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ABSTRACT

A Derivation of the Topside Heat Flux
Using Incoherent-Scatter

Radar Observations

by

Devin J. Della-Rose, Master of Science
Utah State University, 1992

Major Professor: Dr. Vincent B. Wickwar
Department: Physics

Heat conduction plays a major role in determining the electron temperature at high
altitudes. Even though the importance of heat conduction has been recognized for over
20 years, our research is the first to attempt to rigorously examine this parameter. We
do this by comparing (in a least-squares sense) calculated T, profiles (from a T, solver
provided by Drs. RW. Schunk and J.J. Sojka) with incoherent-scatter (IS) radar T,
observations from the Sondrestrom and Millstone Hill IS radars. For Sondrestrom we
analyzed 23 days between 1983 and 1988. For Millstone Hill we analyzed 25 days
between 1985 and 1990. We were able to find the heat flux within an uncertainty of
about t six percent. In addition, we found a method to determine the asymptotic value
of the heat flux. We found that typical downward heat flux values vary between about

10° and 10" eV cm? 5!, with extremes of 10 eV cm™? s (summer night at Millstone) and




Xvi

3 x 10" eV cm? s (Sondrestrom "spike" associated with the afternoon convection
reversal). The Sondrestrom heat fluxes displayed variability associated with the radar’s
high invariant latitude (74.2 degrees). Millstone Hill heat fluxes displayed much less of
this variability (it is inside the plasmapause most of the time). We did find conjugate
heating effects at Millstone; however, the heat flux enhancement due to this process (a
few times 10° eV cm? s) is small compared to the daytime heat flux increase (due to
local effects). We found that the cross-correlation between the heat flux and the solar
EUYV heating rate is small, i.e., the heat flux mainly determines the high altitude electron
temperatures, whereas the solar EUV heating controls the low altitude T, profile. Finally,
as an "offshoot” of the heat flux research, we found a new method of determining the

molecular ion concentration in the F-region. (213 pages)
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CHAPTER 1

INTRODUCTION

It is well-established that heat flow has a significant impact on the electron energy
balance in the thermosphere [Banks, 1966, Hoegy and Brace, 1978; Schunk and Nagy,
1978; Kofman and Wickwar, 1984; Schunk et al., 1986, Rasmussen et al., 1988].
However, it was only 14 years ago that comparison of satellite data and theory verified
the importance of electron heat flow [Hoegy and Brace, 1978). Prior to this time, some
researchers held that resolution of the electron energy balance problem depended on
improving our knowledge of electron heating and cooling rates [Brace et al., 1976].

Even though heat flow is known to make a sizable contribution to thermospheric
electron energy balance, few attempts have been made to rigorously examine this
parameter. I note two studies that we will return to in later chapters. The first is Kofinan
and Wickwar [1984], who examined high electron temperatures at the Sondrestrom
Incoherent Scatter Radar (ISR). Second is Rasmussen et al. [1988], who compared ISR
electron temperature data with ionospheric model predictions. Aside from these two
papers, most of the thermospheric heat flow research has remained theoretical. In other
words, journal publications will show how heat conduction affects theoretical electron
temperature (T,) profiles. For example, Schunk and Walker [1973] showed the important
role that heat flux plays in determining the electron temperature profile. In a more recent
example, Schunk et al. [1986] examined T, versus height for six different magnetic
locations (see Figure 1 and Table 1). For each location, the electron temperature profile
is computed for six different values of heat flux (see Table 2). The dimensions of heat

flux are energy per area per time. Heat flux is a vector; however, as we will see in
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Fig. 1. Altitude profiles of electron temperature (K) at six geomagnetic locations for
different heat fluxes at the upper boundary. The profiles are for 1700UT. The locations
are given in Table 1 and the heat fluxes in Table 2 [Schunk et al., 1986].

TABLE 1. Locations for Figure 1 Electron Temperature Profiles

Magnetic Coordinates

Panel in Figure 9 MLT Latitude Description
A 1100 44° dayside, mid-latitude
B 0300 47° night sector trough
C 0400 71° morning sector oval
D 1200 80° poleward of cusp
E 1900 71° old hot spot
F 1600 65° new hot spot

TABLE 2. Heat Flux Key for Figure 1

Curve Label

Heat Flux, eV em™ 5™

NN -

—1.0E9*
—1.0E10
=3.0El0
-5.0E10
—=7.0E10

*1.0E9 = 1.0 X 10°.
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chapter two, we have a one-dimensional situation. The vector is thus represented by a
positive number (upward heat flow) or by a negative number (downward heat flow).
Notice how curve one (no heat flux) results in an almost isothermal temperature profile
above about 200 kilometers, whereas a strong heat flux results in a significant positive
temperature gradient (9T,/0z > 0) throughout the altitude range of the graph. Again, the
Schunk paper illustrates the importance of heat flux on a purely theoretical level. The
next logical step is to combine theory with temperature data in order to derive the heat
flux in real situations. Deriving the heat flux from ISR data is difficult, since it requires
the first and second height derivatives of electron temperature. Kofman and Wickwar
[1984] estimated the heat flux at a few altitudes using only ISR data and a simplified
version of the electron energy equation (for a pure plasma). One cannot proceed any
further without computer modelling for the derivatives. Again, scant progress has been
made along these lines.

My research combines model calculations with data in an effort to derive the heat flux
into the topside ionosphere. This method (to be described in chapter three) has never
been used before. I applied the method to data from the Sondrestrom and Millstone Hill
incoherent-scatter (IS) radars; however, this technique will eventually be applied to a large
body of data from several IS radars. Figure 2 shows the location of these radars. Table
3 gives additional information about the location and coverage of these radars. As can
be seen, analysis of temperature data from these radars allows us to study the heat flux
in distinct geophysical regions: cusp and cleft, polar cap, auroral zone, trough, and

plasmasphere. Additionally, we can study how the heat flux depends on factors such as




Fig. 2. Locations of present and former, middle and high latitude IS radars. Approximate
F-region fields of view are indicated along with the land masses and invariant latitudes.
Chatanika and St. Santin are no longer operating [Wickwar, 1991]).

TABLE 3. IS Radar Locations

INCOHERENT-SCATTER RADARS

RaDA® | yymove | sonomruoe | Lammupe | RES
Sondrestrom 610 510 742 | g
EISCAT (Tromso) 69.6 192 668 | D e Castude
Millstone Hill 426 715 550 | MidLatinde
Arecibo 18.3 -66.8 344 Lower Mid Latitude
Jicamarca -11.9 -76.0 17.8 Equatorial
Chatanika 65.1 -147.4 65.6 | Do e Lastnde
St. Sandin 446 22 423 | Mdusinde
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season, magnetic activity, conjugate photoelectrons, and solar cycle. All of these results
will be new. The main goal of this research is to learn about the heat flux and its
variations. In the process we expect to learn more about the volume heating rate model
that is built into the T, algorithm. Having examined both of these, we will have
developed a technique that will allow us to better use ISR T.(h) observations as a
diagnostic tool, and we will be in a position to better specify electron heat fluxes to be
used in model calculations.

At this point, one may well wonder about the various energy sources for topside
ionospheric heat flow. There are many possibilities, but I will only mention three of them
here. The first possibility is that, at high latitudes, local field lines may be connected to
regions of the magnetosphere with hot electron populations. There will be heat
conduction from these regions into the local ionosphere. The second involves conjugate
point heating (see Figure 3). Each geomagnetic field line connects to the earth at two
points. For a given field line these two points are called conjugate points. Because of
the tilt of the geographic and geomagnetic axes (relative to each other and to the ecliptic
plane), certain conjugate points (at certain times of the year) will not be sunlit at the same
time. Solar input in the sunlit region can then result in energetic photoelectrons that
travel along field lines and deposit energy in the conjugate hemisphere [Carlson, 1966].
These photoelectrons also deposit energy in the flux tube between the two ends of the
field line. Another energy source is the stable auroral red (SAR) arc [Rees and Roble,
1975; Kozyra et al., 1987]. During the main phase of a geomagnetic storm, high energy

ring current plasma will interact with the relatively cold, plasmaspheric plasma (Figures
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Fig. 3. Geomagnetic conjugate region heating by photoelectrons [Banks and Kockarts,

1973].
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Fig. 4. Schematic diagram of the process acting within a« SAR arc [Rees and Roble,

1975].




MAGNETIC EQUATOR

THERMAL
PLASMA

MIRROR POINT

LOW ENERGY\ "
ELECTRON FLUX\ .~

" “RING CURRENT

COULOMB COLLISIONS

Fig. 5. Schematic diagram of the main features of the coulomb collision mechanism of
SAR arc formation. The only change between this graph and present-day theory is the

fact that O" ions play an important role in the ring current (this graph shows only H" ions
in the ring current).
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4 and 5). Energy istransferred from the ring current plasma to the plasmaspheric plasma
via coulomb collisions. Energy from the heated electrons then conducts downward (along
field lines) into the topside ionosphere, setting up an electron temperature gradient
(9T /oz > 0).

In chapter two we will examine electron energy balance in the thermosphere. Chapter
three will discuss the T, algorithm and how it was used to analyze the data. Data
acquisition and reduction will be covered in chapter four. We present the results of the
data analysis in chapter five, and conclusions in chapter six. Suggestions for further

research will be addressed in chapter seven.




CHAPTER 2

ELECTRON ENERGY BALANCE

This chapter will review electron energy balance in the thermosphere. The thermo-
sphere extends upward from the mesopause, and derives its name from the fact that
temperatures increase with height. Electron energy balance in the thermosphere is
governed by three competing processes: energy sources, energy sinks, and energy
transport. The relative importance of these processes is determined by many factors, such
as altitude, local time, invariant latitude, season, and solar activity. The following
sections discuss these processes. Most of the information is taken from Schunk and Nagy

[1978] and Schunk et al. [1986].
2.1. ELECTRON ENERGY SOURCES

Beforc we examine electron heating, we must distinguish between the two different
components of the electron energy distribution function. For ionospheric electrons, the
two components are thermal (or ambient) electrons and suprathermal electrons. Thermal
electrons (in the thermosphere) are usually thought of as having a Maxwellian velocity
distribution with a mean thermal energy of about 0.1 eV. The electron temperature is
defined as the average energy of the thermal electron gas. Conversely, suprathermal
electrons have energies that range from thermal energies up to about 100 eV. These
electrons have a non-Maxwellian disiribution, and originate from one of two sources:
photoionization and particle ionization.

Solar EUV radiation (A < 1027A) ionizes the neutral atmosphere. The photon
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ionization energy is usually greater than the required ionization energy of the atmospheric
constituents. The excess energy goes into ion excitation energy, ion kinetic energy, and
electron kinetic energy. Because of momentum and energy conservation, the electron will
carry away most of the kinetic energy. Such electrons are called phoroelectrons.
Photoelectron collisions with thermal electrons account for most of the electron gas
heating in the ionosphere. However, photoelectrons with high energies (10’s of eV) must
lose most of their energy before coulomb collisions with the ambient electrons become
important. The various processes that de-energize the photoelectrons are described in
Schunk and Nagy [1978]. Briéfly, for photoelectron energies greater than about 50 eV,
ionization and optically allowed excitation of the neutral constituents are the dominant
energy loss processes. At energies of about 20 eV, the energy loss via excitation of
metastable levels of the major constituents is comparable to the energy loss through
allowed transitions, becoming of increasing importance as the energy decreases. At
photoelectron energies below about 5 eV, energy loss through excitation of N, and O,
vibrational levels becomes important. Finally, below about 2 eV, energy loss to the
thermal electrons through coulomb collisions is the dominant photoelectron energy loss
process. At this point, most of the initial photoelectron energy has been lost to the
neutrals.

In addition to photoelectrons, high energy electrons of magnetospheric origin can flow
down into the ionosphere along geomagnetic field lines and ionize the local constituents.
This is the second source of suprathermal electrons. Once in the ionosphere, these

electrons lose energy in the same manner as photoelectrons. Again, the heating of
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thermal electrons is one of the energy loss processes.

Thermal electrons can also be heated by deactivation (or electron quenching) of excited
neutral and ion species. Torr and Torr [1978] have shown that a significant population
of excited species exists in the upper atmosphere. However, the relative importance of

quenching as a heat source has not yet been established.
2.2. ELECTRON ENERGY SINKS

Thermal electrons lose energy via the following processes:

(1) Rotational excitation of N, and O,.

(2) Fine structure excitation of O.

(3) Vibrational excitation of N, and O, (T, > 1500K).

(4) Electronic excitation of N and O (T, > 3000K).

(5) Elastic collisions with neutrals (including H and He). This mechanism is not
very efficient.

(6) Coulomb collisions with ions. This is the primary heat source for the ions.
Figures 6 and 7 show the relative importance of these loss rates as a function of height.
These two graphs were calculated by the T, solver using Sondrestrom data. Figure 6 is
for 24 April 1983 at 1729UT and is representative of daytime conditions, while Figure
7 is for 17 March 1988 at 0121UT and is representative of nighttime conditions. Also
shown on these graphs are the sums of the local heating and cooling terms, as well as the
heat conduction term (to be discussed in section 2.3). Notice in Figure 6 that heat

conduction becomes very important above about 300 km. In addition, both figures show
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Fig. 6. Electron energy loss rate profiles for Sondrestrom on 24 April 1983 at 1729UT
(1429LT). The curves labeled vN, and vO, represent losses due to the excitation of the
vibrational states of N, and O,, respectively. The rN, and rO, curves represent losses in
the excitation of rotational levels of N, and O,. The elas curve represents the sum of the
losses due to elastic collisions between electrons and the neutral species. The O('D)
curve represents losses in the excitation of O to the 'D state, and that labeled fine
represents the losses due to the excitation of fine structure levels in O. The e-i curve
represents the losses in coulomb collisions between electrons and ions. Q, is the solar
EUY input, divg is the heat conduction term, sumL is the sum of the local losses, and
sum@ is the sum of the local heat sources.
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Fig. 7. Electron energy loss rate profiles for Sondrestrom on 17 March 1988 at 0121UT
(2221LT). The curves labeled vN, and vO, represent losses due to the excitation of the
vibrational states of N, and O,, respectively. The rN, and rO, curves represent losses in
the excitation of rotational levels of N, and O,. The elas curve represents the sum of the
losses due to elastic collisions between electrons and the neutral species. The O('D)
curve represents losses in the excitation of O to the 'D state, and that labeled fine
represents the losses due to the excitation of fine structure levels in O. The e-i curve
represents the losses in coulomb collisions between electrons and ions. Q, is the solar
EUYV input, divg is the heat conduction term, suml is the sum of the local losses, and
sum() is the sum of the local heat sources. In this example, in contrast to Fig. 2.1, divg
cannot be seen because it is equal to sumQ (this is expected at night).
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an apparent discontinuity in the curves at about 108 km. This discontinuity results
because 108 km is the lower boundary at which the T, algorithm solves the electron
energy balance differential equation. Below this altitude we simply equate local heating
and cooling. Finally, we nctice that, in both of these figures, the sum of the local heating
rates (sumQ) and sum of the local cooling rates (sumlL) are not equal below about 175
km. This represents a problem in the T, algorithm at low altitudes. However, as we will
see, the derivation of heat flux is almost independent of the physical situation at low
altitudes. Again, the processes listed in section 2.1 heat the ambient electron gas, whereas
the processes in this section cool the electrons. The balance of thermal electron heating
and cooling processes results in an thermospheric electron temperature that is usually

greater than either the ion or the neutral temperature.
2.3. ELECTRON ENERGY TRANSPORT

The neutral density in the lower regions of the thermosphere is about one million times
greater than the plasma density N,. Therefore, collisions between the thermal electrons
and the neutrals almost completely inhibit energy transport from one portion of the
electron gas to another. However, as altitude increases, N, / N, decreases, and energy
transport begins to play a role in thermal electron energy balance.

The electron energy balance equation is obtained by taking the third velocity moment

of the Boltzmann Equation:
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%m‘ivfdvxdv’dvz[g{_ +v, Vf+aV j]

= lm‘ f vazdvxdvydvz(_gi) 2.1)
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where m, is the electron mass, v, is the electron velocity, a is the acceleration, f is the
electron distribution function, V, is the coordinate space gradient, V, is the velocity space
gradient, and (8f/dt),,, is the time rate of change of f due to collisions with other species.

Evaluation of equation 2.1 gives the electron energy equation:

SE
Py = -2NATV u, - V- g, + | (22)
2\ D' © ¢ 2 ¢ St

coll

where D/Dt = d/dt + u, *V is the convective derivative, k is Boltzmann’s constant, N,
is the electron density, T, is the electron temperature, u, is the electron drift velocity, q,
is the heat flux, and (3E /3t),,, is the time rate of change of electron gas energy due to
collisions with other species. Viscous heating is neglected in equation 2.2. Now

(8E/8t),,, can be written [Schunk, 19751:

OFE Nmv.
==y ¢ cYI3kIT -T 23
ot z,: m, +mj[3 (*. T’>] @3

where v,; is the collision frequency for momentum transfer, and the subscript j covers all
neutral and ion species. Equation 2.3 can be thought of as the sum of all the heating and
cooling rates discussed in the previous two sections. Thus, using equation 2.3 along with

the electron continuity equation:
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oN

£+V-(Nu)=0 (2.4)

ot

equation 2.2 becomes:

or
SNK el -NAT V- u, - 3N ku- VT
2 e at 4 2 L4 e

-V-q +30, - 5L, 2.5)

where X0, and XL, represent the sums of the ambient electron heating and cooling rates,
respectively. These terms are usually referred to as the volume heating and volume
cooling rates. The first term on the right-hand side of equation 2.5 represents adiabatic
expansion, the second term is the advection term, and the third term is the divergence of

heat flow. Equation 2.5 can be further altered by writing u, and g, as:

J
= - 2.6
e = Tom (2.6)

e

g, = -KVIT, - BJ @)
where J is the current, K* is the thermal conductivity, and B, is the thermoelectric
transport coefficient. Equation 2.6 says that the ionospheric current is carried by the
electrons, while equation 2.7 states that heat flow results from temperature gradients and
currents. We now assume that J and ¢, are parallel to the geomagnetic field, and that
VT, is in the vertical direction. If no field-aligned currents are present, we can use

equations 2.6 and 2.7 to rewrite equation 2.5 as:

30T, . 3if., . 0T (2.8)
= = I__|K< ¢ ) -YL
2N'k ot s oz 0z + 20, ‘
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where 7 is the geomagnetic field dip angle. A further simplification is usually possible
since F region electron temperatures respond rapidly to changing conditions. With this

assumption, the left-hand side of equation 2.8 is negligible, and we can write:

T
sin?7 9 K‘i_‘ +X0 -XL =0 (2.9)
z dz

This is the form of the electron energy balance equation used by the T, solver. Once
again, the first term on the left-hand side of equation 2.9 is the divergence of heat flow.
This term is positive if heat converges into a given volume (a heating mechanism for the
electron gas), and is negativé if heat diverges out of a given volume (a cooling
mechanism for the electron gas). Referring back to Figures 2.1 and 2.2, the first term in
equation 2.9 corresponds to divg, the second term to sum(, and the third term to sumL.

As one might expect, the terms in equation 2.9 vary in importance with altitude. At
low altitudes, where local heating and cooling dominate, equation 2.9 reduces to:

Yo =%IL, (2.10)

At higher altitudes, energy transport becomes significant, and equation 2.9 describes
electron energy balance. At high altitudes, energy transport dominates, and equation 2.9

becomes:

al, o7, (2.11)
Ilk—<|=0
0z 0z

For this research, heat flow is one of the parameters of interest (along with the volume
heating rate). As stated previously, heat flow results from currents and temperature

gradients. For the purposes of this research, we will, for the most part, ignore the current
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flow term. As far as temperature gradients are concemned, it is instructive to examine the

thermal conductivity, which is given by Schunk and Nagy [1978]:

Sn kT g
Ke=_"+°__° ! Lo P (2.12)
m‘ V“. + z: VM gk’ zgt.gp.

where v,; is the electron-ion collision frequency, X, v,, is the electron-neutral collision
frequency summed over all neutral species, and the g terms represent correction factors
which account for the variation with velocity of the electron-neutral collision frequency
as well as for electron-ion and electron-electron effects (the expression in the braces is

approximately equal to 0.5). If we substitute for v,; and v,, as follows:

N.
v.=545__
el Tsfz
and
4 . | 84T, ?
v =_N 0,

en 3 n TC me

where W, is the ion density, O, is the Maxwellian-averaged momentum transfer cross

section, and N, is the neutral density, then we obtain:

. 7.7x10° T 57 213
. . 1
1 +322x10(T}/N)XN Q, -

which is the form of the thermal conductivity given by Banks [1966). From equations
2.12 and 2.13, we see that energy transport depends strongly on T,, and that neutral atoms
and molecules inhibit energy transport. Heat flow is most efficient for a fully ionized gas

at high temperature.
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CHAPTER 3

THE METHOD

In this chapter we discuss the algorithm used to determine the topside heat flux. Data

acquisition / reduction will be covered in chapter four.

3.1. TECHNIQUE DEVELOPMENT

We use an algorithm [Schunk et al., 1986) that solves the electron energy balance
equation (equation 2.9) to obtain a match to the incoherent-scatter T, data. The match
is accomplished by varying the volume heating rate Q, and the heat flux q,. The T,
algorithm requires the following inputs (the densities and temperatures listed are required
above 88 km at four-km intervals):

(1) Neutral temperatures / densities. The Mass Spectrometer and Incoherent Scatter
(MSIS90) model provides neutral temperature (T,) height profiles as well as density
profiles for O,, N,, O, He, and H. These T, profiles must be compaicd wiili ISR T, data
for consistency (T; = T, up to about 300 km).

(2) Ion temperatures. Incoherent-scatter radar T, data (obtained at roughly 50 km
intervals) are fit (in a least-squares sense) by a cubic spline. This enables the T; to be
interpolated to values at the required four-km intervals and ensures that the first and
second height derivatives of T, are continuous (a requirement of the algorithm).

(3) Ion densities. Incoherent-scatter radar electron density (N,) data provide this
information. We assume charge neutrality, then perform an interpolation of the N,(h)

profile to obtain values at the required altitudes. Ion composition is determined as
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follows. An existing routine (see appendix one) used in ISR data reduction is used to
compute the percentage of O" at a given altitude ( [O'] / [N.] ). We then assume: (a)
[N,] = [N*] = 0, and (b) 75 percent of molecular ions are NO*, and 25 percent are O’
(a mean molecular weight of 30.5 amu).

(4) Geophysical data. We need values for the 10.7-cm flux (the 81-day average, the
value from the previous day, and the value for the day of interest), the daily A value, and
the magnetic field dip angle. The geophysical data have been tabulated in the CEDAR
database at the National Center for Atmospheric Research; the dip angle is calculated
from the IGRF model of the géomagnetic field.

(5) At 225 km and below, we force T, = T, = T, (ISR data points only). Since
equation 2.10 applies below 225 km, this adjustment has no impact on the results of ou:
study. However, this adjustment does prevent inaccurate low-altitude data points from
generating unnecessary perturbations in the T,(h) spline. An inaccurate T, spline (above
about 350 km) would certainly have an adverse affect on the heat flux estimate.

(6) The algorithm also incorporates the volume heating rate, Q,, which consists of two
components: the solar EUV heating rate [Richards and Torr, 1984], and the particle
heating rate (we set the particle heating rate to zero). An example of the solar EUV
heating rate is shown in Figure 8. The solar EUV heating rate varies according to time
of day (solar zenith angle), season, solar cycle, and geomagnetic activity. Finally, the
algorithm includes a heat flux incident at the top of the atmosphere.

With this information, the algorithm solves the electron energy equation for the T,(h)

profile. The flow chart shown in Figure 9 illustrates the flow of information into and out
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Fig. 8. An example of a solar EUV volume heating rate profile used in the T, algorithm.
The units of Q, are eV cm™ sec’. Volume heating rate profiles vary with solar zenith
angle, season, solar cycle, and magnetic activity. This particular profile is for overhead
sun, day number 173 of 1987, 10.7-cm flux of 70 (70 x 102 W m? Hz"), and A, of 200.
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Fig. 9. Flow ciiart showing the inputs and outputs of the T, solver.
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of the T, solver.
3.2. FINDING THE BEST FIT

Once the T, algorithm generates an electron temperature profile, it is compared with
the ISR T, profile (in a weighted least-squares sense). As stated earlier, the volume
heating rate and heat flux are then varied until the best fit is found. During this process,
the heat flux and volume heating rate are not varied simultaneously. Rather, for each data
set, we multiply the "standard” volume heating rate by four different factors: 0.5, 1, 2,
and 4. The T, algorithm is then applied four times to the given data set -- once for each
factor of Q,. This procedure ensures that Q, varies in a physically reasonable fashion
throughout the day. With Q, fixed at each of the four different values, the best fit is
found by changing only the heat flux. The best fit is then found by a least-squares

technique. Stated mathematically, we try to minimize %, which is given by:

i = % z:[(Tm(h,-) - Td(h,-))2:| (3.1)

c?

i

where N is the number of data points in the profile, 4; is the altitude of the i data point,
T (h) is the calculated electron temperature at height h,, T(h,) is the ISR T, data point
at height h,, and G, is the uncertainty in T(h;). Ideally, the sum covers all data points for
a given ISR T, profile. The T,(h;) are found by interpolation of the T, (k) profile. Note
that %’ is a function of Q, and q, because of the T, (h) dependence on these quantities.
A golden search routine [Press et al., 1989] is used to select the sequence of q, values

used to minimize %’. The search is completed when the q.’'s that "bracket" the
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minimum differ by one percent or less. This tolerance is significantly better than the
uncertainty in the derived g, (see section 3.3.2).

In practice we did not use all the data points in a given data set to compute %’ (the sum
in equation 3.1). This is because the low altitude T, data points, which physically (as we
will see) are determined almost entirely by solar EUV absorption, have smaller error bars
and dominate the %’ calculation. When tried, the inclusion of these low altitude data
points often resulted in overestimated heat fluxes. For example, Figure 10 shows the ISR
data and T, algorithm fit for 21 Mar 85 at 1759UT. Panel (a) shows the least-squares fit
T, profile (dashed line) when all data points are used to compute ¢°. Notice how the
calculated T, profile fits the low altitude points well, but is a poor fit to the high altitude
points. Panel (b) shows the best fit when data points below 350 km are excluded from
the %* sum. Notice that the calculated profile now falls within the error bars of two of
the three highest data points. Correspondingly, the heat flux is 29 percent lower than in
panel (a). In this study, only data points above 350 km are used to compute the least-
squares fit.

This example was chosen to illustrate this effect. Usually the modeled T, profile would
also fit the low altitude (below 350 km) observations. The low altitude discrepancy in
panel (b) of Figure 10 probably arises from an uncertainty in Q, (see section 5.3). How-
ever, our study revealed that uncertainties in Q, have minimal effect on the heat flux. In
other words, the high-altitude T, profile is not influenced heavily by the volume heating
rate. Instead, the high-altitude profile is largely determined by the heat flux. The reverse

is true at low altitudes. The evidence for this is shown in sections 3.3.1, 5.1, and 5.3.
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Fig. 10. Sondrestrom T, T, and N, data for 21 March 1985 at 1759UT (1459LT).
Triangles denote T, data points; squares are for T, data points. Note that T, =T, =T, for
the data points below 250 km (as discussed in section 3.1). The N, curve is the solid line
to the right of the temperature profiles. The N, scale, in cm™, is located on the upper x-
axis. The solid line through the T, data points is the T, spline, and the other solid line is
the MSIS90 T,(h) curve. The long-dashed line is the calculated T, profile for Q, = 1.
The heat flux shown in the legend is for the altitude of the highest ISR data point, and
DIFEQ is the lower bound for which we solve equation 2.9. Panel (a) shows the best fit
when all T, data points are used in the %’ sum; in panel (b) only data points above 350
km are used.
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3.3. TESTING THE METHOD

The T, algorithm will provide a g, estimate for a given ISR data set. Before any
conclusions can be made, however, one must have confidence in the q, estimate. This
section describes four tests used on the T, algorithm to determine a "confidence level" in

the results.

3.3.1. ¥* Convergence

Once %’ is minimized, it is important to know whether the minimum is "narrow" or
"wide" (referring to the range Ag, over which %’ is small). If the minimum is narrow,
then the g, estimate is well-defined. However, if the minimum is wide, then the q,
estimate has a large uncertainty (related to the width of the minimum). Figure 11 is the
convergence contour plot for Sondrestrom on 24 Apr 83 at 0558UT (0258LT). The
contours show the different values of x’. Notice that the minimum %? is less than 0.17;
however, from this plot, the width of the minimum appears to extend from 9.8 to 10.1 (a
Aq, of about 6 x 10°). By taking a cross section of this plot through Q, = 1 (Figure 12)
we see that the minimum is much narrower. Figures 13 and 14 illustrate this same point
for Sondrestrom on 21 Mar 85 at 1311UT (1011LT). In addition to the well-defined
minimum, it is apparent in these four figures that the * function is not symmetric about
the minimum. The sharper increase in ¥’ for large q, indicates that it is extremely
unlikely that the derived q, would be overestimated. Figures 11 and 13 also illustrate the
minimal dependence of g, on Q,. The smallness of this dependence strengthens the

significance of the value of q, that is found.
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Fig. 11. Convergence contour plot for Sondrestrom on 24 April 1983 at 0558UT
(0258LT). The contours show the different values of ¥’.




28

SS 830424 B338UT Qe=1

CONVERGENCE
10
|
Y
S
|
oooo
@
|
9 | | | | 10 L

LOG HEAT FLUX

Fig. 12. Cross section of Figure 11 for Q, = 1. The diamonds show the heat fluxes for
which the golden search routine calculated %’.
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Fig. 13. Cor ergence contour plot for Sondrestrom on 21 March 1985 at 1311UT
(1011LT). The contours show the different values of %2
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Fig. 14. Cross section of Figure 13 for Q, = 1. The diamonds show the heat fluxes for
which the golden search routine calculated x>
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3.3.2. Testing the Algorithm on Model Data

Dr. Jan Sojka provided two sets of theoretical N,, T,, and T; profiles to test on the T,
algorithm. These data were produced using the USU Time Dependent Ionospheric Model
(TDIM). The test was to see whether the T, algorithm could reproduce the heat fluxes
that were used to generate the TDIM data sets. The results of the two tests are shown
in Table 4, and in Figures 15 and 16. Test #1 represents nighttime conditions (with an
unusually high heat flux), while test #2 represents daytime conditions. These TDIM tests
show that one can have high confidence in the g, estimates produced by the T, solver.

One might wonder why there are any differcnces between the TDIM and the T, solver
electron temperature profiles. A potentially significant reason is that the TDIM uses the
MSIS86 model of the neutral atmosphere, whereas the T, solver uses the MSIS90 model.
As a result, the neutral atmospheres -- hence the electron energy losses to the neutrals --

were not identical.

3.3.3. Comparison with Kofman and Wickwar [1984]

Figure 17 shows the ISR data, MSIS90 T, profile, and calculated T, profile for
Sondrestrom on 24 April 1983 at 1346UT (1046LT). This ISR T, profile represents one
of the most extreme temperature gradients we saw in the data (T, = 6000K at 500 km).
This situation has been studied by Kofman and Wickwar [1984]. They showed that the
very intense heating for this case was caused by particle precipitation (associated with the
afternoon convection reversal) and by a large downward heat flux. They calculated this
heat flux using two different methods. The first method involved use of the thermal

conductivity and the electron temperature gradients. The second method assumed that the




TABLE 4. TDIM Tests
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Test #1
Theoretical q.:
T, solver q, estimate:
percent difference:

Test #2

Theoretical q,:
T, solver q, estimate:

percent difference:

-3.00 x 10" eV cm? §?!
-3.11 x 10" eV cm? !
3.6

-4.926 x 10° eV cm™? st
-5.155 x 10° eV cm? st
4.6
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Fig. 15. Results of TDIM test #1. The long dash curve is the T, profile from the TDIM,
the dash-dot curve is the TDIM T, curve, and the solid line is the electron temperature

0
0

curve calculated by the T, solver.
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TDIM VS. Te ALGORITHM
TEST #2
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Fig. 16. Results of TDIM test #2. The long dash curve is the T, profile from the TDIM,
the dash-dot curve is the TDIM T, curve, and the solid line is the electron temperature
curve calculated by the T, solver.
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SS 1346UT 830424 Q= 1.0
HEAT FLUX= -3.127E+11 DIFEQ=108.0km
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Fig. 17. Sondresrom T,, T, and N, data for 24 April 1983 at 1346UT (1046LT).
Triangles denote T, data points; squares are for T, data points. The N, curve is the solid
line to the right of the temperature profiles. The N, scale, in cm?, is located on the upper
x-axis. The solid line through the T, data points is the T, spline, and the other solid line
is the MSIS90 T,(h) curve. The long-dashed line is the calculated T, profile for Q, = 1.
The heat flux shown in the legen is for the altitude of the highest ISR data point, and
DIFEQ is the lower bound for which we solve equation 2.9.
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heat flux is constant along the magnetic field line, then solved for the heat flux using the
integrated electron energy equation (equation 2.9 with 2Q, = ZL, = 0). Both these
methods assume a pure plasma. We used the T, solver to compute the heat flur for this
same situation (results shown in Figure 17). Thus we can compare the T, solver
resultswith the results of the two other (very different) techniques for computing heat flux.
Figure 18 shows the results of this comparison. There is very good agreement between
the T, solver and both of the Kofman and Wickwar methods, and this is another boost to

our confidence level in the T, solver results.

3.3.4. Determination of the “Zero" Heat Flux

For a given state of the topside ionosphere, q. and T, vary proportionally. In other
words, T, increases as q, increases, and vice versa. However, if q, drops below a certain
value (call it q,), then the effect of heat flux on the T, profile becomes undetectable. The
heat flux q, is the minimum detectable heat flux and for our data and method is
equivalent to q, = 0. Therefore, any meaningful results out of this research must be based
on heat flux values larger than q,. With this in mind, we conducted two tests to obtain
an estimate for q,. One test involved typical daytime ionospheric parameters; the other
test was for nighttime conditions. In both tests we started with q, = 0, then increased the
heat flux until the high-altitude T, values increased by 20 percent (above the T, values
for zero heat flux). For both experiments, a heat flux of about -1 x 10’ eV cm? s was
equivalent to q, = 0, and T, had increased by 20 percent when q, reached about -5 x 10’
eV cm? s, This places q, below -5 x 107 eV cm? s for both daytime and nighttime

conditions. As we will see in chapter five, this estimate of the "zero" heat flux is well
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below tiie heat flux values we use to establish our conclusions.

SS 830424 1346UT
HEAT FLUX VS. HEIGHT
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Fig. 18. Heat flux versus height for Sondrestrom on 24 April 1983 at 1346UT (1046L).
The solid curve is the T, solver heat flux profile. The filled circle and filled square are
the Kofman and Wickwar heat flux values. The circle represents the integrated electron
energy equation method; the square is the T, gradient method.
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CHAPTER 4

THE DATA

The data used in this research were obtained from the CEDAR database. This database
is located at the National Center for Atmospheric Research (NCAR) in Boulder, Colorado
(see appendix two for an outline of data retrieval procedures). Data from the Sondrestrom
and Millstone Hill IS radars were used in this study. Sondrestrom data analysis extended
from 1983 to 1988; Millstone Hill analysis extended from 1985 to 1990. These dates
were determined by the data and type of data available in the database. For instance,
there were no data for Sondrestrom from later than 1988, while the earlier data from
Millstone Hill did not include a detailed density profile. Thus roughly half a solar cycle
was included for each radar. Additionally, for each radar, an average of five days of data
per year were analyzed -- about 30 percent of the available data set. Since we want to
examine the effects of season and magnetic activity on the heat flux, we chose days in
which these two parameters took on a range of values.

In this chapter we look at the criteria that the Sondrestrom and Millstone Hill data had
to meet before they could be used in the T, solver. We begin with a brief review of how

ionospheric plasma parameters are derived from ISR measurements.

4.1. ISR THEORY

The incoherent scatter radar is an indispensable tool in ionospheric research. These
radars emit electromagnetic signals at a frequency that is much higher than the

ionospheric plasma frequency f, (the Sondrestrom radar operates at a frequency of 1290
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MHz, the Millstone Hill radar operates at 440 MHz, and the plasma frequency is usually
10 MHz or less). With these high operating frequencies, most of the radar energy passes
through the ionosphere and is lost. However, a minute fraction of the incident energy
back-scatters off the ionospheric electrons. The scattered signal carries a wealth of
information on the state of the ionospheric plasma. Extraction of this information (density
and temperature in our case) from the radar signal, however, is a nontrivial problem, and
depends heavily on our theoretical model of the back-scatter mechanism, which is well
understood.

Now the transmitted wavclchgth A, is usually much greater than the Debye length A,
(A, = 68 cm for Milistone Hill, 23 cm for Sondrestrom). This fact means that the returned
signal is divided into two parts: an electron component (which we are not concerned
with), and an ion component (see Figure 19). The ion component of thc signal comes
from scattering off of damped ion acoustic waves. At F-region altitudes, the shape of this
component depends on the ratio of T, to T, and the ion mass m,. Determination of the
plasma temperatures from the returned signal depends on the mixture of ion masses that
is assumed. Overestimation of m, results in overestimated temperatures, and vice versa.

Ionospheric parameters (N,, T,, and T)) are derived by comparing (in a least-squares
sense) the autocorrelation function (ACF) of the received radar signal with calculated
ACF’s that are modified to include effects from the way the data are acquired. Once the
best fit is found, the plasma density and temperatures are taken to be the ones used to
produce the theoretical ACF. The actual algorithms are for a nonlinear least-squares fit,

e.g., similar to the algorithms found in Bevington [1969]. It starts with an initial "guess"
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Fig. 19. Sketch of the ion component of the incoherent scatter spectrum. For this
theoretical example, the transmitted frequency is about 1290 MHz [R.S.V. Raman, 1980).
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of the plasma parameters, then iterates until the suitably modified theoretical ACF
matches the observed ACF. In so doing, it also provides an estimate of the uncertainty
of the derived parameters. Convergence of the algorithm is very rapid (private commun-

ication, V. B. Wickwar, 1991].
4.2. ISR DATA

Several factors must be taken into account when using Sondrestrom and Millstone Hill
data. We will first consider those factors common to both radars. Issues that are unique
to Sondrestrom or Millstone Hill will be covered in sections 4.2.1 and 4.2.2, respectively.

Both of these radars make observations at many different azimuths and elevation
angles. However, since heat is conducted mainly along geomagnetic field lines, we are
interested in radar observations taken along the field line, or in a direction in which there
are no spatial gradients in heat flux. In the data examined, the Sondrestrom radar looks
along the field line (azimuth 141 degrees, elevation 80 degrees) at intervals ranging
between five and thirty minutes. At Millstone Hill, however, observations are seldom
carried out along the magnetic field line (azimuth 166 degrees, elevation 70 degrees).
The best data for this study were obtained with the 45-m antenna that is fixed almost
vertical. This means that the T, data points in a given profile lic along different field
lines. At 300 km, for example, the plasma from which T, is derived is on a field line that
is about 65 km south of the field line whose plasma will determine the 500 km T,
measurement (65 km is based on the simple geometry of parallel field lines; in reality,

the lines get farther apart with altitude). We expect this problem to have minimal impact
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on this study. This is because the meridional T, gradient is usually small at mid-latitudes.
The exception to this rule is during periods of magnetic activity; heat flux estimates must
be scrutinized in such cases.

Another reality of the data is that the altitude of the highest data point varies between
about 450 and 600 km. Since heat flux varies with height, we need to extrapolate all of
the q, estimates up to the same altitude (about 600 km). This extrapolation is crucial if
we want to make any conclusions based on variations in heat flux. Fortunately, the
results of the research indicate that, for virtually all the data analyzed, q, has become
constant at the top of the ISR'Te profile. To show this, we examined three cases for
which the T, gradient at the top of the profile is substantial, i.e., q, is still increasing with
height. Hence, these are worst-case situations. In each of these cases, we used an
exponential function to extend the heat flux curve up to 600 km. The equation we used

is given by:

h - h, 4.1)

q,.h =q, - (4. - q,)exp|-

where ¢,, is the asymptotic value of the heat flux, g, is the heat flux at the height A, (we
used 400 km for h,), and H is a "scale height-like" factor. For each case, we iterated g,
and H until the proper fit was achieved (determined visually). The profiles for these three
cases are shown in Figures 20 through 22. Panel (a) in each figure shows the ISR T,
profile, while panel (b) shows heat flux versus height (solid curve) for high altitudes,
along with the graph of equation 4.1 (up to 600 km). Panel (b) also gives the g,,, q.., and

the H used for the fitted funtion. In Figures 20(b) and 21(b) it is obvious that q, has gone
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Fig. 20(a). Sondrestrom T,, T,, and N, data for 17 January 1985 at 1308UT (1008LT).
Triangles denote T, data points; squares are for T, data points. The N, curve is the solid
line to the right of the temperature profiles. The N, scale, in cm?, is located on the upper
x-axis. The solid line through the T, data points is the T, spline, and the other solid line
is the MSIS90 T,(h) curve. The long-dashed line is the calculated T, profile for Q, = 1.
The heat flux shown in the legend is for the altitude of the highest ISR data point, and
DIFEQ is the lower bound for which we solve equation 2.9.
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Fig. 20(b). Heat flux versus height for the calculated T,(h) profile of Figure 20(a). The
solid curve is q, from the T, solver, and the dash-dot curve is the fitted function. For this
case, q,(400) = 2.87 x 10", q.(500) = 2.93 x 10" (from the solid curve), q.(600) =
2.93 x 10", q. = 2.93 x 10", and H = 60 km.
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SS 2005UT 880317 Q,= 1.0
HEAT FLUX= -2.727E+10 DIFEQ=108.0km
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Fig. 21(a). Sondrestrom T,, T, and N, data for 17 March 1988 at 2005UT (1705LT).
Triangles denote T, data points; squares are for T; data points. The N, curve is the solid
line to the right of the temperature profiles. The N, scale, in cm?, is located on the upper
x-axis. The solid line through the T; data points is the T; spline, and the other solid line
is the MSIS90 T,(h) curve. The long-dashed line is the calculated T, profile for Q, = 1.
The heat flux shown in the legend is for the altitude of the highest ISR data point, and
DIFEQ is the lower bound for which we solve equation 2.9.
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Fig. 21(b). Heat flux versus height for the calculated T,(h) profile of Figure 21(a). The
solid curve is q, from the T, solver, and the dash-dot curve is the fitted function. For this
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case, q,(400) = 2.48 x 10'°, q,(524) = 2.74 x 10" (from the solid curve), q,(600) =
2.75 x 10", q.. = 2.76 x 10", and H = 60 km.
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SS 1346UT 830424 Q.= 1.0
HEAT FLUX= -3.127E+11 DIFEQ=108.0km

102 108 104 108 10°
=3 I { {
8 I lTllﬂlI : LR Illl"[ ’l Il”lll[ T:I il
L] L]
- T, T T,
: :
- ] ]
[] 1
1] [}
- ] '
L] []
1 [
o s i
¢ : P
[} 1
— — /l
g SR
~ = ] / 1
- 2 :
- 1 4
< y '
o /7 ! N
& 7 . :
" 7% 1 '
1 [}
’ [
- ' '
i : H
' '
o I A G | % [ | }
0 2000 4000 6000
TEMP (K)

Fig. 22(a). Sondrestrom T,, T,, and N, data for 24 April 1983 at 1346UT (1046LT).
Triangles denote T, data points; squares are for T, data points. The N, curve is the solid
line to the right of the temperature profiles. The N, scaie, in cm?, is located on the upper
x-axis. The solid line through the T, data points is the T, spline, and the other solid line
is the MSIS90 T,(h) curve. The long-dashed line is the calculated T, profile for Q, = 1.
The heat flux shown in the legend is for the altitude of the highest ISR data point, and
DIFEQ is the lower bound for which we solve equation 2.9.
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Fig. 22(b). Heat flux versus height for the calculated T,(h) profile of Figure 22(a). The
solid curve is g, from the T, solver, and the dash-dot curve is the fitted function. For this
case, q.(400) = 1.78 x 10", q,(556) = 3.13 x 10" (from the solid curve), q.(600) =
3.23 x 10", q. = 3.39 x 10", and H = 86 km.
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asymptotic and thus can easily be extended up to 600 km. The situation shown in Figure
22 has already been introduced as an extreme case. The heat flux for the ISR T, profile
in panel (a) is -3.127 x 10" eV cm? s'. From Figure 22(b), the q,(600 km) given by
equation 4.1 is -3.23 x 10", which corresponds to only a three percent increase in the heat
flux. It is also interesting to note that H is approximately equal to the neutral scale
height.

Finally, we had to deal with bad data and missing data (b .1 data will be discussed in
section 4.2.1). A given temperature profile was skipped when bad or missing data
reduced the number of T, data pbints to five or less. This was done because profiles with

five or fewer T, data points tended to produce an erratic T; spline.

4.2.1. Sondrestrom Data

Table 5 lists the days for which Sondrestrom data were analyzed. Also listed in Table
5 is the average highest heat flux for the day (not including short-term "peaks" or
"valleys" in the heat flux -- these features will be discussed separately), the daily 10.7-cm
flux value, the 24-hour A, value, the 3-hour K, value for the time of highest average heat
flux, and the A, values for one and two days prior (K, is written such that 3" is
represented by 2.7 and 3% by 3.3). Table 5 also lists the "daily" volume heating rate
multiplier, Q,, which, for a given day, resulted in calculated T, profiles that best fit the
low-altitude (below about 350 km) ISR T, data points. This "daily” Q, multiplier was
deiermined by visually comparing the low-altitude T, profiles and data points for each
data set throughout a particular day.

To illustrate how the heat fluxes in Table 5 were obtained, we look at 17 March 1988
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TABLE 5. Sondrestrom Days
Date heat flux |110.7 AD Qe Kp Ap-1 JAp-2

24-Apr-83| 3.00E+10 142.7 61 1 5.7 17 17
18-May-83) 2.00E+10 137.6 12 1 27 64 9
15-Jun-83] 2.00E+10 128.7 16 1 3.3 12 70
13-Jul-83] 2.50E+10 123.5 19 1 3 16 4
26-Jun-84{ 1.50E+10 100.1 8 1 2 10 22
27-Jun-84| 1.50E+10 101.5 10 1 1.7 8 i0
28-Jun-84| 2.00E+10 9.5 21 1 3.7 10 8
15-Jan-85|  8.00E+09 724 9 1 2 9 14
16-Jan-85| 7.00E+09 74.7 8 1 2 9 9
17-Jan-85| 2.00E+10 75.8 9 1 23 8 9
18-Jan-85| 6.00E+09 74.1 6 1 1 9 8
21-Mar-85] 9.00E+09 76.1 5 1 1.3 5 9
12-Apr-85|  1.00E+10 69.6 5 1 1.3 11 11
22-May-85|  7.00E+09 82.7 5 1 1.3 8 5
13-Aug-85| 2.00E+10 68.9 4] 1 33 27 5
12-Nov-85|  7.00E+09 74.7 4 1 1.7 10 19
28-Aug-86| 1.00E+10 68.8 12 ! 4 13 12
1-Apr-87|  1.20E+10 725 10 1 1.7 4 4
27-Aug-87| 1.80E+10 85.1 21 1 4.3 40 39
10-Nov-37{ 1.50E+10 89.2 11 1 2.3 10 4
25Nov-87{ 1.00E+10 104.9 12 ] 3.7 24 35
15-Jan-88| 9.00E+(9 1124 63 2 3.7 a8 7
17-Mor-88] 1.00E+10; 1174 9 2 1.3 14! 20
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at Sondrestrom. Figure 23 shows heat flux versus UT time for this day. Notice the
re[atively stable heat flux pattern from about 1300UT (1000LT) to about 1700UT
(1400LT). The horizontal line on the graph represents the mean maximum heat flux for
the day (1 x 10" eV ecm? ). Notice that the heat flux "spikes" before 1300UT and after
1700UT do not enter into the average. Likewise, the heat flux "valleys" between 1300UT
and 1700UT are not included in this average. One word of warning: these "average" heat
flux values were determined subjectively by "eyeballing” the heat flux versus time graphs;
therefore, the values listed should be used with caution. The Sondrestrom data in the
CEDAR database could be used immediately by the T, algorithm -- no further data
processing was required. We were able to avoid further data processing because detailed
N, profiles (values sampled every 6 to 9 km) were available in the database. However,
during the original data reduction, Sondrestrom analysts did assign a "usability" code to
each of the temperature data points determined from the ACF’s. This code involved such
factors as the percentage uncertainty of T, and T,, the reduced % of the ACF fit, and the
differences between the two Doppler velocity determinations [private communication, V.B.
Wickwar, 1992]. Only data points that had a usability code of 2 were included in this

study.

4.2.2. Millstone Hill Data

Table 6 lists the days for which Millstone Hill data were analyzed (format is the same
as Table 5). Unlike Sondrestrom data, Millstone Hill N, data required further reduction
before we could use it in the T, algorithm. Millstone Hill N, data are of two types:

short-pulse (~ 40 ps) data, and long-pulse data (320 ps or 640 ps). The short-pulse
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Fig. 23. Heat flux versus time for 17 March 1988 at Sondrestrom. The solid horizontal
line represents the mean maximum heat flux for this day. Caution: these mean maximum
heat flux values were determined by “eyeballing” graphs such as this one; therefore, the
values in Tables 5 and 6 should be used with caution.




53
TABLE 6. Millstone Hill Days
Date heat flux |f10.7 __ |Ap Qe Kp Ap-1_ |Ap-2

15-Jan-85  9.00E+09 72.4 9 1 3 9 14
16-Jan-85]  1.00E+10 74.7 8 1 1 9 9
17-Jan-85] 1.10E+10 75.8 9 1 2.7 8 9
20-Mar-85]  1.10E+10 74.2 5 1 2 9 N
23-Apr-85]  1.10E+10 93.3 12 ] 3 N 103
21-May-85] _ 1.10E+10 84.4 8 1 2.7 5 9
25-Jun-85] 8.00E+09 7 12 1 3 5 7
\-Apr-86]  1.20E+10 718 8 ] 3 7 5
2-Apr-86] 9.00E+09 70.6 5 1 1.3 8 7
28-Aug-86| 1.00E+10 68.8 12 1 33 13 12
23-Sep-86]  9.00E+09 68.7 43 1 47 4 K
24-Sep-86]  9.00E+09 68.8 2 1 33 43 4
7-Oct-86]  1.00E+10 74.3 5 ] 1.3 12 19
8-Oct-86] 1.10E+10 74.8 3 ] 27 5 12
29-Oct-86] 1.30E+10 9.4 15 1 2 9 16
30-Oct-86] 1.10E+10 89.8 14 1 3 15 9
10-Dec-86]  8.00E+09 72.3 12 1 2.7 6 4
11-Dec-86] _ 8.00E+09 73 8 1 13 12 6
3-Jun-87] 3.00E+10 76.4 4 4 ] 8 8
25-Nov-87| 1.20E+10] _ 104.9 12 1 3 24 35
3-Feb-89] 2.00E+10] 1858 44 ] a7 21 2
9-May-89] 2.00E+10] _ 205.1 5 4 2 5 %
10-May-89] 2.50€+10]  208.7 4 4 1 5 5
20:5ep-90] _ 1.80E+10 204 16 a 3 16 19
18-Dec90| 2.00E+10] 2016 5 4 2 6 8
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provides higher resolution, but the short duration of the pulse causes the signal-to-noise
ratio to drop below acceptable levels at high altitudes (above the F2 peak). This means
that short-pulse N, data are too noisy above the F2 peak to be of use. Conversely, the
long-pulse gives a better signal-to-noise ratio above the F2 peak, but because of the long
pulse length, the resolution is poor near the F-region peak and below. This makes long-
pulse N, data ideal above the F2 peak since the plasma scale height is large and thus the
coarse resolution is adequate. The obvious thing to do then was to use short-pulse N,
data up to and through the F2 peak, then transition smoothly to the long-pulse N, data.

Now the short-pulse N, data is in "raw” form in the CEDAR database and had to be
corrected before it could be "joined" with the long-pulse data. The correction is for the

T, / T, ratio and Debye length according to:

N=_1_l+a2+_Til+(x2)N’ (4.1)
£ 2 T

i

4mA

R
"

€ kT, :

A =12
e*N,

d

where N’ is the uncorrected (raw) electron density, A, is the Debye length (MKS units),
A is the radar wavelength, €, is the permittivity of free space, k is Boltzmann’s constant,
e is the electron charge, and N, is the corrected electron density. Since o o I / N, the
correction must be done iteratively. We used the procedure outlined in Wickwar [1974].

The long-pulse N, data did not need this correction because the N, values were
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determined in the fitting to the ACFs, which took the radar wavelength, Debye length,

and temperature ratio into account.

Figure 24 gives an example of the joining process for Millstone Hill 1 Apr 86 at
1505UT (1005LT). The long-dash curve is the long-pulse N, curve, the dot-dash curve
is the short-pulse (raw) N, curve, and the solid curve is the final N, profile. Application
of equation 4.1 shifts the raw short-pulse curve toward the long-pulse curve.

Finally, we found that, even after we applied equation 4.1, the short-pulse densities
were still less than the long-pulse densities (but not by more than a factor of about 1.2).
This difference occurs becausc.: the radar constant is derived for the long-pulse data.
Therefore, the long-pulse data are fully corrected, and the short-pulse data had to be
scaled up to the long-pulse data. This scale factor varied for each profile, but again was
never larger than about 1.2.

We then tested the accuracy of the final N, profile by assuming that the long-pulse N,
profile is simply the convolution of the actual N, profile with a 96 km long square pulse
(the radar pulse). Therefore, if we convolve our final N, profile with a 96 km long square
pulse, we should recover the long-pulse N, profile. Figure 25 shows the results of the
convolution procedure for the N, profile of Figure 24. The dot-dash curve is the long-
pulse profile, and the solid curve is the final N, profile convolution. Overall, the fit is
excellent. The portion of the long-pulse profile below about 190 km is not a real feature.
Likewise, the sharp bend in the convolution curve above about 525 km is not real, but
is due to the fact that the joined N, profile in this example stops at 568 km.

One last potential problem with Millstone Hill data is high-altitude H* contamination.
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Fig. 24. Raw and corrected N, profiles for 1 April 1986 at 1505UT (1005LT). The dot-
dash curve is the raw short-pulse N, data, the long-dash curve is the long-pulse N, data,

and the solid curve is the final (joined and corrected) N, profile.




57

MLH 860401 1585UT
CONVOLUTION OF Ne PROFILE

640

500 ".

400

300

HT (km)

200

100

Fig. 25. Convolution of the final N, profile (from Figure 24) with a 96 km long square
pulse. The solid curve is the convolution, and the dot-dash curve is the long-pulse N,
profile.
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The data reduction algorithm at Millstone Hill assumes an ion composition of 100 percent
O" at high altitudes. At certain times, however, H" may be present in significant amounts
above 400 km. At such times T; may be overestimated (see section 4.1). This, in turn,
would result in underestimated cooling rates. Since H' is most abundant at night and
during solar minimum, these are the most likely times for contamination to occur [private

communication, S.A. Gonzalez, 1992].
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CHAPTER 5

RESULTS

Many interesting features resulted from the heat flux analysis of the Sondrestrom and
Millstone Hill data. Sections 5.1 and 5.2 will cover the noteworthy findings from the
Sondrestrom and Millstone Hill g, analysis, respectively. Appendices I1I and IV contain
tables of heat flux versus time, solar zenith angle, and conjugate point solar zenith angle

for all the Sondrestrom and Milistone Hill days we analyzed, respectively.

5.1. SONDRESTROM DATA

Figure 26 shows heat flux versus date for 20 of the 23 days analyzed. The three days
omitted from this graph were left off because no daytime measurements were taken, and
so a heat flux comparison with the other days becomes questionable. The heat fluxes in
this graph are the mean maximum heat fluxes from Table 5. This figure alone does not
give us much information except that the mean maximum, q,, varies from about -7 x 10°

to about -3 x 10'° eV cm? s,

More information can be gained by examining the
variation of other geophysical parameters for the days of data we analyzed. Figure 27
shows a scatter plot of the mean heat flux versus the 10.7-cm flux (also called F,;). The
line on the graph represents the linear least-squares fit through the data. The magnitude
of the F,,, solar radio emission is often used as a surrogate for the level of overall solar
activity. Accordingly, Figure 27 shows that the 10.7-cm flux varies from about 68 (solar

minimum conditions) up to about 144 (active conditions). From the linear regression it

is apparent that q, is positively correlated with F,,,.
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Fig. 26. Downward heat flux versus date for the Sondrestrom days analyzed (see Table
5). The units of heat flux are eV cm? s,
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Fig. 27. Scatter plot of heat flux versus F,,, for the Sondrestrom days analyzed (see
Table 5). The line represents the least-squares fit through the data points.
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Figure 26 illustrates a long-term variability of heat flux. By analyzing many days
throughout the solar cycle, one may also find dependences (of heat flux) on parameters
that vary on shorter time scales. One example is geomagnetic activity. Figures 28 and
29 show scatter plots (and linear least-squares fits) of q, versus the geomagnetic indices
A, and K, respectively. Both of these graphs show a positive correlation between heat
flux and the level of geomagnetic activity, although the correlation with K is more
convincing.

Heat flux during the day also exhibits other short-term variations. While a few of these
variations were due to bad data, or to a calculated T, profile that did not fit the data well,
most of the variations are "real" and worthy of study (the only way to tell the difference
between real and false g, variations is to look at the individual calculated T, profiles and
compare them with the corresponding ISR data sets). Figure 30 shows heat flux versus
time for 21 March 1985 at Sondrestrom. The four curves represent the heat flux for the
different Q, multipliers shown in the legend. There are several things to notice in this
graph. First, the Q, = 0.5, Q. = 1, and Q, = 2 curves are very similar, while the Q, = 4
curve obviously represents too much solar input for this day (it caused the calculated T,’s
to be overestimated). For the remaining three curves, the heat flux is fairly independent
of the Q, multiplier (a fact we introduced in chapter 3). In fact, for this day, a factor of
four change in Q, (0.5 - 2) resulted in only a 50 percent change in heat flux. Thus the
cross-correlation between q, and Q, is small for this day, and was equally small for the
other 47 days of data we analyzed.

In addition, q, in the figure shows a definite diurnal variation; the higher heat fluxes




63

SONDRESTROM Ap VS. HEAT FLUX

3.5£+010

I

A 3E+@1@f o

T'm —

S 2.5c+010 | o

> - .

@

> : _

= 2F+01@ [—o}-0—o—io o

L'L' -

: [ o o //

o 1.5£+010 -*/wc//

= i

2 ]

8 5

1E+010 © o
2 -
S
-
SE+pRg b e e L L
1@ 20 3 4 S8 6@ 19

Ap

Fig. 28. Scatter plot of heat flux versus A, for the Sondrestrom days analyzed (see Table
5). The line represents the least-squares fit through the data points.
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5). The line represents the least-squares fit through the data points.
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occur mainly during the day. One also sees shorter time scale g, variations superimposed
on the diurnal variations. For example, the heat flux curve is quite smooth between about
1200UT (0900LT) and 1900UT (1600LT). After this time, however, two heat flux
"spikes" occur: one near 2000UT (1700LT), and the second around 2130UT (1830LT).
Notice that, during these "spikes," q, is especially independent of the volume heating rate
multiplier. As stated above, we found that some q, spikes were not "real." However,
these two spikes were accompanied by an increase in T, at high altitudes. To study the
spike phenomenon more closely, we move on to two more dramatic examples.

Figure 31 shows another g, versus time plot for 24 April 1983 at Sondrestrom. We
have already identified this day as unusual (sections 3.3.3 and 4.2). We will examine
Aq, / At (and its relation to AT, / At) between 1028UT (0728LT) and 1757UT (1457LT).
To aid in this comparison, we will use Figures 32(a) through 32(c). Figure 32(a) shows
a 3-D plot of T,(h) versus time (1000UT - 1800UT). Each T, profile is color-coded (see
legend), and time increases from upper right to lower left. Figures 32(b) and 32(c) show
the T, and N, profiles for the same period, respectively. These two graphs are color-
coded exactly the same as Figure 32(a), i.e., a given time has the same color profile in
all three graphs. In Figure 31 there are three noticeable heat flux spikes: the first (and
the biggest) is at 1346UT (1046LT), the second at 1442UT (1142LT), and the third at
1633UT (1333LT). Comparing these spikes with the corresponding T, curves in Figure
32(a), we see that the T, (at high altitudes) is increased at the times of the g, spikes.
Conversely, at those times during tne period when q, is smaller, T, is also reduced. This

positive correlation between T, and q, is consistent with theory. In Figure 32(b) we see
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Fig. 32(a). Electron temperature profiles versus time for 24 April 1983 at Sondrestrom.
The T, profiles are color-coded according to the legend. Time progresses in the graph

from upper right to lower left.
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Fig. 32(c). Electron density profiles versus time for 24 April 1983 at Sondrestrom. The
N, profiles are color-coded according to the legend. Time progresses in the graph from
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that T, is also increased at 1346UT and 1442UT. This increase in T; may well be caused
by ion heating ( =< N,?) due to coulomb collisions with the hot electrons; at both 1346UT
and 1442UT the electron density iz enhanced. However, by 1633UT the electron density
has decreased at high altitudes (relative to N, at 1346UT and 1442UT). This means that
ion heating has decreased, and, as we see from Figure 32(c), T, has decreased. Finally,
Figure 32(c) shows that N, (at F-region altitudes) is enhanced during the three heat flux
spikes. The association of the N, increase with the T, increase is indicative of particle
precipitation. With the N, increases occurring higher in the F-region during the first two
events, one can infer they arise from lower energy particles than during the third event.
The primary electron energy in all three cases has to be less than the usual auroral
energies that give rise to enhanced N, layers at 120 km and below. As discussed in
section 3.3.3, the unusual activity on this day has been studied by Kofman and Wickwar
[1984]. The increased T, values (at least for 1346UT) occurred at the afternoon
convection reversal, and came about because of a large downward heat flux.

Another series of graphs, including Figures 33 and 34(a)-(c), illustrate this same
correlation between T, and q, for 28 June 1984 at Sondrestrom. As shown in Table 5,
this day was also geomagnetically active, with an A, of 21 and a 3-hr K, of 4° (for the
time frame of interest). In Figure 33, we see that the period of increased heat flux values
begins at 1140UT (0840LT), and continues through about 1400UT (1100LT). The heat
flux maxima during this period occur at 1232UT (0932LT), 1318UT (i013LT), and
1402UT (1102LT). The electron temperature and heat flux during this period show a

definite correlation, while q, and T, have a weaker correlation. This weak correlation is
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Fig. 34(b). Ion temperature profiles versus time for 28 June 1984 at Sondrestrom. The
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due to the fact that the N, profiles in Figure 34(c) are significantly smaller (on average)
than those in Figure 32(c). Thus the ion heating is much smaller (recall that this heating
is «< N.%). The ISR ion convection velocity observations prove that large joule heating
occurred on this day (see Figure 35); however, the event was over at Sondrestrom by
1140UT (0840LT). The T, solver did not analyze any of the data sets during the joule
heating event because too many of the high-altitude data points had large uncertainties,
ie., a usability code value of one (see section 4.2.1). These uncertainties were
presumably caused by relatively small N, values.

Finally, the heat flux variations are also positively correlated with N, changes (Figure
34(c)), suggesting the presence of particle precipitation during this period (1140UT to
1400UT). As further evidence of particle precipitation, we look at the Sondrestrom ion
velocities on this day (Figure 35). This graph shows ion convection velocities versus
invariant latitude. Red arrows indicate that the zonal component of the velocity is
westward, while blue arrows indicate an eastward component. The Sondrestrom radar is
at about 74 degrees invariant latitude, hence the area in the center of the graph that has
no data. We point out two major features on this graph. First, there are very large (2 -
4 km/s) eastward ion velocities prior to 1140UT (0840LT) below 73 invariant, and
between 1000UT (0700LT) and 1400UT (1100LT) above 75 invariant. In addition, after
1140UT, the ion velocities below 73 invariant are small. Thus, after 1140UT, it appears
that the radar is located in a region of strong gradients in the electric field and
presumably the Pedersen current (current is converging). This is the same situation as

on 24 April 1983, except that, in the June 1984 case, the electric field gradients are on
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the equatorward side of the strong sunward convection in the moming convection cell
(recall the April 1983 case was associated with the convection reversal in the aftemoon
cell). In both cases, the Pedersen current converges, and current continuity is preserved
by electron precipitation in the region. This precipitation is accompanied by a strong heat
flux.

The data quality for Sondrestrom was such that we have heat fluxes mostly from the
daytime periods. These show a positive correlation to solar activity during the solar
cycle, i.e., to Fjy;. These daytime heat fluxes also show a positive correlation (in the
average behavior) to geomagﬁetic activity, i.e., to both A, and K,. Furthermore, big
increases in the heat flux can be related to the convection pattern and to the precipitation

of relatively low energy auroral particles, i.e., to specific magnetospheric features.
5.2. MILLSTONE HILL DATA

Figure 36 shows the heat flux versus date for the Millstone Hill days we analyzed.
Again, the heat flux values shown are the mean maximum heat fluxes from Table 6.
Notice in the figure that g, remains at about the 10'® level for the 1985 and 1986 days,
then increases significantly for the 1989 and 1990 data (this increase is unduly sharp due
to the lack of 1987 and 1988 data). This apparent solar cycle correlation is seen again
in Figure 37, where we plot heat flux versus F,,,. A similar positive correlation with F,,
was seen in the Sondrestrom data. In Figures 38 and 39, however, we see that the
Millstone Hill heat fluxes show a very different geomagnetic correlation than was found

at Sondrestrom. The Millstone Hill data for A, and K, show a negative correlation.
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Fig. 37. Scatter plot of heat flux versus F,,; for the Millstone Hill days analyzed (see
Table 6). The line represents the least-squares fit through the data points.
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Fig. 38. Scatter plot of heat flux versus A, for the Millstone Hill days analyzed (see
Table 6). The line represents the least-squares fit through the data points.
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Fig. 39. Scatter plot of heat flux versus K, for the Millstone Hill days analyzed (see
Table 6). The line represents the least-squares fit through the data points.
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However, the correlation depends on a few of the data points. If we were to remove the
large heat flux points that occur for low geomagnetic activity, the regression lines in both
graphs would become almost horizontal, i.e., no correlation. This difference in
geomagnetic behavior between Sondrestrom and Millstone Hill seems plausible because
Millstone Hill is 20 geomagnetic degrees equatorward of Sondrestrom. At L = 3, it is
usually inside the plasmapause for the K, values encountered during the days analyzed.
In contrast, the field lines at Sondrestrom usually extend into parts of the magnetosphere.

Although we noted some nighttime heat flux "spikes" in the Millstone Hill data, far
more interesting were the magnetic conjugate point heat flux effects we discovered (see
Figure 3 and the related discussion). Figure 40 shows a representative example of a
"hysteresis" pattern we found in all of the Millstone data. Panel (a) plots solar zenith
angle versus heat flux, and panel (b) plots conjugate point solar zenith angle versus heat
flux. Time progression is marked with arrows in the panels. In this figure, the data begin
just after 0000UT (1900LT), and continue almost through 2400UT. The heat flux begins
at a certain value, drops to a nighttime "floor” for several hours, increases in the morning
hours up to a "ceiling,” then decreases again in the evening hours. Notice that the heat
flux in the evening hours is higher than the morning heat flux for the same solar zenith
angle (hence the use of the term hysteresis). The heat flux pattern in Figure 40 is
consistent with the view that the magnetic flux tubes are energized in the morning hours,
and this energy is then conducted back out later in the day. The hysteresis shows that
this process is almost symmetric about 1200LT, but that the maximum flux tube energy

is shifted slightly towards the afternoon. In other words, there is a significant time con-
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Fig. 40. Millstone Hill heat flux data for 15 January 1985. Panel (a) shows heat flux
versus Millstone Hill solar zenith angle; panel (b) shows heat flux versus conjugate solar
zenith angle. The arrows along the curve indicate the progression of time. Note: heat
flux values that correspond to a poor agreement between the calculated and ISR T,
profiles are not included in this plot (see Appendix four).
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stant associated with this process.

In our study of conjugate effects, we wish to determine at what solar zenith angle the
heat flux begins to rise. In examining the data, we found that, on average, the heat flux
is stll at its nighttime minimum value at a zenith angle of 100 degrees, but had
significantly increased when the angle dropped to 97 degrees. Recalling that photo-
electron effects (red-line enhancement and plasma lines) begin between 100 and 105
degrees at Arecibo [Wickwar, 1971], this onset of heat flux increase suggests the need for
some time for "hot" photoelectrons to heat the electrons in the flux tube.

As discussed above, the heat flux tends to decrease at night to a "floor” value and stay
there throughout the night. However, we found that the magnitude of this "floor"
minimum varies. In the northern hemisphere summer, when the conjugate point (relative
to Millstone Hill) solar zenith angle becomes more than 100 degrees, we found that the
nighttime "floor" heat flux at Millstone Hill averaged about 2 x 10® eV cm? s™.
However, during winter in the northern hemisphere, conjugate sunset never occurs. The
corresponding winter nighttime heat fluxes at Millstone Hill averaged 9 x 10° eV cm? s/,
which represents a significant increase over the summertime "floor.” This phenomenon
is illustrated in Figures 41 and 42. Figure 41 shows solar zenith angle plots for 16
January 1985, and Figure 42 shows the same plots for 28 August 1986. In Figure 41(a)
notice how the nighttime "floor” is about 1 x 10° eV cm™ s, while in panel (b) of the
same figure the conjugate solar zenith angle never drops below 90 degrees. However, in
Figure 42(a) the nighttime heat flux is about 2 x 10® eV cm? 57!, while on panel (b) of

this graph the conjugate solar zenith angle increases far beyond 100 degrees. The reason
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Fig. 41. Milistone Hill heat flux data for 16 January 1985. Panel (a) shows heat flux
versus Millstone Hill solar zenith angle; panel (b) shows heat flux versus conjugate solar
zenith angle. The arrows along the curve indicate the progression of time. Note: heat
flux values that correspond to a poor agreement between the calculated and ISR T,
profiles are not included in this plot (see Appendix four).
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Fig. 42. Millstone Hill heat flux data for 28 August 1986. Panel (a) shows heat flux
versus Millstone Hill solar zenith angle; panel (b) shows heat flux versus conjugate solar
zenith angle. The arrows along the curve indicate the progression of time. Note: heat
flux values that correspond to a poor agreement between the calculated and ISR T,
profiles are not included in this plot (see Appendix four).
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for this difference in the nighttime heat fluxes between summer and winter is that, during
the winter, the conjugate ionosphere is sunlit throughout the night, and thus provides a
continuous source of energy for the local ionosphere and flux tube. Conversely, this heat
source disappears during summer nights after conjugate sunset occurs, and thus the
nighttime heat flux decreases. It is important to note that we observed this same "summer
nighttime versus winter nighttime" pattern in all the Millstone Hill data we analyzed.

Notice that the impact of conjugate heating is only a few times 10°, whereas daytime
heat fluxes at Millstone Hill are in the 10° - 10" range. This order of magnitude
difference suggests that conjugate effects do not contribute significantly to daytime
heating. It further suggests that the reservoir of hot particles that give rise to the
observed daytime heat fluxes is at the local end of the field line.

Now, during the summer nights at Millstone Hill (when conjugate sunset occurs), one
may wonder why the nighttime heat flux "floor" does not drop to zero (or the equivalent
of zero; see section 3.3.4). We speculate that it could be related to the low-level
nighttime ionization that presumably occurs because of EUV scattering by the geocorona
and because of galactic radiation. Another possibility is heating of plasmaspheric
electrons by ring current ions -- the mechanism used to excite SAR arcs. If this latter
source is active, it would be expected to be small because it would involve heat
conduction perpendicular to the magnetic field.

It is likely that we could think of physical mechanisms other than conjugate heating to
explain the phenomenon shown in Figures 41 and 42. To further test our assertion that

conjugate effects are present in the Millstone Hill heat flux curves, we looked for




89

evidence of conjugate heating in the equinox data. During equinox it is possible for the
conjugate solar zenith angle to pass from being greater than 100 degrees to being less
than 100 degrees, while the local solar zenith angle remains above 100 degrees.
Conjugate heating effects should be noticeable under such conditions. Our previous
argument is weakened if curijugate heating is not evident in the data. Figures 43(a)-(c)
show examples of equinox conjugate effects for 20 March 1986, 7 October 1986, and 8
October 1986. These plots show the heat flux versus conjugate solar zenith angle for
each day. The arrow on each curve marks the point at which the local solar zenith angle
is 100 degrees. Notice that, in each case, the heat flux begins to rise near 100 degrees
conjugate solar zenith angle; this rise in heat flux is prior to local F-region sunrise.
Therefore, our original (solstice) conjugate heating argument is strengthened by the
equinox data.

One important point we have yet to touch on is the physical mechanism by which the
local ionosphere is heated. There are two possibilities. The first involves heat conduction
along the magnetic field line. The second involves "hot" photoelectrons that travel the
length of the field tube from the conjugate hemisphere, then deposit their energy in the
local F-region. Because the T, solver does not take into account direct heating by
conjugate photoelectrons, there is a possibility that our heat flux estimates are too large.
Given the data available during this research, it was impossible to tell uniquely which of
these mechanisms is responsible for the heating. However, given the proper experiment,

thcse two mechanisms can be separated (discussed in chapter seven).
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Fig. 43(a). Milistone Hill heat flux versus conjugate solar zenith angle for 20 March
1985. The arrows along the curve indicate the progression of time, and the large arrow
off the curve indicates when the Millstone Hill solar zenith angle drops below 100
degrees. Note: heat flux values that correspond to a poor agreement between the
calculated and ISR T, profiles are not included in this plot (see Appendix four).
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Fig. 43(b). Millstone Hill heat flux versus conjugate solar zenith angle for 7 October
1986. The arrows along the curve indicate the progression of time, and the large arrow
off the curve indicates when the Millstone Hill solar zenith angle drops below 100
degrees. Note: heat flux values that comrespond to a poor agreement between the
calculated and ISR T, profiles are not included in this plot (see Appendix four).
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Fig. 43(c). Millstone Hill heat flux versus conjugate solar zenith angle for 8 October
1986. The arrows along the curve indicate the progression of time, and the large arrow
off the curve indicates when the Millstone Hill solar zenith angle drops below 100
degrees. Note: heat flux values that correspond to a poor agreement between the
calculated and ISR T, profiles are not included in this plot (see Appendix four).
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5.3. OTHER PARAMETERS THAT AFFECT THE FIT

So far we have only discussed situations in which the "best fit" heat flux corresponds
to a calculated T, profile that fits the data well (as verified visually). We now turn our
attention to examples where the calculated T, profile does nor fit the data well. Before
we move on to examples, we should mention the altitude range in which these
discrepancies occur. They are typically below the altitudes of the T, data points that
determine the heat flux (below about 350 km). Instead, the data points we will refer to
in this section are controlled mostly by Q, from solar EUV. The observed data points are
also affected by particle heating and ion composition, as we will see.

There are two ways in which the fit between the ISR T, data and the calculated T,
values can fail: either the calculated T, values are too small, or they are too big (relative
to the ISR T, values). We will examine the former situation first. We found that
underestimated (model) electron temperatures occurred on two time scales: short (a few
minutes up to two or three hours), and long (days). An example of a short time scale
case is shown in Figure 44(a). In this case, the calculated T, profile is almost 500
degrees below the T, data points (between about 250 km and 350 km). Several things
could cause this, including:

(1) Underestimation of the solar EUV heating rate.

(2) Overestimation of the neutral and / or electron densities.

(3) Exclusion of additional heat sources, such as field-aligned currents or particle

precipitation.

To gain insight into which of these factors might be causing the problem, we ran
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HEAT FLUX= -4.864E+10 DIFEQ=108.0km

o 102 103 104 108 10* 107
8 ML Illﬂii 11 lillll{ 1 lmllli 1] ITII"Ii LIRBLALL
) ]
)
B Tn ' Ti Te '-*1/' 1
] ]
n E bay E -
] [}
- : 4 ¢ \N -
g : d :
g ' 7/ '
—_ | e : o
£ K s
- S
T /! : 4
o AL :
o b .
N / ' /
= /4 ' ' -
i [ 1 ! i 1 1
o 1 1 1 — { 1
0 2000 4000 6000
TEMP (K)

Fig. 44(a). Sondrestrom T,, T;, and N, data for 23 April 1983 data at 2000UT (1700L).
Triangles denote T, data points; squares are for T, data points. The N, curve is the solid
line to the right of the temperature profiles. The N, scale is in cm™ and is located on the
upper x-axis. The solid line through the T; data points is the T; spline, and the other solid
line is the MSIS90 T,(h) profile. The long-dash line is the calculated T, profile for Q,
= 1. The heat flux shown in the legend is for the altitude of the highest ISR data point,
and DIFEQ is the lower bound for which we solve equation 2.9.
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several tests. In the first test, we tried Q, = 4 to boost the solar EUV input. This test
was only partially successful (see Figure 44(b)). It is unlikely, however, that the solar
EUV should change significantly for a short period during the day. We then tried an
energy flux of 10 erg cm? s (= 6.24 x 10> eV cm? s; a huge energy input) of auroral
particles. The T, solver assumes an average particle energy of about 3 KeV. Again, as
Figure 44(c) shows, only partial success was achieved. However, less energetic auroral
particles would deposit their energy at higher altitudes. The final test was to reduce N,
by 50 percent. As Figure 44(d) shows, this adjustment produced the best agreement
between calculation and data. However, it seems unlikely that the N (h) profile (obtained
from ISR measurements) would be overestimated by 50 percent for a short period during
the day. It appears that the most likely explanation is an additional heat source (particle
precipitation). For the energy to be deposited at these altitudes, the primary electrons
would have to have very low energies, i.e., for energy to be deposited above 200 km, the
primary electron would have to have an energy less than 500 eV [Ombholt, 1971, Jones,
1974]. Examples of short-term discrepancies such as these also exist for Millstone Hill.

As stated above, underestimated T, values (from the solver) occurred on the time scale
of a few minutes up to two or three hours. However, all of the 1989 and 1990 Millstone
Hill data we analyzed (see Table 6) had significant long time-scale underestimations
between about 200 and 400 km. F,,; was near 200 for all of these days. Figures 45, 46,
and 47 illustrate this phenomenon for 20 September 1990 at Millstone Hill. Figure 45
shows q, versus time for this day. Notice that, in contrast to Figure 30, Q, = 4 does not

represent an overestimated volume heating rate. Also notice, as already mentioned in
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Fig. 44(b). Same as Figure 44(a), but here the calculated T, profile is for Q, = 4.
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Fig. 44(c). Same as Figure 44(a), but here we have introduced a particle precipitation
energy flux of 10 erg cm? s (= 6.24 x 10? eV cm? s!).
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Fig. 44(d). Same as Figure 44(a), but here we have reduced the MSIS90 T,(h) profile by
50 percent.
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Fig. 45. Heat flux versus time for 20 September 1990 at Millstone Hill. The four curves
represent the four volume heating rate profiles shown in the legend.
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MLH 1620UT 900920 Q= 0.5
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Fig. 46. Millstone Hill T,, T;, and N, data for 20 September 1990 data at 1620UT
(1120L). Triangles denote T, data points; squares are for T; data points. The N, curve
is the solid line to the right of the temperature profiles. The N, scale is in cm™ and is
located on the upper x-axis. The solid line through the T, data points is the T; spline, and
the other solid line is the MSIS90 T,(h) profile. The long-dash line is the calculated T,
profile for Q, = 0.5. The heat flux shown in the legend is for the altitude of the highest
ISR data point, and DIFEQ is the lower bound for which we solve equation 2.9.
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Fig. 47. Same as Figure 46, but here the calculated T, profile is for Q, = 4.
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sections 3.3.1 and 5.1, the strong independence of q, and Q..

Figures 46 and 47 show the ISR data, MSIS90 output, and model T, profile for
1620UT (1120LT) on this day. Figure 46 is for Q, = 0.5, and Figure 47 is for Q, = 4.
It is quite obvious that Q, = 0.5 does not provide enough heating at lower altitudes, and
that even Q, = 4 is not enough. For these cases, because of the long time scale of the
problem, we believe that the T, solver solar EUV input is incorrect. The solver uses a
solar EUV heating profile repre-sentative of solar minimum conditions. For high F,y,
conditions the entire profile is "scaled up" by some factor (a linear interpolation based on
F,,7)- However, we know that the shape of the solar EUV curve changes for high F,,.
This is because, in general, the increase in solar EUV is greater for shorter wavelengths.
Thus the scaling in the T, solver appears to be inadequate for high F,,, conditions.

The second way for the fit to fail is that the calculated T, values are greater than the
ISR T, values. The reason for this type of failure relates to ion composition. Figure 48
illustrates this situation for 28 June 1984 at Sondrestrom. Notice how the ISR T, data
points below 350 km are less than the calculated T,’s in the same aititude range.
Recalling section 4.1, we must assume a mean ion mass in order to derive T, and T, from
the received radar signal. If we underestimate the ion mass, then e underestimate the
temperatures. Therefore, in cases like the one shown in Figure 48, we assert that the
mean ion mass has been underestimated in the Sondrestrom data reduction. Following
Wickwar [1974] we can estimate the 1on composition required to increase the ISR T,
values up to the calculated T, values. We can only do this .f we assume that the T,

solver solution is not sensitive to ion composition. We believe that the T, solver is not
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Fig. 48. Sondresrom T,, T,, and N, data for 28 June 1984 data at 1354UT (1054L).
Triangles denote T, data points; squares are for T, data points. The N, curve is the solid
line to the right of the temperature profiles. The N, scale is in cm™ and is located on the
upper x-axis. The solid line through the T, data points is the T, spline, and the other solid
line is the MSIS90 T, (h) profile. The long-dash line is the calculated T, profile for Q,
= 1. The heat flux shown in the legend is for the altitude of the highest ISR data point,
and DIFEQ is the lower bound for which we solve equation 2.9.
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sensitive to ion composition because, at these altitudes, losses to the neutrals dominate
ZL.. In the solver we assume the same ion composition profile as is used in the
respective radar data reduction algorithms. These profiles are shown in Figure 49 and the
algorithms are given in appendix two.

Wickwar develops a method in the 1974 report to find the electron temperature for a
given g value (q is the rato [O'] / [N.]). Assuming a mean ion mass of 30.5 (at g = 0),
and a mean ion mass of 16 (at ¢ = 1), Wickwar’s relation can be written:

c(g) = 1.906 - 0.906¢ G.1)

where ¢(g) is the cormrection factor for the assumed g. This correction factor is defined

such that

T (q)
(@

= T,(1)
where T,(g) is the electron temperature for the assumed g, T,(1) is the electron
temperature when only O" is present. Applying equation 5.1 to our situation, we get:

Tcalc ( 5.2 )
ISR

Qorns = 2104 - 1.104c(q

m‘:ul’ltd)

where T,,, is the T, solver value, Ty, is the radar data point, and ¢q,,, is the g necessary
to make T, = Tisz. We used this method on Sondrestrom data for 28 June 1984. The
results are shown in Figure 50. For this analysis we used the ISR T, data points at 235
km. From Figure 49, this corresponds to a ¢ of 0.94 (the ion composition model value
used at Sondrestrom). In panel (a) of Figure 50 we show the calculated T, values at 235

km (solid line), and the ISR T, values (dot-dash line). Panel (b) shows the difference in

the two T,’s, and panel (c) plots g,...- The long-dash reference line in panel (c) is for
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Fig. 49. Assumed ion composition profiles for the Millstone Hill (solid line) and

Sondrestrom (dashed line) data reduction algorithms. These profiles were also used by
the T, solver.
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Fig. 50. Ion composition for Sondrestrom on 28 June 1984. Panel (a) shows both the

ISR T, values (dot-dash line) at 235 km and the calculated T, values (solid line) at 235
km. Panel (b) shows (T¢, - Tisz). Panel (c) shows the ¢ value (= [0*] / [N.]) necessary

to make T¢y = Tjsp. The long-dash line in panel (c) at ¢ = 0.94 is the q(235 km) used
in the Sondrestrom data reduction algorithm and in the T, solver.
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q = 0.94 (the ion compositioa model value for Sondrestrom). Notice that AT, is largest
(and q,,,,, smallest, i.e., molecular composition the largest) after 1200UT (0900LT). As
shown in Figure 35, the change in ion composition occurs at about the time of the large
ion velocities and continues through the time of the strong particle and heat flux input.
It is well-known that joule heating (especially a large event like this one) increases the
percentage of molecular ions [Lathuillere, 1987]. This occurs because the energetic ions
transfer large amounts of energy to the neutral gas (increases T,). An increase in T, will,
through the ion / neutral chemisty, raise the transition altitude between molecular and
atomic ions. Because of the'large heat capacity of the neutral gas, T, will remain
elevated for a period of time after the joule heating is over. Thus, the molecular ion
concentration will remain enhanced (Figure 50(c)).

A word of caution is in order. Physically, we know that the neutral scale height will
increase during such an event. However, the MSIS90 input to the T, solver does not
adjust for the increased neutral densities. Therefore, the local loss rates computed by the
T, solver will be too small, the calculated T,’s will be too big (at 235 km), and our
molecular ion concentration will be overestimated. To estimate the size of this error, we
conducted a test on the Sondrestrom 1746UT data set for 28 June 1984. In the test we
reduced the neutral density profiie by 50 percent. This resulted in only a 13 percent
overestimation of the molecular concentration. Although one test is not conclusive, it
does lead one to believe that the error is probably small.

One final point should be made here. In the first part of this section we said that

calculated T,’s that are underestimated indicates the need for an additional heat source.
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Using the composition argument (in reverse), one could argue that the percentage of
moleculars is too high (as opposed to the need for additional heating). While increasing
the q ratio does decrease the ISR T, values, we feel that this approach to the problem is
incorrect for two reasons. First, the radar assumes a "quiet-time" q(h) profile in the data
reduction (see Figure 49), and any disturbances would act to decrease q (i.e., increase the
ISR T, values). Second, for an altitude near 235 km, as discussed above, q is almost 1,

and increasing q up to 1 probably would not decrease the ISR T, value enough.

5.4. PRECISION AND ACCURACY

Estimation of the uncertainty in our results is both a necessary and nontrivial matter.
We have already mentioned two sources of error. First is the uncertainty in the ISR T,
and T; data points -- varying between 5 and 20 percent. Second is the uncertainty
generated by the T, algorithm in finding the least-squares fit heat flux. The former source
of uncertainty is random, i.e., it results from the statistical nature of the measurement and
can vary in either direction. Thus, in the long-run, this uncertainty should be quite small.

With this in mind, we decided to conduct our "overall” uncertainty analysis in the
following fashion. We examine the mid-day hours of a geomagnetically quiet day (one
day for each radar). During such a period, the heat flux should remain essentially
constant. Deviations in the heat flux during this period, then, would be due to the
uncertainty in the method. In order to estimate the uncertainty, we calculate the observed

variance about the mean (e.g., Bevington, 1969):
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N

=X b7 (5:3)

where N is the number of heat flux values in the time period, x; stands for each heat flux
“xis the average of all N heat fluxes in the period, and & is the estimated variance for each
x; (it is the estimate of 6°). The square root of the variance gives the uncertainty.

For Sondrestrom, we chose to examine 17 March 1988 between 1300UT and 1530UT.
Figure 51 shows the g, versus time for this day, and the inset in this figure highlights the
time interval of interest. A Q, multiplier of two provided the best fit for this day. The
K, index for this period was 14'; the A, for this day was 9. Application of equation 5.3
gave an uncertainty of about * 6 percent.

For Millstone Hill, we looked at 2 April 1986 between 1300UT and 1600UT. Figure
52 shows the heat flux versus time plot for this day (same format as Figure 51). For this
period K, was 1; A, was 5. In this case, we again calculated an uncertainty of about
+ 6 percent. It is important to note that these uncertainties are relative (as opposed to
absolute).

To the extent that there is some geophysical variation in the heat flux during these two
periods, these estimated uncertainties are probably upper bounds for the daytime periods.
The uncertainties are undoubtedly somewhat larger at night because the N, and T, values
are less certain.

In addition to random errors, the derivation of the heat flux may also be subject to
possible systematic errors, i.e., errors that are consistently in one direction and therefore

bias the answer. There are three potential sources of systematic errors that should be
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Fig. 51. Downward heat flux versus time for Sondrestrom on 17 March 1988. This
curve is for a volume heating rate multiplier (Q,) of two. The inset shows the heat flux
for the time interval from 1300UT (1000LT) to 1530UT (1230LT).




111

MLH 2 APR 86 Qe=l
DOWNWARD HEAT FLUX

10! ¢
i
% e | | /ﬂ/\vr\r,. ,
|E g
> /VW
L
>
=3 5
= \\/ A
< 10°} -
i [
I : ol
| \,_,./A A
[
[
F 13 14 15 16
1@8 S 14 TSR W | [ T | i1 | S W'Y
@ 4 8 12 16 20 24

UT TIME (hrs)

Fig. 52. Downward heat flux versus time for Millstone Hill on 2 April 1986. This curve
is for a volume heating rate multiplier (Q,) of one. The inset shows the heat flux for the
time interval from 1300UT (0800LT) to 1600UT (1100LT).
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mentioned. First is error in the MSIS90 densities. We ran tests (Sondrestrom data set
for 28 June 1984 at 1746UT) in which the neutral densities were increased (and reduced)
by 50 percent. This resulted in a heat flux increase (decrease) of about 15 percent.
Second is the possible underestimation of the heat flux discussed in section 4.2. Recall
that this error is due to the assumption that all our heat flux estimates are valid at 600
km. As shown in section 4.2, this could cause the heat flux to be underestimated by 1
to 3 percent. The third souce of error involves the ISR electron-density profiles. We ran
tests (Sondrestrom data set for 17 March 1988 at 1214UT) in which we increased N, by
20 percent; we also tried decreésing N, by 20 percent. In both cases, we found that the
heat flux changed by almost 20 percent.

One source of error that we can probably dismiss is the uncertainty in the MSIS90
exospheric temperature. General agreement was found between the ISR T, data points
and the MSIS90 T, profile (below 300 km) for the days we analyzed. This implies that

the exospheric temperatures calculated by MSIS90 were reasonable.
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CHAPTER 6

CONCLUSIONS

Many interesting results have come out of this research. Most importantly, we have
developed a method to calculate the heat flux from IS radar data. This method is
completely new and both very accurate and very precise. Using this method on the
limited number of days we had time to analyze, we found downward heat fluxes that
ranged from about 1 x 10° eV cm? s™ (a summer night at Millstone Hill) up to about 3
x 10" eV em? 5! (a Sondrestrom "spike"). Between these extremes, we found that the
"usual" values of heat flux were somewhere in the 10° to 10" range.

We also found that heat flux at both radars is positively correlated with the solar cycle,
e, to Fyy; In addition, the heat flux at Sondrestrom is positively correlated with
geomagnetic activity. This latter correlation is not present at Millstone Hill. The
difference is probably related to the fact that the Sondrestrom field lines extend into
different regions of the magnetosphere, whereas the Millstone Hill field lines are usually
within the plasmapause for the K, values during the observations. Millstone Hill,
however, is more subject to conjugate effects. This conjugate heating is small compared
with daytime heat flux sources (which are local).

In addition to learning about q,, this research provided an opportunity to learn about
the volume heating rate, Q,. There is only a small cross-correlation between g, and Q..
Again, the heat flux dominates the T, profile above 350 km, while the volume heating
rate largely determines the T, profile below 350 km.

For most of our analyses, we have found that the calcualated and observed T, profiles




114

match each other well. However, we found periods when the calculated and observed T,
profiles are significantly different. When the calculated T,’s were too high (this effect
always occurred below 350 km), we found that the molecular ion concentration had to be
increased to produce agreement between calculation and data. The best example of this
occurred during (and after) a major joule heating event. We also observed underestimated
model T, values, on both short and long time scales. We found that the long time scale
problems occurred in the high F|,; cases and affected all the sunlit profiles. This suggests
that the solar EUV is not being scaled properly for these conditions. In other words,
scaling an EUV curve (represen.tative of solar minimum conditions) is not sufficient when
analyzing data with high F,,, (especially true for solar maximum data). However, when
the calculated T,’s are too low on a short time scale, then the "missing” heat source is
either particle precipitation or field-aligned currents. Our solver only allows us to input
the total energy of the particles, and assumes a mean energy of several KeV (typical of
energetic auroral precipitation). Including this flux was insufficient to provide the needed
heating at the required altitudes. The clear implication is that if heating comes from
particles as opposed to currents, then much lower energy particles are involved.

We also obtained valuable information about the asymptotic behavior of heat flux.
Recall that our data sets stop somewhere between 450 km and 550 km. The heat flux we
calculate is then representative of the altitude where the data stops. If we want to
compare heat fluxes, however, we have to be able to extrapolate the heat flux up to a
common height (600 km), or determine an asymptotic value. Our analysis showed that,

wherever the data stop, the heat flux ai that altitude can be used as the value at 600 km
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(with minimal error). We also demonstrated how the asymptotic value of the heat flux
could be estimated.

Finally, we investigated the precision and accuracy of the results: the precision in the
afternoon was shown to be better than six percent. The accuracy can depend on such

factors as the accuracy of the neutral densities and the accuracy of the radar calibration.
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CHAPTER 7

AREAS FOR FURTHER STUDY

This research provided many answers about heat flux (and other ionospheric
parameters), but also generated many questions. There are several areas that require
follow-up study.

First of all, many more days must be analyzed -- not only for Sondrestrom and
Millstone Hill, but also for other IS radars. This analysis is mandatory if we wish to fully
understand the heat flux and.its variations (on a world-wide scale). These include
variations with respect to solar cycle, geomagnetic activity, location, season, and magnetic
conjugate effects. The Sondrestrom data may need extensive averaging to determine the
nighttime values, or special experiments may be needed. These experiments could be
more easily carried out at the proposed European radar in Svalbard. This is because its
lower transmitter frequency gives better results at low electron densities.

In addition, the solar EUV heating rate must be re-examined for high F,,, conditions.
As mentioned before, scaling a curve representative of solar minimum conditions appears
to be insufficient for high F,,,.

On a shorter time scale (hours), we know that particle precipitation and field-aligned
currents are important in some cases. This will surely become more evident as more data
are analyzed. Thus, these heat sources must be taken into account. This means
refinement of the particle precipitation input in the T, solver. Additionally, we may have
to include the effects of currents, which could be determined in the future with

appropriate plasma line observations.
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For Millstone Hill, we stated that, with our data, we could not differentiate between
conjugate heating due to particle precipitation or due to heat conduction. It is possible,
however, to distinguish between these two mechanisms. Soft particles are energetic
enough to excite the 6300A emission of atomic oxygen. However, heat conduction is a
thermal process, and the electron energies involved are usually not high enough to excite
the 6300A oxygen emission. What is needed in the future is a special experiment with
complete measurements of T,, T, N,, and the 6300A emission line. In addition, the
experiment should include plasma line measurements, since the presence of these lines
implies the presence of photoeicctrons [Wickwar, 1971; Carlson et al., 1977). Detailed
modelling should be carried out for these observations.

Finally, we have found another way of calculating the concentration of molecular ions.
This method should be pursued in the future. Critical to this method is the assumption
that the T, solver is independent of the ion composition. This fact must be confirmed

with suitable tests.
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APPENDIX 1

ION COMPOSITION ALGORITHMS

This appendix gives the FORTRAN function subprograms used to determine the
fraction of molecular ions (versus altitude). The first subprogram listed was used in
Millstone Hill data reduction, and was also used by the T, solver (when analyzing
Millstone data). This function subprogram, called PMF, is as follows:

REAL FUNCTION PMF(X)
Z1=AMIN1(-(X-120.)/40.,50.)
H=10.-6.*EXP(Z1) .
Z2=AMIN1(-(X-180./H,50.)
PMF=1.-2./(1.+SQRT(1.+8.¥EXP(Z2)))
IF (X LT. 110 PMF=1.

RETURN

END

where X is the input altitude in kilometers, and the output gives the ratio of molecular
ions to the total number of ions. The graph of the output of this subprogram is shown
in Figure 49, page 105.

The second function subprogram was used in Sondrestrom data reduction, and was
also used by the T, solver (when analyzing Sondrestrom data). This function subprogram,
called COMPQ, is as follows:

FUNCTION COMPQ(AL)

DATA TINF.HINF.HTR,SEXP,T120/1000.,60.,180.,.01,335./

ALTITU = AMAX1(AL,88.)

HT=HINF*(1.-(1.-T120/TINF)*EXP(-SEXP*(ALTITU-120.)))

TEMP=1.+8. *EXP(-3.*(ALTITU-HTR)/HT)

COMPQ=2./(1.+SQRT(TEMP))

RETURN

END

where AL is the input altitude in kilometers, and the output gives the ratio of atomic ions
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to the total number of ions. Therefore, one obtains the percentage of molecular ions by
computing 1.0 - COMPQ(AL). Again, the graph of the output of this subprogram is

shown in Figure 49, page 105.
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APPENDIX 2

DATA RETRIEVAL PROCEDURES

The CEDAR database, located at the National Center for Atmospheric Research
(NCAR), contains the incoherent-scatter radar data used in this research. Two routines
developed by Mr. Roy Barnes of NCAR, gfiles and migsget, were used to extract data
from the database. The procedure is as follows:

1. Use the CEDAR database catalogue along with the AKAVSNS listing to determine
the designators for the experiment / file(s) you wish to extract.

2. Logon to the CEDAR database (a UNIX-based system). Copy the gfiles command
file to your home directory (instructions for doing this are contained in the database
documentation provided to all new users). Edit the input / output lines of gfiles. The
gfiles input lines are used to specify the experiment / file(s) to be extracted. Use the
experiment and file designators (from step one) to adjust the input lines of gfiles. The
gfiles output lines let you assign a unique filename to each experiment / file you extract
(this filename will be used by migsget in step four). The following sample command file
listing shows the first few lines of gfiles (as you would see them in a text editor). Input
lines are italicized and output lines are in bold type; none of the other lines require
editing:

# QSUB -IT 60 -q prem -eo -s /bin/csh -r gfiles
fiate

ja

cd $STMPDIR

cat << EOF >! in$$
/ ISRADAR 1 MLH860331A 1 2
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DISPOSE

/ ISRADAR | MLH860827A 1 2
DISPOSE

! ISRADAR | MLH860827A 3 4
DISPOSE

/ ISRADAR | MLH860827A 5 6
DISPOSE

/ ISRADAR | MLH860827A 7 8
DISPOSE

/ ISRADAR /| MLH860827A 9 10
DISPOSE

LASTIN

/ ISRADAR / MLH860401

/ ISRADAR / MLH860828

/ ISRADAR / MLH860924

/ ISRADAR / MLH861008

/ ISRADAR / MLH861030

/ ISRADAR / MLH861211

LASTOUT

ms.input.vsn.name.max30chars__ 1st Ist (file to write to current output)
DISPOSE - forces write of current output vol after finishing previous vsn rd
LASTIN - terminates input list

ms.output.vsn.name.max30chars_ retpd=____ virtual=___ passwd=,___
LASTOUT - terminates output list (optional, EOF is encountered gracefully)
EOF

Referring to the input lines, the MLHYYMMDDA designators (following / ISRADAR /)
are the experiment designators, and the numbers to the right of these designators are the
desired file numbers for the given experiment. The output lines show the user-determined
output filenames. The data requested on the first input line will be written to the output
file specified on the first output line, and so on. For example, in the listing above, the
data contained in MLH860331A, files one and two, will be written to the output file
MLH860401.

3. Execute the gfiles command file by typing shjob gfiles at the UNIX command

prompt. This initiates the extraction process. The command shstat [your login ID]
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queries the status of the extraction process. The extraction is complete when the shstat
command returns the following message:

no batch entries

no pipe entries
no queue entries

4. Now you must move the extracted information into a user-accessible directory.
This is accomplished with the command migsget {filename], where {filename] is the user-
defined output filename from step two. Usg a separate migsget command for each output
filename. Execution of migsger will give the output file a ".cbf" extension and move the
file to the / local | home | madrigal | files | stage directory of the CEDAR database
computer.

5. Copy each ".cbf" file to your DECstation using the following remote copy
command:

rcp filename.cbf [E-mail address:directory path]}

For example, the E-mail address / directory path I used was:

aeronomy.cass.usu.edu:/usr/users/devin
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APPENDIX 3

SONDRESTROM DATA

This appendix contains tables of the T, algorithm output for the 23 days of
Sondrestrom data we analyzed. Each table consists of four columns. The first column
is UT time, the second column is the solar zenith angle at Sondrestrom, the third column
is conjugate point solar zenith angle, and the fourth column is the downward heat flux (in
eV cm? s) valid at 600 km (see Section 4.2).

A WARNING TO POTENTIAL USERS OF THIS DATA: The heat flux values
listed in this appendix are "raw," i.e., no attempt has been made to remove the heat flux
values which correspond to a poor agreement between the calculated and ISR T, profiles.
Therefore, as a rule-of-thumb, disregard all heat flux values which are less than 1 x 107

or greater than 1 x 10",




TABLE A3.1. Sondrestrom Heat Flux Values for 24 April 1983

UT HRS

SZA

CPSZA

HEAT FLUX

0.2833
1.2167
1.6833
2.1667
2.6500
3.1000
3.5667
4.0333
4.5000
5.5167
5.9667
7.3167
7.7833
10.4667
11.4333
11.9000
12.3667
12.8333
13.7667
14.2167
14.7000
15.1500
15.6167
16.0833
16.5500
17.0167
17.4833
17.9500

94.1743
97.5589
98.8397
99.8355
100.5074
100.8018
100.7742
100.4100
99.7162
97.1264
95.5726
89.5241
87.0758
71.4545
65.8729
63.4742
61.1971
59.1481
55.9056
54.8380
54.0704
53.7290
53.7998
542634
55.1299
56.3653
57.9379
59.8105

107.9411
106.4986
105.6858
104.8082
103.8739
102.9901
102.1031
101.2060
100.3285
98.5626
97.8726
96.2025
95.8024
95.5513
96.3359
96.8441
97.4511
98.1372
99.7039
100.5186
101.4329
102.3464
103.2684
104.1627
105.0618
105.9301
106.7536
107.5188

2.216E+10
7.012E+09
5.057E+09
5.705E+09
4.249E+09
1.851E+10
3.148E+10
6.399E+09
7.806E+09
1.094E+10
1.050E+10
3.788E+10
2.039E+10
1.945E+10
8.564E+09
2.175E+10
2.175E+10
2.727E+10
3.127E+11
3.288E+10
1.071E+11
6.195E+10
3.875E+10
5.793E+10
8.202E+10
4.125E+10
2.865E+10
2.654E+10
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TABLE A3.2. Sondrestrom Heat Flux Values for 18 May 1983

UT HRS SZA CPSZA HEAT FLUX

0.7833

1.2500

2.1833

2.6500

3.1167

4.0500

49667

6.6667

7.1333

9.6167
10.0833
10.5500
11.4833
11.9500
12.4333
12.9000
13.4000
13.8667
14.3667
14.8333
15.3167
15.7833
16.2500
16.7167
17.2333
17.7000
18.2000
18.6667
19.1333
19.6000
20.0667
20.5333
21.0000
21.5000
21.9833
22.4333
229167
23.3667
23.8333

89.6884
91.1491
93.1995
93.7855
94.0532
93.6076
91.9595
86.0864
83.9335
70.1259
67.3989
64.6201
59.2636
56.7688
54.4017
52.2766
50.4063
48.9635
47.8302
47.2008
47.0041
47.2576
47.9400
48.9978
50.6987
52.4759
54.7360
57.0720
59.5812
62.2225
64.8802
67.6567
70.4473
73.4836
76.2523
78.7302
81.3444
83.5653
85.7269

113.8685
113.0942
111.4203
110.5243
109.6142
107.7848
106.1231
103.5931
103.0738
101.9810
102.1062
102.3406
103.1124
103.6395
104.2688
104.9775
105.7760
106.5939
107.5224
108.4189
109.3568
110.2767
111.1884
112.0558
113.0343
113.8125
114.6007
115.2551
115.8232
116.2942
116.6534
1169114
117.0531
117.0746
116.9646
116.7546
116.4033
115.9848
115.4490

7.674E+09
8.703E+09
3.831E+09
6.504E+09
8.202E+09
3.875E+09
2.244E+09
6.425E+09
8.033E+09
1.033E+10
1.136E+10
1.136E+10
1.495E+10
1.311E+10
1.401E+10
1.450E+10
1.349E+10
1.514E+10
1.799E+10
2.074E+10
2.263E+10
2.067E+10
1.746E+10
1.707E+10
1.759E+10
3.632E+10
2.106E+10
3.374E+10
2.039E+10
1.524E+10
2.004E+10
2.738E+10
2.293E+10
1.829E+19
2.363E+10
2.484E+10
2.151E+10
1.963E+10
1.371E+10




TABLE A3.3. Sondrestrom Heat Flux Values for 15 June 1983

UT HRS

SZA

CPSZA HEAT FLUX

11.7167
12.1833
12.6500
13.1167
13.5833
14.0500
14.5167
14.9833
15.4500
15.9167
16.3833
16.8500
17.3167
17.7833
18.2500
18.7167
19.1833
19.6500
20.1167
20.5833
21.0500
21.5167
21.9833
22.4500
229167
23.4000
23.8500

54.8350
52.3642
50.0855
48.0493
46.3093
449173
43.9179
43.3489
43.2286
43.5560
44.3263
455117
47.1149
49.0039
51.1075
53.4800
56.0235
58.6897
61.4354
64.1509
66.9364
69.7632
72.4568
75.0578
71.5337
799115
81.9499

107.0926
107.6434
108.2761
108.9825
109.7528
110.5761
111.4420
112.3371
113.2263
114.1428
115.0497
115.9340
116.8026
117.5986
118.3140
118.9732
119.5460
120.0223
120.3935
120.6478
120.7938
120.8196
120.7236
120.5094
120.1817
119.7346
119.2258

2.934E+10
1.136E+10
1.436E+10
6.561E+10
4.940E+10
1.970E+10
1.695E+10
1.985E+10
2.242E+10
2.472E+10
2.067E+10
1.707E+10
1.690E+10
1.456E+10
1.495E+10
1.603E+10
2.092E+10
2.039E+10
1.681E+10
1.739E+10
1.353E+10
1.394E+10
1.663E+10
1.899E+10
1.495E+10
2.106E+10
2.395E+10
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TABLE A3.4. Sondrestrom Heat Flux Values for 13 July 1983

UT HRS SZA CPSZA HEAT FLUX
2.1000 90.2760 114.3735 4.850E+09
25667 91.0125 113.4818 8.406E+09
3.0333 91.4408 112.5699 1.123E+10
3.5000 91.5542 111.6513 1.551E+10
39833 91.3405 110.7171 2.214E+09
44333 90.8320 109.8479 7.674E+09
49167 89.9602 108.9468 4.493E+09
5.4333 88.7008 108.0565 7.619E+09
59000 87.3054 107.3251 9.752E+09
7.3000 81.5822 105.5134 2.761E+09
7.7667 79.2747 105.0840 1.739E+10

11.8833 55.7447 105.7526 1.279E+10
12,3500 53.3189 106.3154 4.125E+10
12.8167 51.0450 106.9753 2.235E+10
13.3333 489017 107.7683 1.589E+10
13.8000 47.2797 108.5521 3.059E+10
143167 459098 109.4731 2.196E+10
147833 45.0893 110.3482 2.834E+10
15.2500 447067 111.2251 2.506E+10
157167 4477565 112.1374 1.899E+10
16.1833 452531 113.0483 1.681E+10
16.6500 46.1780 113.9443 1.792E+10
17.1167 47.5359 114.8320 1.905E+10
17.5833 49.1711 115.6358 2.365E+10
18.1000 51.4142 116.4979 1.488E+10
18.5500 53.5531 117.1564 9.356E+09
19.0333  56.0609 117.7855 1.695E+10
19.5000 58.6612 118.3082 9.838E+09
19.9667 61.3658 118.7294 1.820E+10
20.4333  64.1334 119.0416 1.120E+10
20.9000 66.8574 119.2370 1.630E+10
21.3667 69.7102 1193213 1.752E+10
21.8333 724503 119.2834 1.538E+10
223000 75.1149 119.1270 1.495E+10
227667 77.6725 118.8544 9.435E+09
23.2333  80.0958 118.4714 1.349E+10
23.7000 823011 117.9978 1.518E+10
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TABLE A3.5. Sondrestrom Heat Flux Values for 26 June 1984

CPSZA HEAT FLUX

UT HRS SZA

0.3833
0.5333
0.6667
0.8500
1.1000
1.2833
1.4167
1.5667
1.7333
1.9167
2.0500
2.2167
2.3667
2.5000
2.6833
2.8167
2.9667
3.1333
3.2833
3.4167
3.5833
3.7333
3.8667
4.0500
4.2000
4.3333
4.5000
47833
4.9667
5.2667
5.6000
5.7333
5.9000
6.0500
6.1833
6.3667
6.5167
6.6500
6.8167
6.9667
7.1000

84.0111
84.5896
85.0602
85.7111
86.5039
87.0598
87.4166
87.8117
88.2041
88.6103
88.8619
89.1502
89.3852
89.5586
89.7701
89.8868
89.9946
90.0738
90.1130
90.1197
90.0919
90.0317
89.9552
89.8016
89.6542
89.4628
89.2212
88.7220
88.3301
87.6258
86.6737
86.2753
85.7397
85.2156
84.7101
84.0452
83.4428
82.9161
82.1707
81.5539
80.9192

118.6475
118.4268
118.2335
117.9426
117.5446
117.2298
117.0082
116.7411
116.4478
116.1055
115.8670
115.5595
115.2704
115.0244
114.6628
114.4130
114.1159
113.7951
113.4972
113.2220
112.9019
112.6057
112.3564
111.9958
111.7279
111.4400
111.1339
110.6195
110.2847
109.7767
109.2141
109.0088
108.7545
108.5261
108.3222
108.0760
107.8714
107.7051
107.4881
107.3232
107.1662

8.169E+09
1.045E+10
2.726E+10
1.384E+10
1.065E+10
9.618E+09
9.838E+09
9.657E+09
6.383E+09
7.764E+09
4.102E+09
6.328E+09
8.202E+09
9.81SE+09
2.305E+10
1.690E+10
1.899E+10
1.094E+10
8.613E+09
8.202E+09
1.307E+10
1.812E+10
7.962E+09
8.302E+09
1.963E+10
3.259E+10
7.620E+09
4.125E+09
2.768E+09
6.484E+09
1.028E+10
6.081E+09
1.216E+10
7.764E+09
7.619E+09
6.425E+09
8.482E+09
8.956E+09
8.613E+09
1.681E+10
2.304E+10




TABLE A3.5. Sondrestrom Heat Flux Values for 26 June 1984

UT HRS

SZA

CPSZA HEAT FLUX

7.4167

7.5667

8.0167

8.2167

9.2667

9.7667

9.9000
10.0667
10.2167
10.3500
10.5333
10.6667
10.8000
10.9833
11,1333
11.2667
11.4500
11.5833
11.7333
11.9000
12.0500
12.1833
12.3667
12.5000
12.6500
12.8167
12.9667
13.1000
13.2833
13.4167
13.5500
13.7333
13.8667
14.0167
14.1833
14.3333
14.4667
14.6500
14.7833
14.9167
15.1000

79.4271
78.6821
76.4026
75.3389
69.3213
66.4177
65.5807
64.6040
63.6986
62.9307
61.8174
61.0559
60.2256
59.1982
58.3161
57.5756
56.5141
55.7946
54.9544
54.0678
53.2618
52.5328
51.6480
50.9589
50.2911
49.4847
48.8177
48.2255
47.4775
46.9916
46.5314
45.9072
45.5117
45.0796
44.6609
443162
44.0582
43.7413
43.5487
43.4073
43.2629

106.8422
106.7015
106.3481
106.2191
105.8471
105.8609
105.8865
105.9284
105.9787
106.0302
106.1191
106.1896
106.2760
106.3962
106.5117
106.6177
106.7843
106.9076
107.0629
107.2405
107.4150
107.5845
107.8061
107.9922
108.1849
108.4360
108.6607
108.8755
109.1708
109.3798
109.5927
109.9104
110.1333
110.4023
110.6967
110.9745
111.2130
111.5636
111.8303
112.0767
112.4369

4.125E+09
1.374E+10
8.716E+09
8.716E+09
1.707E+10
1.216E+10
2.302E+10
3.437E+10
1.759E+10
1.913E+10
1.401E+10
1.582E+10
1.061E+10
1.577E+10
1.272E+10
1.505E+10
1.326E+10
1.567E+10
9.085E+09
1.142E+10
1.302E+10
1.017E+10
1.231E+10
1.203E+10
1.222E+10
1.642E+10
1.235E+10
1.128E+10
1.401E+10
1.353E+10
1.061E+10
1.222E+10
1.045E+10
1.171E+10
1.142E+10
1.339E+10
1.128E+10
1.231E+10
1.349E+10
1.420E+10
1.114E+10




TABLE A3.5. Sondrestrom Heat Flux Values for 26 June 1984

UT HRS

SZA

CPSZA HEAT FLUX

15.2500
15.4167
15.5833
15.7333
15.8667
16.0500
16.2000
16.3333
16.5167
16.6500
16.8000
16.9667
17.1333
17.2667
17.5667
17.7167
17.8667
18.0333
18.1833
18.3167
18.5000
18.6333
18.7833
18.9500
19.1000
19.4667
19.6333
19.8167
19.9500
20.1833
20.3333
20.5333
20.7000
20.8500
20.9833
21.2000
21.3500
21.4833
21.6833
21.8333
21.9667

43.2020
43.1842
43.2255
43.3139
434263
43.6502
43.8642
44.1174
444870
44.8234
45.2297
45.7107
46.2371
46.7237
47.8753
48.5000
49.1554
49.8918
50.6026
51.2227
52.1557
52.8152
53.6101
54.4872
55.3191
57.3541
58.2942
59.3804
60.1351
61.5162
62.4206
63.6064
64.5839
65.4898
66.3272
67.5799
68.4781
69.3025
70.4623
71.3412
72.0768

112.7097
113.0510
113.3717
113.6684
113.9210
114.2863
114.5589
114.8307
115.1676
115.4338
115.7213
116.0252
116.3251
116.5791
117.1116
117.3698
117.6222
117.8860
118.1235
118.3184
118.5926
118.7737
118.9787
119.1899
119.3765
119.7799
119.9428
120.1131
120.2207
120.3948
120.4934
120.6040
120.6793
120.7361
120.7780
120.8207
120.8363
120.8395
120.8256
120.8004
120.7692

1.142E+10
1.216E+10
1.154E+10
1.296E+10
1.128E+10
1.203E+10
1.263E+10
1.045E+10
1.267E+10
1.150E+10
1.165E+10
1.142E+10
1.203E+10
1.016E+10
1.110E+10
1.098E+10
9.618E+09
1.226E+10
1.919E+10
3.437E+10
2.962E+10
1.518E+10
1.714E+10
1.407E+10
1.518E+10
1.114E+10
1.384E+10
1.079E+10
9.384E+09
1.017E+10
9.979E+09
1.008E+10
6.383E+10
1.864E+10
1.799E+10
2.031E+10
2.166E+10
2.160E+10
9.781E+09
9.139E+09
1.058E+10
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TABLE A3.5. Sondrestrom Heat Flux Values for 26 June 1984

UT HRS

SZA

CPSZA HEAT FLUX

22.1500
22.2833
22.4333
22.6000
22.7500
22.8833
23.0667
23.5167
23.6500
23.8333

73.1341
73.9195
74.6910
75.6425
76.3913
77.1263
78.0271
80.2621
80.8624
81.7092

120.7077 1.120E+10
120.6494 1.114E+10
120.5806 8.346E+09
120.4800 7.862E+09
120.3880 7.787E+09
120.2860 8.983E+09
120.1446 7.886E+09
119.7076 1.114E+10
119.5669 8.372E+09
119.3492 8.008E+09
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TABLE A3.6. Sondrestrom Heat Flux Values for 27 June 1984

UT HRS

SZA

CPSZA

HEAT FLUX

0.1167
0.2833
0.4333
0.5667
0.7500
0.9000
1.0333
1.2167
1.3500
1.4833
1.6667
1.8167
1.9500
2.1167
2.2667
2.4000
2.5833
2.7167
2.8667
3.0333
3.1833
3.3167
3.5000
3.6333
3.9500
4.4000
4.6833
4.8667
5.3167
5.4667
59187
6.0500
6.2333
6.3667
6.6833
7.1333
7.2833
7.6000
7.7333
7.8833
8.2000

82.9185
83.5883
84.1847
84.6716
85.3478
85.8667
86.2860
86.8597
87.2302
87.6103
88.0502
88.4261
88.6958
89.0282
89.2645
89.4731
89.6956
89.8425
89.9702
90.0711
90.1305
90.1549
90.1482
90.1143
89.9312
89.4348
88.9576
88.6153
87.5371
87.1522
85.7356
85.2498
84.5687
84.0790
82.8034
80.7898
80.0765
78.5361
77.8878
77.1060
75.4322

118.9950
118.7739
118.5598
118.3717
118.0877
117.8492
117.6413
117.3309
117.1117
116.8681
116.5573
116.2604
116.0242
115.6974
115.4320
115.1647
114.8274
114.5553
114.2597
113.9397
113.6419
113.3896
113.0234
112.7719
112.1594
111.3136
110.7715
110.4535
109.6577
109.4230
108.6976
108.4868
108.2159
108.0366
107.6215
107.0887
106.9296
106.6308
106.5215
106.4018
106.1867

7.012E+09
9.407E+09
7.177E+09
6.817E+09
6.541E+09
6.699E+09
5.877E+09
6.399E+09
6.672E+09
6.081E+09
9.868E+09
6.875E+09
8.613E+09
5.057E+09
6.953E+09
7.126E+09
1.136E+10
7.012E+09
7.484E+09
9.085E+09
8.983E+09
1.388E+10
8.660E+09
7.458E+09
5.760E+09
2.843E+10
8.453E+09
9.021E+09
7.294E+09
1.158E+10
9.618E+09
5.289E+09
7.110E+09
1.038E+10
9.248E+09
6.953E+09
1.158E+10
9.566E+09
1.739E+10
5.127E+09
1.963E+10

135




TABLE A3.6. Sondrestrom Heat Flux Values for 27 June 1984

UT HRS

SZA

CPSZA HEAT FLUX

8.5000
13.4500
13.6000
13.7333
13.9000
14,2000
14.3667
14.6500
15.1167
15.4333
15.6500
16.2833
16.5667
17.0333
17.3500
17.5167
17.8333
18.6167
18.7667
18.9000
19.0833
19.2333
19.3667
19.5333
19.6833
19.8333
20.0000
20.1500
20.3500
20.5167
20.6667
20.8167
21.0000
21.1333
21.2833
21.4500
21.6000
21.7333
21.9167
22.0667
22.2000

73.8307
46.9417
46.4061
45.9805
45.4798
44.6708
44.3047
43.7801
43.2961
43.2263
43.2953
440714
44.6656
45.9745
47.0638
47.6868
48.9954
52.7372
53.4697
54.2795
55.2343
56.0784
56.8677
57.7998
58.6767
59.4947
60.5234
61.3549
62.6062
63.5823
64.4912
65.3273
66.4432
67.2087
68.1090
69.0735
69.9630
70.7777
71.7884
72.6531
73.3766

106.0290
109.3795
109.6327
109.8520
110.1356
110.6792
110.9795
111.5253
112.4220
113.0355
113.4474
114.7014
115.2395
116.1152
116.6850
116.9711
117.5061
118.7006
118.8921
119.0905
119.3079
119.4860
119.6410
119.8103
119.9567
120.0824
120.2254
120.3295
120.4663
120.5565
120.6280
120.6824
120.7390
120.7670
120.7883
120.7971
120.7921
120.7763
120.7415
120.6977
120.6509

4.126E+09
2.302E+10
1.495E+10
1.841E+10
2.242E+10
2.845E+10
1.642E+10
1.617E+10
1.436E+10
1.469E+10
1.131E+10
1.524E+10
1.199E+10
1.110E+10
1.258E+10
1.188E+10
1.123E+10
1.807E+10
1.154E+10
1.285E+10
9.085E+09
1.371E+10
1.050E+10
8.346E+09
1.523E+10
1.339E+10
1.222E+10
1.358E+10
1.196E+10
1.970E+10
1.970E+10
1.841E+10
2.013E+10
1.681E+10
1.551E+10
1.937E+10
1.193E+10
1.420E+10
1.296E+10
1.254E+10
1.538E+10
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TABLE A3.6. Sondrestrom Heat Flux Values for 27 June 1984

UT HRS

SZA

CPSZA HEAT FLUX

22.3667
22.5167
22.6500
22.8333
22.9667
23.1167
23.3000
23.4667
23.6000
23.7833
23.9333

74.3524
75.1200
75.8765
76.8058
77.5356
78.3098
79.2397
80.0308
80.6921
81.5467
82.1664

120.5730
120.4988
120.4143
120.2945
120.1874
120.0604
119.8887
119.7248
119.5745
119.3606
119.1903

1.339E+10
1.171E+10
9.435E+09
1.366E+10
1.114E+10
1.971E+10
1.864E+10
9.868E+09
7.311E+09
6.817E+09
9.868E+09
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TABLE A3.7. Sondrestrom Heat Flux Values for 28 June 1984

UT HRS

SZA

CPSZA

HEAT FLUX

0.0667
0.2333
0.3833
0.5167
0.7000
0.8333
0.9667
1.1500
1.2833
1.4333
1.6000
1.7500
1.8833
2.0500
2.2000
2.3333
2.5167
2.6500
2.8000
3.0000
3.1500
3.2833
3.4500
3.6000
3.7333
39167
4.0500
4.2000
4.3667
4.5167
4.6500
4.8167
4.9667
5.1000
5.4167
5.5667
5.7333
5.8833
6.2667
6.4167
6.8667

82.7676
83.4459
84.0505
84.5422
85.2281
85.6768
86.1052
86.6953
87.1111
87.5014
87.9547
88.2891
88.5970
88.9241
89.1952
89.3998
89.6570
89.8052
89.9504
90.0909
90.1603
90.1933
90.1999
90.1700
90.1128
90.0015
89.8811
89.7331
89.5092
89.2996
89.0629
88.7521
88.4329
88.1387
87.3238
86.8887
86.3865
85.8937
84.5209
83.9348
82.0888

119.0118
118.7934
118.5816
118.3960
118.1150
117.9150
117.7104
117.4033
117.1662
116.9245
116.6157
116.3635
116.1080
115.8046
115.5194
115.2757
114.9169
114.6687
114.3735
113.9852
113.6876
113.4355
113.0917
112.7945
112.5208
112.1804
111.9101
111.6421
111.3104
111.0483
110.7893
110.4912
110.2197
109.9936
109.4542
109.2041
108.9414
108.7049
108.1366
107.9263
107.3603

8.008E+09
7.862E+09
9.727E+09
9.272E+09
8.613E+09
6.561E+09
9.188E+09
1.017E+10
8.091E+09
8.033E+09
7.592E+09
7.620E+09
7.012E+09
8.065E+09
9.407E+09
8.302E+09
7.311E+09
7.585E+09
7.674E+Q9
6.468E+09
7.417E+09
5.793E+09
5.811E+09
7.806E+09
1.366E+10
5.705E+10
1.296E+10
8.197E+09
1.114E+10
1.420E+10
1.114E+10
1.919E+10
1.609E+10
1.279E+10
8.848E+(09
1.145E+10
1.642E+10
1.247E+10
1.284E+10
1.094E+10
9.979E+09
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TABLE A3.7. Sondrestrom Heat Flux Values for 28 June 1984

UTHRS SZA CPSZA HEAT FLUX
7.0000 81.5171 107.2104 9.815E+09
7.3167 80.0581 106.8714 1.085E+10
7.4500 79.3825 106.7340 1.746E+10
79167 76.9591 106.3293 3.731E+10
8.0833 76.0958 106.2147 1.542E+10

11.6667 55.4068 106.9063 4.723E+10
12.0333  53.3906 107.3179 3.945E+10
12.2167 52.4836 107.5294 7.417E+10
12.3833 51.6004 107.7536 5.616E+10
125333 50.8604 107.9564 9.909E+10
12.6667 50.2532 108.1343 2.906E+10
12.8500 49.4015 108.4036 3.520E+10
129833 48.8408 108.5950 7.556E+10
13.1333 482035 108.8287 7.364E+10
13.3000 475541 109.0869 1.279E+11
13.4500 46.9832 109.3345 4.443E+10
13.5833 465273 109.5488 5.192E+10
13.7500 45.9865 109.8266 5.327E+10
13.9000 455219 110.0913 7.229E+10
14.0333  45.1283 110.3401 1.263E+11
14.2167 44.6862 110.6562 2.271E+10
143500 443737 1109130 2.323E+10
145167 440561 111.2169 9.537E+Q09
147000 43.7733 111.5476 1.714E+10
14.8333 435920 111.8143 1.769E+10
149667 434611 112.0605 1.231E+10
15.1500 433310 112.4219 1.724E+10
153000 432789 112.7i77 1.374E+10
15.4333 432730 112.9676 2.041E+10
15.6000 433151 113.2875 2.632E+10
157500 43.4042 113.5855 3.632E+10
159167 435537 113.9055 3.316E+10
16.1000 43.7917 114.2711 2.484E+10
16.2333  43.9959 114.5205 3.578E+10
16.3833 443027 114.8365 1.962E+10
16.7333  45.1310 115.5053 1.776E+10
16.8667 45.4894 115.7453 7.830E+09
17.0333  46.0255 116.0702 2.378E+10
17.1833  46.4901 116.3254 8.372E+09
17.3167 469855 116.5767 1.332E+10
17.5000 47.6474 116.8856 9.785E+09




TABLE A3.7. Sondrestrom Heat Flux Values for 28 June 1984

UT HRS

SZA

CPSZA HEAT FLUX

17.6333
17.7667
17.9500
18.1000
18.2500
18.4500
18.5833
18.7333
18.9000
19.0500
19.1833
19.3667
19.5167
19.6500
19.8333
19.9833
20.1167
20.3000
20.4500
20.5833

48.2082
48.7437
49.5629
50.2570
50.9220
51.8967
52.6083
53.3961
54.2673
55.0934
55.8025
56.8534
57.6530
58.4586
59.4784
60.3698
61.1989
62.2398
63.1437
63.9834

117.1273
117.3431
117.6509
117.8920
118.1091
118.4044
118.6051
118.8132
119.0285
119.2185
119.3712
119.5814
119.7285
119.8657
120.0248
120.1505
120.2566
120.3750
120.4643
120.5370

1.179E+10
1.071E+10
1.267E+10
1.110E+10
1.702E+10
1.085E+10
1.050E+10
9.475E+09
8.983E+09
8.406E+09
8.908E+09
8.274E+09
7.764E+09
8.596E+09
1.114E+10
1.388E+10
1.175E+10
2.955E+10
2.472E+10
9.248E+09
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TABLE A3.8. Sondrestrom Heat Flux Values for 15 January 1985

UT HRS

SZA

CPSZA HEAT FLUX

13.2000
13.5167
13.6667
13.8000
14.0000
14.1500
14.3333
16.1000
16.5667
16.9000
18.0000
18.4833
18.6167
19.4333
21.5833

91.3265
90.3900
89.9838
89.6353
89.1860
88.9010
88.5625
87.8424
88.4114
88.9925
91.9771
93.7352
94.2959
97.8900
109.7428

64.6269
65.1584
65.4233
65.6728
66.0337
66.2926
66.6432
70.1028
70.9964
71.6036
73.4735
74.1820
74.3748
75.3389
76.5059

3.617E+09
3.501E+09
3.875E+09
4.349E+09
4.738E+09
5.030E+09
4.612E+09
1.114E+10
1.323E+10
5.930E+09
1.086E+10
2.992E+09
5.072E+09
2.351E+09
4.544E+09
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TABLE A3.9. Sondrestrom Heat Flux Values for 16 January 1985

UT HRS

SZA

CPSZA

HEAT FLUX

13.6000
13.7833
13.9333
14.0667
14.8833
15.0333
15.5000
15.6833
15.9833
16.3167
16.6500
17.1167
21.5833
22.1333

89.9536
89.5077
89.1539
88.8787
87.6637
87.5434
87.3832
87.4054
87.5490
87.8543
88.3317
89.2528
109.4918
112.8292

65.5072
65.8171
66.0915
66.3270
67.8848
68.1814
69.1000
69.4446
70.0394
70.6722
71.3147
72.1706
76.6978
76.6360

4.232E+09
5.030E+09
8.276E+09
5.647TE+09
6.515E+09
5.647E+(09
9.838E+09
8.908E+09
5.664E+09
3.831E+09
6.817E+09
4.246E+09
1.247E+09
2.398E+07
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TABLE A3.10. Sondrestrom Heat Flux Values for 17 January 1985

UT HRS  SZA CPSZA HEAT FLUX
12,6500 929215 64.1359 1551E+10
12.8333 922272 64.4147 1.475E+10
129833 91.6919 64.6498 2.757E+10
13.1333  91.1834 64.8922 2918E+10
13.3167 90.6310 65.1804 2.520E+10
13.4667 90.1828 654372 1.851E+10
13.6000 89.7948 65.6797 2.151E+10
139333 889886 66.2628 2.318E+10
14.0833  88.6627 66.5412 3.777E+10
15.3667 87.2019 69.0166 1.993E+10
155167 87.1870 69.3157 3.531E+10
169333  88.6533 72.0264 1.820E+10
17.4167 89.7804 72.8771 1.970E+10
17.6000 90.3035 73.1942 1.551E+10
177500 90.7578 73.4458 1.674E+10
17.9000 91.2031 73.6720 1.469E+10
18.0833 91.8343 73.9646 8.848E+(9
18.2333 923763 74.1944 1.475E+10
18.3667 92.8545 74.3831 7.269E+09
18.5500 93.5835 74.6472 3.118E+09
18.8500 94.8458 75.0498 3.363E+09
20.3833 102.4097 76.5073 2.585E+09
20.5667 103.4406 76.6139 3.015E+09
20.7167 104.2940 76.6875 3.632E+09
20.8500 105.0199 76.7423 1.527E+09
21.0333 106.0925 76.8064 1.659E+09




TABLE A3.11. Sondrestrom Heat Flux Values for 18 January 1985

UT HRS

SZA

CPSZA

HEAT FLUX

6.6500
7.1333
7.4167
7.6167
7.7500
8.0833
8.3667
8.7167

125.1795
122.6170
121.0760
119.9561
119.2208
117.2518
115.5272
113.4372

64.2339
63.5792
63.2504
63.0367
62.9078
62.6065
62.3925
62.1923

8.425E+08
5.616E+09
6.904E+09
2.796E+09
2.091E+09
8.716E+09
1.443E+09
4.044E+09
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TABLE A3.12. Sondrestrom Heat Flux Values for 21 March 1985

UT HRS SZA CPSZA HEAT FLUX
0.1000 104.6086 96.0536 2.457E+08
0.4333 106.1093  95.6402 8.354E+08
0.7833 107.5887 95.1556 2.565E+08
5.2667 110.5798 87.0238 9.767E+08

10.4333  83.9297 82.9823 4.073E+09
10.7833  81.9088 83.1729 6.504E+09
11.8000 76.4219 84.0591 6.838E+09
12.1500 74.7076 84.4709 6.195E+09
12.5000 73.1092 84.9330 7.556E+09
12.8333  71.7358 85.4044 6.010E+09
13.1833 704056 85.9479 8.613E+09
13.5167 69.3076 86.4887 7.294E+09
13.8667 68.2959 87.1009 7.334E+09
142000 67.4681 ¥7.7392 8.564E+(9
145500 66.8336 88.3993 8.312E+09
14.8833  66.4225 89.0305 8.276E+09
15.2333 66.1821 89.7172 8.908E+09
15.5833 66.1499 90.4104 7.458E+09
159167 66.3101 91.0567 8.406E+09
16.2667 66.6830 91.7434 7.620E+09
16.6167 67.2588 92.4191 7.458E+09
169500 67.9705 93.0360 7.556E+09
17.3000 689156 93.6745 9.216E+09
17.6533  69.9959 94.2661 8.453E+(09
179833  71.2740 94.8465 6.758E+09
18.3333 727014  95.3900 6.526E+09
18.6667 74.2091 95.8762 1.061E+10
19.0167 75.8870 96.3341 7.886E+(9
19.5500 78.5954 96.9271 1.086E+10
19.8833  80.4410 97.2451 2.776E+10
20.2333 824133 97.5187 1.247E+10
20.5667 84.3025 97.7195 1.058E+10
209167 86.3656 97.8736 7.311E+(09
21.2500 88.3110 97.9611 4.429E+(09
21.6000 90.3985 97.9960 1.120E+10
219333 924099 97.9694 2.835E+09
22.2833 944754 97.8765 3.979E+09
22.6333  96.5024 97.7224 1.289E+09
239000 103.2670 96.6781 1.676E+08




TABLE A3.13. Sondrestrom Heat Flux Values for 12 April 1985

UT HRS

SZA

CPSZA

HEAT FLUX

11.4333
14.6833
16.6000
17.0667
17.5333
18.4667
18.9333
19.8500
20.3333
20.7833
21.2667
21.7167
22.6500
23.1167

69.8673
58.1158
59.0960
60.3004
61.8377
65.7565
68.0580
73.0151
75.7857
78.4806
81.4049
84.0371
89.4113
91.9431

92.2105

97.2090
100.9567
101.8291
102.6572
104.1344
104.7606
105.7170
106.0651
106.2885
106.4093
106.4099
106.0702
105.7344

1.128E+10
8.738E+09
9.021E+09
8.786E+09
8.276E+09
1.240E+10
3,788E+09
1.208E+10
8.848E+09
8.406E+09
6.136E+09
8.302E+09
4.443E+09
2.413E+09
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TABLE A3.14. Sondrestrom Heat Flux Values for 22 May 1985

UT HRS

SZA

CPSZA

HEAT FLUX

0.1167
0.6333
1.1000
1.6333
2.0833
2.7833
4.2500
4.8333
5.3000
5.8500
10.7167

86.2285
88.2081
89.7502
91.1597
92.0864
929514
92.4132
91.3671
90.1850
88.4444
62.8459

115.9274
115.1967
114.4542
113.5487
112 7151
1113535
108.5283
107.4759
106.6651
105.7854
103.3285

5.010E+09
5.793E+09
4.304E+09
2.122E+09
2.593E+09
3.437E+09
4.631E+09
3.239E+09
5.057E+09
9.475E+09
4.815E+09
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TABLE A3.15. Sondrestrom Heat Flux Values for 13 August 1985

UT HRS

SZA

CPSZA HEAT FLUX

13.6167
14.3833
14.7667
15.1333
15.5167
15.8833
16.9833
18.4500
18.8167

54.9519
52.9640
52.3571
52.0396
51.9778
52.1797
54.2662
59.9949
61.8485

100.8669
102.2292
102.9511
103.6447
104.3918
105.0960
107.1887
109.6322
110.1469

8.578E+09
3.852E+10
1.619E+10
1.251E+10
1.475E+10
1.098E+10
1.972E+10
6.817E+09
3.875E+09
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TABLE A3.16. Sondrestrom Heat Flux Values for 12 November 1985

UT HRS

SZA

CPSZA HEAT FLUX

20.9833
21.1500
21.3167
21.5000
21.6500
21.8167
22.0167
22.1667
22.3333
22.5333
22.6833
22.8500
23.0500
23.2000
23.3667
23.5667
23.8833

105.8094
106.7810
107.8261
108.9436
109.7828
110.8321
112.0174
112.9207
113.8878
115.0522
1159345
116.8733
117.9973
118.8423
119.7366
120.7981
122.4201

79.6401
79.6495
79.6439
79.6204
79.5916
79.5433
79.4688
79.3999
79.3126
79.1889
79.0829
78.9554
78.7855
78.6434
78.4793
78.2651
77.8907

9.658E+09
4.643E+09
1.953E+09
3.148E+09
5.030E+09
1.343E+09
1.721E+09
2.158E+09
1.208E+09
9.020E+08
6.851E+08
6.588E+08
1.055E+09
9.693E+07
2.776E+08
8.624E+08
9.987E+08
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TABLE A3.17. Sondrestrom Heat Flux Values for 28 August 1986

UT HRS

SZA

CPSZA HEAT FLUX

0.1167
0.3333
0.5000
0.6667
0.8500
1.0167
1.1833
1.3667
5.7833
9.7833
10.1000
10.4500
10.9833
11.1667
11.3500
11.5167
11.6833
11.8667
12.0333
12.2000
12.3833
12.5500
12.7333
12.9333
13.0833
13.2500
13.4333
13.6000
13.7667
13.9500
14.1167
14.3000
14.4833
14.6500
14.8333
15.0500
15.2167
15.3833
15.5833
15.7333
15.9000

95.8442
96.7591
97.4865
98.1347
98.8376
99.4190
99.9660
100.5495
99.1903
78.5282
76.6526
74.5866
71.4922
70.4456
69.4210
68.5409
67.6771
66.7193
65.9013
65.1076
64.2365
63.5005
62.7000
61.8923
61.3534
60.7152
60.1196
59.5686
59.0%63
58.6366
58.2267
57.8680
57.5431
57.3111
57.1005
56.9355
56.8700
56.8558
56.9089
56.9981
57.1409

105.6960
105.4196
105.1750
104.9375
104.6550
104.3972
104.1331
103.8211
95.5664
92.2563
92.3177
92.4449
92.7570
92.8979
93.0535
93.2034
93.3666
93.5644
93.7518
93.9501
94.1865
94.4066
94.6671
04.9587
95.1713
95.4463
95.7302
96.0223
96.3018
96.6083
96.9212
97.2401
97.5861
97.8909
98.2475
98.6724
98.9899
99.3301
99.7153
100.0105
100.3282

1.392E+09
1.721E+09
4.972E+08
7.556E+08
8.864E+08
2.929E+08
5.462E+08
2.259E+08
3.355E+09
3.437E+09
6.195E+09
8.521E+09
3.512E+09
9.085E+09
1.358E+10
8.346E+09
1.150E+10
2.106E+10
8.197E+09
6.953E+09
7.674E+09
9.979E+09
9.658E+09
9.815E+09
7.620E+09
6.953E+09
8.956E+09
8.065E+09
7.806E+09
6.925E+09
9.618E+09
8.308E+09
1.065E+10
5.414E+09
6.346E+09
1.072E+10
6.081E+09
9.566E+09
1.085E+10
5.551E+09
6.219E+09
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TABLE A3.17. Sondrestrom Heat Flux Values for 28 August 1986

UT HRS

SZA

CPSZA HEAT FLUX

16.1000
16.2500
16.4167
16.6167
16.9333
17.1333
17.2833
17.4500
17.6500
17.8000
17.9833
18.1667
18.3500

57.3789
57.6087
57.9002
58.3164
59.1118
59.6929
60.1782
60.7369
61.4656
62.0585
62.8271
63.5853
64.4313

100.7133
101.0052
101.3193
101.6955
102.2803
102.6407
102.9086
103.1952
103.5332
103.7823
104.0827
104.3546
104.6354

1.603E+10
4.376E+10
3.788E+10
2.776E+10
1.296E+10
2.865E+10
8.513E+09
3.071E+10
4.191E+10
1.926E+10
1.970E+10
1.456E+10
9.979E+09
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; TABLE A3.18. Sondrestrom Heat Flux Values for 1 April 1987

UT HRS SZA CPSZA HEAT FLUX
i 2.6833 108.7586 96.0649 3.916E+08

3.8500 108.9967 93.8084 1.862E+08
4.0000 108.8739 93.5374 3.211E+08
4.1667 108.6763 93.1994 1.126E+05
43333 108.4471 92.8862 1.703E+08
44833 108.1973 92.5963 6.765E+08
11.5333 73.6694 87.8510 8.848E+09
12.7167 68.0357 89.2743 1.048E+10
129000 67.2758 89.5483 8.197E+(09
13.0500 66.6898 89.7799 1.033E+10
132167 66.0919 90.0374 1.050E+10
13.3833  65.5297 90.3029 1.263E+10
13.5333  65.0409 90.5564 1.033E+10
13.7000 64.5526 90.8351 8.637E+09
13.8833  64.0420 91.1635 1.353E+10
14.0333  63.6680 91.4348 1.216E+10
142000 63.2803 91.7555 1.017E+10
14.4833  62.7658 92.2785 1.079E+10
14.6333 625418 92.5672 9.407E+09
14.8000 62.3447 92.83814 2.013E+10
149833 62.1766 93.2439 1.759E+10
15.1333  62.0912 93.5173 1.226E+10
152833 62.0353 93.8168 1.231E+10
15.4667 62.0246 94.1852 1.145E+10
15.6167 62.0622 94.4847 1.139E+10
157833  62.1455 94.8091 9.589E+(09
159667 622900 95.1541 1.251E+10




TABLE A3.19. Sondrestrom Heat Flux Values for 27 August 1987

UT HRS

SZA

CPSZA HEAT FLUX

0.2000

0.5167

9.7833
10.1167
10.7667
11.1000
11.7500
12.0833
12.4167
12.7500
13.0667
13.4000
13.7333
14.0667
14.3833
14.7167
15.0500
15.3667
15.7000
16.0333
16.3500
16.6833
17.0167
17.6667
18.0000

95.7623
97.0899
78.1657
76.2223
72.3261
70.4681
66.9394
65.2916
63.6927
62.2577
61.0007
59.8308
58.7851
57.9394
57.2969
56.7968
56.5031
56.4194
56.5317
56.8435
57.3249
58.0336
58.8968
61.1079
62.4301

106.0904
105.6646
92.6871
92.7420
93.0213
93.2387
93.8186
94.1798
94.5965
95.0441
95.5058
96.0211
96.5832
97.1570
97.7260
98.3576
99.0033
99.6125
100.2748
100.9085
101.5160
102.1589
102.7663
103.9179
104.4534

3.731E+09
2.091E+09
1.556E+10
8.091E+09
3.288E+10
8.596E+09
1.670E+10
1.759E+10
1.272E+10
1.642E+10
1.759E+10
1.524E+10
1.216E+10
1.690E+10
1.142E+10
1.017E+10
1.442E+10
2.943E+10
3.131E+10
1.945E+10
1.332E+10
1.776E+10
3.131E+10
2.527E+10
2.293E+10
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TABLE A3.20. Sondrestrom Heat Flux Values for 10 November 1987

UT HRS

SZA

CPSZA

HEAT FLUX

0.0167
0.2333
0.6500
0.8500
1.4833
1.9000
2.1000
2.5167
2.7333
3.1500
3.3667
3.7833
4.4000
5.6500
5.8667
6.4833
7.1167
7.5333
7.7333
8.1500
8.3667
8.7833
9.0000
9.4167
9.6167
10.0333
10.2500
10.6667
10.8667
11.5000
11.9167
12.1167
12.5333
12.7500
13.1667
13.3833
13.8000
14.0000
14.4167
14.6333
15.0500

122.2132
123.2654
125.0608
125.9039
128.0564
129.1124
129.5199
130.1428
130.3274
130.4391
130.3636
129.9570
128.7537
124.4241
123.4321
120.4679
117.0717
114.6797
113.5222
111.1116
109.7217
107.2132
105.9616
103.4813
102.3311
100.0018
98.7701
96.5747
95.5433
92.4781
90.6296
89.8156
88.1979
87.4901
86.2372
85.6991
84.7959
84.4595
83.9421
83.7649
83.6308

78.7864
78.4959
77.9130
77.5916
76.5504
75.8236
75.4583
74.6635
74.2579
73.4348
73.0207
72.1915
70.9893
68.7433
68.3858
67.4869
66.7027
66.2764
66.1049
65.8110
65.6810
65.5195
65.4745
65.4561
65.4785
65.5943
65.6939
65.9433
66.0969
66.7039
67.2070
67.4712
68.0931
68.4178
69.1081
69.4687
70.2260
70.5912
71.3652
71.7921
72.5865

4.831E+08
2.648E+08
9.534E+07
1.110E+05
1.196E+10
1.203E+10
1.180E+08
1.039E+05
1.098E+08
1.589E+10
2.943E+09
4.475E+09
2.385E+09
4.631E+09
4.993E+08
2.335E+09
2.672E+09
4.815E+09
8.406E+09
9.167E+09
2.244E+10
3.027E+10
2.413E+10
1.567E+10
5.365E+09
6.038E+09
2.411E+10
2.458E+10
1.296E+10
2.105E+10
1.296E+10
1.235E+10
7.764E+09
8.596E+09
1.702E+10
9.669E+09
7.965E+09
8.824E+09
9.380E+09
1.033E+10
1.663E+10
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TABLE A3.20. Sondrestrom Heat Flux Values for 10 November 1987

UT HRS

SZA

CPSZA HEAT FLUX

15.2500
15.6667
15.8833
16.3000
16.5000
16.9167
17.1333
17.5500
17.7667

83.6559
83.9047
84.1286
84.7692
85.1599
86.1970
86.7915
88.1480
88.9055

72.9742
73.7921
74.1955
74.9897
75.3552
76.1291
76.4909
77.1778
77.5037

1.603E+10
1.603E+10
1.420E+10
1.216E+10
1.247E+10
1.216E+10
1.514E+10
1.388E+10
1.038E+10
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TABLE A3.21. Sondrestrom Heat Flux Values for 25 November 1987

UTHRS SZA CPSZA HEAT FLUX
0.7167 128.6536 74.2355 2.498E+08
1.0333 1299174 73.7505 1.180E+09
3.5500 1339082 69.1049 6.170E+08
54333 129.0032 65.5588 7.105E+08
95000 106.6168 61.8214 §.124E+09

11.0667 98.1954 62.6000 1.521E+09
11.3833  96.6822 62.9062 1.906E+09
11.7000 95.2569 63.2564 5.688E+09
12.0167 93.8748 63.6665 3.995E+09
123167 92.6920 64.0838 6.699E+09
12.6333 915696 64.5535 8.008E+09
129500 90.5654 65.0544 7.585E+09
13.2667 89.6841 65.5839 8.716E+09
13.5833 889316 66.1379 3.211E+10
13.8833 8R.3325 66.6918 3.579E+10
142000 87.8469 67.2823 2.646E+10
145167 875026 67.8851 3.685E+10
14.8333  87.3022 68.4962 2.363E+10
15.1500 87.2470 69.1113 2.251E+10
15.4667 87.3375 69.7262 2.489E+10
157667 87.5498 70.2939 1.222E+10
16.0833 879187 70.8958 9.085E+09
16,4000 88.4495 71.5088 7.764E+09
16.7167 89.1013  72.0835 1.017E+10
17.0167 89.8544 72.6193 1.296E+10
17.3333  90.7620 73.1521 7.585E+09
17.6500 91.7915 73.6584 1.188E+10
17.9667 929362 74.1351 6.504E+09
18.2833 94.1893 74.5791 6.219E+09
18.5833 954917 74.9740 4.829E+09
18.9000 969352 75.3460 5.229E+09




TABLE A3.22. Sondrestrom Heat Flux Values for 15 January 1988

UT HRS

SZA

CPSZA

HEAT FLUX

0.3333

0.6000

0.8833

1.7167

2.0000

2.2667
13.4833
14.0500
14.3333
14.6167
15.1833
15.4667
17.1333
17.4167
17.7167
18.0000
18.5667
18.8667
19.2333
19.5167
19.8000
20.0833
20.3667
21.2000
22.0333

125.7872
127.1079
128.4068
131.6671
132.5732
133.2503
90.5710
89.2093
88.6863
88.2732
87.7775
87.7084
89.6426
90.3441
91.2191
92.1252
94.2099
95.4783
97.1052
08.4439
99.8993
101.3588
102.8703
107.6312
112.5379

74.6192
74.2879
73.9134
72.6547
72.1636
71.7150
64.7608
65.7453
66.2627
66.7924
67.9019
68.4526
71.6552
72.1540
72.6737
73.1321
73.9777
74.3915
74.8400
75.1516
75.4423
75.6854
75.8926
76.2949
76.3543

3.728E+08
4.570E+08
2.971E+08
8.279E+08
2.847E+08
8.908E+08
7.229E+09
9.939E+09
6.817E+09
7.620E+09
3.201E+09
8.276E+09
3.731E+09
9.216E+09
9.838E+09
9.048E+09
7.556E+09
5.127E+09
2.222E+09
2.871E+09
1.472E+09
1.760E+09
1.616E+09
1.065E+08
7.957E+08
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h TABLE A3.23. Sondrestrom Heat Flux Values for 17 March 1988

UT HRS SZA CPSZA HEAT FLUX
0.3500 107.0598 94.4803 7.484E+08
0.5000 107.7366 94.2914 1.172E+09
0.6667 108.4454 94.0727 1.512E+08
0.8500 109.2612 93.7973 1.148E+05
1.0000 109.8055 93.5972 6.608E+08
1.1667 1104576 93.3333 4.112E+08
1.3500 111.0657 93.0630 3.239E+09
1.5167 1115997 92.7993 6.390E+08
1.6667 112.0598 92.5497 4.122E+08
1.8667 112.6105 92.2148 3.088E+05
20167 1129943 91.9500 5.487E+09
2.1833 1133644 91.6625 7.054E+08
23667 113.7403 91.3232 8.562E+08
2.5167 114.0003 91.0467 7.876E+08
2.6833 1142419 90.7409 R.347E+09
2.8667 114.4603 90.3902 1.301E+10
3.1833 114.6979 89.7860 7.588E+(09
3.5167 114.7626  89.1535 1.191E+09
3.6833 114.7232 88.8393 2.527E+(09
3.8667 114.6266 88.4735 2.934E+09
4.0333 1144903 88.1577 1.621E+09
4.1833 1143265 87.8604 1.721E+09
43833 114.0505 87.4790 8.197E+08
45333 113.7959 87.1890 1.007E+09
47000 113.4800 86.8791 1.719E+09
48833 113.0674 86.5286 5.598E+08
5.0333 112.6927 86.2464 1.231E+08
52000 112.2157 85.9290 4.259E+08
53833 111.6946 85.6156 1.187E+09
5.5333 111.2077 85.3498 5.571E+08
5.7000 110.6488 85.0674 5.710E+08
5.8833 109.9659 84.7561 7.990E+08
6.0333 109.3790 84.5093 9.987E+08
6.2000 108.7164 84.2490 2.299E+09
6.3833 1079213 83.9632 1.260E+09
6.5500 107.1939 83.7245 2.632E+09
6.7000 106.4946 83.5080 1.289E+(09
7.0500 104.7970 83.0436 3.097E+09
7.2167 1039681 82.8450 2.269E+09
7.4000 103.0570 82.6422 7.556E+09
7.5500 102.2496 82.4758 8.703E+09




TABLE A3.23. Sondrestrom Heat Flux Values for 17 March 1988

UT HRS

SZA CPSZA

HEAT FLUX

7.7167
7.9000
8.0500
8.2167
8.4000
8.5500
8.7167
8.9000
9.0667
9.2167
9.4167
9.7333
9.9167
10.0667
10.4167
10.5667
10.7333
10.9167
11.0667
11.2333
11.4167
11.5667
11.7333
11.9167
12.0833
12.2333
12.4333
12.5833
12.7500
12.9333
13.1000
13.2667
13.4500
13.6000
13.7667
13.9500
14.1000
14.2667
14.4833
14.6500
14.8167

101.3627
100.3293
99.4758
98.5441
97.4654
96.5794
95.6175
94.5794
93.5355
92.6974
91.3676
89.4783
88.4326
87.5303
85.4692
84.5881
83.6493
82.5912
81.3093
80.8476
79.9050
79.1050
78.2629
77.3262
76.5313
75.8152
749127
74.2505
73.5653
72.8195
72.2018
71.6184
70.9942
70.5219
70.0168
69.5571
69.1966
68.8462
68.4399
68.1896
67.9862

82.3092
82.1346
82.0037
81.8731
81.7407
81.6463
81.5571
81.4762
81.4093
81.3703
81.3254
81.3070
81.3202
81.3423
81.4412
81.5039
81.5843
81.6922
81.7851
81.9140
82.0576
82.1939
82.3512
82.5478
82.7314
82.9122
83.1632
83.3640
83.5911
83.8631
84.1102
84.3650
84.6671
84.9203
85.2208
85.5280
85.7991
86.0984
86.5105
86.8207
87.1318

2.158E+09
1.030E+09
2.538E+09
6.541E+09
4.306E+09
6.219E+09
4.789E+09
6.573E+08
4.241E+08
4.219E+09
6.038E+09
3.118E+09
9.435E+09
4.,044E+09
3.097E+09
8.882E+09
2.187E+10
1.175E+10
1.734E+10
5.229E+09
6.275E+09
1.582E+10
1.188E+10
1.323E+10
1.110E+10
1.193E+10
1.061E+10
8.308E+09
7.229E+09
1.098E+10
1.025E+10
1.008E+10
1.004E+10
9.537E+09
9.658E+09
9.537E+09
8.956E+09
1.128E+10
1.038E+10
9.979E+09
0.727E+09
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TABLE A3.23. Sondrestrom Heat Flux Values for 17 March 1988

UT HRS SZA CPSZA HEAT FLUX
15.0000 67.8047 87.4941 1.050E+10
15.1500 67.7007 87.7906 9.216E+09
153167 67.6337 88.1106 9.658E+09
15.5000 67.6100 88.4799 9.042E+(09
15.6667 67.6386 88.8032 9.589E+(09
158167 67.7070  89.1028 7.962E+09
16.0000 67.8313 89.4499 6.991E+(9
16.1667 68.0100 89.7939 8.824E+(09
163333 682209 90.1144 9.356E+09
16.5167 68.4937 90.4562 1.017E+10
16.6667 68.7709 90.7493 1.022E+10
16.8333  69.1121 91.0606 1.175E+10
17.0167 69.5490 91.4134 1.040E+10
17.1667 69.9453 91.6945 8.963E+09
17.3333 704060 91.9942 1.154E+10
17.5167 709815 92.3285 1.033E+10
17.6667 714856 92.5936 1.054E+10
17.8333 720606 92.8736 7.269E+09
18.0167 727598 93.1846 6.608E+09
18.1667 733583 93.4304 9.435E+09
18.3333  74.0330  93.6870 1.071E+10
18.5167 74.8408 93.9694 1.216E+10
18.6667 755231 94.1905 1.501E+10
18.8333 762838 94.4192 1.394E+10
19.0167 77.1842 94.6682 8.453E+09
19.1833 779963 94.8752 1.028E+10
19.3333  78.7671  95.0590 9.979E+09
19.5333  79.8082 95.2816 9.216E+(9
19.7500  80.9351 95.5009 3.355E+10
19.9000 817688 95.6457 1.926E+10
20.0833  82.8081 95.8115 2413E+10
20.2500 837331 95.9425 1.136E+10
20,4167 84.6697 96.0607 9.909E+09
20.6000 85.7531 96.1795 1.085E+10
20.7500 86.6405 96.2638 9.979E+09
209167 87.6033 96.3416 6.991E+09
21.1000 887082 96.4148 8.482E+09
21.2500 89.5459 96.4551 1.384E+10
21.4167 90.5878 96.4952 1.028E+10
21.6000 916331 965182 5.987E+09
21,7500 925376  96.5257 6.904E+09
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TABLE A3.23. Sondrestrom Heat Flux Values for 17 March 1988

UT HRS SZA CPSZA HEAT FLUX
219167 935073 96.5216 9.838E+(09
22,1000 94.6169 96.4966 7.200E+09
222500 95.5767 96.4630 1.654E+10
224167 96.5344 96.4128 1.966E+09
22,6000 97.6162 96.3400 2.263E+09
227500 98.4176 96.2746 7.377E+08
229167 99.4058 96.1799 2.927E+(09
23.1000 100.3837 96.0671 2.920E+09
232667 101.2808 95.9485 6.046E+08
234167 102.0938 95.8303 9.594E+08
23.6167 103.1380 95.6564 2.806E+08
237667 103.9133 95.5138 3.683E+08
239333 104.7352 95.3435 2.389E+08
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APPENDIX 4

MILLSTONE HILL DATA

This appendix contains tables of the T, algorithm output for the 25 days of Millstone
Hill data we analyzed. Each table consists of four columns. The first column is UT time,
the second column is the solar zenith angle at Millstone Hill, the third column is
conjugate point solar zenith angle, and the fourth column is the downward heat flux (in
eV cm? s) valid at 600 km (see Section 4.2).

A WARNING TO POTENTIAL USERS OF THIS DATA: The heat flux values
listed in this appendix are "raw," i.e., no attempt has been made to remove the heat flux
values which correspond to a poor agreement between the calculated and ISR T, profiles.
Therefore, as a rule-of-thumb, disregard all heat flux values which are less than 1 x 10’

or greater than 1 x 10'%




TABLE A4.1. Milistone Hill Heat Flux Values for 15 January 1985

UT HRS

SZA

CPSZA

HEAT FLUX

0.7000
1.8167
2.5500
3.2000
3.8667
4.5333
5.1833
5.9333
6.5833
7.2500
7.9167
8.5667
9.2333
9.9000
10.5500
11.2167
12.4667
13.6500
14.8667
16.0333
16.4833
17.8333
18.2833
18.7833
19.3000
20.2000
20.7333
21.4833
21.9833
22.2667
22.8333
23.1167
23.5500

125.5579
135.7079
143.4019
149.6455
154.8754
158.1004
158.4090
155.1991
150.1814
143.8963
136.8598
129.8900
122.5427
115.1839
108.1688
101.0687
88.3963
78.0141
69.6389
64.7177
63.8121
64.7501
66.2144
68.5001
71.4596
779212
82.4184
89.2899
94.2184
97.0636
1029120
106.0271
110.7025

79.2583
83.9737
86.4845
88.2235
89.4670
90.1430
90.2385
89.6562
88.5557
86.8991
84.7071
82.2131
79.2677
76.0231
72.6879
69.1001
62.2487
56.2948
51.3225
48.3274
47.7598
48.2453
49.1000
50.4420
52.1823
55.9570
58.5487
62.4301
65.1440
66.6776
69.7472
71.3324
73.6404

2.579E+09
3.222E+09
2.974E+09
2.595E+09
2.186E+09
1.738E+09
1.832E+09
1.080E+09
7.335E+08
6.680E+08
9.405E+08
8.562E+08
9.720E+08
9.405E+08
1.180E+09
1.566E+0S
3.316E+09
6.081E+09
8.033E+09
8.091E+09
9.135E+09
8.312E+09
5.688E+09
7.311E+09
1.042E+10
6.195E+09
7. 764E+09
5.793E+09
5.072E+09
4.518E+09
3.437E+09
3.110E+09
2.520E+09
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TABLE A4.2. Millstone Hill Heat Flux Values for 16 January 1985

UT HRS SZA CPSZA HEAT FLUX
0.5333 121.4930 78.5982 2.808E+09
1.1000 127.8145 81.2298 2.835E+(09
1.7000 134.3202 83.7005 1.730E+09
2.2667 140.2714 85.7312 3.593E+09
2.8333 146.0251 87.4694 3.901E+09
3.1167 148.6499 88.1863 6.925E+10
3.6833 1533123 89.3372 3.461E+09
42500 156.8200 90.1034 1.535E+09
48167 1584103 90.4363 2.028E+09
6.2667 152.6458 89.3438 7.105E+08
7.0000 146.2965 87.7883 1.359E+09
7.5667 140.5631 86.1253 1.081E+09
8.1333 134.6248 84.1656 8.588E+08
8.7000 128.5056 81.9071 9.383E+08
9.3167 1215368 79.0679 9.434E+08
99833 114.1847 75.7929 8.164E+08

10.2667 111.1122 74.3467 5.961E+08
10.8333 105.0463 71.3710 1.153E+09
11.1167 1019419 69.7908 4.372E+08
11.6833 96.1153 66.7280 1.106E+09
12.2500 905191 63.6817 2.378E+09
12.8167 85.1054 60.6476 3.241E+09
13.2000 81.7721 58.7432 4.323E+09
137000 77.4970 56.2632 5.093E+09
149000 69.3408 51.4334 6.608E+09
15.4167 667118 49.8472 6.399E+09
16.0000 64.6614 48.5979 7.334E+09
16.5000 63.6243 47.9504 5.010E+09
175167 63.8343 48.0193 1.025E+10
18.0167 65.0720 48.7309 8.564E+(09
18.5167 67.0127 49.8614 8.487E+(09
19.0333 69.6556 51.4109 8.453E+09
19.6833 73.8763 53.8774 9.752E+09
20.2000 77.7534 56.1322 8.674E+(09
20.7000 81.8510 58.4890 1.142E+10
21.2000 86.3778 61.0566 7.830E+09
21.7167 912891 63.7925 5.909E+09
22.4500 98.8491 67.8724 4.286E+09
23.0167 104.7629 70.9343 3.027E+09
23.5833 110.8203 73.9350 3.929E+09
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TABLE A4.3. Millstone Hill Heat Flux Values for 17 January 1985

UTHRS SZA CPSZA HEAT FLUX
0.1500 117.0994 76.8812 2.372E+09
0.7167 123.2989 79.6040 3.027E+09
1.0000 126.3933 80.8889 2.609E+09
1.5667 132.6672 83.3268 2.448E+09
2.1333 138.6661 85.4357 2.056E+09
27000 1445038 87.2629 1.664E+09
32667 149.8356 88.7247 2.082E+09
3.8333 1542160 89.7721 1.352E+09
4.1167 1559270 90.1469 1.535E+09
5.3000 157.8042 90.5834 1.798E+09
5.8667 155.3063 90.1264 1.483E+09
6.1500 153.4496 89.7455 1.743E+09
6.7167 148.7665 88.6584 1.416E+09
7.0000 146.1619 87.9801 1.659E+(09
7.5667 140.4439 86.3187 1.400E+09
8.1333 1345106 84.3563 1.546E+09
8.7667 127.6239 81.7956 1.760E+09
9.0500 124.5306 80.5547 1.448E+09
9.6167 118.1950 77.8482 2.448E+09

10.2167 111.6376 74.8358 1.766E+09
10.7833 105.5580 71.8717 5.491E+08
11.1667 101.3265 69.7183 1.055E+09
11.7333 95.5149 66.6585 4.698E+09
12.1000 91.7630 64.6234 1.868E+09
12.6000 87.0276 61.9971 4.443E+09
13.1000 82.4465 59.4018 5.343E+09
13.6167 78.0936 56.8906 5.045E+09
14.1167 742329 54.6307 9.838E+09
14.6167 709084 52.6649 1.098E+10
15.1333 679107 50.8743 8.033E+09
15.6333  65.6699 49.5235 1.139E+10
16.1500 64.0784 48.5533 1.071E+10
16.6500 63.2620 48.0396 1.114E+10
17.1500 63.1979 47.9740 8.596E+09
17.6667 639361 48.3833 9.318E+09
18.2167 655200 49.2976 1.216E+10
18.7167 67.7114 50.5720 1.045E+10
19.2333 70.5872 52.2510 1.222E+10
19.7333 740333 54.2569 1.033E+10
20.2500 779634 56.5323 1.150E+10
20.7500 82.1985 589610 7.830E+09
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TABLE A4.3. Millstone Hill Heat Flux Values for 17 January 1985

UT HRS SZA CPSZA HEAT FLUX
21.2500 86.6515 61.4793 9.537E+09
21.7333 91.3700 64.0973 8.716E+09
22.0167 94.1642 65.6208 5.664E+09
22.8833 103.1288 70.3505 5.466E+09
23.1667 106.1315 71.8716 3.316E+09
23.7333 1123460 74.9107 4.304E+09




UT HRS

SZA

CPSZA HEAT FLUX

TABLE A4.4. Millstone Hill Heat Flux Values for 20 March 1985

0.6500
1.4500
1.8667
2.3000
3.3833
3.8000
42167
4.6500
5.0667
5.5000
6.0833
6.5167
7.0333
7.4500
7.8833
8.3000
8.7333
9.1667
9.5833
10.0167
10.4333
10.9500
11.3833
11.8167
12.2333
12.6667
13.0833
13.8667
14.3000
14.7167
15.1667
15.6000
16.0333
16.4500
16.8833
17.3000
17.7333
18.1500
18.5833
19.5833
20.0167

109.2228
117.4183
121.3051
125.1418
133.0582
1352219
136.7512
137.5821
137.6359
136.9199
134.7599
132.3841
128.8439
125.4762
121.6629
117.6803
113.3666
108.8847
104.4033
99.7054
95.2077
89.5180
84.7353
79.9831
75.4199
70.6999
66.4758
58.8628
55.0246
51.6252
48.4837
45.9601
44.0625
429013
42.4699
42.8182
43.9459
45.7296
48.1914
55.7291
59.6232

98.8597
102.6876
104.4358
106.1107
109.3759
110.2249
110.8178
111.1519
111.2066
110.9820
110.2352
109.3631
107.9955
106.6339
105.0279
103.2876
101.3382

99.2590

97.1347

94.8653

92.6674

89.8671

87.5110

85.1792

82.9642

80.7070

78.7276

75.2861

73.6252

72.2019

70.9347

69.9483

69.2248

68.7845

68.6143

68.7249

69.1179

69.7699

70.7016

73.7598

75.4394

1.557E+09
9.351E+08
9.802E+08
6.988E+08
8.399E+08
7.431E+08
8.588E+08
8.320E+08
8.784E+08
5.710E+08
3.473E+08
4.164E+08
2.825E+08
2.537E+08
2.282E+08
1.007E+09
5.330E+08
4.847E+08
5.508E+08
4.831E+08
1.019E+09
1.019E+09
3.330E+09
3.979E+09
6.038E+09
6.195E+09
8.091E+09
8.453E+09
9.216E+09
1.078E+10
1.098E+10
8.406E+09
1.061E+10
1.193E+10
9.135E+09
1.188E+10
1.199E+10
1.117E+10
1.150E+10
1.518E+10
1.397E+10
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TABLE A4.4. Millstone Hill Heat Flux Values for 20 March 1985

UT HRS

SZA

CPSZA HEAT FLUX

20.4333
21.0667
21.5000
21.9167
22.3333
22.7667
23.1833
23.6167

63.6657
70.2057
74.7826
79.2016
83.8085
88.5791
93.0948
97.8571

77.2441
80.2714
82.4543
84.5997
86.8638
89.2264
91.4709
93.8285

1.235E+10
1.123E+10
1.094E+10
9.589E+09
9.021E+09
8.882E+09
6.383E+09
4.179E+09
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TABLE A4.5. Millstone Hill Heat Flux Values for 23 April 1985

UT HRS

SZA

CPSZA HEAT FLUX

4.2000
4.8167
5.4333
6.0500
9.1333
9.7500
10.3667
10.9833
11.5833
12.2000
13.1333
13.7500
14.3667
14.9833
15.6000
16.2167
16.8333
17.4500
18.0667
18.6833
19.3000
19.9500
20.5500
21.1667
21.7833
22.4000
23.0167
23.6333

124.4942
124.9981
124.1560
122.1120
98.5537
92.1018
85.5141
78.8896
72.3111
65.4588
55.2917
48.9620
42.8279
37.5030
33.3160
30.5801
29.8275
31.1765
34.4087
39.0342
44.5990
51.0077
57.4286
64.0433
70.8764
77.5790
84.4677
91.0644

123.6128
123.9098
123.5521
122.5898
110.6224
107.2876
103.9226
100.6121
97.4289
94.2504
89.8702
87.3863
85.1893
83.4639
82.2343
81.4899
81.2778
81.5988
82.4497
83.8089
85.6357
87.9724
90.5375
93.3876
96.5196
99.7480
103.1901
106.5805

8.320E+08
9.955E+12
5.848E+08
3.366E+08
1.802E+05
2.850E+05
9.955E+12
1.505E+09
6.081E+09
8.065E+09
5.365E+09
8.765E+09
6.561E+09
8.202E+09
1.071E+10
1.025E+10
9.167E+09
1.326E+10
1.538E+10
1.142E+10
9.909E+09
9.216E+09
1.061E+10
1.120E+10
7.674E+09
9.172E+09
5.259E+09
4.544E+09
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TABLE A4.6. Millstone Hill Heat Flux Values for 21 May 1985

UT HRS

SZA

CPSZA

HEAT FLUX

0.3000
0.9167
1.5333
2.1500
2.7667
3.3833
3.9833
4.6000
6.4500
7.0667
11.0167
11.6333
12.3000
14.2667
14.8833
15.5000
16.1167
16.7333
17.3333
17.9500
18.5667
19.1833
19.8167
20.4333
21.0500
21.6667
22.2667
22.8833
23.5000

92.7229
98.2898
103.5637
108.0299
111.8292
114.7292
116.5443
117.3296
112.8801
109.3598
73.2092
66.4488
59.0930
37.9368
31.9908
26.9357
23.4682
222126
23.5336
27.1334
32.2328
38.2086
44.7948
51.5141
58.2132
65.0531
71.5725
78.3405
84.6533

117.1179
120.2673
123.3114
125.9300
128.1851
129.9265
131.0392
131.5496
129.0812
127.0615
107.3300
104.0713
100.7555
92.8535
91.1481
89.8931
89.1391
88.8721
89.1007
89.8376
91.0641
92.7485
94.8931
97.3685
100.0998
103.1330
106.2300
109.6323
112.9580

6.695E+09
1.045E+09
2.169E+08
1.014E+05
1.158E+08
7.273E+07
1.483E+09
2.305E+08
1.506E+08
2.381E+08
1.488E+09
7.126E+09
5.909E+09
7.830E+09
8.406E+09
6.139E+09
8.812E+09
8.605E+09
7.554E+09
1.071E+10
1.145E+10
1.488E+10
7.588E+09
1.021E+10
8.169E+09
6.425E+09
5.289E+09
7.126E+09
4.249E+09
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UT HRS

SZA

CPSZA

TABLE A4.7. Millstone Hill Heat Flux Values for 25 June 1985

HEAT FLUX

0.3500
0.9667
1.5667
2.1833
2.7833
3.4000
4.0000
4.6167
5.2167
5.8333
6.4333
7.0500
7.6500
10.2667
10.8667
11.4833
12.0833
12.7000
13.3000
13.9167
14.5167
15.1833
15.7833
16.4000
17.0000
17.6167
18.2167
18.8333
19.4333
20.0500
20.6500
21.2667
21.8667
22.4833
23.0833

89.9058
95.3655
100.3447
104.7321
108.4160
111.2667
113.1513
114.0722
113.8846
112.6099
110.4045
107.1892
103.3224
80.1093
73.9170
67.2839
60.7724
53.9315
47.2250
40.4911
34.2385
27.8064
23.0056
19.8142
19.2432
21.5712
25.8531
31.5190
37.6009
44.2494
50.8007
57.6487
64.3317
71.0312
77.3202

119.9008
123.0800
126.0646
128.7584
131.0678
132.8883
134.1170
134.7448
134.6667
133.8994
132.5440
130.5675
128.2095
114.8693
111.6227
108.3267
105.2937
102.3468
99.7189
97.3637
95.4511
93.7761
92.7265
92.1188
91.9926
92.3625
93.1856
94.5043
96.1923
98.3396
100.7434
103.5377
106.5192
109.7376
112.9493

2.808E+09
1.244E+09
3.341E+08
7.453E+08
4.427E+08
7.436E+07
1.058E+07
1.327E+08
1.014E+05
5.171E+07
3.164E+08
3.689E+07
1.126E+05
9.118E+08
1.142E+09
3.131E+09
1.798E+09
5.030E+09
6.326E+09
8.564E+09
4.544E+09
7.294E+09
3.229E+09
5.127E+09
6.635E+09
1.045E+10
1.123E+10
6.038E+09
7.364E+09
6.422E+09
9.135E+09
9.868E+09
5.987E+09
5.877E+09
7.387E+09
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TABLE A4.8. Millstone Hill Heat Flux Values for 1 April 1986

UT HRS SZA CPSZA HEAT FLUX

0.4333
0.8000
1.1833
1.5667
1.9333
2.3167
2.6833
3.0667
3.4500
3.8167
4.2000
4.5667
4.9667
5.3500
5.7333
6.1000
6.4833
6.8500
7.2333
7.6167
7.9833
8.3667
8.7333
9.1167
9.5500
9.9333
10.3000
10.6833
11.0667
11.4333
11.8167
12.1833
12.5667
12.9500
13.3167
13.7000
14.0833
14.7167
15.0833
15.4667
15.8500

104.3459
108.0629
111.8843
115.5301
118.7716
121.9807
124.7208
127.3013
129.4120
131.0890
132.3085
132.9609
133.0535
132.5504
131.5213
129.9933
128.0132
125.6326
122.9045
119.7811
116.6067
113.0138
109.3556
105.4380
100.9091
96.7738
92.8301
88.5901
84.4553
80.3140
76.1859
72.0918
68.0496
63.2396
60.1054
56.2743
52.6329
472216
445170
42.0472
40.0820

102.4335
104.2628
106.1226
107.8739
109.4015
110.8847
112.1286
113.2754
114.1999
114.9252
115.4554
115.7490
115.8200
115.6484
115.2597
114.6593
113.8547
112.8552
111.6762
110.2879
108.8433
107.1703
105.4316
103.5392
101.3255
99.2842
97.3304
95.2311
93.1925
91.1653
89.1688
87.2222
85.3373
83.4229
81.7742
80.1384
78.6406
76.5274
75.5287
74.6507
73.9717

1.697E+09
1.477E+09
1.021E+09
9.832E+08
7.744E+08
8.763E+08
7.933E+08
8.354E+08
6.200E+08
6.526E+08
6.813E+08
7.484E+08
6.526E+08
6.136E+08
6.046E+08
5.655E+08
4.332E+08
4.481E+08
5.326E+08
4.259E+08
4.662E+08
4.456E+08
3.245E+08
4.089E+08
3.014E+08
3.954E+08
3.059E+09
2.325E+09
3.520E+09
6.792E+09
5.171E+09
6.305E+09
7.148E+09
1.760E+09
9.781E+09
7.592E+09
1.025E+10
9.216E+09
8.812E+09
8.276E+09
8.316E+09




TABLE A4.8. Millstone Hill Heat Flux Values for 1 April 1986

UT HRS

SZA

CPSZA

dEAT FLUX

16.2167
16.6000
16.9667
17.3500
17.7333
18.1000
18.4833
18.8500
19.2333
19.6167
19.9833
20.3667
20.7333
21.1167
21.5000
21.8667
22.2500
22.6167
23.0000
23.3833
23.7500

28.7677
37.9979
37.9088
38.5021
39.7079
41.4818
43,7502
46.4337
49.4650
52.8842
56.3090
60.1408
63.8730
67.9517
72.2398
76.2030
80.4512
84.4559
88.7096
92.8120
96.8710

73.5285
73.2687
73.2280
73.4027
73.7828
74.3634
75.1383
76.0990
77.2328
78.5706
79.9704
81.5960
83.2362
85.0861
87.0853
88.974C
91.0364
93.0062
95.1204
97.1701
99.2023

8.372E+09
9.499E+09
1.045E+10
1.222E+10
1.220E+10
1.158E+10
1.216E+10
1.193E+10
1.145E+10
1.150E+10
1.216E+10
1.272E+10
1.110E+10
8.564E+09
1.007E+10
8.820E+09
9.318E+09
8.716E+09
6.652E+C9
5.010E+09
4.161E+09
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TABLE A4.9. Millstone Hill Heat Flux Values for 2 April 1986

UT HRS SZA CPSZA HEAT FLUX

0.1333
0.5000
0.8833
1.2667
1.6333
2.0167
2.3833
2.7667
3.1333
3.9000
4.2667
5.4000
5.7833
7.2833
8.0333
8.4167
8.8000
9.1667
9.5500
11.5667
11.9333
12.3167
12.6833
13.0667
13.4667
13.8500
14.2167
14.6000
14.9833
15.3500
15.7333
16.1000
16.4833
16.8667
17.2333
17.6167
17.9833
18.3667
19.0167
19.4000
19.7667

100.8637
104.7719
108.5781
112.3550
115.8472
119.2389
122.1875
125.0245
127.3618
131.0542
132.0889
132.0752
130.9060
122.0464
115.6820
112.1763
108.3880
104.6976
100.6586
78.5251
74.5330
70.3239
66.4283
62.3671
58.3103
54.5369
51.1791
47.7616
44.7757
42.3364
40.2087
38.7248
37.7620
37.4832
37.8659
38.8888
40.5018
42.6325
47.4806
50.6597
54.0903

101.1997
103.1449
105.0197
106.8612
108.5391
110.1389
111.5044
112.7946
113.8374
115.4535
115.9078
115.9960
115.5482
111.8169
108.9253
107.2785
105.4675
103.6761
101.6951
90.7794
88.8611
86.8764
85.0808
83.2557
81.4902
79.9087
78.5528
77.2295
76.1227
75.2530
74.5219
74.0224
73.7026
73.6024
73.7088
74.0219
74.5379
75.2512
76.9787
78.1870
79.5500

2.975E+09
2.538E+09
2.105E+09
1.652E+09
1.535E+09
1.550E+09
1.212E+09
1.428E+09
1.566E+09
1.754E+09
7.335E+08
1.785E+09
8.811E+08
2.247E+08
3.606E+08
1.085E+05
1.671E+08
3.005E+08
4.354E+08
4.429E+09
3.015E+09
3.804E+09
4.864E+09
8.316E+09
8.276E+09
7.311E+09
7.588E+09
8.276E+09
7.674E+09
8.202E+09
7.012E+09
7.269E+09
8.008E+09
7.764E+09
8.202E+09
9.356E+09
8.564E+09
8.308E+09
1.339E+10
8.144E+09
1.188E+10
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TABLE A4.9. Millstone Hill Heat Flux Values for 2 April 1986

UT HRS SZA CPSZA HEAT FLUX
20.1500 57.7238 81.0528 1.193E+10
20.5333 61.6350 82.7336 9.356E+09
209000 65.4215 84.4190 9.908E+09
21.2833  69.5493 86.3090 1.085E+10
21.6500 73.4853 88.1593 8.008E+(09
22.0333 77.7227 90.1911 8.716E+09
22.4167 819828 92.2695 1.028E+10
227833 85.9831 94.2479 6.139E+09
23.1667 903549 96.4282 4.940E+09
235333 943124 98.4087 3.071E+09
239167 98.4675 100.4913 1.766E+09
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TABLE A4.10. Millstone Hill Heat Flux Values for 28 August 1986

UT HRS SZA CPSZA HEAT FLUX

0.0333
0.4667
0.8000
1.0833
1.4167
1.8667
2.0167
2.9000
3.0500
3.3833
3.8167
4.0000
4.4500
4.7833
5.0667
5.4000
5.8333
6.0000
6.6500
6.9833
7.1167
7.4500
7.8833
8.0500
8.3833
8.8167
9.0000
9.4500
9.7833
10.0667
10.4000
10.8333
11.0167
11.4500
11.7833
12.0667
12.4000
12.8500
13.0000
13.3333
13.7833

96.6640
101.0943
104.3396
107.0307
110.1569
114.0022
115.2435
121.5699
122.4670
124.2415
126.0088
126.5545
127.4814
127.6935
127.5694
127.0418
125.7953
125.1659
121.8392
119.6680
118.7749
116.2453
112.7050
111.2817
108.3274
104.2114
102.3651

97.8649

94.3282

91.3505

87.8256

82.9744

80.9210

76.1476

72.3993

69.3072

65.7227

60.7931

59.2960

55.71418

51.2337

105.7436
108.0071
109.6653
111.0342
112.6200
114.5507
115.1691
118.2765
118.7113
119.5609
120.4050
120.6648
121.1107
121.2212
121.1747
120.9481
120.3885
120.0994
118.5502
117.5152
117.0841
115.8553
114.1069
113.3984
111.9118
109.8252
108.8864
106.5857
104.7780
103.2586
101.4697

99.0338

98.0115

95.6702

93.8705

92.4140

90.7620

88.5651

87.9175

86.4138

84.5920

1.260E+09
5.309E+08
6.716E+08
3.888E+08
4.771E+08
1.152E+05
5.293E+08
7.484E+08
3.415E+08
2.021E+08
1.715E+08
2.676E+08
6.368E+07
1.382E+04
1.049E+05
1.549E+08
8.230E+07
7.715E+07
6.897E+07
1.047E+05
1.081E+05
5.329E+07
1.055E+08
3.200E+06
1.298E+08
1.932E+08
1.187E+05
1.160E+05
2.238E+08
1.532E+08
4.847E+08
1.411E+09
2.430E+09
2.808E+09
1.766E+09
4.405E+09
3.979E+09
4.149E+09
7.088E+09
3.520E+09
6.504E+09

176




e e = === === T —

TABLE A4.10. Millstone Hill Heat Flux Values for 28 August 1986

UT HRS

SZA

CPSZA

HEAT FLUX

14.0833
14.4167
14.8667
15.0167
15.3667
15.8000
16.1167
16.4500
16.8833
17.0333
17.3833
17.8167
18.0000
18.4333
18.7667
19.0500
19.3833
19.8333
20.0167
20.4500
20.7833
21.2333
21.5667
22.0000
22.3333
22,7833
23.0833
23.4167
23.8667

48.2808
45.2623
41.3987
40.2187
37.7557
35.3031
34.0012
33.1245
32.8625
33.0037
33.7451
35.4868
36.4878
39.2908
41.7930
442511
47.3187
51.6152
53.4967
57.9794
61.5917
66.4134
70.0087
74.7875
78.5412
83.4413
86.7684
90.3169
95.2990

83.4540
82.3354
80.9807
80.5852
79.7831
79.0175
78.6206
78.3524
78.2482
78.2753
78.4545
78.9221
79.2053
80.0423
80.8357
81.6550
82.7314
84.3326
85.0631
86.8775
88.4082
90.5331
92.1723
94.4133
96.2201
98.6245
100.2811
102.0654
104.5908

4.911E+09
7.732E+09
8.613E+09
8.605E+09
8.197E+09
5.208E+09
9.909E+09
8.202E+09
9.435E+09
8.346E+09
9.318E+09
9.139E+09
5.760E+09
1.272E+10
5.365E+09
1.021E+10
1.123E+10
7.990E+09
8.596E+09
1.058E+10
1.033E+10
1.150E+10
8.983E+09
8.990E+09
8.564E+09
5.057E+09
2.918E+09
2.905E+09
1.381E+(09
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TABLE A4.11. Millstone Hill Heat Flux Values for 23 September 1986

UT HRS

SZA

CPSZA

HEAT FLUX

20.9667
21.4167
21.8667
22.3167
22.7667
23.2167
23.6667

71.9276
76.7972
81.6346
86.5274
91.5735
96.4828
101.4784

80.7043
83.0273
85.3746
87.7738
90.2603
92.6767
95.1159

8.983E+09
7.764E+09
8.738E+09
8.202E+09
5.155E+09
4.723E+09
2.385E+09
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TABLE A4.12. Millstone Hill Heat Flux Values for 24 September 1986

UT HRS SZA CPSZA HEAT FLUX

0.1167
1.0167
1.4667
1.9167
2.3667
2.8167
3.2833
3.7333
4.1833
4.6333
5.0833
5.5333
5.9833
6.0000
6.4333
6.9000
7.3500
7.8000
8.7000
9.6000
10.0500
10.5000
12.7333
13.1833
13.6333
14.0833
14.5333
14.9833
15.4333
15.8833
16.3333
16.7833
17.2333
17.6833
18.1333
18.5833
19.0333
19.4833
19.9333
20.3833
20.8333

106.2769
115.7330
120.0539
124.2068
127.9044
131.1671
134.0208
136.1131
137.3943
137.8557
137.4258
136.1761
134.1108
134.0480
131.4379
128.0369
124.3555
120.2157
111.3987
101.6865
96.6972
91.8005
67.7163
63.2873
58.9828
54.9943
51.4970
48.3979
45.9657
442103
43.2060
43.0605
43.7758
45.3221
47.5493
50.4700
53.8296
57.7032
61.8085
66.1661
70.8421

97.4348
101.8660
103.8120
105.6183
107.1708
108.4912
109.6025
110.3967
110.8770
111.0585
110.9232
110.4852
109.7340
109.7109
108.7205
107.3739
105.8514
104.0691
100.0641

95.4232

92.9770

90.5522

78.7644

76.7010

74.7507

72.9998

71.5123

70.2375

69.2612

68.5672

6f.1617

0728
2965

00.8372

69.6569

70.7806

72.1338

73.7594

75.5537

77.5194

79.6928

3.593E+09
1.081E+09
8.516E+08
5.824E+08
3.258E+08
5.568E+08
3.077E+08
3.060E+08
2.988E+08
2.517E+08
1.382E+08
2.988E+08
1.733E+08
8.211E+07
1.808E+08
1.102E+08
2.270E+08
6.608E+08
1.028E+09
3.888E+08
3.077E+08
1.893E+09
4.191E+09
4.698E+09
9.537E+09
5.512E+09
7.012E+09
8.983E+09
6.484E+09
8.346E+09
8.983E+09
5.305E+09
7.269E+09
6.275E+09
6.383E+09
6.038E+09
8.008E+09
8.812E+09
1.022E+10
1.075E+10
8.935E+09
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TABLE A4.12. Millstone Hill Heat Flux Values for 24 September 1986

UT HRS

SZA CPSZA HEAT FLUX

21.3000
21.7500
22.2000
22.6500
23.1000
23.5500

75.7982 82.0535 8.882E+(09
80.6088 84.3815 5.417E+09
85.6147 86.8319 8.033E+09
90.6584 89.3183 5.343E+09
95.5717 91.7360 3.967E+09
100.5856 94.1904 2.992E+09




TABLE A4.13. Millstone Hill Heat Flux Values for 7 October 1986

UT HRS

SZA

CPSZA

HEAT FLUX

0.3833
0.8833
1.3667
1.8667
2.3667
2.8667
3.3667
3.8667
4.3667
4.8667
5.3667
5.8667
6.3500
7.9000
8.3833
8.8833
9.3833
9.8833
10.3833
10.8833
11.3833
11.8833
12.3833
12.8833
13.3833
13.8833
14.7000
15.2000
15.6833
16.1833
16.6833
17.1833
17.6833
18.1833
18.6833
19.1833
19.6833
20.1833
20.6833
21.1667
21.6667

113.4514
118.7419
123.7018
128.3691
132.7367
136.5418
139.5492
141.7164
142.7938
142.7000
141.3941
139.0468
1359771
122.4519
117.5568
112.2337
106.6524
101.2539
95.6980
90.1644
84.8204
79.4559
742512
69.3791
64.6760
60.2494
54.3572
515145
49.5372
48.3306
48.0809
48.7757
50.4057
52.9442
56.0741
59.8727
64.1557
68.7109
73.6718
78.6123
83.9618

94.3902
96.7552
98.8811
100.7832
102.4728
103.8624
104.9027
105.6264
105.9833
105.9714
105.5786
104.8237
103.7814
98.5415
96.4339
94.0389
91.4330
88.8379
86.1120
83.3563
80.6754
77.9827
75.3848
72.9801
70.6972
68.5938
65.8761
64.6033
63.7250
63.1801
63.0345
63.2812
63.9272
64.9785
66.3250
68.0197
69.9893
72.1438
74.5441
76.9683
79.6221

2.490E+09
2.105E+09
1.543E+09
9.405E+08
5.020E+08
2.913E+08
2.335E+08
1.367E+08
2.806E+08
3.617E+08
4.005E+08
3.299E+08
2.565E+08
1.768E+08
4.134E+08
4.797E+08
4.151E+08
4.611E+08
9.118E+08
2.752E+09
3.437E+09
2.788E+09
6.425E+09
5.760E+09
6.541E+09
6.672E+09
5.414E+Q9
7.806E+09
6.383E+09
9.188E+09
8.564E+09
8.453E+09
1.384E+10
5.093E+09
1.040E+10
1.136E+10
1.048E+10
9.435E+09
9.868E+09
9.727E+09
7.6T4E+09
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TABLE A4.14. Millstone Hill Heat Flux Values for 8 October 1986

UT HRS SZA CPSZA HEAT FLUX

2.5167
3.0167
3.5000
4.0000
4.5000
5.0000
5.5000
6.0000
6.5000
7.0000
7.5000
8.0000
8.4833
8.9833
9.4833
10.2833
10.7833
11.2833
11.7833
12.2833
12,7833
13.2833
13.7833
14.2667
14.7667
15.2667
15.7667
16.2667
16.7667
17.2667
17.7667
18.2667
18.7667
20.4333
21.3667
21.8667
22.3667
22.8667
23.3667
23.8667

134.3531
137.8860
140.6619
142.5022
143.2648
142.8251
141.2672
138.6600
135.2103
131.1118
126.5282
121.5849
116.6310
111.2653
1059149
97.0167
91.6068
85.9961
80.6167
75.5100
70.4917
65.7417
61.4575
57.6834
54.2780
51.5539
49.6254
48.5934
48.5223
49.3806
51.1598
53.7576
56.9721
71.5933
81.0776
86.4724
91.9700
97.3913
102.9553
108.4841

102.5776
103.8378
104.7763
105.3806
105.6348
105.5134
105.0406
104.1997
103.0177
101.5176
99.7297
97.6887
95.5401
93.1102
90.5997
86.2795
83.5908
80.7766
78.0709
75.5116
73.0190
70.7001
68.6431
66.8742
65.3099
64.0796
63.2160
62.7426
62.6685
62.9870
63.7051
64.7986
66.1977
73.0309
77.6996
80.3824
83.1179
85.7931
88.5005
91.1284

8.993E+08
1.024E+09
7.556E+08
5.638E+08
7.054E+08
5.462E+08
4.662E+08
2.169E+08
1.465E+08
1.421E+08
2.882E+08
1.875E+08
2.510E+08
2.645E+08
2.676E+08
5.145E+08
1.505E+09
2.244E+09
3.804E+09
4.581E+09
6.195E+09
7.178E+09
7.592E+09
8.202E+09
8.346E+09
7.764E+09
9.752E+09
9.356E+09
9.727E+09
1.078E+10
1.038E+10
1.017E+10
9.589E+09
1.050E+10
9.537E+09
9.048E+09
8.346E+09
6.275E+09
4.249E+09
3.705E+09
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TABLE A4.15. Millstone Hill Heat Flux Values for 29 October 1986

UT HRS SZA CPSZA HEAT FLUX
149500 59.8964 57.1898 7.938E+09
154000 58.0068 56.1962 8.008E+09
15.8500 56.6906 55.4963 8.812E+09
16.3000 56.0622 55.1407 1.104E+10
16.7500 56.1060 55.1241 9.537E+09
17.2000 56.8492 55.4589 9.188E+09
17.6500 58.2202 56.1127 7.229E+09
18.1000 60.2422 57.1062 1.021E+10
18.5500 62.7526 58.3636 1.247E+10
19.0000 65.7315 59.8787 1.142E+10
19.4667 69.3015 61.7167 1.328E+10
199167 73.1445 63.7139 1.079E+10
20.3667 77.1781  65.8245 8.846E+(09
21.0333 83.7685 69.2723 1.025E+10
21.8833 924890 73.7876 7.417E+09
223333  97.3847 76.2735 5.395E+09
22,7833 102.2317 78.6852 4.112E+H09
23.2333 107.2575 81.1231 3.032E+09
23.6833 112.1734 83.4318 2.527E+09
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TABLE A4.16. Millstone Hill Heat Flux Values for 30 October 1986

UT HRS SZA CPSZA HEAT FLUX
1.6833 133.7112 92.3618 1.405E+09
2.1333 138.0058 93.8534 1.495E+09
2.5833 1419554 95.1267 1.652E+09
3.0333 145.5056 96.1843 1.721E+09
3.4833 148.2994 96.9595 1.690E+09
44000 151.1579 97.7111 1.832E+09
48500 150.8433 97.6524 1.157E+09
5.3000 149.3723 97.3024 1.208E+09
5.7500 146.8999 96.6685 5.568E+08
6.2000 143.7310 95.7861 1.332E+09
6.6500 140.0036 94.6552 8.197E+08
7.1000 1357519 93.2541 9.262E+08
7.5500 131.3174 91.6730 8.562E+08
8.0000 1265614 89.8505 6.608E+08
8.4500 121.7859 87.9036 1.055E+09
8.9000 1169337 §5.8112 9.383E+08
93500 1119087 83.5385 1.011E+09
9.8167 106.6160 81.0423 4.681E+08

10.2667 101.7326 78.6588 9.118E+08
10.7167 969013 76.2357 1.116E+09
11.1667 92.0296 73.7367 2.752E+(09
11.6167 87.3926 71.3190 3.685E+09
12.0667 827862 68.8868 5.760E+(09
12.5167 78.4788 66.5960 7.592E+09
12.9667 743944 64.4155 8.716E+09
13.4167 70.4837 62.3268 9.135E+09
13.8667 669181 60.4246 7.806E+09
143167 63.7563 58.7453 1.222E+10
147667 61.1346  57.3558 8.065E+09
152167 59.0236 562411 6.991E+09
15.6667 57.4592 55.4071 8.882E+09
16.1167 56.5659 549183 8.772E+09
16.5667 563311 54.7615 9.537E+09
17.0167 56.7762 54.9469 8.124E+09
17.4667 57.8688 55.4640 1.054E+10
17.9167 59.6255 56.3248 5.072E+09
18.8500 65.0728 59.0773 7.556E+09
19.3000 683282 60.7571 8.091E+09
19.7500 719435 62.6390 6.081E+09
20.2000 759691 64.7478 4.376E+09
20.6500 80.1476 66.9429 6.010E+09
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TABLE A4.16. Millstone Hill Heat Flux Values for 30 October 1986

UT HRS  SZA CPSZA HEAT FLUX
21.1000 84.6507 69.3037 3.685E+09
22,4667 99.0622 76.7034 3.275E+(09
229167 104.0505 79.1665 2.538E+09
23.3667 108.9549 81.5228 1.671E+(09
23.8167 113.8706 83.8048 1.906E+09
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186
TABLE A4.17. Millstone Hill Heat Flux Values for 10 December 1986

UT HRS SZA CPSZA HEAT FLUX
15.4167 67.5695 47.1156 1.521E+(09
15.8500 66.3226 46.3043 6.383E+09
16.2833 65.6007 45.8182 7.989E+09
16.7333  65.4231 45,6721 6.038E+09
17.1667 65.8039 45.8791 7.387E+09
17.6000 66.7220 46.4234 6.038E+(09
18.0333  68.1535 47.2877 7.200E+09
18.4667 70.0688 48.4524 6.953E+09
18.9000 72.4940 49.9253 9.589E+09
19.4167 758236 519370 1.456E+10
19.8500 79.0039 53.8407 8.372E+09
2).2833 824860 55.9005 6.561E+09
Z0.7167 862299 58.0823 9.356E+09
21.1500 90.1989  60.3534 6.139E+09
21.5833 943575 62.6813 3.632E+09
22.0167 98.6779 65.0388 2.279E+09
224500 103.1357 67.4004 2.876E-+09
22.8833 107.8264 69.7998 3.027E+09
23.3333 1126135 72.1516 2.654E+09
23.7667 117.3342 74.3651 2.005E+09




TABLE A4.18. Millstone Hill Heat Flux Values for 11 December 1986

UT HRS

SZA

CPSZA HEAT FLUX

0.1833
0.6167
1.0500
1.4833
1.9167
2.3500
2.7833
3.2167
3.6500
4.0833
45167
5.5333
5.9667
6.4000
6.8333
7.2833
7.7167
8.1500
8.5833
9.0167
9.4500
9.9000
10.3333
10.7667
11.2000
11.6333
12.0667
12.9500
13.3833
13.8167
14.2500
14.6833
15.1167
15.5667
16.0000
16.4333
16.8667
17.3000
17.7333
18.1667
18.6000

121.9693
126.7511
131.5235
136.2506
140.8935
145.3905
149.6461
153.5212
156.8156
159.2242
160.4117
157.6355
154.5719
150.8437
146.6805
142.00" "
137.3907
132.6758
127.9148
123.1373
118.3688
113.3820
108.7133
104.1275
09.6472
95.2994
90.9940
83.1100
79.5903
76.3638
734770
70.9701
68.8879
67.2390
66.1196
65.5694
65.5623
66.0997
67.1683
68.7418
70.7864

76.4297
78.4383
80.3115
82.0287
83.5744
84.9314
86.0825
87.0138
87.7184
88.1840
88.4070
87.9622
87.3668
86.5382
85.4855
84.1475
82.6770
81.0253
79.2127
77.2566
75.1761
72.8720
70.6040
68.2790
65.9210
63.5562
61.1458
56.5684
54.4615
52.4978
50.7143
49.1449
47.8247
46.7635
46.0291
45.6494
45.6116
459178
46.5580
47.5131
48.7588

1.953E+09
1.616E+09
2.556E+09
1.939E+09
1.202E+09
9.118E+08
1.314E+09
5.571E+08
1.469E+10
1.344E+09
4.771E+08
1.121E+09
1.065E+09
1.081E+09
7.105E+08
2.214E+09
5.192E+08
1.919E+08
3.285E+08
2.546E+08
3.728E+08
3.025E+08
3.448E+08
3.639E+08
1.808E+08
7.689E+08
1.252E+09
3.545E+09
2.423E+09
2.808E+09
4.126E+09
7.674E+09
4.864E+09
5.414E+09
6.635E+09
2.342E+09
6.699E+09
4.850E+09
6.866E+09
1.033E+10
7.806E+09
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TABLE A4.18. Millstone Hill Heat Flux Values for 11 December 1986

UT HRS

SZA

CPSZA

HEAT FLUX

18.9333
19.7833
20.2167
20.6667
21.1000
21.5333
21.9667
22.4000
22.8500
23.2833
23.7167

72.6925
78.4228
81.9443
85.8490
89.7910
93.9265
98.1111
102.5467
107.3482
111.9979
116.7123

49.9188
53.3726
55.4638
57.7469
60.0098
62.3329
64.6261
66.9874
69.4564
71.7535
73.9799

5.688E+09
9.188E+09
7.059E+09
5.343E+09
3.316E+09
3.501E+09
3.306E+09
2.646E+09
2.138E+09
2. 717E+09
3.520E+09
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TABLE A4.19 Millstone Hill Heat Flux Values for 3 June 1987

UT HRS SZA CPSZA HEAT FLUX
0.5000 92.8898 120.0256 4.149E+09
09833 97.1435 122.4953 1.267E+(09
1.4833 101.2702 1249406 1.135E+09
1.9667 104.8305 127.0871 1.739E+08
24667 108.0368 129.0488 2.193E+08
29667 110.7901 130.7558 5.842E+07
34500 112.8491 132.0508 1.022E+05
3.9500 1143584 133.0165 1.035E+05
44500 115.1517 133.5454 5.672E+07
49500 115.2033 133.6171 1.010E+05
54333 1145357 133.2424 8.853E+06
59333 113.1803 132.4435 7.644E+07
6.4333 111.1237 131.2144 1.010E+05
6.9167 108.5889 129.6966 9.419E+07
7.4167 105.3925 127.7877 1.207E+08
8.4167 97.7352 123.2796 5.192E+09
8.9000 93.4187 120.7918 3.754E+08
9.4000 88.7068 118.1297 1.349E+10
9.9000 83.7580 115.4056 2.672E+10

10.4000 78.7352 112.7241 3.087E+10
10.8833  73.5610 110.0590 1.847E+10
11.3833 68.2746 107.4501 2.342E+10
11.8833 62.7780 104.8711 2.744E+10
12.3667 57.4888 102.5299 2.473E+10
12.8667 51.9323 100.2327 3.099E+10
13.3667 462823 98.0809 2.400E+10
13.8500 41.1059 96.2841 3.127E+10
14.3500 35.8578 94.6454 2.604E+10
14.8500 31.0265 93.3068 3.716E+10
153500 265917 92.2278 4.928E+10
15.8333  23.1472 91.4907 5.466E+10
16.3333 20.8012 91.0337 4.405E+10
16.8333  20.2055 90.9086 4.884E+10
17.3333 214805 91.1107 4.161E+10
17.8167 242794 91.6274 1.488E+10
18.3167 282448 92.4750 4.985E+10
18.8000 32,6808 93.5704 2983E+10
19.3000 37.7520 95.0028 2.224E+10
19.7833 428291 96.6195 1.979E+10
20.2833 482944 98.5528 1.603E+10
20.7667 53.5753 100.5985 1.702E+10
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TABLE A4.19. Millstone Hill Heat Flux Values for 3 June 1987

UT HRS

SZA

CPSZA HEAT FLUX

21.2667
21.7500
22.2500
22,7333
23,2333
23.7167

59.1293
64.5333
70.0020
75.1284
80.3708
85.2169

102.9260 1.263E+10
105.3504 9.453E+09
107.9524 7.556E+09
110.5157 1.008E+10
113.2521 7.126E+09
115.8749 5.072E+09
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TABLE A4.20. Millstone Hill Heat Flux Values for 25 November 1987

UT HRS

SZA

CPSZA HEAT FLUX

0.0667
0.4167
09333
1.1167
1.4667
2.0167
2.5167
3.0333
3.5667
40833
4.6167
5.1500
5.6667
6.2000
6.7167
7.2500
7.7667
8.3000
8.8333
9.0000
9.3500
9.8833

10.0500

10.4000

10.9333

11.1000

11.4500

11.9833

12.0167

12.5000

13.0333

13.5500

14.0833

14.6167

15.1333

15.6667

16.1833

16.7167

17.2333

120.4038
124.2804
129.9405
131.8548
135.6442
141.4021
146.3712
150.9607
154.8913
157.3708
158.1353
156.9008
153.9846
149.8857
145.1504
139.7331
134.1527
128.4267
122.5005
120.6919
116.8196
111.0469
109.1386
105.4810
99.7869
98.0868
94.5068
89.0922
88.8671
84.2904
79.7008
75.6029
71.8066
68.6630
66.2147
64.3950
63.4265
63.2609
63.9417

78.5857
80.2376
82.5039
83.2292
84.6004
86.5066
87.9733
89.1730
90.0792
90.5959
90.7627
90.5496
89.9715
89.0381
87.7982
86.1794
84.3040
82.1722
79.7632
78.9897
77.2770
74.5885
73.6665
71.8560
68.9328
68.0369
66.1176
63.1394
63.0140
60.4290
57.7872
55.3883
53.1359
51.2477
49.7598
48.6380
48.0205
47.8771
48.2411

1.997E+09
2.138E+09
2.244E+09
1.879E+09
2.111E+09
6.193E+09
2.843E+09
2.797E+09
3.374E+09
3.180E+09
2.364E+09
2.065E+09
3.451E+09
5.057E+09
5.616E+09
3.545E+09
2.865E+09
2.413E+09
1.359E+09
1.868E+09
1.424E+09
1.069E+09
1.007E+09
1.686E+09
8.081E+08
1.358E+09
2.423E+09
6.139E+09
4 884E+09
1.058E+10
1.068E+10
1.050E+10
1.171E+10
1.285E+10
1.061E+10
6.817E+09
6.932E+09
1.161E+10
1.263E+10
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TABLE A4.21. Millstone Hill Heat Flux Values for 3 February 1989

UT HRS

SZA

CPSZA

HEAT FLUX

19.1500
19.6000
19.9667
20.1333
20.4833
20.8500
21.0167
21.3833
21.8333
22.1000
22.4667
22.9000
23.0000
23.4500
23.8167

65.8874
68.9354
71.6505
72.9538
75.8942
79.1118
80.6233
84.1830
88.7023
91.4509
95.2338
99.8412
100.9765
105.8109
109.7969

55.9324
57.5810
59.0575
59.7669
61.3662
63.1169
63.9357
€5.8601
68.2828
69.7391
71.7196
74.0892
74.6640
77.0707
78.9967

4.304E+09
1.154E+10
8.716E+09
1.120E+10
1.401E+10
1.311E+10
2.431E+10
1.769E+10
1.895E+10
9.955E+12
2.334E+10
1.081E+10
1.495E+10
5.909E+09
7.488E+09
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UT HRS

SZA

CPSZA

TABLE A4.22. Milistone Hill Heat Flux Values for 9 May 1989

HEAT FLUX

14.3000
14.7333
15.0167
15.3833
15.8167
16.0833
16.4667
16.9000
17.0000
17.4333
17.8167
18.0833
18.5167
18.9000
19.1000
19.4667
19.9000
20.0000
20.4500
20.8167
21.0833
21.5333
21.9000
22.0667
22.4333
22.8833
23.1500
23.5167
23.9500

39.6707
35.4889
33.0587
30.1612
274611
26.2742
25.2000
25.1158
25.2776
26.6571
28.6643
30.4856
33.9299
37.5133
39.4190
43.0393
47.5471
48.6662
53.4587
57.4236
60.3836
65.4249
69.4225
71.2174
75.1738
80.0942
82.9495
86.8506
91.2422

90.0432
88.7678
88.0809
87.3143
86.6537
86.3792
86.1324
86.0976
86.1286
86.4112
86.8585
87.2938
88.1876
89.2105
89.7906
90.9607
92.5345
92.9446
94.7843
96.4031
97.6648
99.9069
101.7657
102.6230
104.5540
107.0289
108.5008
110.5496
112.9004

2.136E+10
1.045E+10
1.739E+10
1.301E+10
1.094E+10
1.681E+10
1.537E+10
1.690E+10
1.905E+10
1.513E+10
2.431E+10
2.092E+10
1.807E+10
1.776E+10
2.605E+10
2.661E+10
1.945E+10
1.888E+10
1.945E+10
2.136E+10
1.878E+10
1.937E+10
2.125E+10
1.175E+10
1.455E+10
1.017E+10
1.807E+10
9.955E+12
2.153E+10
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TABLE A4.23. Millstone Hill Heat Flux Values for 10 May 1989

UT HRS

SZA

CPSZA HEAT FLUX

0.0667
0.5000
0.8667
1.0333
1.4167
1.8500
2.1167
2.4833
2.9333
3.0333
4.0000
4.4500
4.8167
5.0833
5.5335
5.9000
6.0667
6.4333
6.8833
7.1500
7.5167
7.9667
8.0667
8.5000
8.8667
9.0333
9.4167
9.8500
10.1167
10.5000
10.9333
11.0333
11.3667
11.8000
12.0667
12.4500
12.8833
13.1500
13.5167
13.9667
14.0667

92.4042
96.5911
99.9429
101.4035
104.6999
108.1222
110.0829
112.4954
115.0564
115.5912
119.1171
119.8036
119.8846
119.6755
118.8314
117.7022
117.0203
115.3468
112.8449
111.1124
108.4546
104.8717
104.0948
100.3395
96.8958
95.3384
91.5645
87.1820
84.5121
80.4337
75.7742
74.6274
71.0461
66.1504
63.1758
59.0428
54.2844
51.3562
47.4656
427074
41.7547

113.5292
115.8164
117.6695
118.4823
120.3266
122.2521
123.3594
124.7269
126.1821
126.4879
128.5161
128.9358
129.0094
128.9136
128.4850
127.8882
127.5233
126.6212
125.2579
124.3099
122.8485
120.8757
120.4482
118.3871
116.5055
115.6580
113.6213
111.2887
109.8878
107.7829
105.4354
104.8667
103.1246
100.8214

99.4693

97.6582

95.6718

94.5085

93.0363

91.3570

91.0364

1.222E+10
8.487E+09
6.425E+09
3.118E+09
2.860E+09
1.191E+09
2.768E+08
1.613E+09
1.202E+09
2.082E+09
1.286E+09
1.779E+09
1.647E+09
1.074E+09
2.138E+09
2.312E+09
9.757TE+08
3.703E+08
1.172E+Q9
2.570E+09
1.030E+09
6.046E+08
9.955E+12
1.608E+09
5.429E+08
2.556E+(9
2.305E+09
1.963E+10
7.294E+09
5.909E+09
8.716E+09
4.518E+09
6.760E+09
9.955E+12
9.955E+12
1.008E+10
9.939E+09
9.172E+09
9.424E+09
9.955E+12
1.609E+10
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TABLE A4.23. Millstone Hill Heat Flux Values for 10 May 1989

UT HRS SZA CPSZA HEAT FLUX
14.5000 37.5093 89.6855 9.955E+12
14.8667 34.0966 88.6854 1.008E+10
15.0500 32.6069 88.2741 1.628E+10
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TABLE A4.24. Millstone Hill Heat Flux Values for 20 September 1990

UT HRS

SZA

CPSZA

HEAT FLUX

16.3333
16.9833
17.0000
17.7500
18.4333
19.0833
19.8000
20.4667
21.1333
21.8000
22.4667
23.1167
23.8167

41.6960
41.7000
41.7337
440119
47.8344
52.7487
59.1968
65.6494
72.6188
79.8395
87.1879
94.5567
102.0955

69.7153
69.6658
69.6763
70.4303
71.8143
73.7270
76.4149
79.2731
82.5029
85.9629
89.5569
93.1885
96.8851

7.126E+09
9.345E+09
1.407E+10
9.172E+09
1.203E+10
1.456E+10
1.120E+10
2.542E+10
4.698E+09
1.030E+10
1.216E+10
2.092E+10
4.072E+09




TABLE A4.25. Millstone Hill Heat Flux Values for 18 December 1990

UT HRS

SZA

CPSZA

HEAT FLUX

13.3667
13.8667
14.3833
15.0167
15.5500
16.0833
16.6333
17.1667
17.7167
18.2500
18.7833
19.3333
19.8667
20.4167
20.9500
21.4833
22.0333
22.5667
23.1167

80.4764
76.7937
73.3294
69.9415
67.8060
66.4600
65.8879
66.1750
67.3219
69.1876
71.8745
752278
78.9835
83.3884
88.1030
93.0312
98.4564
103.9794
109.9248

54.4410
52.1917
50.0370
47.8905
46.5120
45.6231
45.2198
45.3633
46.0525
47.1964
48.8482
50.8984
53.1702
55.7934
58.5441
61.3476
64.3399
67.2732
70.2907

2.673E+05
1.685E+05
3.171E+09
4.304E+09
3.025E+09
3.193E+09
5.395E+09
6.484E+09
7.861E+09
9.955E+12
1.025E+10
1.171E+10
9.868E+09
1.123E+10
1.324E+10
1.016E+10
9.706E+09
6.608E+09
7.806E+09
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