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A NEW METHOD OF DETERMINING THE MEAN MOLECULAR MASS

Kenneth Moe
Space Sciences Department
Douglas Aircraft Company
Santa Monica, California 90406

1. INTRODUCTION

It 1is well known that the mean molecular mass is very nearly constant in the lower atmosphere, because
turbulence overcomes the tendency for diffusive separation. As the altitude increases, the mean free
path also increases, and 50 does the tendency toward diffusive separation. This tondency dominates
above 100 km, so above this altitude each gas has its own vertical distribution with its own scale
height. The lighter gases have larger scale heights, so the mean molecular mass continually decreases
as the altitude increases above 100 km. (1) Although diffusive separation occurs, diffusive equilibrium
does not necessarily exist, because the dissociation and recombination of oxygen are important processes
between 70 and 200 km,(2)

At this point, the reader may well ask: 'Why do we need a new method of determining the mean molecular
mass? What is wrong with the old ones?" This question will be answered in the next section,

2. LIMITATIONS OF PRESENT MEASUREMENTS OF THE MEAN MOLECULAR MASS

The two main methods of determining the mean molecular mass, m, are mass-spectrometric measure-
ments(3-9) and extinction measurements(10), Uncertainties in the interpretation of mass-spectrometric
measurements are related to the processes of calibration(ll’lz), recombination(13), and adsorption(la).
Different mass sgectrometers on the same rocket sometimes yield number densities differing by a factor
of 2 or more,{13) The largest source of error in extinction measugements is uncertainty in the
absorption cross sections, which may be as large as a factor of 2. 10) Errors in the measured con-
centrations of the individual constituents will be reflected in m, which is computed from the
equation

@ = Ingmy/(Ing), (1)

where ny is the number density of the i-th constituent, and mj is its molecular mass, The new method
has been developed in order to reduce the error which is caused by the above sources.

3. THE NEW METHOD

The density scale height, H,, is defined by the expressionm,
Hy = -p/(30/32), @)

where p is the density and Z is the altitude. It has been ghown by Nicolet (1) that H, can be closely
approximated by the equation
Ho = H/(3+48), (3)

where H is the pressure scale height, and B is its vertical gradient. The derivation of Equation (3)
is given in the appendix. The relationship between H and W is contained in the expression

H = KT/ (@g), 4

in which k is Boltzmann's constant, T is the absolute temperature, and g is the local acceleration of
gravity. (1) Equation (4) gives W, the mass in grams of a single molecule, It is converted to the
mass, M, of a mole of molecules by

H = 6.02 x 1023 m, )

In the new method, Hy and B are measured by means of the orbital decay of conventional satellites (16)
and the spin decay of paddlewheel satellites in highly eccentric orbits(17), These quantities are

inserted in equation (3) to obtain H. Temperatures measured by several different methods (18-20) are

used with H in equations (4) and (5) to deduce M.

4, THE TEMPERATURE MEASUREMENTS

Many of the temperature measurements in references (18) to (20) were taken at sunspot minimum at an
altitude of 225 km under nearly identical conditions of solar and corpuscular heating. These measure-
ments are presented in Table 1. The relevant solar and corpuscular heating parameters uged in model
atmospheres are also tabulated. These parameters have been used with the Harris and Priester 1964
Model Atmosphere (reprinted in CIRA 1965) to adjust all the data to the conditions of Model 2 of

CIRA 1965, which corresponds to average conditions at sunspot minimum. The adjustments were smaller
than the standard deviation of the measurements, The column headings in Table 1 are: 6 = local time,




F = 10 cm flux, F = 5-month average solar flux, ap = average geomagnetic planetary amplitude for the
12-hour period before the measurement, Ty = measured temperature, T, = adjusted temperature. CIRA Model
2 corresponds to F = F = 75, and 3p = 2.

Table 1

Temperature Measurements at 225 km Near Sunspot Minimm

Observer Date 0 F T Eb Tm Ta
10742 2w °
D/M/Y Hr/Min m~ Hz 2y K
authier ) | 11 April 64 1900 73 72 14 580 + 40 549
n 13 April 64 0520 73 72 5 545 + 40 548
Ha111%) 2 March 65 1709 76 74 12 750 736
" 3 March 65 0715 75 74 20 620 585
" 4 March 65 1711 75 74 5 750 766
spencer®® | 28 Jan 64 2209 78 75 9 660 660
" 20 March 65 0042 74 75 4 680 + 30 689
" 19 March 65 1309 76 75 5 775 + 20 7|

The adjusted temperatures are compared with Model 2 in Figure 1. Both the temperature at the altitude
of measurement, T35, and the temperature at the top of the atmosphere, T_, are shown. All the
measurements at sunspot minimum are below the model, from 1 to 30%. Each method of measurement appears
to give a different diurnal variation. Authier, et al.'s sodium glow cloud measurements appear not to
give a diurnal variation, the mass-spectrometric measurements of Spencer, et al. seem to have a diurnal
variation of about 100°K, and Hall and his colleagues' extinction measurements apparently yield a
diurnal variation approaching 200°K. In addition, each method of measurement seems to be blased rela-
tive to the others, At least two of the three methods must be biased by approximately 50°K unless
there is this much day-to-day variability in the atmosphere at middle latitudes. The apparent biases
cannot be caused by an unmodeled seasonal or latitudinal variation, because all the measurements were
made at latitudes between 31 and 38°N, and all but one were made in March and April. It would clearly
be desirable to make all three types of measurement at one time and place.

Temperature measurements have also been made in the upper atmosphere by several other methods, Temper-
atures measured by the methods mentioned below have not been used in this paper, but they might be
used with future measurements of Hy.

1, The spin modulation of mass-spectrometric data has apparently been used successfully in one
case(21) to measure T. This method usually gives a large scatter in the measured temperatures.(22
Possible causes of this scatter include the ignoring of adsorption in the differential equation, the
use of the hard-sphere model in the efflux term, and the complicated chamber geometry,

2. 1Incoherent scatter observations have been used at 18°N and 43°N to measure the complete diurmal
variation of neutral temperature.(23) At 18°N, T measured by this method rises until sunset, but this
effect might not be real, because the neutral temperature is not directly measured, and the theory is
complicated., At 42°N the temperature measured by the same method falls considerably before sunset in
summer,

3. Golomb, et al.(ZA) have used luminescent clouds of Al0 to measure the temperature below 170 km.
The measurements are in good agreement with other types of data.

4. A number of older ground-based methods of measurement have been reviewed by Mitra,(zs)
Bates(26) and Barbier(27), It is sometimes difficult to determine the altitude to which these measure-
ments apply, or whether the measured temperatures are the same as the kinetic temperature of the neutral
atmosphere, Some of these uncertainties might be resolved by comparing the ground-based measurements
with rocket measurements made at the same time and place. One should not reject these older methods
without careful investigation, because, as Kallmann—Bijl(zs) has pointed out, Martyn and Pulley(zg) were
able in 1936 to use these methods to infer the diurnal variations of upper-atmospheric temperature.

The temperature measurements listed in Table 1 were all made near sunspot minimum., It would be desir-
able to have some measurements near sunspot maximum so that M could be obtained for that period. Suit-
able data are rare, but two mass-spectrometric measurements above 200 km by Pokhunkov(zg) in 1960 and
1961, and a sodium-cloud measurement by Blamont, et al.(30) at 270 km in 1960 have been used. The solar
activity differed considerably during the three flights, so the measurements could not be checked
against each other. The measurements are compared with the CIRA 1965 Model under the appropriate con-
ditions of solar activity in Table 2. There are large disagreements which are not a smooth function




of solar activity, suggesting large errors in some of the temperatures. Since these were the first
measurements by these techniques at such high altitudes, this is not surprising.

Table 2

CIRA 1965 Model Temperatures vs., Measured Temperatures

Experimenter . Date L.T. Alt Temperature (°K)
D/M/Y hr/min km Meas. CIRA
Rlamont 10 Dec 1960 1746 370 1450 + 75 1260
Pokhunkov 15 Nov 1961 1600 325 1470 + 150 1079
" " " —ggg 1200 + 120 914
" 23 Sept 1960 0056 200 895 + 90 913
Average at sunspot minimum 225 663 + 50 810

5. RESULTS

In order to compute the mean molecular mass by means of Equations (3) to (5), it is necessary to have
measurements of scale height and temperature which apply to the same atmospheric conditions. Since
the scale height measurements in references (16) and (17) were not made at the same times as the
temperature measurements, the CIRA 1965 Model has been used to transform the scale height measurements
to the conditions which prevailed when the temperatures were measured. Because the models imperfectly
represent the atmosphere,(32) this transformation causes the error in the transformed scale heights

to be larger than that of the scale height measurements. Comparisons have been made between the CIRA
Model and the measurements of density scale height in reference (17), so they will not be repeated
here. The relationships found in this reference have been used to make the transformation, which is

a function of the altitude and the exospheric temperature, Tw, of the CIRA Model,

The quantities which occur in the calculation of M from the measurements in Tables 1 and 2 are dis-
played in Table 3. The mean molecular masses from the sunspot minimum data and from Pokhunkov's 1960
measurement appear reasonable, and are within one standard deviation of the CIRA values. Pokhunkov's
1961 measurement ylelds an impossible result, and Blamont's 1960 measurement leads to a highly
unlikely value of M. Without intending to, we have discovered a method of testing the plausibility
of atmospheric temperature measurements,

Table 3

Calculation of M

EXPERIMENTER BLAMONT POKHUNKOV g“S’ERﬁ‘I;g
Date Dec. 10, 1960 Nov. 15, 1961 Sept. 23, 1960 1964-65

Altitude (km) 370 370 200 200 225
T (°K) 1450 + 75 1470 + 150 1200 + 120 895 + 90 663 + 50
CIRA Ta (°K) 1260 1079 1079 1042 898
Ho (km) 53+ 3 50 + 3 27 + 2 27 + 2 30 + 2
8 0.10 + ,02 0.10 + ,02 0.14 + ,02 0.14 + .02 0.14 + .02
H (km) 58 + 3 55+ 3 31 +2 31+2 34+ 2
g (cm/sec2) 872 872 920 920 910
M (gm/mole) 24 + 3 26 + 3 35+ 4 26 + 3 18 + 2
CIRA M (gm/mole) 18 17 23" 23 20.5
CIRA H (km) 67 59 kY 36 36

-



6. ERROR DISCUSSION

It is a consequence of Equations (3) to (5) and the independence of the methods of measurement of the
parameters that the fractional error in M is given very nearly by

AH/H = [(8Hp /)% + (a1/T)21/2

(6)
The error in Hy consists in the error of measurement, the error in transforming H, to the solar heating
conditions corresponding to the temperature measurements, and the error caused by a possible variation
in the drag coefficient. The gradient of the scale height contributes a negligible error to the
computed M.

The fractional error caused by measuring and transforming H, is estimated to be 0.07 in the present
case. The error caused by ignoring possible variations in Cq has been estimated by assuming that the
angular distribution of the re-emitted molecules was that found by Alcalay and Knuth at 1 e.v. for an
old glass surface, and that the Cq varied from the value found for Ariel 2 to that for Explorer 6.(33)
These assumptions yleld a fractional error of 0.04 caused by the possible variation in drag coeffi-~
clent,

Only in the case of the average temperature measurement at sunspot minimum was it possible to make an
error estimate which was independent of the experimenter's estimate. The fractional error in the
average temperature at sunspot minimum was 0.08. In the other cases, the error assigned by the
experimenter was adopted. If the derived M seemed unreasonable, this was taken to mean that the
error in temperature had been under-estimated by the experimenter.

7. CONCLUSIONS

Although the earliest temperature measurements made above 200 km by rockets appear in some cases to
have been in error by 20 to 40%, the discrepancies among temperature measurements had been reduced to
the range of 10 to 20% by the time of sunspot minimum. By taking the average of measurements by
several methods under similar conditions of solar activity, it was possible to reduce the error in
temperature measurements below 10%. The different methods of measurement still have biases and
diurnal variations which differ by the order of 10%, but it 1s hoped that these will be further
improved in the future.

It has been possible in the present calculations to verify the average value of M in the CIRA Model
at sunspot minimum with an accuracy of approximately 11%. It has not been possible to improve on the
Model because of errors in temperature measurements and uncertainties in using the model to transform
scale height measurements from one condition of solar activity to another. However, it is hoped that
these difficulties can be overcome in the Marshall Space Flight Center's Project ODYSSEY, in which it
is proposed to measure the temperature by several different methods, the density scale height, and
the drag coefficient simultaneously.

APPENDIX. THE DERIVATION OF NICOLET'S EQUATION

The pressure scale height, H, can be defined by the expression

H = -p/(3p/az),

where p is pressure and z is altitude. Over altitude ranges of 20 or 30 km, the variation of H with 2z
can be very closely approximated by the linear expression

H= Ho + B(Z—Zo),

where B is the vertical gradient of H. On the other hand, we have from the hydrostatic approximation
3p/3z = -pg = -p/H,

where p is the density and g the local acceleration of gravity.

We can use the linear variation of H to write

S I EN—
P " gH " glH, ¥ B(ZZ,)] °

By simple differentiation,




We are seeking an expression for the density scale height, H,, which is defined by the expression

By = o/ (30/32).

Substituting from the above expressions,

. —(p/gh)

Ho -(p/ghHe) (1+8)
H

B =13

The only assumptions contained in the above derivation are the hydrostatic law, the ideal gas law, and

a linear dependence of H on Z in a local region. These assumptions should be very nearly true at
altitudes of 200 to 400 km.
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FIG1 COMPARISON OF CIRA MODEL 2 WITH
ADJUSTED TEMPERATURE MEASUREMENTS
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