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Abstract

Several methods exist for temperature measurement at altitudes
greater than the balloon-sonde limit. A method for measuring
air density or pressure over a range of altitudes is also a temp-
erature method because these parameters are interrelated.
Several recent measurements of this kind are discussed.

Drag effects on the orbit of an earth satellite are a
measure of atmospheric density at perigee altitude. Density
has been measured by satellites in the altitude range 200 to 700
kilometers. Large variations of density and temperature due to
diurnal and solar effects have been found

The temperature of electrons in the ionosphere has been
measured by a Langmuir probe technique.

The pitot-static tube technique has been used to measure
density and pressure. Wind velocity has also been found by
measuring the pressure on the side of a spinning rocket.

The rocket-grenade system measures the average speed
of sound in the atmosphere between exploding grenades. Wind
velocity can also be measured by this technique. Large seasonal
temperature variations have been found at northern latitudes at
high altitudes.

The aerodynamic drag on a falling sphere is a measure
of atmospheric density. Accelerations due to drag have been
found by differentiating trajectory data and by means of an
accelerometer equipped sphere. Density profiles are shown
for four wintertime flights at northern latitudes. Temperature
plots derived from the density profiles show an abrupt warming

in the atmosphere.



Introduction

The basic equations applicable to atmospheric structure are discussed.
Three techniques for determining temperature at high altitude are described
briefly. The rocket grenade system and the falling sphere system are des-
cribed in more detail and the results of several rocket flights are shown.

I. Basic Equations
The direct determination of upper atmosphere temperature is generally
unfeasible due to the lack of a satisfactory technique. However, a number of
techniques exist for measuring density or pressure or both density and
pressure. In the latter case the ideal gas equation of state may be used to
derive the temperature.
_ MP

T ®rp (1)
The gas constant R is known and also the molecular mass M at low altitudes.
The variation of M with altitude is insignificant up to the 120 kilometer level
for most purposes. At higher altitudes the molecular mass is not precisely
known but equation (1) can be used to determine the molecular-scale temp-
erature defined by

M, M, P
v ™ T="TR 7 (2)

The derivation of the true temperature T then depends upon the best estimate
of M,/M at hand.

The temperature can be derived from pressure data alone if an altitude
profile is available. In this case one uses the barometric equation which

states the equilibrium of gravitational forces.

dP = - ,0 gdh (3)
Equation (1) and (3) imply the desired temperature equation

dlnP = Mg
dh RT (4)

Equation (4) is useful for temperature determinations provided the quality of

the pressure data is such that differentiation is practical.
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The scale height H is defined by

_ RT
H = _IVIE (5)
If the temperature and molecular weight are constant in a layer an expon-

ential atmosphere results for which

h
T TH
P _ g _

Temperature can also be derived from the density profile. According

to equation (3) pressure can be derived by integrating the density so that

h
P=P; - jpgdh (7

hl
With both pressure and density at hand the temperature is found from equation
(1). The initial pressure P, is known from balloon-sonde observations if
integration begins at a low altitude. This procedure is impractical if the
range of altitude is several scale heights because the final pressure will
then be small compared to P, and errors become larger than the pressure
calculated. Better results are obtained in practice if integration begins at
the greatest altitude where the initial pressure must be assumed. In this
case, integrating downward, the exponential increase of pressure tends to
suppress an initial error. The initial pressure can be found by assuming
initial temperature which is preferable because temperature can probably
be estimated more accurately than pressure at high altitudes.

A somewhat more direct technique of temperature measurement de-

pends upon the sound propagation equation

MC? = RT (8)

where C is the speed of sound in air and ¥ is the ratio of specific heats.



II. Atmospheric Temperature Measurements

Newell1 presented an excellent survey of this field at the Third Sym-
posium on Temperature (1954). Subsequently these techniques have been
exploited by many experimenters to provide new knowledge of the atmos-

phere. The International Geophysical Year stimulated much of this work.

A. Satellite Techniques

A new development since Newell's review has been the use of earth
satellites. Properties of the upper atmosphere have been derived from the
drag effect on the orbit of a satellite by Jacchiaz, King-HeleS, and others.
Atmospheric density has been derived between the altitudes of 200 km and
700 km from the orbits of 195882 (Vanguard I), 19591 ( Vanguard II),
1958a (Explorer I), and 1958 8 2 (Sputnik III) by Jacchia. 4 The measured
quantity is the satellite secular acceleration dP/dt (non-dimensional) where
P is the period of the orbit. Averages over 25 revolutions were taken in
most cases. At low altitudes the method fails because the satellite spirals
in at a rapid rate. At high altitudes the accelerations become vanishingly
small.

KingmHeleB has derived an approximate formula relating satellite

accelerations to orbital elements and atmospheric parameters, namely:

1 /2 m [dr)e [, . 2 H . TH
PJ"ET:B’?F AF ( aT)T[l 2€+2.58" - g5 (1 103*1@56’]

(9)

where

=  atmospheric density at satellite perigee height.

= atmospheric scale height near perigee

@]
o @ ® > BU T
i

= drag coefficient (2. 0)

mass of satellite

effective cross-section of satellite

factor to account for rotation of atmosphere

il

orbital eccentricity

semi-major axis of satellite orbit

Drag effects are localized near perigee because atmospheric density de-

creases rapidly with altitude. Satellite accelerations are also a measure
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of the scale height because an increased scale height enlarges the portion
of the orbit which is in dense air. If the product ;"{/ﬁ‘is known as a function
of altitude a determination of p and H separately is possible.

An elliptical orbit is useful for detecting diurnal effects. A perfectly
circular orbit is not as satisfactory because it measures an average density
on the sunlit and shadowed portions of the earth. The perigee of an eccen-
tric orbit will appear over different points of the earth each revolution but
it tends to remain in the same position relative to the earth-sun axis. The
annual motion of the earth about the sun and also drag effects will cause the
perigee to move slowly between sunlit and shadowed areas, Figure 1. Di-
urnal changes can be observed if the lifetime of the satellite is many hundreds
of revolutions.

The first earth satellites revealed that atmospheric density at sateliite
altitudes was larger than had been commonly accepted by an order of mag-
nitude. This implies a warmer atmosphere since temperature governs the
rate at which density decreases with altitude.

Jacchia4 has found a bulge in the atmosphere on the sunlit side of the
earth due to heating effects of the sun. The diurnal variation of density is
a factor of ten at the 700 kilometer level but is small at 200 kilometers.

The bulge appears to be centered at the latitude of the subsolar point but lags
in longitude by 25 to 30 degrees. Fluctuations of comparable magnitude
have been measured which are correlated with the 27 day period of solar
rotation. Increases in density during magnetic storms have also been in-

ferred from satellite accelerations.

B. Electron Temperature

Boggess, Brace, and Spencer6 have measured electron temperature
through the use of a rocket-borne adaptation of a Langmuir probe. Two
6-in spheres were used separated by a 10-in long 2% in diameter cylinder.
Each sphere was composed of two electrically insulated hemispheres; the
outer hemispheres acted as information electrodes, and the inner ones as
guard electrodes. The electron temperature is obtained from the slope of
a plot of logarithm of current vs. voltage. Maxwell-Boltzmann energy
distribution must be assumed. The volt-ampere curve is obtained by
measuring the current between information electrodes as the voltage is
varied. Electron temperatures were measured from 111 to 177 kilo-
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meters. More recent Work7 has extended the measurements to an altitude
of 440 kilometers. The electron temperature profile appears to have the

same general characteristics as the gas temperature profile.

C. Pitot-Static Tube Measurements

Ainsworth, Fox, and LaGow8 have measured atmospheric pressure
and density using the pitot-static tube. A wide range of pressures are
measured by using 3 mechanical diaphragm type gauges of different sensi-

tivities. The Rayleigh pitot formula was used to determine ambient density

p= — (0.144 P; - 0.066 P) (10)
v

[gm _ mm Hg
3 (km')z
m

sec

where P; is the impact pressure measured at the nose of the tube, P is the

ambient pressure in a space fed by several orifices in the side of the tube,
and V is the velocity of rocket.
At higher altitudes a free-molecular-flow equation was used:

]
- Wu"ﬂcos""

(11)

where u' is the most probable velocity of the molecules in the tube and ¥
is the effective angle of attack of the rocket. Temperature was computed
in three ways, from the equation of state, from the pressure profile, and
from the density profile. This technique has been successful to altitudes
as high as 110 kilometers.

Spin pressure was measured by a single orifice in the side of the
rocket. This pressure is modulated by the spin rate of the rocket, in
this case 1.7 cps. It is possible to derive the horizontal component of
wind velocity from the spin pressure data. Aspect of the rocket must also

be measured in order to determine winds.



D. The Rocket-Grenade System

Equation (8) is the basis of rocket-grenade measurements of upper air
temperature. The sound waves generated by exploding grenades at high alti-
tudes are detected by microphones on the ground. If n grenades are used
the average temperature in n-1 layers of the atmosphere can be found. The
horizontal component of wind in these layers can also be determined if the
inclination on arrival of each wave front is known. An array of several
microphones on the ground is used to determine the inclination. It is diffi-
cult to separate the effects of vertical wind and temperature but this is not
believed to be an important source of error. According to equations (4) and
(1) pressure and density profiles can be constructed from the temperature
profiles. The low air density at high altitude dissipates the energy of a
sound wave as it propagates. This effect sets an altitude limit of approxi-
mately 95 kilometers for the grenade technique. An accurate determination
of position in space of each explosion is needed. This has been accom-
plished by photographing grenade explosions against a star background using
several ballistic cameras. The DOVAP tracking system can also be used
to establish coordinates of explosions. In this case, the grenades are ex-
ploded a measured distance in front of the rocket using a lanyard. Use of
DOVAP removes the limitation of clear skies necessary for ballistic camefas.

Rocket-grenade measurements have been carried out at White Sandsg,
Fort Churchilllo, and Guamll.
part of the United States IGY program. The Aerobee rockets at Fort Chur-

The Fort Churchill and Guam work was

chill carried 19 grenades, Figures.2 and 3. Each grenade exploded at high
altitude contained 4 pounds of high explosive. At low altitude 2-pound
grenades were used. At Guam Nike-Cajun rockets carried five 1-pound
grenades and five 2-pound grenades. The grenade explosions are spaced
at approximately 3 kilometer levels of altitude.

Figures 4 and 5 show summer and winter temperature profiles at
Fort Churchill, Canada (latitude 590N) compared with White Sands, New
Mexico (latitude 33°N). These profiles show a winter temperature higher
and summer temperature lower than the White Sands average at high alti-
tude. No seasonal temperature variations were found at White Sands.

Further grenade measurements using Nike-Cajun rockets are being
made by the University of Michigan. and National Aeronautics and Space
Administration as a combined effort.
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E. The Falling Sphere System

The drag induced acceleration of a falling sphere is a measure of at-

mospheric density according to the equation
m apy = CpA} pV?2 (12)

where m is the mass of the sphere and A its cross-sectional area. Temp-
erature can be derived from the density profile according to equations (1)
and (7). The drag acceleration has been derived from DOVAP trajectory
datalz and aiso has been measured by an accelerometer in the sphe.rels,
Figure 6. The latter method has proved to be most satisfactory because of
increased sensitivity and simplicity. It is possible to determine sphere
velocity and the altitude at which data is taken by integrating measured
accelerations so that radar or other tracking systems are not required.

Wind tungel and ballistic range measurements indicate a variable
drag coefficient depending on the Reynolds Number and Mach Number. At
the highest altitudes the drag coefficient approaches 2.0, a value often
assumed for satellites.. As the sphere falls to lower levels the Reynolds
Number increases and the drag coefficient falls to 0. 90. At approximately
18 kilometers where the velocity approaches subsonic, a condition of un-
steady drag is observed, and measurements become unreliable. The low
altitude end of the sphere data usually overlaps the high altitude end of the
balloon-sonde data. The peak altitude of the sphere trajectory is deter-
mined by matching the two density profiles.

Measurements of upper-air densities and temperatures from 12

sphere flights have been reported14.

A latitude survey was carried out
by a series of rocket firings from a ship. In this case no tracking radar
was available. This survey was made possible by the relative simplicity
of the sphere system which does not require radar. Figure 7 shows the
density measured by four spheres at Fort Churchill, Canada in winter.
Temperatures derived from the density profiles are shown in Figure 8.
The high temperatures measured by AM 6. 03 are due to the phenomenon
of abrupt warming which is known to occur rather infrequently in winter
at northern 1atitudes15. Rocket SM 2. 10 carried grenades as well as the
sphere permitting a comparison of temperatures measured by the two
methods, Figure 9. |



Further development of the sphere system continues at the University
of Michigan supported by the Air Force, Geophysics Research Directorate.
A more sensitive accelerometer has been designed in order to extend

measurements to higher altitudes.
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Annual motion of satellite perigee.
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Figure 4. Summer averages of temperature data from rocket-grenade
experiment at Fort Churchill, Canada. Points shown are
averages from five firings.



ALTITUDE (Km)

ROCKET GRENADE TEMPERATURE DATA WINTER AVERAGES
AT FT CHURCHILL 58° 46’ NORTH
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Figure 5. Winter averages of temperature data from rocket-grenade
experiment at Fort Churchill, Canada. Points shown are
averages from five firings.
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TEMPERATURE MEASUREMENTS AT FORT CHURCHILL, CANADA (59°N)
ON 27 AND 29 JANUARY 1958 BY ROCKET-GRENADE
AND FALLING-SPHERE EXPERIMENTS
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Figure 9. Temperature measurements at Fort Churchill, Canada (58. 7°N)
on 27 and 29 January 1958 by rocket-grenade and falling-sphere
experiments.






