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Kwajalein Reference Atmospheres, 1979

1. INTRODUCTION

The Reference Atmospheres presented in this report were developed to provide
estimates of the distributions of temperature, pressure, density, and wind to alti-
tudes of 120 km at the Kwajalein Missile Range (KMR). KMR, located on the
Kwajalein Atoll in the Marshall Islands (8°43'N and 167°44'E), plays an important
role in the test and development of military missiles and reentry systems. De-
tailed information is required on the distribution of the thermodynamic properties
of the atmosphere and the winds at Kwajalein for planning and evaluating future
Air Force and Army programs at the range. This report updates and expands
upon information contained in two earlier reports by Salah1 and IRIG.

This report presents information on the diurnal and day-to-day variations of
temperature and density around their monthly means, and, in Section 8, presents
data in tabular form on the acceleration due to gravity and the thermodynamic
properties (virtual temperature, pressure, density, speed of sound, and dynamic
viscosity) of a mean annual and 12 mean monthly Kwajalein atmospheres.

(Received for publication 4 October 1979)

1. Salah, J.E. (1967) Kwajalein Standard Atmosphere, Technical Note 1967-14,
Lincoln Laboratory.

2. IRIG (1974) Kwajalein Missile Ranfez Kwa;j.aleinI Marshall Islands, Reference
Atmosphere, Part I, Document -63, Range Commanders Council, e
Sands %H ife R

ssile Range.
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Statistical properties of the winds — including scalar wind speed distributions,
mean monthly east/west and north/south components, standard deviations of each
component around the means, and interlevel correlations — are given in Appendix A
for midseason months at altitudes up to 60 km. Matrices of the means and stand-
ard deviations of temperature and density for 2-km intervals of altitude up to
60 km, together with interlevel coefficients of correlation of temperature with
temperature and density with density, are presented in Appendix B for the mid-

season months.

Standard expressions for both radar and optical refractivities along with cal-
culated values are given in Appendix C. Comparisons of KMR Jimsphere, Rawin-
sonde, and ALTAIR radar wind measurements are contained in Appendix D, and
KREMS (radar wind data to 25 km) are presented in Appendix E.

The basis of the tables of the thermodynamic properties of the atmosphere and
the observations used in the development of the models are discussed in Sections 2
and 3.

2. BASIC ASSUMPTIONS AND COMPUTATIONAL EQUATIONS

The annual and 12 monthly atmospheres developed for KMR are defined by
molecular-scale temperature-altitude profiles in which the vertical gradients of
molecular-scale temperature are linear with respect to geopotential altitude. The
numerical values for the various thermodynamic and physical constants used in the i : /
computations of atmospheric properties are the same as those given in the
U.S. Standard Atmosphere, 1976, = except for surface conditions of temperature,

pressure, and density and the acceleration due to gravity. Humidity at altitudes
up to 10 km is included in the computations. The molecular weight of air at sea
level, 28.9644 kg/(kmol), is assumed constant to 85 km,

2.1 Perfect Gas Law

It is assumed that a dry air and water vapor mixture behaves in accordance
with the perfect gas law:

MP

p=R—,ﬁ;, (1)

3. Committee on Extension to the Standard Atmosphere (1976) U.S. Standard
Atmosphere, 1976, Government Printing Office, Washington, D. C.
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N

where p is the density of air, M is the molecular weight, P is the pressure, R* is
the universal gas constant (8.31432 X 10° N * m/(kmol * K)), and T_ is the virtual
temperature, as defined in Section 2.2. The assumption that the mixture behaves
as a perfect gas eliminates the necessity for considering minor deviations from
the perfect gas law such as the compressibility factor of air, which is a function
of pressure, temperature, and relative humidity. The error in computed densities
resulting from the assumption that air is a perfect gas may approach 0. 05 percent
below 10 km but becomes less than 0.01 percent above 20 km.

2.2 Temperature

Virtual temperature (Tv) is obtained from the empirical formula

T (2)

ot O o
v 1-0.379e/p

where virtual temperature (Tv) is the fictitious temperature that dry air must have
at the given pressure (P) in order to have the same density (p) as a water vapor=~
air mixture at that pressure (P), temperature (T), and vapor pressure (e).

The molecular-scale temperature (TM) is defined by

(3)

where M is the sea-~level value of the mean molecular weight of air. Above 85 km,
kinetic temperature (T) departs from TM in accordance with Eq. (3).

2.3 Gravity

The acceleration due to gravity at sea level midway between Kwajalein Island
and Roi-Namur Island in the Kwajalein Atoll (approximately 8°43'N, 167°44'E) is
9.78155 m/secz. It was obtained from the following expression by Lambert
(Ref. 4) in which gravity (g¢) varies with latitude (9):

- 9.780356 (1 + 0. 0052885 sin> ¢ - 0. 0000059 sin2 2 §) . (4)

€
The inverse-square law of gravitation was used to calculate the acceleration due
to gravity for altitudes up to 120 km. It provides the following expression for g as
a function of altitude as in the U.S. Standard Atmosphere, 19763:

4. List, R.J., ed (1968) Smithsonian Meteorological Tables, Smithsonian Inst.
Press, Washington, D.C.
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2
r
g - g (,——?;—z) \ (5)

¢

where r, is the effective earth radius at a specific latitude (¢) and Z is the geo-
metric altitude., The value of r¢ is 6335967 m.

2.4 Hydrostatic Equation
The air is assumed to be in hydrostatic equilibrium and to satisfy the differen~

tial equation
dP = -pgdZ , (6)

which relates air pressure (P) to density (p), acceleration of free fall (g), and
height (Z). The perfect gas law relates air pressure to density and temperature,

as shown in Eq. (1).

2.5 Geopotential

The relationship between geopotential altitude and geometric altitude is the
same as that used for the U.S. Standard Atmosphere, 19763:

r . Z g
H(%«z)g (7)

where H is the geopotential altitude in geopotential meters (m'), and G is the unit
geopotential set equal to 9. 80665 mz/(sec2 (m?')).

2.6 Pressure

Vertical distributions of pressure were computed from appropriate tempera-
ture-altitude profiles and associated mean monthly surface pressure, according

to the following barometric equations:

gy
T R*L
£ (%) (L =0 ®
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n

i -g,M h
2— = exp __L_O__ (L
j PT R¥Ty,,

where h = H ~ Hb; Hb is the geopotential altitude at the base of a particular layer

0 , (9)

characterized by a specific value of L, which is the vertical gradient of molecular-
scale temperature with geopotential altitude (dTM/dh); and TMb and Pb are the
respective values of temperature and pressure at altitude (Hb). It should be noted
that for altitudes of from 10 to 85 km, T was substituted for TM; for altitudes
below 10 km, TV was substituted for TM'
2.7 Speed of Sound

The expression adopted for the speed of sound (CS) is:

C. = (10)

s

1/2
(5e2)

M ’
(e]

where v is the ratio of specific heat of air at constant pressure to that at constant
volume, and is taken to be 1,40 (dimensionless). Equation (10) applies only when
the sound wave is a small perturbation on the ambient condition. The limitations
of the concept of speed of sound due to extreme attenuation are also of concern.
The attenuation that exists at sea level for very high frequencies applies to lower
frequencies as atmospheric pressure decreases. For this reason, the concept of
speed of sound (except for frequencies approaching zero) loses its range of applic-
ability at very high altitudes. Consequently, tabular values for the speed of sound
terminate at 85 km,

2.8 Dynamic Viscosity

The coefficient of dynamic viscosity is defined as a coefficient of internal
friction developed when gas regions move adjacent to each other at different veloc-
ities. The following expression, basically from kinetic theory but with constants
derived empirically, is used for computation:

grd/2

- u=T+S ’ (11)

T T —




1/2

where B is a constant equal to 1. 58 X 10'6 kg/(sec * m - K'/“) and S is
Sutherland's constant, equal to 110.4K. Equation (11) fails for very high and very
low temperatures and under conditions occurring at great altitudes. Consequently,
tabular values terminate at 85 km.

3. DATA

The initial sea-level pressure, the humidity distribution to 10 km, and the
temperature-altitude profile to 25 km for each atmosphere are based on surface
data and radiosonde observations that were taken twice daily at Kwajalein during
the period January 1956 through June 1970. Summaries and analyses of these data
are provided by IRIG2 and Billions. 9 The temperature-altitude profiles for the
annual and monthly atmospheres between 25 and 60 km are based on meteorological
rocket network (MRN) observations® that were taken at Kwajalein during the period
1969 through 1976.

The temperature profiles for altitudes between 60 and 90 km are based pri-
marily on temperatures derived from density profiles observed at Kwajalein dur-
ing the years 1976 to 1978 with 35 ALCOR-tracked ROBIN inflatable spheres,

3 hypersonic spheres, and 3 AFGL instrumented solid spheres. “8 Densities and
temperatures derived from grenade and pressure gage observations9 taken at
Kourou (5°N), Natal (6°S), and Ascension (8°S) were also examined to obtain esti-
mates of the magnitude of the seasonal and day-to-day variability in the tropics at
altitudes between 60 and 90 km.

For altitudes of 90 to 120 km, the Committee for a Revised Kwajalein Refer-
ence Atmosphere agreed that the models should be based primarily on the densities
observed at Kwajalein by one hypersonic sphere and two AFGL-instrumented solid
spheres. The densities from these three observations were averaged and all of the
models were developed so that they conformed as closely as possible to the mean
density profile. The temperatures at 120 km are the same for all months, and
densities at 120 km are within a few percent of each other. If information is
needed for altitudes above 120 km, it is recommended that data from the summer
models in Part 6.2 of the U.S. Standard Atmosphere Supplements, 196610 be used
for altitudes up to 1000 km,

The relative humidities and associated temperatures for each atmosphere are

given in Table 1 for altitudes up to 10 km. The moledular-scale temperature pro-
files are defined in Table 2 for altitudes from the surface to 120 km. To obtain

Because of the large number of references cited above, they will not be listed here.

See References, page 69,
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g
kinetic temperatures (T) from the molecular-scale temperatures (TM), it is nec~
. essary to know the molecular weight of air as a function of altitude. Kinetic and
4 molecular-scale temperatures are identical up to 85 km, since the molecular
i weight is assumed constant to that altitude. The molecular weights adopted for
3 e the KMR atmospheres above 85 km are provided in Table 3 and Figure 1. They
are based on values given in references 3, 10, and 11. Kinetic temperatures
above 85 km may be calculated using Eq. (3) and the molecular weights listed in
2 Table 3.
Table 3. Molecular Weights for Altitudes From
85 to 120 km
Altitude Mean Molecular Weight
(km) (kg/(k mol))
84 28.9644
= 85 28.96
86 28.95
87 28.95
88 28,94
i 89 28,94
90 28.93
91 28.92
92 28. 89
93 28, 86
94 28,82
95 28.77
96 28,172
97 28.67
98 28. 62
99 28.56
100 28.49
i 101 28.40
! 102 28.31
§ 103 28.22
: 104 28.13
g 105 28,04
: 106 27.95
i 107 27.86
: 108 27.77
{ 109 27.68
110 27.59
¢ 111 27.51
¢ 112 27.42
113 27.33
) i 114 27.24
] 115 27.15
: 116 27.06
117 26,97
g 118 26. 88
{ o 119 26,79
{ 120 26,70
:ﬁ - 11. Keneshea, T.J., Zimmerman, S.P., and Philbrick, C.R. (1979) A dynamic
model of the mesosphere and lower thermosphere, Planet. Space Sci.
27:385-401, Pergamon Press Ltd.
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Figure 1. Molecular Weights for Altitudes Between
80 and 120 km

| Curves representing the smoothed annual variation of the mean monthly tem-
peratures of the models at altitudes of 40, 50, 60, 70, and 80 km (Figure 2) re-
flect the presence of a semiannual temperature oscillation in the upper strato-
sphere and mesosphere. This is similar to the variations found in the observed
mean monthly temperatures at Ascension (8°S), Ft. Sherman (9°N), and Antigua
(17°N). Vertical molecular-scale temperature profiles derived from individual
ROBIN sphere measurements at KMR for altitudes between 60 and 100 km are
_, shown with the molecular-scale temperature profiles adopted for the April, July,
and November KMR Reference Atmospheres in Figures 3, 4, and 5, respectively.
The individual ROBIN sphere observations provide an indication of the magnitude
of the day-to-day variations around the mean monthly temperatures. Part of these
variations are random measurement errors. The observed mean monthly tempera-
ture profiles and standard deviations due to day-to-day variations in the tempera-
tures that are shown in these figures for altitudes 30 to 60 km were developed from
the MRN data for Kwajalein., The 35 temperature profiles from the ROBIN
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1 i Figure 3. Molecular-Scale Temperature Profiles Derived From Five
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Figure 4. Molecular-Scale Temperature Profiles Derived
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observations considered in the preparation of the models above 60 km are plotted
in Figure 6 around the molecular-scale temperature profile of the mean annual

model for KMR.

120

110t ANNUAL

= 100 KMR MEAN ANNUAL r

REFERENCE ATMOSPHERE
901

ALTITUDE (km)
o a ~ @
A B sl e

H
o

100 200 300 400
MOLECULAR-SCALE TEMPERATURE (K)

Figure 6. Molecular-Scale Temperature Profiles Derived
From 35 ROBIN, 2 AFGL Sphere Measurements, and 1
Hypersonic Sphere Measurement at KMR, and the Molecu-
lar-Scale Temperature Profile Adopted for the Mean Annual
Reference Atmosphere for KMR

4. COMPARISON OF OBSERVED AND MODEL DENSITIES
Density profiles, computed as outlined in Section 2 from the adopted mean

monthly temperature profiles for the Kwajalein Reference Atmospheres, are com-
pared to the densities in the U,S. Standard Atmosphere, 1976 in Figure 7. Varia-

tions in the monthly means below 30 km are too small to show in this figure. The
observed mean monthly values of density at specific altitudes between 50 and 85 km
are shown with the models in Figure 8. Above 60 km, many of the mean monthly
values are based on only one or two observations. Densities derived from pres-
sure-gage and grenade experiments conducted at Ascension and Natal are also
5 included in Figure 8. The dispersion of the Ascension and Natal observations
around the Kwajalein models is similar to that shown by the monthly means based
on datz lerived from 35 ROBIN inflatable spheres, 3 AFGL accelerometer spheres,
and 3 hypersonic solid spheres that were launched at Kwajalein,
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Individual density profiles derived from ROBIN inflatable-sphere measure~
ments for altitudes between 60 and 100 km are compared to the mean monthly
vertical density profiles for the April, July, and November reference atmospheres
in Figures 9, 10, and 11, respectively. Mean monthly density profiles and two
standard deviations based on MRN observations are shown in Figures 9 and 11
(April and November) for altitudes between 30 and 60 km. The individual ROBIN
2 sphere density profiles provide an indication of the magnitude of the day-to-day
variations around the mean monthly density profiles at altitudes between 60 and
100 km. However, the 17 ROBIN observations shown for July were all taken dur-
ing a 3~day period, and the 5 observations for April as well as the 4 for November
were taken within a 6-hour period on 1 day in April and 1 day in November, Con-
sequently, the available ROBIN data, which are limited in most cases to scattered
observations taken to support reentry tests, do not provide as good a basis for
estimating the overall distribution of density between 60 and 100 km as the 8 years
of routine KMR MRN observations do for altitudes 30 to 60 km.,

Although there are relatively few density observations for altitudes above
60 km, the overall consistency of the observations with the model is acceptable.

In order to allow for a smooth transition between the different sets of experimental

120 i e
e APRIL
100
% }
£ o
= BSERVAT!
80 * et tore 1
o
=
2
K70
<
60
50
40 -———
2 STD DEV AROUND
MEAN PROFILE
30 SUN— | —e " -‘._._J
06 07 08 09 10 11 12 13 14
J DENSITY RATIO (OBS/APRIL KMR MODEL)

Figure 9. Density Profiles Derived From Five ROBIN

Measurements and One Hypersonic Sphere Measurement at
& KMR on 5 April 1978, Plotted as Percent Departures From

the Densities in the KMR Reference Atmosphere for April
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Figure 10. Density Profiles Derived From 17 ROBIN

Sphere Measurements at KMR on 19-21 July 1978, Plotted

as Percent Departures From the Densities in the KMR
Reference Atmosphere for July
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Figure 11, Density Profiles Derived From Four ROBIN

Sphere Measurements at KMR on 13 November 1977, Plotted
as Percent Departures From the Densities in the KMR Ref-

erence Atmosphere for November
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data near 70 km, the ROBIN sphere observations, which have some experimental
drag uncertainties in that altitude region, were not weighted as heavily as at other
altitudes. As a result, some of the ROBIN data deviate from the model that is
fitted to observations taken over the entire range of altitudes, surface to 120 km.
The 35 ROBIN density profiles considered in the preparation of these models are
plotted in Figure 12 as percent departure from the mean annual KMR Reference
Atmosphere. From this figure it is possible to obtain the range of observed
densities at all altitudes between 60 and 100 km. The portions of the profiles

that extend above 100 km are from the AFGL spheres and the hypersonic solid
spheres. ;
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Figure 12, Density Profiles Derived From 35 ROBIN, 2

AFGL Measurements, and 1 Hypersonic Sphere Measure-
ment, Plotted as Percent Departures From the Densities

in the Mean Annual Reference Atmosphere for KMR

5. DAY-TO-DAY VARIABILITY

Sufficient radiosonde? 5

and MRN observations® are available for obtaining
reasonably accurate estimates of the standard deviations of day-to-day variations
in temperature and density around their monthly and annual means (Tables 4 and 5)

for altitudes up to 60 km. The observed standard deviations include the
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Table 4. Standard Deviations of the Observed Day-to-Day Variations in
Density Around the Mean Monthly and Mean Annual Values at Kwajalein

Altitude Jan Apr July oct Annual
(km) SD of Density (% of monthly mean) (% of annual mean)
0 0. 42 0. 42 0. 53 0. 52 0. 60
2 0.52 0.36 0.35 0.33 0.51
4 0.40 0.33 0.32 0.29 0.48
6 0.45 0.35 0.34 0.31 0.51
8 0.45 0.41 0.39 0.34 0.52
10 0. 42 0.39 0.39 0. 45 0. 52
12 0.37 0.41 0.37 0. 43 0.57
14 0.46 0. 55 0. 59 0. 59 0.70
16 1.2 0. 92 1.2 1.2 1.4
18 2.5 1.7 1.5 1.7 2.8
20 1.5 1.4 1.3 1.3 1.4
25 1.4 1.4 1.2 1.3 1.5
30 1.5 1.6 1.4 1.5 1.8
35 1.7 1.4 1.5 1.7 2.8
= 40 2.0 2.4 2.0 2.2 3.0
45 2.3 2.0 3.0 2.6 3.2
50 2.8 2.5 3.4 2.6 3.9
55 3.3 2.3 3.6 3.5 4.8
60 3.7 2.1 4.3 3.5 5.2

Table 5. Standard Deviations of the Observed Day-to-Day Variations in
Temperature (K) Around the Mean Monthly and Mean Annual Values at

Kwajalein
Jan Apr July Oct
Altitude SD of Temperature Annual
(km) (K around monthly mean) (K around annual mean)
Surface 1.1 1.2 1.5 1.5 1.4
2 1.7 1.1 1.0 1.0 1.2
4 1.3 1.1 1.0 1.0 1.2
6 1.3 1.0 1.0 1.0 1.2
8 1.4 1.3 1.1 1.1 1.3
10 1.6 1.3 1.3 1.4 1.5
12 1.7 1.4 1.4 1.5 1.6
14 1.8 1.7 1.5 1.5 1.7
16 1.7 1.6 1.5 1.8 1.9
18 3.5 2.4 2,2 2.4 4.6
20 2.2 2.1 2,1 2.8 2.9
25 3.0 2,8 2.1 2.7 2.6
30 3.0 3.2 3.5 3.0 2.7
35 3.6 3.3 4,1 3.7 4.0
40 4,2 3.9 3.4 3.5 5.4
45 4.5 3.7 4.4 4,3 5.4
50 6.4 3.7 4.9 4.4 5.3
55 4,3 4,3 6.7 4.1 6.0
60 5.8 6.9 6.1 6.1 7.3
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root-mean-square (rms) instrumentation errors (aE) as well as the climatic vari~
ations (o A). Consequently, the observed rms variations (ao) are somewhat larger
than the actual climatic variations, as can be seen from Eq. (12) in which inde-
pendence is assumed:

: 95 .9
o_ = °A+°E . (12)

The monthly temperature and density distributions in the tropics are nearly nor-
mal at the altitudes shown in the tables. Consequently, a reasonably accurate
estimate of the distributions of temperature and density can be obtained from the
standard deviations given in Tables 4 and 5.

The number of available observations decreases rapidly with altitude above
60 km, As a result, there are insufficient observations between 60 and 120 km at
most tropical locations on which to base standard deviations of the day-to-day
variations in density and temperature around monthly means. Consequently, a
mean annual density profile and standard deviations of density due to day-to-day
variations around the annual mean values at Kwajalein are given in Figure 13 for
altitudes up to 90 km. The large variation in the magnitude of the standard devia-~
tion near 16 and 18 km coincides with the height of the tropopause. It is believed
that day-to-day variations in its height account for the relatively large variability
in density at these levels. The standard deviations of density for altitudes above
60 km are based on the 35 ROBIN sphere observations that were all weighted equally
regardless of time ef year.

Standard deviations of the day-to-day wvariations of density around the annual
means for altitudes above 60 km at KMR are given in Table 6 along with values
for Ascension/Natal. The Ascension/Natal values are based on 33 grenade and
pressure-gage meast. ements scattered unevenly over an 11 month period, with
8 the largest number obtained in a single month. At Kwajalein, standard deviations
of density around the annual mean for altitudes above 60 km were computed from
the 35 ROBIN observations that were scattered over 6 months.

In Table 7, standard deviations of density are given for Kourou and Kwajalein
around 3-day means for altitudes between 60 and 90 km. The values for Kourou
are based on 13 grenade observations taken at nearly equally spaced time intervals
during the period 19 to 22 September 1971. The standard deviations of density
given for Kwajalein are based on 17 ROBIN observations taken at nearly equally
spaced intervals of time during the period 19 to 21 July 1978. Consequently,
diurnal variability is included in both sets of data.
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Table 6. Standard Deviations of the Observed Day-to-Day Variations of
Density Around the Annual Means at Altitudes of 60 to 90 km

Ascension/Natal Kwajalein J
A};i;lu)de An?l;gl/)ri%s)ity SD (%) No. Obs. An?ﬁgl/);%s)ity SD (%) No. Obs.
60 3.24-4 4,8 33 3.18-4 3.6 35 :
65 1,72-4 4.7 33 1.76-4 3.7 35
70 8.74-5 6.4 32 9.25-5 4.1 35
75 4,10-5 8.6 31 4,28-5 7.1 35
80 1.78-5 7.8 30 1.82-5 7.1 35
85 7.72-6 10. 2 30 7.87-6 7.7 35
; 90 3.45-6 12.3 29 3.31-6 10.1 30

Table 7. Standard Deviations of Density Around 3-Day Means From a
Series of Density Measurements at Kourou (5°N) on 19-22 September
1976 and at Kwajalein (9°N) on 19-21 July 1978

) Altitude Kourou Kwajalein
(km) SD (%) No. Obs. SD (%) No. Obs.
{
60 2.7 13 3.5 17
65 2.2 13 2.9 17
Ll 3.3 13 3.9 17
] 75 5.5 13 3.9 17
- 80 8.8 13 4.7 17
; 85 10.5 12 6.0 17
90 8.5 12 9.0 17
-
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‘ 6. DIURNAL VARIABILITY

6.1 Surface to 60 km

Studies based on radiosonde observations taken at PGVIRIZ have shown that
there are no significant diurnal variations in density for altitudes up to 30 km.
However, an analysis of observationsls obtained from a diurnal experiment

»..,,‘Y.%,.
.

12. Crowley, J.D., and Sandlin, J.R. (1964) A Summary of Kwajalein Atoll Upper

t

§ Atmosphere Measurements and Techniques, MIT Lincoln Laboratory
E . ¥ Project Report No. PPP-17 (Project F'ress).

- 13. Cole, A.E., and Kantor, A.J. (1975) Tropical Atmospheres, 0 to 90 km,
AFCRL-TR-75-0527, AD A019 940.
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conducted at Ascension, in which 24 meteorological rockets were launched within
a 48-hour period, indicates that the range of the combined diurnal and semidiurnal
oscillations in density increases from roughly 1 percent at 30 km to 7 or 8 percent
of the daily mean at 50 km. Similar amplitudes were found in an analysis14 of
density data derived from 13 grenade soundings at Kourou from 19 to 22 September
1971. The phase (time of occurrence of maximum amplitude) at 50 km, however,
was 3 hours earlier than that obtained from the Ascension density data.

6.2 Sixty to 90 km

Seventeen high-altitude ROBIN spheres, launched within 48 hours on 19 to 21
July 1978 at KMR, provided data for analysis of diurnal and semidiurnal variations
of density, temperature, and wind at altitudes from 60 to 90 km. Most of the
ROBIN inflatable spheres were tracked by the ALCOR radar, and densities, tem-
peratures, and winds were calculated using the latest ROBIN 1977 computer reduc-
tion program.

Observations at various altitudes between 60 and 90 km were subjected to
harmonic analysis for both diurnal and semidiurnal cycles. The analysis, which
smoothed the data, gave regression equations of the form

e L w (22t
Y, = Y+A, sin (24 +¢24) + A, sin (12 +¢.‘2) . (13)

where Yt is the value of the parameter at time (t), Y is the average of the series,

t is the time in hours, and @ is the phase angle. The results of this analysis
(Figures 14 and 15) show the amplitudes of the diurnal cycles of temperature,
density, and wind as a function of altitude. The amplitude of the diurnal density
oscillation generally increases in size with altitude, showing a maximum of about
3 percent at 80 to 85 km. The amplitude of the diurnal temperature oscillation is
less than 4K up to at least 75 km, but it increases rapidly above 75 km to 10K near
90 km. The amplitude of the east/west wind varies frém 4 to 7 meters per second
(mps) between 60 and 85 km, and increases markedly at 90 km. The amplitudes of
the north/south winds display a similar pattern, with the largest amplitudes occur-
ring above 80 km. The amplitudes of the semidiurnal oscillation are generally
smaller than those of the diurnal oscillation for each of the parameters.

The amplitudes and phases of the diurnal and semidiurnal tides are listed
separately in Table 8 for 10-km-altitude increments, along with the percent reduc-
tion in variance that can be attributed to these tides. These percentages show that
diurnal and semidiurnal tides account for less than half of the observed variance

14, Kantor, A.J., and Cole, A.E. (1979) Time and Sgace Variation of Density
in the Tropics, AFGL-TR-79-0109, AD A074 472,
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Table 8. Phases and Amplitudes of Diurnal and Semidiurnal Tides Between

60 and 90 km for Density, Temperature, and Wind

Reduction in

Altitude Diurnal Semidiurnal Variaics
(km) Amp (%) Phase (LST) Amp (%) Phase (LST) %)
DENSITY (%)
60 0.3 20.0 .8 5.8 29
70 2.7 17.7 1.2 2.6 65
80 3.0 . 16.7 1.7 3.0 55
90 2.7 9.5 2.6 3.9 17
: Reduction in
Altitude L Diurnal oSemtdiurnal Vailsice
(km) Amp ("K) Phase (LST) Amp(°K) Phase (LST) (%)
TEMPERATURE (°K)
60 2.9 15.3 3.2 1.0 41
70 1.8 10.1 0.9 1.7 18
80 4.5 4.7 1.2 2.7 26
90 10.9 2.9 8.0 2.3 54
Diurnal Semidiurnal Rediction in
Altitude Amp Amp Variance
(km) (m/sec) Phase (LST) (m/sec) Phase (LST) (%)
ZONAL WIND (M/SEC)
60 7.4 17.4 0.2 5.0 41
70 3.7 0.6 4.3 ; 9.9 29
80 4.7 19.1 2.7 10.1 15
90 17,2 4.9 5:5 7.7 28
Diurnal Semidiurnal Reduction in
Altitude Amp Amp Variance
(km) (m/sec) Phase (LST) (m/sec) Phase (LST) %)
MERIDIONAL WIND (M/SEC)
60 1.0 8.2 2.0 10.0 2
70 3.8 10. 8 4.0 8.7 20
80 7.5 18.3 2.6 8.5 10
90 11.1 15.2 9.2 1.5 39

35




"

e e

90 90
€ eof £ e
g
2 E
Fag (=
E 70} 2 70
60 60
1 i 1 1 ek | i 1 A J
(o] ! 2 3 4 5 0 5 10 15 20
DENSITY (PERCENT OF MEAN) TEMPERATURE (K)
90 20
L &
£ oo} £ mor
$ B
[ &
= =
3 70 3 70
60 60
L A 1 J L A = ]
(o} 5 10 15 20 < A 5 10 15 20
E-W WIND (m/sec) N-S WIND (m/sec)

Figure 14, Amplitude of the Diurnal Oscillations in Density, Temperature,
and Wind at Altitudes of 60 to 90 km

at most altitudes between 60 and 90 km. This indicates that other phenomena such
as turbulence, gravity waves, and observational errors must contribute a major
portion of the observed variations.

The amplitudes of the observed diurnal and semidiurnal tides between 60 and
90 km are in rough agreement with Lindzen's theoretical models, i but the phases
are considerably different,

15. Lindzen, R.S. (1967) Thermally driven diurnal tides in the atmosphere,
Quart. J. Roy. Meteorol. Soc. 93:18-42,
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Figure 15. Amplitude of the Semidiurnal Oscillations in Density,
Temperature, and Wind at Altitudes of 60 to 90 km

6.3 Magnitude of Density Variations

Table 9 shows the combined magnitude of the diurnal and semidiurnal density
tides for altitudes from 30 to 90 km. The two sets of values, determined using

two different sensors at different tropical locations, are consistent throughout and
are in good agreement at the overlapping altitude, 60 km.
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Table 9. Range of the Combined Diurnal and Semidiurnal Density
Tides Observed Between 30 and 90 km

Altitude Ascension/Kourou Kwajalein

(km) Density (%) Density (%)
30 <2

40 2

50 7.5

60 6

70 7.5 7

80

90 8.5

7. SPACE AND TIME VARIATIONS

Estimates14 of the spatial variability of density between two points at the
same altitude, but separated by horizontal distances of up to 200 nautical miles
(370 km), are given in Table 10 for altitudes up to 60 km in tropical locations.
The rms density differences were found to range from about 0.1 to 0.2 percent
near the surface to 1.0 to 2.0 percent at 60 km for horizontal distances of from
50 to 200 nautical miles.

Variations of density, temperature, and wind with time at altitudes of 60 to
90 km have been estimated from the KMR high-altitude ROBIN flights of July 1978,
as described in the previous section. The rms values for time lags of 1 to 6 hours
are listed in Table 11 for 10-km-altitude intervals and are shown in Figure 16 for
all altitudes between 60 and 90 km. The rms density variations with time generally
increase with altitude, whereas the rms temperature differences appear to be
smallest near 70 km. The variations in the first hour are relatively large, since
the rms observation errors (shown for density in Figure 16) account for most of
the observed 1-hour variability.

Estimated rms variations of density for time lags 1, 2, 4, and 6 hours are
also shown in Table 11 for altitudes of 10 to 60 km. Although values from 30 to
60 km are from MRN observations taken at Ascension, the two sets of densities
are consistent for all time lags and are in good agreement at the 60-km overlap.

The estimated rms observational errors for density (the first column of
Table 11) are based on a graphical analysisl3 of the time variations of density
shown in Table 11 and the assumption that at time zero the rms variability should
be zero. The extrapolated rms variability at zero lag was considered to be the
observational error.
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Table 10, Estimated rms Differences (percent of mean) Between Densities at
Locations 50, 100, and 200 Nautical Miles Apart During the Midseason
Months

Altitude
(km)

January
50 100 200
(n miles)

April
50 100 200
(n miles)

July
50 100 200
(n miles)

October
50 100 200
(n miles)

10
15
18
20
25
30
35

40
45

50
55
60

0.10 0.13 0.18
0.13 0.17 0.25
0.50 0.61 1.00
0,28 0.34 0.56
0.28 0.34 0.56
0.30 0.37 0.60
0.34 0.42 0.68

0.40 0.49 0.80
0.46 0.56 0,92

0.56 0.69 1,12
0.66 0.81 1,32
0.84 1.03 1.68

0.10 0.13 0.18
0.11 0.14 0.21
0.34 0.42 0.68
0.28 0.34 0.56
0.28 0.34 0.56
0.30 0.37 0.60
0.30 0.37 0.60

0.44 0.54 0.88
0.40 0.49 0.80

0.54 0,66 1.08
0.56 0.69 1.12
0.66 0.81 1.32

0.10 0.13 0.18
0.16 0.20 0.30
0.30 0.37 0.60
0.24 0.29 0.48
0.24 0.29 0.48
0.28 0.34 0.56
0.30 0.37 0.60

0.48 0.59 0.96
0.60 0.73 1.20

0.72 0.88 1.44
0.84 1.03 1.68
1.00 1.22 2.00

0.10 0.13 0,18
0.16 0.20 0,30
0.34 0.42 0.68
0.24 0.29 0.48
0.26 0.32 0,52
0.30 0.37 0.60
0.36 0.44 0,72

0.44 0.54 0,88
0.52 0.64 1.04

0.54 0.66 1,08
0.78 0.96 1,56
0.82 1.00 1,64
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Table 11. The rms Variations in Density, Temperature, and Wind With Time.
Density values for altitudes 30 to 60 km are based on MRN observations at
§ Ascension
". .
: Altitude  Est rms Time (hre)
: (km) Obs Error 1 2 3 4 5
< DENSITY (%)
10 0.2 0.2 0.2 <1.0
20 0.3 0.6 0.8 1.0
30 0.5 0.7 1.0 1.4
40 1.0 1.1 1.2 1.6
50 1.6 1.7 1.8 3.0
60 1.9/2.0 2.0/2.5 2.2/2.9 3.2 3.2/3.5 3.
70 2.7 3.2 3.4 3.6 3.9 4,
80 1.5 2,2 2.8 3.3 3.9 4,
90 3.5 4.6 5.6 6.5 7.5 8,
Altitude £hag dhra)
(km) 1 2 3 4 5
TEMPERATURE (°K)
60 5.3 6.0 6.7 7.4 8.1
70 4,3 4.6 4.8 5.1 5.4
80 4.9 5.6 6.3 Tl 708
90 6.9 9.1 11,2 13.4 15.5
Altitude At )
(km) 1 2 3 4 5
ZONAL WIND (m /sec)
60 4.1 5.4 6.7 7.9 9.2
70 9.8 10.7 11.6 12,5 13.4
80 6.9 8.6 10.2 11,9 13.5
90 11.6 15.4 19,2 23.0 26.7
Altitude Time (hrs)
(km) 1 2 3 4 5
MERIDIONAL WIND (m/sec)
60 6.8 7.7 8.6 9.6 10.5
70 9.9 11.0 12,1 13.2 14.3
80 9.2 10.7 12.2 13,7 15.2
90 23.6 25.0 26.4 27.7 29.1
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8. TABLES OF THE MONTHLY AND ANNUAL KWAJALEIN
i | REFERENCE ATMOSPHERES

Temperature, £ pressure, density, acceleration of gravity, sound speed; and
dynamic viscosity in Table 12 are given in metric units for altitudes up to 120 km.
The single-digit numbers, preceded by a plus or minus sign, following the initial
entry of each block indicates the power often by which that entry and each succeed-
ing entry of that block should be multiplied. A change of power occurring within a
block is indicated by a similar notation.

*Temperatures given for altitudes up to 10 km are mean virtual temperatures;
the remainder are molecular-scale, temperatures. Molecular-scale temperatures
. and relative humidities for altitudes between the surface and 10 km are given in
Table 1, which was discussed in Section 3,
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Tables of the Monthly and Annual Kwajalein Reference Atmospheres
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Appendix A

Kwajalein Wind Distributions

1. INTRODUCTION

Wind statistics for KMR are presented for the midseason months for altitudes
up to 60 km. Included are distributions of scalar wind-speed means and standard
deviations of the east/west and north/south wind components and interlevel corre-
lations of the components.

A more detailed upper wind climatology for KMR at altitudes up to 30 km is
provided in a 1972 report by Edstrom and Quayle. o It describes the quasi-biennial
oscillation of easterly and westerly wind regimes and provides monthly and annual
tables of scalar wind speeds, zonal and meridional wind components, and wind
shears.

2. SCALAR WIND SPEEDS

Selected percentile values of the scalar wind speeds for altitudes up to 60 km
are given for the midseason months in Table A-1, Profiles of the 50, 90, 95, and
99 percentile scalar wind speeds for January and July are plotted versus altitude

*Edstrom, E.E., and Quayle, R.G. (1972) Wind Climatology at Kwajalein Test
Site, Kwajalein, Marshall Islands, unpublished report for U.S. Army Safeguard
Systems Command, Huntsville, AL.
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w9

in Figure A-1. The 99, 95, and 90 percent values all increase with altitude up to
50 km in January, decrease from 50 to 54 km, and then increase to maximum
values at 60 km. The July scalar wind speeds are greater than those in January,
with the maximum speeds occurring near 48 km.

3. WIND COMPONENTS AND INTERLEVEL CORRELATIONS

Arrays of means and standard deviations of the east/west (u) and north/south
(v) components of wind, together with interlevel coefficients of correlation of the
u component with the u component and the v component with the v component, are
presented in Tables A-2 and A-3 at 2-km intervals, surface to 60 km, for the
midseason months at KMR.

The mean effect E of winds on the trajectory and impact point of ballistic re-
entry vehicles can be determined for a specific location (by computer flights
through mean monthly or seasonal wind profiles) if the proper influence coefficients
(ci) for the reentry vehicle at various levels are given:

E

it

c.u.
R iy

E

"
™
[e]

where Tx'i and ?r'i represent the means of the east/west and north/south component
wind speeds, respectively, at the ith level. The integrated standard deviation
(ou or ov) of the wind effect caused by day-to-day fluctuations in the u and v com-
ponent of the wind can be found from:

0'2 & Py Gy 0; Yoo B, 0,

11 S St Sl ;[ 18 o

where ¢; and c; are influence coefficients at the ith and jth levels, o and o, are
the standard deviation of the component winds at these levels, and ri is the
correlation between the component wind at the ith level and that of the jth level.
This yields the standard deviation for each component of the ballistic wind, These
can be combined and used to determine the probability of occurrence of deviations
of various magnitudes from the trajectory or impact point.
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Appendix B

Kwajalein Temperature and Density Distributions ;

Arrays of means and standard deviations of temperature and density, together
with interlevel correlations of temperature with temperature and density with
density, are presented in Tables Bl and B2 at 2-km intervals, surface to 60 km,
for January, April, July, and October at KMR.

The mean effect E of density on the trajectory and impact point of a ballistic
reentry vehicle at KMR can be obtained by computer flights through the mean
monthly density profiles, given proper influence coefficients (c;) for the reentry
vehicle at various levels:

where p_i represents the mean monthly density at the ith level. The integrated
standard deviation (o) of the miss distance due to day-to-day fluctuations in the
density can be found from:

where c; and ¢, are influence coefficients at the ith and jth levels, o and o, are
the standard deviations of the density at these levels, and rij is the correlation
between the densities at the ith and jth level.
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The influence coefficients c; and c:i for a given re-entry vehicle can be ob-
tained by computer flight through the standard atmosphere and then again through
the standard atmosphere with each 2-km layer perturbed separately (for example,
perturbed by 5 percent of the standard atmosphere density).
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Means, Standard Deviations, and Interlevel Correlations of Temperature, October
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