and H become dominant.

The exosphere is that region where the neutral collision frequency
is low enough that particlgs whose thermal velocity is larger than the
escape velocity (11.4 km/sec) are able to escape from the atmosphere.
Below this region collisions are frequent enough to maiptain a Boltzmann
energy distribution and the fluid equations can be used to describe the

atmosphere. The "exobase" is generally about 600 km.

1.1.2 The Ionosphere

Photons with wavelengths shorter than 102.5 nm can cause photoioni-
zation of the neutral atoms and molecules. The region of the atmosphere
where the density of these ions is large enough to effect radio trans-
mission is known as the ionosphere and extends from about 60 km upward
to a height at the base of the magnetosphere, generally considered to be
about 1000 km. As shown in Figure 1.3, the peak ion density occurs at a
mid-thermospheric zltitude of about 300 km. Photoionization occurs over
a broader height region than molecular dissociation, though peak produc-
tion is centered at about 150 km. Molecular ions recombine with elec-
trons fairly quickly, while the atomic ions have recombination rates
about four orders of magnitude smaller. The atomic ions are more likely

to react with a neutral molecule to form a molecular ion, e.qg.
0 » N, No' + N (1.3)

This reaction controls the ion concentration profile. As shown in

15 |




1500 -

o
(=
o
i

HEIGHT (kql

500 1

L} \ Ty Ll
0 5 10 -3 15
log10 concentration (cm 7)

Figure 1.2 Vertical profile of main thermospheric

; constituents-

ionospheric electron density
at sunspot minimum

400

o [ night

HEIGHT (km)
N
o
=3
T

1001 J
1/41 A A }
2 3 4 -3 5 6
| log10 density (cm 7) }

: _ Figure 1.3 An idealized electron density distribution
: of the ionosphere at sunspot maximum for a typical mid-

' latitude station. i
: 16\ 5




Figure 1.4, molecular ions 0; and NO+ are the dominant ions in the E
region of the ionosphere (100 - 150 km) where the neutral molecular con-

stituents are relatively abundant. Above about 180 km, the molecular

densities are too small to significantly affect the ion composition, and
d+ becomes the dominant ion. Above about 1000 km, ﬁ+ becomes dominant.
The effect of this atomic-molecular ion separation on the diurnal vari-
ation of the ionosphere is depicted in the sample profiles in Figure
1.3. At night the rapid recombination of the molecular ions results in
the E region almost completely dissappearing. At F region altitudes the
recombination rate of 0+ is much slower, and the nighttime decrease at
the peak is as much due to downward diffusion as to recombination. The
presence of a maximum in the electron density near 300 km represents a
balance between the downward diffusion of ions from F région heights,
where the photoionization rate is higher than the recombination rate,
and the loss due to charge exchange. Because the ionospheric structure
is so dependent on the relative abundance of atomic and molecular con-
stituents and their ratios, it should be clear that any dynamical process
which changes the density profiles of the various neutral constituents
will have a profound effect on the ionosphere.

In the absence of other forces, a éharged particle in a magnetic
field will revolve about the field line with an angular frequency given
by

w = qB/m (1.4)

vhere q isthe charge of the particle, m is its mass, and B the field

strength., Below about 120 km, the gyrofrequency is less than the ion-

I L e
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neutral collision frequency, vin’ so that ions are not forced to spiral
around the field lines and will move across the field lines with the
horizontal winds. Above 120 km, w > Vins 8O it cap be assumed the ions
are constrained to move up and down the magnetic field lines. For

electrons w = v at 90 km.
en

1.2 Purpose of this Research

The primary purpose of this research has been to expand the data
base of experimental observations of F region thermospheric winds, and
improve our understanding of the dynamics of the thermosphere. Using
the data base, an analysis can then be made of the effect fluctuations
in solar activity have on the thermospheric circulation, and the results
can be compared with theoretical models and other observations.

Although absorption of solar EUV is the primary driving force for
the thetmosphetic winds, the deposition of solar wind energy in the form
of Joule heating and particle precipitation into high latitudes can be
more intense per unit volume, albeit over a smaller portion of the
earth's surface. Such relatively large amounts of energy deposited over
a small range of latitude can have dramatic effects on the winds on 2
global scale. The transport of this high latitude heating by the winds
to lower latitudes and the accompanying redistribution of the neutral
constituents can also have global effects.

There_hnve been two basic goals of the analysis presented here. The
first 1s to extend tﬁe results obtained by Emery (1977) for the years
1970 1971 through 1975 to determine if there is any variation in the

diurnally averaged mid-latitude winds as solar activity decreases. This
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six year period extends from near solar cycle maximum to solar cycle
minimum. Emery placed particular emphasis on the seasonal variation.
Ionospheric variations over the solar cycle suggest that these seasonal
variations should exhibit a change with sunspot cycle. Also, the semi-
empirical model of Roble et al (1978) predicts a change in the strength
of the circulation. The results obtained here permit these predictions
to be tested.

A second goal has been to examine the effect of high latitude
heating on the mid-latitude circulation, both generally, in terms of
changes in the zonally averaged winds, and more specifically, in the
changes in the diurnal circulation pattern, including electric field
effects, and how these variations can be related to different high
latitude phenomena. These differences will be related to observed
ionospheric chanées and satellite measureﬁents of variations in neutral
density.

The primary data source for this research is measurements of the
ionospheric parameters electron density, electron and ion temperature,
and vertical ion drift between 225 and 1000 km made at the Millstone
Hill Incoherent Scatter Radar (42.6° N, 71.5° w, 57° N invariat latitude)
located in Westford, MA.

Chapter 2 gives a brief review of thermospheric dynamics and cur-
rent understanding of the effects qf geomagnetic disturbances. Chapter 3
describes the theory and practice of incoherent scatter radar observa-
tions and the specific data that is gathered at the Millstone Hill

Radar. The procedure used to derive neutral parameters from the iono-
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spheric measurements is explained in Chapter 4 along with a brief des- H
cription of the model used to compute neutral winds. New types of data 1
and new analysis techniques which were included in this research are
discussed in Chapter 5. The results of the solar cycle variation in the
seasonal pattern of the F region thermospheric circulation are presented 1
in Chapter 6 with a comparison with other measurements and models. The
deviation of the diurnally averaged winds from the normal pattern caused
by high latitude events is also presented. In Chapter 7 there is a
detailed examination of how the diurnal wind pattern cﬁanges during

geomagnetic disturbances. Chapter 8 provides a summary and suggestions

for future work.
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2. REVIEW OF THERMOSPHERIC DYNAMICS

2.1 Models of the Global Circulation

In the early 1960's, the developement of global models of the
thermospheric. neutral density and temperature deduced from satellite
drag observations provided an opportunity to make a theoretical analysis
of the F-region circulation. ﬁsing diurnal temperature and density
variations derived from the atmospheric model of Jacchia (1965) to
compute the pressure force and a simple model of the ion densities, Kohl
and King (1967) and Geisler (1967) developed semi-empirical models to
calculate neutral winds using the linearized equations of motion. These
equations included two terms not normally included in models of the
troposphere and middle atmosphere. The first was an ion drag term.
Since the ions are bound to the magnetic field lines at F-region alti-

tudes, they impede the motion of the neutral wind across the field lines

via ion-neutral collisions. The second was the molecular viscosity

term, with the vertical gradient of horizontal velocity being the most
significant. Viscosity is not important in the balance of forces, but
it establishes the upper boundary condition. The exponential growth of
the coefficient of molecular viscosity with height requires that 23U/3z -+
0 as z + 600 km, their upper'boundary. The lower boundary condition was
U=0 at z = 120 km. (This is not thought to be the real situation, but
better boundary conditions were not known.)

The basic results of these two models was to establish the impor-
tance of ion drag in thermospheric dynamics. The first order balance in

the momentum equation is between the pressure and the ion drag terms.
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Figure 2.1 Depiction of the day-to-night global thermospheric
wind pattern. (From Blum and Harris, 1975).
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Rather than a geostrophic flow, as in the lower atmosphere, the thermo-

T

o

spheric winds blow in great circle paths along the pressure gradient

o~

from the high pressure on the day side to the low pressure on the night
side (Figure 2.1). One effect of these F-region winds is that the
poleward daytime winds drive the ions down the field lines while the
equatorward nightime winds drive them up the field lines, so that much
of the diurnal variation in the height of the peak, hmFZ, can be ex-
plained by the neutral wind effects (King et al, 1968).

Kohl and King (1967) used an ionospheric model which was indepen-
dent of local time and latitude. Geisler (1967) used an icnospheric
model with different day and night values, and his computed winds indi-
cated that the reduced nighttime ion densities would lead to stronger
nighttime winds, and, when averaged over 24 hour, the net meridional
winds would be equatorward. _ »

More sophisticated semi-empirical models have since been developed.
Blum and Harris (1975, 1975a) have solved the complete non-linear momen-
tum equations, including the advection terms and the horizontal gradients
of velocity in the molecular viscosity term. The driving forces were
derived from the Jacchia (1965) model atmosphere, but a more realistic
ionospheric model of Nisbet (1970) was used. Their results did not
differ significantly from the general pattern already computed, although
the phase and amplitude of the diurnal wind pattern was altered slightly
by the non-linear effects. One interesting observation was the inverse
relationship between the strength of the winds and the solar activity.

With decreasing F 7 the ion densitiés decreased, which meant a smaller

10.
24

|

i

!
;. - v RGO, P e, ','Eﬁg,,.;';k-wi.év.‘,m\}g T Y Py
s A LT R T T 2

" Ry - . N S Eo o Wity

= mam.

= A
-,




ion drag cocfficient and larger velocities required to balance the
pressure force. This result was probably due to the relative simplicity
of the atmospheric and ionospheric models. As has been found in more
recent models and as will be shown in this research, such an increase in
the winds apparently does not occur. Using a Galerkin method to solve
the momentum equations, Creekmore et ai (1975) employed an improved
Jacchia (1971) model and a newer global ionospheric model of Ching and
Chiu (1973) in calculations which also confirmed the earlier results.
The Jacchia model assumes the diurnal temperature and density

variations were coincident. Incoherent scatter results, however, have

shown that the temperature maximum occurred 2 - 3 hours after the pressure

maximum (Salah and Evans, 1973). It was suggested that the transport of
heat from the region of highest temperature by the winds could account
for this effect. This was explored by Straus et al (1975), who deriveh
the pressure force in a self-consistent manner using the solar EUV flux
to compute the temperature variation. They found a phase difference
between the temperature and density maximums in the afternoon, with the
temperature maximum occur-:ing an hour or more later than the density
maximum., As discuseed below, it is now believed that the transport of
light constituents (0 and He) from the most heated regions towards
cooler regions is the major contributor to this phase difference.

Straus et al (1975) also found that the observed EUV flux was too
small to réproduce the winds calculated using the semi-empirical moael,
and in particular, the model could not reproduce the day-night asymmetry

in the meridional winds. Compared to observations, the meridional
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pressure gradients were too strong (the pole was too cold), and the
diurnal temperature variation was too large, suggesting the presence of
another heat source (specifically Joule heating) at high latitudes. To
test the effect of the Joule heating, Straus et al (1975a) added a
simple parameterization of high latitudg heating to the model. With the
addition of this heat source, the pressure gradients and calculated
winds were brought into better agreement with previous empirical models,
and the redistribution of the high latitude heating to lower latitudes
through adiabatic warming brought the diurnal temperature variation into
better agreement with observations.

One of the most sophisticated self-consistent models of the F-
region energetics has been developed by Roble (1975). His model includes
the most recent theoretical understanding of the photochemistry and heat
balance of the F-region, including detailed calculations of heat trans-
port and secondary ionization by fast photoelectrons, and of excess
energy from chemical reactions. Roble found that observed EUV fluxes
(Hinteregger, 1970,1976) were about a factor of two too small to repro-
duce observed electron, ion, and neutral temperatures. Dickinson et al
(1975, 1977) and Roble et al (1977) used the neutral gas heating from a
self-consistent model to compute the driving force for a model of the
zonally averaged thermospheric circulation from the jointly solved
dynamic equations of motion and the thermodynamic equations. A phenome-
nological model was used to describe the neutral density (first the
0GO-6 model of Hedin et al (1974) and later, the improved Mass Spec-

trometer/Incoherent Scatter (MSIS) of Hedin et al (1977a,b)). The zonal
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momentum force which arises from the asymmetry in the ion density and

the ion drag was computed using the ionospheric model of Ching and Chiu

(1973). High latitude Joule heating was derived from scaling a global
estimate obtained by Roble and Matsushita (1975). The actual magnitude
of the Joule heating was adjusted to give resultant winds which matched
observations, in particular those at Millstone Hill. The results of
Dickinson et al (1975,1977) considered the solstice and equinox circula-
tions at solar maximum. Figure 2.2 shows the zonally averaged mass flow
in one hemisphere for equinox, assuming only EUV heating at solar maxi-
mum. In Figure 2.3, the high latitude heating has been included and is
seen to produge a large reverse circulation at the pole which results in
a net equatorward flow at mid-latitudes. The size of this reverse cell
is dependent on the magnitude of the Joule heating. On a global scale,
the net transport at the F-region heights is balanced by a return flow
in the lower thermosphere.

Roble et al (1977) included latitudinal variations in EUV flux and
Joule heating to simulate the seasonal transition in the circulation. Iu
Figures 2.4,the traiasition from the symmetrical equinoctial circulation
to an asymmetric summer-winter pattern is shown to occur over a period
of about three weeks. This suggests that a midlatitude station, such as
Millstone Hill, should observe two basic circulation patterns at F-
region heights: a winter pattern with weak poleward mean meridional

flow, and a summer pattern with stronger equatorward mean meridional

g

flow. At the transition around equinox, the iength of the tranmsition
period was sensitive to the level of Joule heating, i.e. geomagnetic

activity.
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Roble et al (1977) also examined the solar cycle effects on the
circulation by varying the heating to simulate changes in the levels of
solar and geomagnetic activity. At solar minimum conditions, with
reduced EUV heating and reduced Joule heating, the model calculation for
solstice showed the winds to be only sl;ghtly weaker than for solar
maximum. The most significant difference at solar minimum was in the
effect of the high latitude heating. The high latitude heat source in
the winter hemisphere was too small to drive a reverse cell, so the
global circulation becdmes one large Hadley cell (Figure 2.5).

The nature of this thermospheric circulation has ramifications on
the global composition at ionospheric heights. Since the density of the
various constituents at any height'is temperature dependent, the combina-
tion of higher temperatures (and hence densities) in the summer hemi-
sphere and a net flow into the winter hemisphere results in the transport
of the lighter constituents (primarily O and He) from the summer to the
winter hemisphere. H. G. Mayr has termed this process "wind diffusion."
Figure 2.6, taken from a review of thermospheric dynamics by Mayr et al
(1978), gives a schematic picture of this process for the minor consti-
tuent helium. At F-region heights O and He densities are larger than
“2‘ Once the O and He are transported to the winter hemisphere, they
will diffuse downward in order to reach diffusive equiiibrium in the |
presence of the colder winter temperatures. The return. flow from the '
winter to the summer hemisphere is in the lower thermosphere. Since O
and He have larger scale heights, their transport in the F-region is no%

offset by an ~qual return flux in the E-region, and this difference can “
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WIND INDUCED DIFFUSION
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Figure 2.6 Schematic diagram depicting how wind induced diffusion
results in a net transport of a minor constituent from the summer

to the winter hemisphere. (From Mayr et al, 1978) |
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can be maintained because O and He will have to diffuseé through the
heavier constituents (Nz),a process which is impeded by collisions. The
result is that there is a net deposition of O and He at F-region heights,
resulting in the "oxygen anomaly" and the "helium bulge." Since the
photochemistry and ion composition are dependent on the neutral composi-
tion, the wind diffusion can have an effect on energetics. Thus there
is an important coupling between dynamics, mass flow, and energetics
(Mayr et al, 1978).

As already noted this inter-relation is significant on a daily
basis as well. Using their own thermospheric model (Harris and Mayr,
1975), Mayr and Harris (1977) have examined the diurnal compositon
varations, including the effects of wind diffusion. They were able to
reproduce the observed diffference in the times of maxima of the temp-
erature and the abundances of NZ' 0, and He. These phase differences,
particularly between O (about 1300 LT maximum) and 02 and Nz (about 1500
LT maximum) account for the difference in the phase of the temperature

and density found earlier from comparihg ISR data and empirical models.

2.2 High Latitude Dynamics

Although some of the global models discussed have included some
parameterization of high latitude Joule heating in determining neutral
gas heating and pressure forces, none have dealt with the complete
dynamics and energetics in an explicit manner. In particular, the models

have ignored the effect of electric fields on the ion velocity. Assuming
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that the ions are bound to the magnetic field lines is equivalent to :

saying that the ion velocity is zero in the local frame of reference, 1

i.e. the field lines rotate with the earth. Electric fields (E) which
are perpendicular to the magnetic field (B) produce an ion drift velocity
which is perpendicular to both E and B (E x B drift). Since the ion
drag term in the momentum equation and the Joule heating term in the
thermodynamic equation depend on the difference between the neutral and
ion velocities, a non-zero ion velocity will effect both these terms.

At low and mid-latitudes, E-fields are primarily of dynamo origin on the i
dayside. The origin of the nightime fields is more complicated and as
yet unclear, but the magnitude of-tﬁe fields during most of the day is 1

~ relatively small and the effect of the induced ion drift velocities is

generally negligible. At high latitudes, the drift velocities are
significant because of the large E-fields. During geomagnetic distur-
bances the drift velocities can be as large as 2000 m/sec, or more than
twice the speed of sound for the neutral gas. A complete analysis of
the high latitude dynamics muét include the drift velocities in both the
energy and momentum equations.

In thé auroral'fegions and the polar cap, the ﬁ&gnetic field lines
-no longer corotate with the earth. Through the interaction of the
earth's magnetic field and the interplanecary magnetic field (IMF) of
solar origin, the high latitude field lines are convected anti-sunward

across the polar cap by the solar wind and then return sunward in the

T ———

auroral regions. Or equivalently, the convective electric fields created

by the interaction of the earth's field and the IMF, plus the field
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'created by the corotation of the lower latitude field lines inside the

magnetosphere, produces convective ion drift velocities. This magneto-
épheric convection pattern consists of two vortices (Figure 2.7). In
the dawn and dusk sectors the convective flow is againgt the normal day-
to-night neutral wind circulation.

Straus and Schulz (1975) and Maeda (1976,1977) have developed three
dimensional models of the high latitude region. Maeda solved the coupled
ion and neutral momentum equations considering only ion drag momentum
transfer in the neutral momentum equation. He found that the ion drift
velocities were actually large enough in the dawn and dusk sectors to
reverse the neutral wind flow at F-region altitudes. In fact, the
neutral winds were essentially the same as the ion drift velocities,
with a slight deflection due to the coriolis force, and a smaller
magnitude, particularly at night when the ion densities are smaller.

The spectral model of Straus and Schulz (1975) not only included
the effects of ion drag, but also the heating due to both solar EUV
absorption and Joule heating, to obtain a self-consistent solution of
the neutral gas momentum and energy equations. Their model also found
that the convective ion drag force‘at auroral latitudes could reverse
the normally eastward n;utrnl winds in\the dusk sector when the E-field
was large enough (E 2 75 nV/n){ In the dawn sector, the ion dgnsity is
decreased and so the ion drag has a smaller effect. Since the convec-
tive flow is essentially zonal at auroral latitudes, the effect of the
ion drag'is to decrease the meridional component of the wind. The model

also produced large upward vertical velocities in the region of maximum
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Joule heating, indicative of expansion of the thermosphere and adiabatic
cooling. The increased equatorial winds and adiabatic warming due to
subsidence at lower latitudes results in transport of the heat to lower
latitudes and a global temperature increase (Straus, 1978). The response
of this model to the effects of magnetospheric convection was less
dramatic than models which only include one aspect of the problem, such
as Maeda (1976, 1977), or Richmond and Matsushita (1975), who just
looked at the effect of Joule heating. In his review of high latitude
dynamics, Straus (1978) emphasizes that the complete dynamics, energetics
and mass flow must be considered, s}nce the total interaction will
result in a redistribution of the steady-state pressure field and the
computed winds. A clear understanding has not been developed of this
complex problem. The fact that the auroral region dynamics is dependent

on both local and universal time, further complicates the analysis.

2.3 Observations of the Thermosphere

Much of the earliest ideas concerning thermospheric dynamics were
inferred from observations of the ionosphere. The diurnal variation in
hmFZ can be partially explained by the day-to-night global wind pattern,
( E-fields also play a role in the lifting and depressing of the iono-
sphere.) The oxygen anomaly was first recognized from a variation in the
peak density, NmFZ, with season, and the enhancement of oxygen in the
winter hemisphere was proposed as an explanation, suggesting that there
was a seasonal variation in the thermo;pheric circulation.

Even today there are only a few methods for measuring thermospheric

winds. Barium or strontium cloud releases provide a means of observing
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Figure 2.7 Qualitative view of the global winds, including the effects
of electric fields, proposed by Fedder and Banks (1972).
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both the neutral and ion velocities, but these experiments are limited
to the dawn and dusk sectors or the high latitude regions of the summer
hemisphere (Merriwether et al, 1973; Kelley et al, 1977). Nighttime
measurements of the temperature and velocity can be derived from the
Doppler broadening and shifting of the 63008 atomic oxygen airglow using

Fabry-Perot interferometers (Hays and Roble, 1971; Nagy et al, 1974).

- The maximum intensity for this line occurs at about 250 km. The compo-

nent of the neutral wind along the magnetic meridian can be deduced from
incoherent scatter radar (ISR) measurements (Vasseur, 1969; Evans,
1971,1972b). The neutral temperature can also be derived from the ISR
measurements of ion and electron temperature. When these derived winds
and temperatures are applied to a semi-empirical model, the meridional
and zonal winds for the particular observing location can be calculated
(Salah and Holt, 1974; Roble et al, 1974). Recently there have been a
few satellite experiments to measure the winds directly, but the accu-
racy of these measurements is still uncertain (Spencer, private commu-
nication).

The results of these measurements have gengrally confirmed the
model winds. In fact some of the models have béen tuned to reproduce
the observations, é.g. Dickenson et al (1975). The seasonal wind regimes
have been seen in airglow.measurements by Hernandez and Roble (1976) and
in winds derived from ISR by Antonaides (1976), Roble et al (1977), and
Emery (1977). Figure 2.8 compares the meridional wind measured at
Millstone Hill for a winter and summer day. At midlatitudes in winter,

the meridional winds are aouthﬁard only for a few hours between 2200
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Figure 2.8 Comparison of the meridional component of the thermospheric
wind observed over Millstone Hill on a summer and winter day in 1970.
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hours and sunrise, whereas the summer winds are predominantly south-
ward for most of the day except for a few hours near noon. This gives
rise to a diurnally averaged meridional flow which is nearly zero or
slightly poleward in winter and equatorward in summer. The diurnally
averaged zonal winds are normally westward in summer and eastward in
winter. The seasonal variation in the meridional winds is also seen in
the summer-winter difference in the diurnal hmFZ and NmFZ patterns. To
date, the largest data sample of thermospheric wind measurements has
been compiled by Emery (1977) from observations made at the Millstone
Hill ISR. The analysis included 39 days of data taken over a two year
period 1970-1971 near solar cycle maximum. The results clearly showed
the seasonal variation in the diurnally averaged winds. There was also
evidence of the modulating effect of geomagnetic activity. Hernandez
and Roble (1977) have presented a year of nighttime observations of
winds and temperatures made during solar minimum. Using a model for
daytime winds and adding the observed nighttime winds to obtain a diur-
nally averaged value, their results support the conclusions of the model
of Roble et al (1977) that the solstice circulation at solar minimum is
a large Hadley cell with no reverse cell in the high latitude winter
hemisphere.

Satellite composition measurements have confirmed the existence of
the oxygen gnomaly and helium bulge. Figure 2.9 shows the measurements
made by 0GO-6 (Hedin et al, 1972). The helium densities are obviously
out of phase with O, N2' and temperature. The winter oxygen densities

are larger than would be expected from diffusive equilibrium considera-

)
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tions using the measured temperature. Nisbet and Glenar (1977) used
0GO-6 measurements of O and N2 plus rocket release measurements at high
latitudes to compute the divergence from the polar cap. They found a
net divergence of 0, indicative of mass flow and energy transport from
the auroral regions, with the most pronounced effect in the post-mid-

night sector.

2.4 Geomagnetic Disturbances

2.4.1 Changes in the Ionosphere and Neutral Composition

During geomagnetic disturbances great amounts of energy are deposi-
ted in the thermosphere at high latitudes in the form of botﬂ Joule
heating and particle precipitation. The particle precipitation not only
adds energy through collisional heating of thé ambient gases, but also
increases the ion density through ionization. The increased ion densi-
ties, primarily on the nightsidé, combined with the increased convective
electric fields, mean the -Joule heating is greatly enhanced. These heat
sources can locally exceed the EUV and UV heating which normally drives
fhe circulation. Since'fhe EUV heating varies only slowly with latitude,
this high latitude energy deposition, which is confined to a relatively
narrow latitudinal belt, can have effects on the‘circulation which can
be quite large. :

The earliest ideas on geomagnetic storm effects on the global cir-
culation were derived from departures of the ionospheric hmFZ and NmFZ
from their normal diurnal patterns. Increased high latitude heating

will cause the meridional winds to become stronger equatorward and will
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drive the ions dp the field lines. Spurling and Jones (1976) have
argued that most of the stormtime lifting of the F—regiog is due to
winds. This lifting will be most pronounced during the nighttime, when
the winds are already equatorward. Using ionosonde observations, Novikov
(1976) has found the lifting to be largest in the post-midnight sector.
Although the thermospheric circulafion probébly plays the dominant -
role in determining the global nature of the ionospheric storm, electric
field and plasmaspheric effects are still important. The large increases
of hmFZ and NmFZ in the dusk sector on disturbed days are probably due
to these effects (Evans, 1970). Analysis of whistlers by Park (1970,
1976,1977) and Park and Meng (1971) also suggest a plasmaspheric coupling.
East-west electric fields they observed in the plasmasphere correlate -
with stormtime motions of hmFZ. At night, a global lifting of the hmFZ
and a decrease in NmFZ in the 12 hour period after a substorm onset has
been observed by Kane (1973); and Van Zandt et al (1971) observed a
lifting in the post-midnight sector (normally a period of downward
motion of the ionOspheré during disturbed periods because of westward
electric fields) coincident with the maximum in the H-component of the
magnetic field after substorm onset. Both of these effects may be due
to electric fields, perhaps of magnetpspheric origin, penetrating into
the plasmasphere down to low latitudes. Unfortunately, mid-latitude
electric fields are generally below the threshold levels of present
satellite 1ﬁatrumentation (=10 mv/m), even during disturbances, and
other measurements, such as ISR and barium releases, are limited, so a
precise understanding of the electric field and the resulting dynamical

behavior of the ionosphere and thermosphere has yet to be obtained.
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The ionospheric storm response to an auroral disturbance typically
has two phases (Rishbeth and Garriot, 1969), which are primarily seen at
mid-latitudes. In the positive phase there is a lifting of the hmFZ and
a daytime increase in NmFZ and total electron content (TEC). This phase
is more pronounced in the winter hemisphere. The negative phase of the
ionospheric storm is a marked depression in NmFZ (or foFZ) and TEC
values on the day following the storm onset and lasting 1-3 days (Figure
2.10). This effect is most evident in the summer hemisphere. It is
generally agreed that changes in the circulation and in the composition
are primarily responsible for the negative phase (Rishbeth, 1975). 1In
the summer hemisphere, the increase in the auroral heating reinforces
the equatorward winds, giving rise to increased transport of O to produce
a net decrease in the OIN2 ratio and a lower ion density. This factor
more than compensates for the lifting of the ions by the equatorward
winds to high altitudes where the recombination raté is low, so the
seasonal and geomagnetic storm transport of O reinforce each other. In
the winter hemisphere, the ion density is already'large due to the
winter oxygen anomaly, and auroral heating is either less intense or
confined to a smaller area, so that global changes areless pronounced
(Prolss, 1977).

Models of the thermospheric responsé to increases in auroral heating
have been developed by Mayr and Volland (1973) and Mayr and Hedin (1977)
and have produced composition changes which are compatible with those
inferred from the ionospheric behavior. In addition; there have been
several published reports of in situ observations of composition changes

associated with geomagnetic disturbances (Jacchia et al, 1977; Marcos et
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Figure 2.10 Effects of the positive and negative phases of an ionospheric
storm reflected in the Wallops Island foFZ and the Hamilton, MA, total elec-
tron content. There is a large increase in both values above the monthly.

average (dots) on the day the storm begins, while the values are considerably
depressed on the day after the storm onset.
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al, 1977; Trinks et al, 1977; Nisbet et al, 1977; Chandra and Spencer,
1976; Trinks et al, 1976; and Raitt et al; 1975). These observations
generally show increased Nz densities, coincident with the local time
sectors of maximum Joule heating, depletion of O and He at the poles and
a decrease, or at least no change, inAO and He densities at mid-latitudes.
The net effect is a decrease in the 0/N2 ratio at mid-latitudes and an
increase in O and He at equatorial latitudes.

The present discussion has dealt with the global scale ionospheric
storm. Isolated auroral substorms often have only geographically local-
ized effects. Park and Meng (1976) have examined four isolated sub-
storms and found that only the longitudiﬁal belt which was in the noon
sector during the substorm showed ionospheric substorm effects. They
suggest that the heating near the cusp region may provide the important
dynamic forcing during the substorms, even though the more obvious
substorm effects are seen in the nighttime auroral region. There do
appear to be "storm centers" and "magic hours" which show larger effects
than the global response and are dependent on geographic location and
onset time of the storm (Rishbeth, 1975).

Chandra and Spencer (1976), Prolss (1977), and Prolss and von Zahn
(1977) have compared both ionospheric measurements of hmFZ and NmFZ and
satellite composition data: They found the disturbance boundary extends
to lower latitudes in the summer hemisphere while the effects are con-
fined to high latitudes in the winter hemisphere (Figure 2.11). The
disturbance in the winter hemisphere has a sharp boundary, even though

the variation in the 0/N2 ratio can be'quite large. The disturbance
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boundary in the summer hemisphere has a gradual slope. These observa-
tions are consistent with the positive-negative phases of the ionospheric
storm and are quite compatible with the summer-winter circulation pattern

which is observed and predicted by the models (Figure 2.5).

2.4.2 Changes in the Neutral Circulation

The most striking observation of stormtime neutral winds is a surge
in the equatorward wind near local midnight. A.féw observations of this
phenomena have been reported by a number of investigators using different
techniques: Barium/Strontium releases near 67° N (~ 225 km) for two
active days (Kelle§ et al, 1977); FabryPerot interferometer measure-
ments of 63008 airglow (~ 250 km) at Fritz Peak for four disturbed days
(Hernandez and Roble, 1976); and also reported by Hays and Roble (1973)
and W. A. Biondi (private communication); using the Chatanika ISR Bates
(1977) and Bates and Roberts (1977) observed a southward midnight surge
coincident with the passage of the Harang discontinuity overhead, the
8 . = sth of the surge dependent on K_.

Another significant stormtime effect is an observed westward and
southward wind in the dusk sector reported by Hernandez and Roble (1976b).
This coincides with the large westward ion drifts observed by Evans
(1972), with the ion drag apparently reversing the normally eastward
winds, and is most likely an electric field effect.

There are no puSlished observations gf dayside neutral winds during

disturbed periods and the effect the disturbance might have is unclear.
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2.5 Gravity Waves

The primary focus of this research is the effects of changes in
solar and geomagnetic activity on the global scale thermospheric circu-
lation. However, another important aspect of the effects geomagnetic
activity has on the thermosphere is the large scale gravi;y waves which
are launched from the auroral zone by sﬁbstorms (Prancis,V1975). The
effects of these waves on the mid-latitude ionosphere as they travel
equatorward have been observed for many years and are known as traveling
ionospheric disturbances (TIDs). Francis (1975) has presented a review
of gravity wave theories and observations. No attempt will be made to
analyze in detail the gravity wave effects, although the evidence of
their effects on the derived neutral winds and temperatures will be
presented and compared to other changes in the large scale circulation.

Large scale TIDs typically have horizontal speeds of 400 to 1000
m/sec, periods of 30 minutes to 3 hours, and wavelengths of 1000 km.
Rather than a wave train, it appears tha£ the TID is a single wave
pulse. Theoretical models used by Testud et al (1975) and Richmond and
Matsushita (1975) which include dissipative effects, produce results
compatible with ISR observations, both of which support the single pulse
theory. Richmond (1978) has found that either thermal forcing (Joule
heating) or momentum forcing (Lorentz force) can provide sufficient

energy to produce the wave, although Joule heating is probably more

important for larger events. There is ample evidence (e.g. Testud et

al, 1975; Roble et al, 1978) which relates each TID to a particular
substorm onset, implying that the apparent wave trains with periods of
50
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1-3 hour# observed by early investigators are merely series of single
pulses initiated by individual substorms, which typically recur at 1 - 3
hour intervals during very active periods.

The signature of the TID in ionosonde and TEC measurements is a
wavelike lifting and falling of hmFZ and an increase in foFZ and TEC.
ISR observations also detect an increase in ion temperature and the
upward ion drifts coincident with the lifting of the hmFZ. This latter
effect is related to the equatorward pulse in the winds which drives the
ions up the field lines.

The exact source of the waves is unclear. Davis and DaRosa (1969)
extrapolated the path of TIDs measured at mid-latitudes and found the
direction and speed of the waves consistent with a source at 1900 geomag-
netic time and a 78° N latitude. Testud et al (1975) found that gravity
wave effects they observed during the day were probably from a source on
the day side, most likely the cusp region. They concluded that gravity
waves are generated in the same auroral sector in which the TID is

observed.
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3. OBSERVATIONAL TECHNIQUES

L e

3.1 Incoherent Scatter Radar Experiment

A detailed discussion of the theory of{Thomson, or incoherent,

scatter radar (ISR) and its application to the study of the earth's

—~
I————

ionosphere can be found in reviews by Evans (1969,1974). This section |

will give a brief description of the basic theory and the basic data

which can be obtained. i
J. J. Thomson, the "discoverer" of the electron, observed that

electrons can scatter X-rays. In general, the theory of electron scat-

tering applies to all electromagnetic radiation. The radar cross-

section of a free electron is given by
0 = 4r r’sin’y (3.1)
e e
where r, is the classical electron radius and ¥ is the angle between

the direction of the incident electric field and the direction to the

observer. For backscatter, ¥ = n/2. In the ionosphere, the random

thermal motion of the eMctrons will result in the scattered signals

having phases which vary with time and are not related to each other,

suggesting the name incoherent. ]
If the electrons alone are considered, the spectrum of the scattered

signals should have a Gaussian distribution with a half-power width

which depends on the Doppler shift of an electron with the mean thermal

speed of the observed electrons,

52 |
[ i\
I

s s o ik B SR e e
_ -V - P! e Tl 4
Wi h e - ——ta P e 53 i i -




-

3 1/2 : ,
ag_ = (8kT_/m )V %/ A Hz (3.2)

where k is Boltzman's constant, Te is the electron temperature, m, is
the mass of an electron, and A is the wavelength of the incident radiation.
Using a high-powered UHF radar, Bowles (1958) found that the obser-
ved Doppler broadening was much less than predicted using just the
electron temperature. He suggested that the effect of the ions must be
taken into consideration.
As shown by Fejer (1960), the ions are capable of creating electron 4
density fluctuations which have a larger scale than the electron Debye
length, or shielding distance, De' given by

5 2.1/2
De = (eokTe/4ﬂ Ne™) meters (3.3)

where & is the permitivity of free space, N is the electron density,
and e is the charge of an electron. For incident radiation with a wave-
length greater than the Debye length, the interacﬂbn of the ions with
the electrons in the form of ion—acoﬁstic waves will modify the nature
of the scattered signal. The electron Debye 1ehgth in the ionosphere
ranges from less than 1 cm in the E-region to about 4 cm at 1000 km.

The wavelength of the probing signal at the Millstone Hill ISR is 68 cm.
At such long wavelengths, A >> De' so the echo from the pure electron
scattering is a relatively weak, narrow line (plasma line) displaced

from the radar center frequency by i‘fu,_where fN is the plasma frequency
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2 1/2
fN = (Ne /meeo) /2n  Hz (3.4)

Most of the scattered signal power is in the ionic component which has a

Doppler broadened spectrum given by

4 1/2 ‘
Af = +Af (T /)" He (3.5) |

where r

x 1/2
Af, = (8KT;/m,)/“/A Hz (3.6)

with Ti and mi the ion temperature and mass, respectively. In effect,
the scattering is from particles with the temperature and scattering |
cross section of the electrons but the mass of the ions. The power
spectrum of the scattered signal is bimodal (Figure 3.1), with two
maxima, or wings, produced by the waves approaching and receding from
the receiver. The actual shape of the spectrum will depend on the ratio
of Te/Ti' Figure 3.2 shows an example of how the spectrum varies with
Te/Ti. (The ratio De/l also effects the shape of the spectrum and must
be kept separate from the Te/Ti ratio effect.)
Above about 200 km the-dcminant ion is 0'. Below 200 km, the i

presence of molecular ions, NO+ and O;, complicates the data reduction,

since mi now becomes unknown. For the data used in this research, the
measurements were all above 200 km and this was not a problem.
Besides Doppler broadening, the spectrum will also be Doppler |

shifted due to any bulk motion of the ions. For a méan ion drift, V;,
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the frequency shift is given by

Y

AMfy = 2V, k/A Hz (3.7)

where k is the unit vector along the direction of the incident radiation.
The totadl power, Ps, of the scattered signal at some height, h,

seen at the receiver is related to the electron density by
2
Ps = constant*No/h (3.8)

where the constant depends on the characteristics of the radar and ¢ is

the total cross-section attributable to the ionic component

Y
g = (3.9)

2 2
(1 +a7)(1 + Te/'l‘i + d)

in which a =4 ﬂDe/A (3.10)

The basic data which can be deduced using the ISR technique are thus
profiles in height of elactron density, electron and ion temperature and

ion drift.

3.2 Millstone Hill ISR Measurements

3.2.1 "One-Pulse" Experiments

The pulse-length of the transmitted signal, the sampling time of
the received signal, and the number of pulses transmitted can all be
varied depending on the parameters and altitudes which are being examined.

The data used in this research were taken using the various "one-pulse"
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modes, in which a single pulse is transmitted, and the received signal
is gated in order to obtain profiles of each parameter versus height.
The "A" mode uses a 0.1 msec pulse, giving a height resolution of 15 km.
This mode covers an altitude range from 150 to 900 km and is primarily
used to obtain profiles of N. The "B" mode uses a 0.5 msec pulse giving
a height resolution of 75 km. The B mode altitude range is 225 to 675
km. The "C" mode uses a 1.0 msec pulse providing a height resolution of
150 km and covering an altitude range of 450 to 1125 km. The B and C
modes are primarily used for obtaining profiles of Te,Ti, and, sincevthe
antenna is pointed vertically, the vertical ion drift, Viz‘ A typical
"observation" consists of a sequence of modes, ABC, with each mode
lasting 8 minutes. In order to improve the statistical reliability of
the high altitude drift measurements, an ABCC sequence has sometimes
been run, with the A and B modes lasting only 4 minutes. The time
resolution of each of these sequences is about 30 minutes. Table 3.1
gives a summary of the characteristics of each mode.

Table 3.1

Characteriscics of the Data Modes of the Millstone
Hill UHF Single-Pulse Experiment

MODE
. - W vl
Pulse length (msec) 0.1 0.9 1.0
Height resolution (km) 15 75 150
Sample spacing (km) 7.5 75 75
Altitude coverage (km) 150-900 225-675 . 450-1125%
Output N r.,ri,vi. T‘, 1,Vil
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Rather than trying to determine the absolute sensitivity of the radar
receiver, the A mode is used just to obtain the vertical profile of the
relative power-.received, from which a density profile can be computed.

A nearby ionosonde is used to obtain the critical plasma frequency (foF2

= meax) of the ionoosphere. Using equation 3.3, NmFZ can be computed

and this value is used to normalize the density profile. (Since the

ratio Te/'ri appears in o, the derivation of N directly from the A mode alone
could not be done unambiguously even if the absolute sensitivity of the
radar were known.)

For the B and C modes the received signal is applied to a system of
filter banks matched to the transmitted signal to obtain a measure of
the received power versus frequency. A curve is fitted to the measured
values to obtain ﬁhe spectrum. The various characteristics of the
i’ and viz
are thée half-power width, L, the ratio of the power in the wings to the

spectrum, shown in Figure 3.1, which are used to deduce Te’T

power in the center frequency, H, and the Doppler shift, D, where

L = 0,71 Af : (3.11)

D= Afd = 2vi;/l (3.12)
The shape of the spectrum depends on the'ratﬂo Te/Ti' so that H and L
can be used to obtain this ratio. In practice, D is two orders of
magnitude smaller than L, so precise measurements of the spectrum are
required to obtain reliable values of viz'
Prior to January 1976, all one-pulse measurements use the matched
filter banks to determine the shape of' the spectrum. Any equipment

problem involving the matching of the filters to the transmitted signal
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1
could result in an error. Both Salah (1972) and Emery (1977) found a 5 1

systematic difference between the temperature measured by the B and C | 1
modes in the altitude range in which they overlap. Apparently, the |
mismatching problem caused the difference, with the B mode having the i j
greatest error. Emery (1977) developed an empirical correction scheme . 1
using data from 1970 through 1972. Thi; correction has been applied to
all the one-pulse B mode temperature data taken through 10 January 1976.

After this date, a new data-taking procedure eliminated the problem.

3.2.2 Auto-correlation Technique

In order for the Millstone Hill Radar Facility to fulfill its role 1
in the data taking phase of the International Magnetospheric Study, an
effort was made to enhance the capability of the radar. One part of 7[
this improvement brogram was the design and construction of a hardware
correlator signal processor that would greatly upgrade the data-gathering
capabilities of the radar ‘

As mentioned above, the use of a bank of matched filters to measure

the power spectra has inherent equipment problems which may effect the

derived data. One alternative method described by Farley (1969) is to

construct the auto-correlation function (ACF) of the power spectrum
using a hybrid one-bit x multibit product of the digitized received
signal measured at several equispaced lag times within the period of the
one transmitted pulse. The output from the correlator contains ﬁhe real
and imaginary parts of the correlation function for each lag time.

These are stored for later analysis by the on-line computer. Figure 3.3

gives an example of the real and imaginary parts of the correlation

D
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functions measured at one altitude. The basic shape of the power spec-
trum determines the real part of the ACF, while the imaginary part
reflects any - Doppler shift of the received signal caused by
the ion drift. By fitting a theoretical ACF to the experimental values
and doing a reverse Fourier transform, the power spectrum can be obtained
and the values of N, Te' Ti' and Viz c;n be deduced.

As in the pre-1976 experiments, a series of different modes is used
for each "observation." Table 3.2 gives a summary of the characteris-
tics of each mode. The E mode essentially replaces the A mode for
making high resolution profiles of reflected power versus height. The L
mode is added to the B and C modes for ACF measurements. The locally
measuredfon is used to normalize the power profiles to obtain the

density profiles. <

Table 3.2°

Characteristics of the Data Modes of the Millstone
Hill UHF Single-Pulse Auto-Correlation Experiment

Pulse Height Sample Altitude Spacing Output
Mode Length Resolution Spacing Coverage of Points
(msec) (km) (km) (km) (msec)
L 0.2 22.5 2275 179-584 0.01 N'Te'Ti'viz
B 0.5 75 75 219-1044 0.01 N'Te'Ti'viz
>4 1.0 150 75 331-1531 0.01 N'Te'Ti'viz
2 0. 15 6,9,15 91551  ===- N

3.2.3 Data Reduction

After the ionospheric values have been deduced from the measured

61




B-MODE
2 SEP 1977
1051 UT
443 KM

Figure 3.3 An example of the computed real (dots) and imaginary
(crosses) correlation functions plotted against the lag-time, T.
The solid and dashedlines are the autocorrelation functions which
have been fitted to the data.
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spectra, which is done using computer analysis programs, the data must
be edited by hand to remove extraneous measurements caused by inter-
ference or equipment problems. The data are then smoothed with respect
to height and time by a program developed at Millstone by J. M. Holt
(Evans and Holt, 1976). The program fipds the best fit of a two-dimen-
sional polynomial series to the data points in a least-squares sénse.
The order of the polynomial depends on the number of observations in
time and height. Once the polynomial coefficients are known, any of the
observed parameters and its derivatives can be obtained for any time and
height within the total observing period (normally 24 to 36 hours).
Figure 3.4 is a sample computer plot of the density contours which were

derived from the polynomial fit.

3.3 Electric Field Measurements in the F Region

Electric fields in the ionosphere will induce E x B drifts perpen-
dicular to the magnetic field lines. Since the magnetic field has a
declination of 72° at Millstone, one contributor to the ion drifts
measured by the vertical pointing radar will be elegtric fields. At-
tempts have been made to employ the fully steerable L-band radar at
Millstone to make ion drift measurements at an elevation of 45° in the
magnetic north and magnetic west directions. When combined with the
vertical measurements, the magnetic east-west and north-south components
of the electric field can be derived. Since each of the three measured
components are in three physically different volumés of the ionosphere,
the latitudinal and longitudinal differences in the volumes must be

taken into account. For the northward measurement, it is assumed that
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there is no latitudinal variation in the electric field between Mill-
stone (L = 3.2) and the measured volume (L = 3.7). Longitudinal dif-
ferences are assumed to be due to local time effects and are allowed for
by making a correction in the observing time.

The L-band radar has a much lower sensilivity than the UHF radar.
During local nightime when the ion densiity is low, the signal-to-noise
ratio is usually small so that nighttime drift measurements are usually

unreliable.
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4. DERIVATION OF NEUTRAL PARAMETERS

Even though the F-region ion-neutral collision frequency is low ' l
enough that the ions can be assumed to be bound to the magnetic field
lines, the coupling between the ions and neutrals is still strong enough }
that certain neutral properties can be deduced from the observed plasma
characteristics. This chapter will discuss the theory of how these
neutral paramenters are derived and how they are applied to a semi-
empirical model to compute neutral winds. This discussion will present
the application of this theory as developed and applied by Emery (1977).

Improvements to there procedures will be presented in fellowing chapters

4.1 Neutral Temperature

4.,1.1 Vertical Structure

Taking into consideration the thermal economy of the lower thermo-
sphere, including downward thermal conduction and solar EUV heating,
Bates (1959) prcoposed a simple analytic model for the thermospheric

neutral temperature str cture,

Tn(z) L Yexp(-s(z - 120)) (4.1)

» = T120
where Tn(z) is the neutral temperature in %k at some height, z, in km, {

T, 1is the exospheric temperature, is the temperature at 120 km, and

T120
8 18 a shape parameter. Equation 4.1 reflects the dominance of thermal
conduction in redistributing heat at high altitudes and causing the

temperature of the atmosphere to become isothermal. While direct con-

firmation has been limited, this temperatu.: profile has been generally

accepted (Banks and Kockarts, 1973) and is applied in all the data

i

analysis in this research.
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4.1.2 Heat Balance Equation

Above 300 km the neutral gas has become so tenuous that heating due

to solar EUV absorption becomes small. As the collision frequencies de-
crease with height, the coupling between the neutral, ion, and electron
gases weakens and each gas develops its own vertical temperature pro-
file governed increasingly by vertical conduction (or in the case of L
ionized constituents, by coﬁduction along the magnetic field line). The
ambient electron gas is heated by low energy photoelectrons (<2 ev) and
heat conducted from the plasmasphere, so the temperature of the electrons *
is raised above that of the ions. The electrons interact with the ions
through coulomb collisions, heating the ions and raising the ion gas i
temperature above the neutral temperature. The ions in turn are cooled
by collisions with the neutral gas.

The derivation of the neutral temperature is based on balancing the
heat given by the elctrons to the ions to the heat given by the iomns to
the neutrals. Assuming a single ion species, the equation for the ion

heating rate is

dT 2 = 3 4. - 3 + -1
-&1 + E'I'iv-vi - ( 3 n(0 )k) 1\7-1<1\71:i = (3_- n(0 )‘ k) (Pi - Li) (4.2)

1 and Li are the ion

energy production and loss rates, respectively. Scale analysis of the

where I(1 is the ion thermal conductivity, and P

equation (Salah, 1972; Alcayde and Bauer, 1977) shows that the terms on
the left-hand side of the equation are about two orders of magnitude
smaller than the right-hand side in the region between 300 and 500 km.

This leads to the rather simplistic first order balanée

L, =P, " (4.3)
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The primary energy loss mechanisms are through elastic collisions
with neutral molecules (N2,02) and resonant charge exchange (0+-0).

These loss rates have been determined by Banks (1966b) and are given by

L, = 1014, ¢0") (. 21n(0) (T4T) + 6.6n(N,) +

5.8n(02))(T1-Tn) eV/cmBBec (4.4)

Interaction of 0+ with lighter atoms and heat transport via lighter
ions has not been considered. The electrons interact more readily with
H+ and He+ ions causing them t§ achieve higher temperatures than 0+.
However, Banks (1967) has found this heat loss mechanism to be negligble.
The effect of neglecting cooling due to resonant ion-neutral charge
exchange between H and He is unclear. Alcayde andfiéuer (1977) uée the
balance given in equation 4.3 to compute both T_ and n(0). Using solar
minimum conditions, when the concentration of H atoms at mid-therme.
spheric altitudes can reach a few per cent, they have made sample calcu-
lations which indicate that neglecting H and He might have a_significant
effect in computing n(0). The effect on the calculateJT“ is not repor-
ted, although errors as large as 207 in n(0) apparently only effect tne
derived temperature by a few per cent (Emery, 1977). In work reported
here, the presence of H and He should be considered for the few days
analyzed near solar minimum; even then the H densities would only be
significant at night. Since the proper abundances of the lighter ele-
ments is not known reliably, and their presence effects only a small
portion of the data, they have not been considered in this analysis;

The primary heat source for the 0+ ions is elastic Eollioionl with

the hotter electron gas. Collisions with energetic photoelectrons and
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energy from exothermic chemical reactions are negligible sources.
Another heat source is frictional heating due to the relative bulk motions
of the ions and neutrals. Electric fields provide one source of such motions.
At high latitudes, the large electric fields which drive the ion convec-
tive pattern produce large Joule heating rates which not only heat the
ions, but are an important source of heat for the neutral atmosphere.
Such large fields are not normally seen at mid-latitudes. The neutral
wind flow through the ions is also a source of frictional heating. To
date, there has been no attempt to include frictional heating routinely
in calculating T_ from experimental observations. Plasmaspheric heat
fluxes during geomagnetically disturbed periods may also be an important
heat source, but owing to the great disparity between the ion And electron
thermal conductivities, it is believed that the iéns are not significantly
heated directly by this source. ﬂ

The heating rate of the ions by the ambient electrons is given by
Banks (1966a) as

7 3/2

i eV/cm3sec (4.5)

- +
Pi 4.82 x 10 * N n(0') (Te - Ti)/T

When the expressions for Pi and Li are substituted into equaticn
4.3, the result is an equation with two unknowns, T_ and n(0). In the
altitude reg{on between 300 km and 500 km, n(Nz) and n(Oz) are an order
of magnitude or more smaller than n(0), so their variation with height
and time is negliéble. It can be assume that n(0+) = N, where N, Te’
and 'l'1 are known from observations. Data for '1‘e and '1‘i are available
at the nominal heights of 300, 375, 450, and 525 km.

One technique for solving for T_ and n(0) proposed by Bauer et al
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(1970) is to use a regression analysis to find values of T_ and n(0)
which best satisfy the balance equation at the observed heights. This
procedure utilizes the analytical expression for neutral temperature
given in terms of T_ in equation 4.1 and assumes n(0) is in diffusive
equilibrium, i.e. a function of temperature. An alternative method is
to obtain the value of n(0) at each heiéht from an empirical model and
just solve for T_.

The method of solving for the two unknowns‘simultaneously does not
usually give satisfactory results (Salah and Evans, 1973; Bauer and
Alcayde, 1977; Emery, 1977). The ion temperature approaches the neutral
temperature at night; the difference (T1 - Tn) in equation 4.3 then
becomes small and complicates the regression analysis. The derived
nighttime densities are often unrealistic, making all such results
suspect. Because of this problem, and ;lso in order to maintain consis-'
tency with the analysis of Salah (1972) and Emery (1977), the derivation
of T in this research used neutral densities obtained from the MSIS
model, and only T_ was computed. Emery found that a 20% error in n(0)
only introduced a 2.5% variation in the derived T . The experimental
uncertainty in the derived value is also estimatéd to be 2.57.

To be consistent with the previous work, this analysis assumes that
Ti20" 355°K and s = 0.02 km-l. Salah (1972) found that variations in
Ty 0 ©Of %100%k and s of £.005 km! only affected the derived temperature
by 12%. Thé values of N, Tc, and ‘ri were obtained from the polynomial

fits described in Chapter 3.

4.2 Neutral Winds

There are three effects which can cause ion motion. The resultant
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ion velocity, Vi, can be expressed as the sum of the components of these

three effects.

Ve = VotV Vg (4.6)

!
|
{
|
f

VD// is the ambipolar diffusion velocity and is parallel to the magnetic
field line. Vn// is attributable to the horizontal component of the
neutral wind in the plane of the magnetic meridian which at F-region
heights drives the ions up or down the field lines, VQL is the E x B
electric field drift and is perpendicular to the magnetic field line.
Figure 4.1 gives a schematic depiction of how the various components
combine to give the resultant ion velocity.

Following the convention of Salah and Holt (1974), V;// is defined

as positive upwards. The magnitude of V;// is given by

Vn// = - Vﬁ~ B/B = - u sinD cosI - v cosD cosl + w sinI

~ - (u sinD + v cosD) cosl = - an cosl 4.7)

where Vg is the neutral wind with the zonal (u), meridional (v), and
vertical (w) components positive in the eastwards, northwards, and

upwards directions, respectively. is the horizontal component of

an
the neutral wind along the magnetic meridian. The values D and I are
the magnetic declination and inclination, which for Millstone Hill are
0 o’
-14" and 727, respectively.
Equation 4.7 is an approximation based upon the assumption that the
vertical velocity w << u,v. Dickinson and Geisler (1968) have shown

that this is generally true at mid-thermospheric heights.

When the geometry for the Millstone Hill Observatory is taken into

71




*(LL6T *‘Kasmg woay)
‘uerpyaaw Of3aulew 3yl jo sueld a3yl uy IFFAP UOT 3Yy3l JO sIulduOdELOV Y3 Jo dJIeweyds T[°y 2an8y4

A
~
/ :
\ H1N0S JIL13N9VW ==
m ._vI .
- e el




oA

N (N N N R B I BN R G e R e e e N B B e

account, including the fact that the radar is actually looking 2° south

of vertical, the horizontal wind can be approximated as

\'/
Vin cosl ’(viz vnsE(c°sI cos2 sinl cosD sin2”) +

VewEsinD sin2°)/cosI(sinI c0s2® + cosI cosD sin2°) (4.8)

where vnsE and VewE are the magnitudes of the velocities given by

L T i
VEL " vewE ki vnsE (4.9)

B

The vertical ion drift, viz’ is observed, so that a measure of the
neutral wind can be deduced if the ambipolar diffusion velocity and the

E x B drifts are known.

4.2.1 Ambipolar Diffusion Velccity

The ambipolar diffusion velocity of the plasma arises in response
to gravity and vertical gradients in ﬁhe plasma density and temperature.
Neglecting viscosity and non-linear terms and assuming no cﬁrrents,
Schunk and Walker (1970) have derived the diffusion velocity from the
equations of motion for the ion and electron gases. The diffusion veio-

city along the field line is given by

b Dasinl[élnu + 31nT + .3831n(T1 + Tn) + 8

') :
o// (4.10)

9 9 ] kT
z z z P
where Tp is the plasma temperature,(Te + TB, and Da is the ambipolar
diffusion coefficient (Stubbe, 1968)
k(T. + T

Dn "I
n

R

(4.11)

10"1n
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where u, = mm /(m, + m_) is the reduced mass of the ions and neutrals
in in i n

and Voo is the ion-neutral collision frequency. In computing Da’

neutral densities were taken from the MSIS model (Hedin et al, 1977a,b).

Values of N, Te’ and T, and their gradients were taken from the polyno-

i
mial fits to the data (Evans and Holt, 1976). The collision frequencies
were taken from Banks (1966b).

Salah and Holt (1974) estimatea the accuracy of VD// to be 1-3
m/sec. This is well within the experimental uncertainty of viz’ which
is about 5~10 m/sec (Evans et al, 1970). However, this estimate does
not include any error due to the uncertainty in the neutral densities
used to compute Da,where the uncertainty in n(oj is the primary
contributor. Unlike the derivétion of T, where large uncertainties in
n(0) have only a small effect, any uncertainty in n(0) will be applied
directly to the uncertainty in VD//' The division by cos I in the
computation of VHn (equation 4.8) will further amplify this uncertainty.
The procedure ‘used in obtaining the neutral density, particulary n(0),

can significantly affect the results. This problem will be discussed in

the next chapter.

4.2.2 Electric Fields

' The contribution of electric field drifts to equation 4.8 is
the greatest source of uncertainty in the determination of neutral winds
from the data available from Millstone Hill. Measurements of mid-lati-
tude electric fields in the F-region show great day-to-day variability
and are seen to change with increased geomagnetic activity (Wand, 1978;

Blanc et al, 1977; Kirchhoff and Carpenter, 1976). Emery (1977) used a
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model electric field of Kirchhoff and Carpenter (1975) constructed from
measurements made at Millstone Hill to test the effect of including
electrik fields and found the largest effect was at night with a decrease
in VHn of 20-50 m/sec. The nighttime measurements of the electric field
have the greatest experimental uncertainty and are the part of the daily
pattern most affected by geomagnetic di;turbances. Because of all these
uncertainties, to date, the E x B drifts have been generally neglected

in models (e.g. Dickinson et al, 1975) and in data analysis (Emery,

1978; Salah and Holt, 1974; Salah, 1972).

4.3 Thermospheric Neutral Winds - The Emery-Millstone Hill Model

The single horizontal component of the neutral wind deduced directly
from the experimental observations has been used bx‘séveral investigators
to confirm the basic results of the semi-empiricallﬁeutral atmosphere
models and to see if there are features of the winds, which the models
do not predict (Salah and Holt, 1974; Amayenc and Vasseur, 1972; Evans,
1971;.Vasseur, 1969). Methods developed by Roble et al (1974) and
Antonaidas (1976) permit the exploitation of the incoherent scatter data
for the calculation of both the zonal and meridional winds. The neutral
winds reported here were computed using a model deﬁeioped by Emery
(1977) based on these methods.

The Emery-Millstone Hill (EMH) method entailq establishing a local
three-dimensional model of the neutral thermosphere and solving the
horizontal equations of motion to determine the zonal and meridional
winds. The primary inputs used to define the thérmospheric model are

the exospheric temperature and the neutral wind, Vun. derived from the
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observed ionospheric measurements. The method requires that the momentum
equations be integrated between 120 and 600 km over a 24 hour period.

It 1is a;sumed that the observatory is rotating under a fixed thermo-
spheric pattern, so that the derivatives in local time and longitude are

interchangeable.

4.3;1 The Momentum Equations

The horizontal equations of motion can be written as (assuming

w << u,v)
Myplipplt st LW itrer (4.12)
at T Yax ay r p 9x x
v v WV . u tang o ;
s T Ut Vv ay o p ay fu + Fy (4.13)

where x, y, and z are positive in the eastward, northward, and upward
directions, f = 20sin¢ is the Coriolis parameter, Q2 is the Earth's ‘
angular rotation velocity, r is the distance from the center of the
Earth, p and p are the pressure and density, respectively, and Fx and
Fy are the frictional forces. The curvature terms, which are normglly
not included in tropospheric analysis, cannot be ﬁeglected because of
the large velocities (300-400m/sec) which occur in the thermospher=.
The frictional forces which are important in the F-region are molecular

viscosity and ion drag. These forces can be expressed as

/1

w L(yo2us 230 du | 3ucdu . 3vy . 3y du #
Fx p(uv u+ 23x s + 3y 3y + o + o 32] + A(u u) (4.14)
o= A 3y dv .lL uy , 3 dv
Y, p(uv v+ 2ot ( y] + 35 35) iy, = W) (4.15)
A= N“invin/p (4.16)
ue a106 (4.17)
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where A is the molecular viscosity constant for the particular composi- 1
tion and.density, and uy and v, are the ion velocities in the x and y l
directions, given by
u, = VHnsinD coszl - VD//sinI cosl + UiE (4.18)
; vy = VypcosD cos’I - VD//cosD.cosI +Vig (4.19)

with UiE and ViE the electric field drifts in the x and y directions.

After scale analysis, the equations which were solved by Emery are

2
o _%u  uv tanp 1 3p 1,3 u , 3udu .
0 3t + o g + fv + (u? 3zaz)+ X( u) (4.20) *

239y ANy, = V) (4.21) *

0w 2% . u2 tang 1
P

P _ Lp 3%
ot r fu + p(uaz

)
ay
Emery found that only the terms involving vertical gra&ients of u, u,
and v were important in the viscous force. The non-linear advection
terms have also been neglected. The meridional gradient in velocity
could only be included using a series of questionable assumptions about
the latitudinal gradients in other parameters and then doing a three
dimensional integration. The zonal gradient in velocity can be included
explicitly using the assumption that longitudinal ahd local time deri-~
vatives are interchangeable. However, inclusion of these terms caused

instability problems in the numerical integration scheme, and they were

not included. The full non-linear semi-empirical model of Blum and

Harris (197§a,b) suggested that including the non-linear terms would not
have produced significantly different winds from those calculated using
linear models. The non-linear model only showed a reduction in computed

winds of a few per cent. Attempts by Emery (1977) to include some non-

linear terms were not successful, but the various tests she undertook
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suggest that the uncertainty due to their neglect is less than 20%.

4.3.2 The Analysis Procedure

The schema used to integrate the momentum equations involves using

the observed neutral horizontal wind component, VHn

4.7, and the derived T, to create a system of three equations and three

» given in equation

unknéwns. The change in temperature with local time is equated to the
zonal derivative, which is used to compdte the zonal pressure gradient.
The three equations are then equations 4.7, 4.20, and 4.21, and the
three unknowns are u, v, and 9p/dy, the meridional pressure gradient.

Since the model was developed to examine the diurnal variation of
the winds, T_, an’ and the derived meridional pressure gradient are fit
to a third order sinusoidal polynomial in time so these parameters will
be continuous over the 24 hour integration peripd. As the experimen-
tal values do not repeat exactl<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>