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ABSTRACT

Techniques which have potential use for explicit determination

= of atmospheric parameters by cbservations from satellites are eval-

~ uated for inherent accuracy of measurement. The discussion describes
the instrumental techniques for measuring densities of air and its

== - ---=-constituents by atmospheric emission, atmospheric absorption of solar
radiation, deceleration of low altitude satellites, occultation satel-
lite to satellite microwave transmissions, backscatter by dust of

"~ pulsed laser signals and wind by the motion of clouds determined by

= - time sequenced pictures from satellites and the displacement of bal-

loons tracked in position by satellites. The principle of operation,

uncertainty of messurement, coverage in volume, and status of develop-

ment of each of techniques considered are detailed.

In addition to the methods for explicit measurement of atmospheric
parameters, an implicit method of determining winds at all altitudes
by machine computation of the equations of continuity of momentum,
mass and energy, using satellite derived inputs of densities, tempera-
ture and heating, is suggested. Experience in application of the
method for purposes of numerical prediction of weather for more than
a day ahead is described. Special problems in extrapolating the ex-

perience in tropospheric simulation for the determination of winds

of the upper atmosphere, for which input data are potentially avail- 3
able by measurements from satellites, are named. Estimates are given E
indicating that the upper atmosphere simulation is within the expected

capacity of next-generation computers such as ILLIAC IV.
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INTRODUCTION

The primary cbjective of the Institute for Defense Analyses Study
S-241, "Determination of Winds and Other Atmospheric Parameters from
Satellites," is the review of various instrumentation techniques oper- -
ated from satellites and the evaluation of their potential, This re-
port undertakes to evaluate the most promising of these techniques for
the determination of winds and other atmospheric parameters.

The nature of the atmosphere, which is the medium to be examined
by the measurement techniques, is complic. .1, Its complexities and
variabilities have been described in "Physics of the Atmosphere,"
Volume IV of this study. Requirements fcr knowledge of atmospheric
parameters to which a number of Department of Defense potential mis-
sions are sensitive are described in "Potentidl Needs fcr the Deter-
rminaticn of Atmospheric Parameters," Volume II of the study. These
requirements of the potential missions are the standards for per-

formance of the instrumentation schemes described herein,

Techniques which have potential use for explicit determination of
atmospheric parameters from satellites are evaluated for inherent ac-
curacy of measurement in this volume, In particular, the discussion
describes the instrumentation techniques and the characteristic un-
certainties of measurement for the deterwmination of atmospheric param-
eters by inversion of atmospheric emission, by the atmospheric absorb-
tion of solar radiaticn, by the deceleration of low-altitude satellites,
by the occultation of satellite-to-satellite transmissions, by the
measurement of backscatter by dust of pulsed laser signals, by the
notion of clouds determined from TV-type (APT) pictures from satellites,
and by the motion cf Lallconrs tracked in pesiticn by satellites,




Ir summary, the ways to determine wind and density from satel-
lites which have been considered are outlined in Table 1.

0f the several technigues, two ways of determining density, by
measurement of atmospheric emissions and of the atmospheric absorption
of solar radiation, and ¢ne way of determining wind, by the computa-
tional simulation of the atmosphere with density, temperature and
heating inputs derived by satellite measurement, are of major impor-
tance to the success of military objectives and are unlikely to be
acccmplished by civil agencies., Two additional ways of determining
density, microwave satellite-to-satellite cccultation and satellite
drag, are important to meet the needs of military objectives, but
not as crucially. They represent sigr.ficant backup potential for
military needs, The first may not and the second probably will not
be developed by civil agencies. One other way of determining density,
laser backscatter, is still in an immature research phase which merits
encouragement, Two other ways of determining wind include the deter-
mination from pictures of clouds, characterized by limited altitude
coverage and marginal accuracy, and the determination from the motion
of satellite tracked balloons, which have particular military vulner-
ability. Both of the latter ways may perhaps be adequately developed
by civil agencies,

Alsc shown in Table 1 are the ranges of altitude and the uncer-
tainty of determination for which the way may be effective, and the
military mission for which knowledge cf the atmecspheric parameter is
necessary, For each such military mission, the tolerable fractional
uncertainty of the atmospherir parameter is also shown to be a number

equal or greater than the uncertainty of determination,




TABLE 1. WAYS OF DETERMINING WINDS AND DENSITY FROM SATELLITES

DETERMINATION OF DENSITIES
RANGE OF | DETERMINATION NEED
TECHNIQUE PARAMETER | ALTITUDES, | UNCERTAINTY, | (APPLICATION/TOLERABLE
km % UNCERTAINTY )

ATMOSPHERIC DENSITY 0-60 ] WEATHER PREDICTION  10%
EMISSION BALL, MISS, TARGET  10%
SOLAR ABSORPTION | DENSITY 90-300 10 SAT, ORBIT PRED, 10%
SATELLITE DRAG BY DENSITY 100-300 10 SAT, ORBIT PRED, 10%
ACCELEROMETER
MICROWAVE DENSITY, 4-20 0.1* WEATHER PREDICTION  10%
OCCULTATION AIR

DENSITY, 1

WATER
LASER BACKSCATTER | DENSITY, O, 0-30 15-100 WEATHER PREDICTION  10%

DENSITY, 15-100

pUST

DENSITY, 5

WATER

DETERMINATION OF WINDS$

COMPUTATIONAL WIND ALL 25-100 . . ~/HER PREDICTION  10%
SIMULATION, WITH ALTITUDES BALL, MISS. TARGET  30%
DENSITY, TEMPERA- BMD DISCRIMINATION  40%
TURE, HEATING,
INPUTS
PICTURES OF CLOUDS | WIND 1-18 25 WCATHER PREDICTION  10%
SATELLITE-TRACKED  [WIND 1 AND 3-25 WEATHER PREDICTION  10%
BALLOON 10-15

*BASED SOLELY ON THEORETICAL HYPOTHESES

Tahle 2 lists the characteristics of satellite vehicles and the
orbits required for the application of the several measurement tech-
niques. Comparisons, rough and tentative, with existing satellite
systems are made in Table 2. Coniirmation of the comparisons, and
further elaboration of system cetails, together with cost effective-
ness comparisons with competitive svstems, are desirable objectives

of a further study.

Table 3 summarizes the results of this review ¢f measurement
capability, expressed as a practical minimum fractional uncertainty
of the capability for determining atmospheric rarameters, Also shown
ter comparison is the tolerable maximum in the same altitude region
required for the missions discussed in Velure I7T,
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The most significant conclusion drawn from the review of instru-
mentation techniques is that satellite-borne instrumentation may re-
motely measure all atmospheric parameters considered, with accuracy
and coverage adsGuate to meet the rieeds of the important defense mis-
sions considered, with the exception of twe parameters: winds, be-
cause of inadequacy in coverage and in accuracy; and electron density,
because 0f inadequacy in coverage,

In addition to the explicit measurement of atmospheric winds,
this report suggests that implicit determination of winds may be made
by computational simulation for which the input data are the explizic
measurements by satellite of atmospheric parameters other than winds.

Justification for the suggestion is not, however, quantitatively
shown,




THVERSION CF ATHOSPHERIC =ZMISSICH

%y inversion of satellite radiometer measurements of 1infr

a
emission, in the wing of a collision broadensd spectral line, effec-

[

tive heilgnt profiles of temperature, censity and pressure may be ce-

ternired.

haracterization cof the technigue is given In Fig, 1, sum-
ions given in the Zollowing cescriptions, in turn, of

.

SS
ry, temperature and heignt urncertainties,

eterrination
ity by ultraviolet emission, determi:

erission, and systems censiderations

uenrcy VvV, the radistive transier equaticn is
d I(v, ) ={-I{v,8) - BV

where I(v,5) is the radiance at v in the direction & from the local
vertical, k(v) is the mass absorption cueificient of the absorbing
gas, p(z) is the density of the gas, B{\v,7) is the Planck radiance

at v and the temperature T, and z is the height in the local vertical.

Assuming that the instrument observes ir a narrcw cere in the
local vertical sc that everywhere in the cone secs = 1, and trans-
forming the variable z to pressure p by means of the hvdrcstatic

equation

~1

(MU




PRINCIPLE OF OPERATION
¢ EMISSION = (T, p, K, X) OF EMITTING GAS
MASS ABSORPTION COEFFICIENT (K} KNOWN IN WINGS OF LINE (I.E., 15y, COz)
PATH LENGTH (X) KNOWN BY GEOMETRY
s TWO LINES OF C02 AND 02 YIELD DENSITY (p ) AND TEMPERATURE (T) AS FUNCTION OF ALTITUDE
* ADDITIONAL LINE OF HZO YIELDS WATER VAPOR DENSITY

UNCERTAINTY OF MEASUREMENT
s DENSITY: 1%
® TEMPERATURE: 1%

COVERAGE iN VOLUME

® ALTITUDE: RANGE OF 0-30 KM BY NADIR OBSERVATIONS; 30-60 KM BY HORIZONTAL OBSERVATIONS
e HORIZONTAL GRID: 3-200 KM

STATUS OF DEVELOPMENT
e 15u~LINE SENSORS OF 0-30 KM VERTICAL RANGE; 3-200 KM HORIZONTAL RESOLUTION BY NIMBUS
® DATA PROCESSING: NIMBUS
o DESIGN NOT YET OPTIMIZED

RECOMMENDATION

o INVESTIGATE FEASIBILITY OF HORIZONTAL VIEW EMISSION SATELLITE FOR T, p, AT 30-40 KM FOR
NEEDS OF BALLISTIC WEAPON TARGETING.

® {NVESTIGATE FEASIBILITY OF VERTICAL VIEW EMISSION SATELLITE FOR MEASURING 3 HR AND 300 KM
AVERAGE VERTICAL EMISSION TO DETERMINE TOTAL DENSITY, TEMPERATURE AND WATER VAPOR
DENSITY BY GEOSYNCHRONOUS SATELLITE FOR NEEDS OF NUMERICAL WEATHER ANALYSIS AND
BALLISTIC WEAPON TARGETING IN ALTITUDE RANGE 0-30 KM. THIS MAY BE DEVELOPED ADEQUATELY
BY CIVIL AGENCIES.

-
B
>~

ALTITUDE
>
TRANSMITTANCE

- ¢
3
/ARTH EMISSION

CONTRIBUTION
ATMOSPHERIC EMISSION

FIGURE T. Measurement of Atmospheric Emission for Density at 0-6C km
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where q is the mass mixirg ratio of the aksorbing gas and g is the

gravitational &cceleration, Eq. 1.1 m&y be written as

e}
P
il

I(v,0) = €(v) B[‘vaTCPC):'e °

P
a
p -gjok(v,p)dp

o '
+§[.Mmﬂm)e © K(v,p)dp

~
‘_J
N
~
st bl )

i

where ¢ (v) is the emissivity of the lower bound (i.e., at py) and the

subscript denotes the lower boundary. The first term is the component
of radiance arising from the surface, and t

oy

e second term is that
component arising from the atmcsphere itself.

It is convenient to simplify by introducing the fractional

transmittance
q ?
-3 ﬁ k(v,p)dp

T(\)’p) = e (1.4)

it ]t Lol

of the beam between the level p and the effective top of the atmosphere,
so that Eq, 1.3 becomes

"

I(v,0) = €(v) B(v,T(p 0)T(v,P,)

(1.5)
(v ’PO)

- " (v,T(p)) dT1(v,DP)

Equation 1.5 expresses radiance for & single wavelength. An instrument,
however, distinguishes only finite bandwidths. The measured instrument
radiance in normalized form for a spectrometer is the convolution

product

LY
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I(\,;""' ,O) :f '.‘.’(‘)""." \,‘v) I(\J,O)d\)/‘/‘ '.‘.’(\)* - \))d\)

Vi "1

o

Z
= {/ wiv® - V) B[w ;T(DO)]T (v ;Po)dv (1.8)

Vi

Y2 po . :

2 . E

- 2 (v,p) ]

—f / w(v® o= v) B[\’:T(p)] g_ﬁ_p_z_E_ dp d\)}[ wlv™ = y)dy 3
vyY O v

!

L

where w(v) 1s the spectrometer slit function and Vis v, are its

g,

limiting frequencies.
A filter radiometer, on the other hand, involves an inner product
rather than a convolution product.

Equation 1,6 is complicated, However, if the spectral interval
vy to vy is small, then B(v,T) varies little, is linear in the interval,
and may be replaced by its value B(v, T) at a properly defined mean
frequency 3, so that it may be factored out of the integral with
respect to v. 1

One may further define the mean effective transmittance and its

2 :
./j wlv™ = vY=(v,p)dv ;
i . i

partial derivative as

{l.7a)

T(\Jh> P) = \12

[ w(v® = v)dy }

V1 !




\Y

2
./\; wlv® - ) m—;—ép—) dv
M = 1 (l-7b)

oP V2

f wlv™ - v)dv

V1

In the spectrometers discussed the spectral intervals are narrow
(s em™t
triangular, so that one may set v¥ cqual to the mean frequency Vs

to 20 cm_l) and the slit functions w(v) are symmetrical and

rewriting Eq. 1.6 as

I1(3,0) = B(,T(p.)) 7(VsD,)

-'(U,po)
-[ 3(v,T(p)) d~(v,p)

The purpose of the inversion is to solve fcr the function B(v,T(p)),

(1.3)

knowing the radiance I(v,0) and the transmittance given by Eq. 1.7.
The Planck radiance B(.,T(p)) has a different form at differernt
frequencies., For example, ir the microwave region the Rayleigh Jeans

approximatior holds
L 2 ) . . . .
B(v,T) = 2v " ¢ckT 5 Rayleigh Jeans, for microwave (1,%)

and in the region of the 4.3 micron carbon dioxide band Wien's law
holds :
hey

™

2 =
5(v,T) = 2w cle “Tuein's Law, for 4.3 (1.10)

In the vicinity of the 15 micron carbern dioxide band, Wark suggests

The gpproximation

B(v,T(p)) =a(v) B(\)P,T(p)) + 3(v) for 1su line (1.11)
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where subscript r indicates a fixed reference frequency which is
chosen near the middle of the range of frequencies. This approxima-

.tion holds only over a limited part of the spectrum, :

With the several limitations stated above, the Eq. 1.8 for the 15
micron band may be written as

t
[e]
I(v,0) = 8(v) _ mreay ATOV,E) A
- CX(V) = “[ B(\)r,l(t)) —r at (1.12)
(o]

where v is written ac v for convenience, arnd t is a general independent

variable to which pressure may be transformed, usually t = log D.

" 4om 1.12 is a Fredholm equation of the first kind

t
g(v) :f © k(v,t) £(t) dt
t

wherein
k(v,t) = g%
£(£) = B(v,,2(6)) (1.13)
g =[I(v,0) - sm]/m)

Al

In the atmosphere, the transmittance of FEqs, 1.4 and 1.7 is a deter-
mining factor in the radiance to be cbserved from 3 satellite at any
frequency and depends upcn the spectral interval observed. Through
most of th~e atmosphere up to about 50 km the broadening of spectral
lines is dominated Ly collisions; above that level Doppler broadening

of the lines dominates. One finds in the meteorologically interesting,
coliision-broadened atmosphere that lines have Lorentz shapes for
which 4

k(v) = Q / k(v ,dv (1.14) i




where Vo is the frequency of the line center and 5, is the halfwidth
of the line. For an isothermal atmosphere, the halfwidth is

1
T ]
¢ = ag g; (F> (1.15)

where subscript o denotes 4,T and p at NTP.

Shown in Fig, 2 is a medium-high resolution spectrum of the
15 micron carbon dioxide band, obtained from a 10 cm path of pure
carbon dioxide at 63 mb and 38 °C (After Wark and Fleming, 1966).
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FIGURE 2. Spectrum of 15 Micron Carbon Dioxide Band
(After Wark and Fleming, 1966)

Shoen in Fig. 2 are the six components of the kernel d1( v,p)/d

log p versus log p, in the 15 micron carbon cioxide band at 669, 677.5,

691, 697, 703 and 709 cm-l. These curves may be considered as weight-
ing functions for the Planck radiance in Eq. 1.12., They show from

what part of the atmosphere the outgoing radiance arises, It is
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FIGURE 3. Kernel d7/d (log p) (After Wark & Fleming, 1966)
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necessary that the weighting functions overlap & little, but not too
much, in order to obtain enocugh data to make possible adequate defini-
tion of the temperature profile, With no overlap, the solution is
meaningless except that it represents a mean weighted value of tempera-
ture over tne whole atmosphere. With too much overlap, the errors of
measurement may exceed the ability of the weignhting functions to
discriminate between the levels of the atmosphere from which the radi-

ation is arising.

Once the form of the indiecial function f£(t) has been determined
(from the alternative =Zqs. 1.9, 10 or 1l1), one may reduce the integral
Eq. 1.13 to a system of linear algebraic equations by applying an
appropriate numerical quadrature formula., If, for example, the
indicial function is

T
£(r) =) FENC (1.16)
j=1

where gj(t) are a setv of orthogonal functions, then with Eq. 1.l%6,
Eq. 1.12 becomes

t
o]

n
g(vl) :Z cj k(vi,t) ..pj(t) dt 1 =1, ..., n (1.17)
=1

or in matrix notation
P~ A A~
g=A ¢

Inverting vields

ity (1.18)

g

Jhere A—l is the inverse of the matrix A whose elements are given by

the integrals of 1.17, g is the vector exprescsion ¢f the observed




! an
L

which then evaluated are used to determine B(T) = f(t), and from

~

3.
[

qQuantivtiess g(v is the vecrtor of undetermined coefficients,

thence temperature T(t).

The soluticn of Eq. 1.18 is unstable if more than three equations
are considered, due to the following sources of error: the approxi-
mation of the Planck function, the numerical quadrature process and
roundoff.

The computational instability has been made tractable by use
of the soclution

T=E Ty DT ATT Y (1.19)

where‘XT is the transpose of H, v is the smoothing parameter, E is
the smoothing matrix and R is a bias vector which is a gross estimate
of the solution vector &. Fleming and Wark (1966) find that y = 107°

is pragmatically effective,
TEMPERATURE UNCERTAINTY

Wark and Fleming (1966) have made estimates of error of temper-

. . c . S -1 . ..
ature determinations of a six channel (of 5 cm ~ bandwidth) spectrometer
. . - . -1 =2 - -1
measuring radiances of abcut 50 ergs sec © cm T ster b em™ ror
errors of %, 1, 2,and 4 percent in the measure of radiance, corre-

sponding to ¢ = 0,25, 0.5, 1.0 and 2.0 ergs sec™t em™? ster™t cm'l,

of a set of 110 random values, the errors of the computed Planck
function B, and of the computed temperature T associated with B by
the relation

[
n
> (

(1.20)

Rl
N
jog
<
0
+
o)

are given in Table 4, In the table, the columns marked "maximum" are

for the fifth largest
5 - 1

value, the units for o, §} A§ and Max AB are
-]

-1 pd - L B . - - T
ergs sec — em ~ ster T om © and the units for T, AT, and Max AT are
K

[




TABLE 4., TEMPERATURE ERROR RESULTING FROM RANDOM ERRCR OF OBSERVATION
( BETTER WARK END FLEMING, 1966)

- T = L 7T Max. Max ,
o Y ¥ 2 ._,B T * L _,:,B AT
KEY WEST
0 107¢ 47.59 +0.96 | 224.65 +1.01 | 0.96 | 1.01
0.25 0.025 | 47.59 +1.80 | 224.65 £1.90 | 2.50 | 2.63
0.5 0.050 | 47.60 +2.01 | 224.66 =2.12 | 2.85 | 3.00
1.0 0.150 | 47.61 + 3.04 | 224.67 + 3.20 | 4.63 | 4.88
2.0 0.400 | 47.63 s 4.42 | 224.69 % 4.66 | 6.36 | 6.70

LITTLE ROCK

2 1074 47.39 +0.93 | 224.43 + 0.98 0.93 | 0.98
0.25 0.025 | 47.39 +1.21 | 224.43 % 1.28 1.62 | 1.79
0.5 0.050 | 47.40 +1.54 | 224.44 +1.83 | 2.55 | 2.59
1.0 0.150 | 47.41 % 2.13 | 224.45 % 2,25 3.62 .82
2.0 0.400 | 47.43 = 2.81 | 224.48 = 2.97 | 4.38 | 4.63
SEATTLE
0 107" 43.84 #0.69 | 220.60 £0.76 | 0.69 | 0.76
0.25 0.025 | 43.94 +1.60 | 220.60 = 1.77 | 2.47 | 2.73
0.5 0.050 | 43.85 1 1.49 | 220.61 % 2.09 3.27 | 3.81
1.0 0.150 | 43.86 = 2.45 | 220.62 = 2.70 | 4.47 | a.o3
2.0 0.400 | 43.88 = 3.05 | 220.64 % 3.37 5.25 | 5,79
CHURCHILL
0 107" 35,13 £0.86 | 2i0.36 + 1.08 0.986 1,08
0.25 0.025 35.13 £ 1.71 | 210.36 ¢ 2.ia | 2.24 | 2.81
0.5 0.050 35,14 % 1,96 | 210.38 £ 2.46 | 2.89 3,63
1.0 0.150 | 35.15 % 2.79 | 210.39 + 3.50 | 4.65 | 5.84
2.0 0.400 | 35.17 £ 4.14 210.21 % 5.20 6.25 | 7.84

From the tatle it may be seen that errors of radiance equal to

or greater than about 1% or 0.5 erg sec™d em™? ster™ en! 1lead to

results with temperature error greater than 1% or akout 2 K.




W. L. Smith (1968 has made an estimate of the errors of the
atmosphere's temperature versus pressure distribution as determined
from satellite radiation measurements, using as an instrument the
Satellite Infrared Radiation Spectrometer (SIRS) which has flown in
the NIMBUS ITTI meteorological satellite.

SIRS detects emissions in 5 cm © bands at the five C0, channels
near 15 microns (669, 677.5, 692, 699, and 706 cm™T) as well as two
chanrels in the far wing (at 714 and 748 cm-l) and an atmospheric
window at 89¢S cm—l. The uncertainty of temperature determination
-by SIRS is shown in Fig., ¢ for the case of both clear and cloudy
conditions, and for errors of 0,01 and 0.25 erg sec™ em™? ster ! em !
in the determination of radiance values from 50 to 70 erg sec"l cm"2

s‘t:er-l cm-l. The temperature uncertainty is seen to be less than

39K,

T T T
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FIGURE 4. Uncertainty of Temperature Determination by SIRS
(ofter W, L. Smith, 1968)
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HEIGHT UNCERTAINTY

¢, L, Smith (1962) also describes a method of estimating the
pressure versus heicght relation from the radiometric measurements,
employing empirical orthogoral functions developed by Holmstrom (1963).
By the Holmstrom technique, the geopotential height is represented
by the rapidly converging series

z(p) =t e, or(P) (1-21)
k=1

Holmstrom's studies of eight days data indicate that for meteorological
studies in the pressure range 100 to 1000 mb, the empirical ortho-
gonal functions, ¢R{p), are statistically stable in being nearly
invariant with respect to geographical position and time, over the
space and time intervals usually consicdered by numerical weather
prediction. From the hydrostatic Eq. 1.2, and the gas law, used with
Eq. 1.21, it follows

Lk
dp (D)
T :_gw_)— R
(p) R 3ainp E: °R Strp 34np
k=1
k
= x xR(P) (1.22)

In matrix notation, Eqs. 1.21 and 1.22 may be written

Z=1¢
T =X7T
wherein § = (¢jk)
X = (xjk) !




Combined, these yield

T

w!
o1

72=D

b -' ~T
= XGE DT EC

wn }

(1.23)

which states the geopotential height profile is uniquely related to
the temperature profile. Then, to the extent that Eq. 22 is valid,
the height distribution can be specified solely from the temperature
profile. %W, L, Smith (1968) estimate of uncertainty of height
determination by SIRS, for which the temperature uncertainty is given

in Fig. ¢, is shown for similar case in Fig. 5.

Assuming that the empirical orthogonal functions evaluated
statistically at the time are invariant, the uncertainty of height
due to the inversion computation alone is seen to be less than 60
meters, or expressed fractionally less than 0.C02 to 0.01,

0

e | T T T T T I | IS Sg— P B
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b ) ) r | -~ e b
[ arad d e J
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i / RMS ERROR e c—— i
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(] [} l: s <= CONSTRAINED, o, = 0.25 N
(] [ e UNCONSTRAINED, ¢, = 0.25 .
[ { ' /: cLouDY / -
- | A — — ~~UNCGNSTRAINED WITH Po ADJUSTMENT, o, = 0.25 -
L] ! ! VA UNCONSTRAINED, o, = 0.25 L~ :
] . ° - ]
= 400 4 4'7‘_ — - — STANDARD DEVIATION OF CEPENDENT SAMPLE /?, ]
f’ ' y P ]
w : /i -7 —
2 f! i - :
3 : / : '/ =1
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£ ool — 4 e
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FIGURE 5. Uncertainty of Height Determination by SIRS
(After W.L. Smith, 1968)
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McXee et el. (1%6%) have analvzed the erocrs Of temperature de- ;
termination from horizon radiance prefiles of the le micron 002 line, :
for the altitude renzs 22.% tce 55.3 km. et =1, {ind that the
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TLRLE S, ERRORS 4
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ERROR

AT ALTITUDE 20 KM

AT ALTITUDE 50 KM

TYPE

MAGNITUDE

FOR SIGNAL
wm 2 st

NS
°k

FOR SIGNAL
wm 2 ster™! °

SCALE ERROR
BIAS ERROK
wm2ster”!

NOISE ERROK
wm 2 ster!

ERROR

wm st

PRESSURE
ERROP.

(0.01 SIGNAL)

0.01

0.01

TANG, HEIGHT 0.5

(0.1 PRESSURE)

5.92

0.5

0.03
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DENSITY OF DZONE BY ULTRAVICLET EMISSIOH

4

Cther raciation bands may be used similariy, Et the low alti-
tudes, below 30 km, two interssting zcnstituents ¢f the atmosphere
whicii are highly variable in mixing ratio are water vapor and ozone.
As is shown in Fig. %, the absorption coefficient of water vapor in
the infrared is about two orders of magnitude greater thar. that of
carbon dioxide, which is rearly constant in mixing ratio. Radiometer
measurements in either of the two HZO bands shown in Fig. € may
yield data on the mixing ratio-height distribution of water vapor.
However, since the ozone band absorption coefficient is of the same
approximate size as the Cf“2 band, and the mixing ratio is far smaller
in the altitude range of interest, still another band of radiation
shculd be considered -- that of the Hartley band in the ultraviolet --

for the determiration of the ozeore mixing ratio-height distributicn.
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S. Twomey (1961) has described the problem of maripulating

ultraviolet spectral measurements in the wavelength regicn 2800 to
3020 A for the determination of ozone mixing ratio-height distribution
from the solar radiation backscattered from above the median crzone
level (abouc 25 km). Twomey anticipated that the error of ozone
determination can be made less than 1%. Herman and Yarger (1969)

have elaborated the concept to indicate the method should be effective
over the range 2 to 40 km.

DCNSITY OF H,O and Oy BY MICRCWAVE EMISSION

A third region for application of inversion of radiometer
measurem:nts if the atmospheric micrcwave spectrum, notably the weak
rescnance of water vapor near 22 GHz (1 GHz = 109 cps) or 1,35 cm
wavelength and the strong complex of oxygen resonances near 60 GHz
(0.5 em). RAtmospheric emission at these frequencies can be received
wish microwave radiometers, and the received radiance expressed in
terms of the brigntness temperature TB may be measured. The accuracy
with which TB may be measured is 0.2 to 1.0 °K. Since the Planck
function B is essentially linear in this spectral region, as indicated
in Eq. 1.9, the inversion cof Eg. 1.8 is straightforward.

In the nearly opaque regions of the spectrum the temperature
profile may be obtained in a manner exactly analogous to that in the
infrared spectral region, In the nearly transparent regions water
vapor and perhaps ozone may be inferred in some circumstances,
esperially oversea areas. Because a microwave radiometer looking
dovn may see water vapor or ozone in absorption or emission,
dependent on the brightness temperature of the surface, the highly
cnissive land areas are characterized by a brightness temperature
nearly the same as the atmospheric temperature. Over water areas,
the surface emissivity (£(v)) of Eq. 1.3 and the surface brightness
temperature (effect of the first term of Eq. 1.3) are low, and the
atmospheric emissions (the sccend term of Eq. 1.32) are unambiguous,
Weters of MIT, cited ty Gille (19687, has quoted the inversion
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uncertairties associated with zero and 1% errors of microwave radio-
meter measurements to be 2 to 3.7 K (about 1%) for temperatures

at altitudes below 15 km, ard to be 0,09 to 0.11 gm cm'2 (about 3

to 30%) for integrated water vapor, and that the height resolution

is comparable to that of the 15 micror infrared channels; that is
the emission by oxygern ir a spectral chamnnel of $.2 GHz width comes

mainly from an atmospheric layer about 10 km thick,
SYSTEMS CONSIDERATIONS

Although systems studies, involving cost-effectiveness compari-
sons with physically feasible alternatives, are beyond the scope of
the study effort reported in this volume, nevertheless some analogies
to proven systems can be made. The techniques for measurement of
atmospheric emission, as probes of the altitude region up to 30 km,
have been largely proven by WIMBUS and TIROS satellites, the history
and characteristics of which are described in some detail in Appendix
A of this volume. The 700 1b NIMBUS and 300 1b TIROS satellites orbit
sun~synchronously at altitudes of 40C to 600 nmi, making measurements
continuously along a swathe about SOC nmi wide aleng the orbital
projection on the earth's surface. Eight such satellites, with
ascending nodes at 439 intervals, are required to obtain measure-

ments over &all the earth at three hour irtervals.

By means of a system c¢f similar sensor ccmplexity with the
addition of a directionally stabilized pointirg control, in similar
sun-synchrcnous orbits, the atmosphere can be probed for density and
temperature at all altitudes up to about 60 km.

SUMMARY

In summary, inversion of radiometric measurements from an earth
orbiting satellite yields the distribution with respect teo aititude,
of temperature, total particle density, pressure, and density of
water vapor, carbon dioxide, molecular oxyger and czore, with frac-
tional uncertainty between one and two percent, as indicated in more
detail in Takl
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One techniaue by which the vertical distribuiion

ature and density of the
t

d atwcsphere nmay ke cetermined
cllite-borne instrumentation is
D solar radiaticn as the

is, as the line of sight
by the sclid earth and its atmosphere,

wave bands c¢f the sclar spectrur: which

neutral ccmponents c¢f the atmosphere ray be deterwined in the upper
atrmesphere (e.g., from about 20 te 300 km altitucde) where cther
technigues are cften inapplicatle,

4 characterization of the technique is giver in Fic, 7, which

theory, characteristics i

cr characteristics and vericle and

radiative

The principles of

determining density by observing

various depnths in the atmosrphere

cussion of the

the earth atiosphers, the density and temg

transfer which govern the technigue of
the absorpticn of sclar radiaticon

differ from those described in t}
inversion of atmospheric emission in that the

s
is taken to be negligible by comparisor with that of

rerotely by

tne variabhle

rermi-
& tc the sun
choice

5

1)

[o B

)

%]
1

the atmosthere the E
solar source. In consequence, the spectral racdiance from the sun
detected at the satellite may be described as
x - 3
Iy V) = EJ00) expy- :riz}!—‘-a—%—-z-,':‘ ¢z (2.1)
h
1




PRINCIPLE OF OPERATION
® ABSCHPTION =f(p, K, X) OF ABSORBING GAS
® MASS ABSORPTION COEFFICIENT ( £) KNOWN IN X-RAY AND EUV
® PATH LENGTH (X) KNOWN BY GEOMETRY
® DETERMINES DENSITY (p)

UNCERTAINTY OF MEASUREMENT
& DENSITY: 10%
o TEMPERATURE:; 10%

COVERAGE IN VOLUME
® DENSITY AVERAGED OVER VOLUME 7 KM x 300 KM x 1.6 KM
® TWO VERTICAL PROFILES FROM 90 TO 300 KM ALTITUDE, PER ORBIT
& NINE SATELLITES FOR DAILY SAMPLE IN 1800 KM GRID SPACING

: STATUS OF DEVELOPMENT
!F ® PRINCIPLE DEMONSTRATED BY ROCKET EXPERIMENTS
® DATA ANALYSIS BY COMPUTER DEMONSTRATED

RECOMMENDATION
® |NVESTIGATE FEASIBILITY OF SATELLITE SYSTEM FOR NEEDS OF LOW ALTITUDE SATELLITE CORBIT

PREDICTION, USEFUL FOR RADIO COMMUNICATION.

ATMOSPHERIC ABSORPTION OF SOLAR RADIATION

FIGURE 7. Measurement of Absorption of Solor Radiation for Density at 90-300 km
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wherein E is the spectral radisnce &t & given wavelength X, at
altitude h
E, is the spectral radiance cf the sun cutside the abscrbing
atmosphere
Z is the absorpticon cross section (cm2)
n is the number censity of the absorbing gas (cm’3), at
altitude 2z

» is the wavelength cf moncchrematic radiation

F is the Chapman function (of a, z, H and =)
a 1is the radius cf the earth

= 1s the sclar zenith ancle

H is the atrospheric scale height

z 1s the altitude in the &tmosphere

¢ - 0] = 3
The Chapman function p{&—==% = Jtakes into account that the irciderce
h ,

of radiatior is not rormal. Tn the relation of Ec. 25, if the latter
., - - . o ~fa
were writter for a plane siratified atmosphere, F -—{f~3 = )beccmes

sec 2. IT has values, in the case 0:f the spherically strdtvified

atmosphere of the earth, that are vlated in Swider (19284) (e.g.,
F= 22 ard sec = =« gt = = =). The power detected by a radicmeter

is represented by the integral cover the irner product of the incident
spectral radiance ard the spectral efficiency of tThe detector, over

a band wavelenoths to which the radiometer is sensitive.

If the radiant flux 1s characteristicall hat of a black bodv,
ther the incident radiarce over a wave bard limited Ly \,,A, detected
by an iorn chamber sufficiertly excited to pass current I within limits
of i7s sersitivity (A _. A Y, will be given by

- min’® max /
3
X
2 a
c ™
ro L oy hoates T o
P30 T = (2.2)
£ RS kN
Y max
Yy
5 ™
R T € _7‘“ - 1)
M
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wherein I = ion chamber current

A

= phouton devectici, efficiency, within limits

) A

min?® “nax

E(xl,xz) = energy flux irn the band of wavelengths xl, X2

¢ = ion pairs formed in the ion chamber per erg of
radiant energy

= wavelength

= agperture area of detector

= electron charge

n o o >
|

= velocity of light

=
1

Flanck's conrstant
C, = 1.439 cm °K

T = temperature of black body source

Fcr the case when in Eq. 2.2, the bands of energy flux to be determined
anc those of the detector sensitivity are the same, then the flux
is proportional to the current in the detector

E = \1 (2.3)
quwas

W

Considerirg now the [lux at an alvitude h, over a wave btard
E

(iimited by \,, %,», as cthe integral of Eq. 2.1

V4 josd
~a +z ).,
B, 0,500 = E (W) exzl- :(‘,:)“(z*:( T ,:)cz dx (2.4)

the logarichmic deriv

e




dar E(h) _ 1 d E(h)
cz E céz

EO(}\) expl- c(x,z)n(z}?(“ L Z,s)dz c(\,z)n(z)[—‘(a “: Z

1 h )
,E)dz a

X

, a+ z
EO()\) expl- u(X,z)n(z)F( T

) h :

T¢ cver The rarrow band cf sensitivity of the radiometer E (A} 1is
o
taken as that of a black body, tnen Eq. 2.5 may S5e written, with 2
ir lizu of h, as
- \ - 1
N exp ~f o (\,z)rn(z)dz
a(h,2) =7 AT ax
di E( \ .‘\l X (& E -i)
A0 2} - ) .-
CLl 2A2l = n(z) F(2) — (2.0)

dz »n
= (A ,z)n(z)dz)Ar

from which the density may be evaluated by

—~
it

whereir = (z) is a mean value evaluated as the auantity in scuare

trackets in EQ.

.0
31so the density over a shore interval of altitude may be
coaluated in terms of scale reight
k ",—('7\
i R L St ;oo
1(2) --g_ \Lu’;“)
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so that q(z2) = _<d&n ngz)>

!

wherein is temperature

alticude

™)
w

Roltzmann's constant

the acceleration due to gravity

3l ® N
’.J
w

(RN
w wn

the mean molecular weight of the atmosphere.

With the description of density given as in Eq. 2.2, tne temperature

mey be determined by the derivative relation

y NS RN
<“““d§(‘>) (m(z)) (2.11)

Ir. short, from a height profile of radiarce, determired from

=3
~~
[]
e
1]
1
R

>
of
>
i

raciometer measurements by Eg. 2.2, heignt prcfile cf density

may be determined by s, the height profile of scale height by

tr
A

N

~J

£g. 2.:2, &rng 1 the mzan mclecular weizhit m(2) be knocwn, ths temper-
ature profile may be determined kv means of Eq., Z.1ii

The cerzainvy cf ar individual data poirt asscciated with
determinaticr of each of the parameters ror which profiles in
h

weight are made may be described by the followirg relazicns.

Assuming the measurements or detector current I and detecter
efficlency are indepercdert, the variance in determinatior of flux

1s described by

LiTE
lrlll"']
e

~No
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=
i
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+
[
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e
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Similarly assuming independence of the [ eterminations of

raciarce, absorprticn cross secticr and Chapman constarts. ané that
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the independence of radiance and radiance gradient is described by

correlation p., the variance of the ceterminatior of dersity is

=0\ (. grad £\° LE\° A{\
) \Graa© /) ¢ =z T\
. s =)

- Z 2 S AL 7 -
< (E) - e (e d)y) ()

perderce of the determirstions of density
i

given by

A1s0, assuming the de
arG density gradient as described by correlation Py:» he variance
181

of scale height is givern b

(- - 6

<

(z.14)

e
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atmosoheric parameter by Egs. 2.17,

taken of the reducticr o

of & number cf poirts. Tor example,
value M and standard deviation =
f

. 5P
uncerTainty (=§) o}

the standard frictional errcwr, that is
AT fod s
= = = (¢.19)
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alvitude © at which,

Loir to= | Tam(z)i(z)éz ~ 1 (2.17) E
7o anproxrimate the gltitude i, one may Take an approsimatior The j
dersity ncignt profile, as in Fig. &, vhich is the basis for .
Hinteregger's (1964} data Te Le cited belowy. The density prefile é
¢ dmp n dh profile shown in
temperaturs and mean 3
E.
350 T T T T :
S EXPER. EUV ABS. ANALYSIS E
(HALL ET. AL, 19641
=== EXTRAP. OR INTERPOL EXPER. DATA
300 seessnsees INTERPOL.USING EXPER. O. O, RATIO ] i
( SCHAEFER, 1963) b
o= emie (.S, STANDARD ATMOSPHERE, :
1962 ;
2 250
z
wl
o
2 200 :
«
150
' i
100 i
; ! 3 4 ;
10° 10° 10’ 108 17 10'0 10’ 10'2 10"3 10’
PARTICLE CONCENTRATIONS, N, IN Cm™S ;
FIGURE 8. Neutral Constituents of Thermosphere Over White Sands, N.M ., i
July 10, 1963, 10:0C A M, (After H. E. Hinteregger et al., 1964)
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FARTICLES IN VERTICAL COLUMM, N, INCM’
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FIGURE 9. Constituent Column Densities, N = [ ndh,

h

For July 10, 1963 Thermosphere (After H. E. Hinteregger et al., 1964)

For July 10, 1963 Thermosphere (After H. E. Hinteregger et al., 1964)
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As shown by Swider (1%64), the Chapman function from a satellite
at altitude 200 km, observing the sclar radiation passing through a
tangent height of 60 te 200 km, takes values from about 30 to about
a0,

Tiwe abscrpuicn cross sections, for the principal constituents
ol the atmosphere in the .ltitude region €0 to 200 km (e.g., d, 02,

and N, ) are summarized for wavelengths 1 to 2000 A in Fig. 11 from

<

1o

deta published by Hinteregger, et al. (1964).

The following are examples of diagnostic wavebands, for which
computations of effective optical depth are given in Table 7, Shown
in Fig. 12 is the absorption of solar flux in the bands 10 - ZJ A,
near the Hydrogen Lymaﬁ Alpha (1215.7 A) line, and in the Schumann-
Runge continuum (1375 - 150C A). The first of these absorbs each of
The three principal constituents O, 02, and NQ. Under the assumption
that near the turhopause diffusion has not appreciably affected the
sropovticons 2f 2myacn: and nitrogen, the one waveband alone is diacgnos-
tic c¢f the neutrral particle density in the region 105-135 km, The
latter two are diagnostic only of the density of molecular oxygen (0p),
te cover the region €0 - 115 km nd 125 -~ 145 km, respectively, The
data oi Fig, 12 were determined at Eglin, Florida (Lat, 30 AON at
0709.%9 CST on 21 February 19%66. Zenith angle was 830, and Chapman
{uncticen F =~ /.6, teasured from a satellite, the altitudes for which
the three examples are diagnostic may be perhaps two scale heights
higher, or for total particles (N,, O, and 0), the 10 - 20 A band is
diggnostic in the altitude range 130 - 160 km, and for 02 the ultra-
viclet bands are diagnostic in the altitude range from about 98 kn
to the turbopause ;--ar 1)Z km and from about 152 to 198 km, respec-

tively.,

N waveband that is diagnostic cof 07 alorne at altitude -=rhaps
two weale helghte above that of the Schuﬁann~Runge continuu ., that
chicompansing tha line ol Hyvdrogen Lyman Beta (1025.7 A). Abscrption
¢t H Ly g in vertical incidence has been described by L. A. Hall

-1 hl Ve - S A A
sy G5 ih i, 19,
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TABLE 7.

ABSORPTION OPTICAL DEPTHS OF EUV

AND X-RAY WAVEBANDS
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ROCKET 7.181
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14C 1 —

w‘"‘%

130

120

it0

2 - KILOMETERS

90

seresessacaress DETECTOR A

60 o DETECTOR B |

re— (A+B),/2

i
0 |
. 1E-04 L 1E-03 . 1E-02 . 1E-01 . 1E+00 L1E+01 B2

FLUX
FIGURE 12. Absorption of Solar Flux as Measured From Rocket NC 7.181 ot
0709.59 CST, 21 February 1966, Eglin, Florida
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The absorption cross section by O2 ~ 1.6(10)

for Hly g, =
2 %

cm 3 by O and by Nz, the absorption cross section is neGligibly
smail, From a satellite, the H Ly 2 is diagnostic of the density
of 02 in a region about threc scale heights above that shown in
Fig., 13, or from about 130 to 1&¢0 km. Density solutions cobtained
simultaneously from measurements of the absorption of 10 - 2C A and

H Ly Beta yield, if diffusive separa®tion is assumed regligible, the

hedgnt distribution of N, O, and C in the altitude range 130 to
163 ka,
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FIGURE 13. Flux, F.tinction Coefficient, and Absorption of H Ly B 1025.7 A
(After L. A. Hall et al., 1962)




irude range for which The Schumann-Runge continuum

crption of 23 - 32 A radiation is ab-

1]
n -

[

SOr

.

T
fusive separation 1is ne
tanesusly fro
bution of N2, 5 and

separatior 1s a weak ore, as may be scen by inspection of Fig, 8.

In the altitude rénge 217 to 248 km, simultansous density sclu-
tions from measurements of the absorption cof the lines at 787,7R(C IV),
790R(0C IV) and 236.3 R (He TII) rnay te used tc determine unambiguously :
the height distributicns of ., C, and 0, BAlsc in the altitude range
237 to 263 km, simultanecus density solutions from measurements of
the absorption of the lines at 256.3 A (He II), 368,1 £ (Mg IX), and
584,3 B (He I) may be used tc determine the height distributions of
N, Op and O. Probably representative of such measurewents are the
experimental data repcrted by L,A, Hall et al. (1962) as described
in Fig. 14 for vertically incident 790 R radiation and in Fiy, 18

for vertically incident 368.1 A radiafticn.

Sumrarized in Fig, 16 are the altitude regicrs for which the
density-height distribution of principal atmospheric constituents
may be determined, In these same regions, by use of the temperature-
density relation of Eq, 2.11, the temperature-height distributiocn may
also be determined,

DETECTOR CHARACTERISTICS

The detectors described by L,A, Hall et al, (1962) as employed
by H. E. Hinteregger and his group at AFCRL for measurements in the
region of wavelength 250 to 1300 A are monochromaters equipped with
a 2 meter concave gratirg of 750C lines per inch and an entrance
s51it of width S0 microns. The angle of incidence of radiation on
the grating is 86 degrees. The narrowest cslit employed was 0.75 mm
wide, with foreshortened width of 52 microns at the short wavelength
end of the scan, and about 100 microns at the long wavelength end.

The wavelength increments covered by the slit were 1.5 A and 3 A at

4 1




wl,

PHOTON FLUXES, ®(x ,ax ,h), IN PH CM™2sEC”

B
200 —
_J
s _
pv4
Z
w150 —
2
—
-
P _
B Q ASCENT B
® DESCENT
N 790 A .
‘00 p— —
gl n T N A L1
5 10 50 100 500

EXTINCTION COEFFICIENTS, 1 (X, & ,h), IN1078cm™!

| | 1 | l lLlJl
10 50 100

PHOTON ABSORPTION RATE DENSITIES, a( X, &), h) IN PR CM™2sec””

FIGURE 14. Flux, Extinction Coefficients, and Absorption at 790 A
(Atter L. A. Holl et al., 1962)
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FIGURE 16. Density by Atmospheric Absorption of Solar Radiation
the short and long wavelenzthh limits, respectively. Tispersed radis-
tion passing torough the exit slit in apy position was invtercepted

by a photomultiplier with a 3.5 irnch lcng semiconduztive
The photomultiplier cutput was input to a pulse anplifier to counting
circuits, with overall gain so adjusted that a variaticn in gein over
a factor two would cause a change in counting rate of only S percent,
The count accumulation was read out continuously in 32 steps in the
0 to 5 volt d.c., range of the telemetry. Readability of the flight
record had a high spead upper limit of twe megacycles. However,
since the chosen entrance slit height of 8 mm limited the gxpected
counting rate for the i, II resonance line to about 5 (lO)4 sec-l,
dead-time correctiors were not regquired for most ¢f the observed
counting rates, with the exception of the Hydrogen Lyman alpha line
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with counting ravte 2.7 (10) sec—l. Hdall =t 31, (12%2) estimate that
the “estimatec error™ ¢ the absolute photoelectric yield of the
turgsten reference electrode is :£190% in the wavelength range 536

To 1215 A, and £15% tc +£25% in the range 25C vo 536 A. The "estimated
arror” in quantitative ccmparison of the response of different
t

¢ is nzck smaller thain the errors listed above,

An alternative tc the grating monochromator and photocell

combination described above is the use of narrow-band photon-

counters or iorization chambers. The technique ¢f preparing such

el L

detectors has been described by Chubb and Friedman (195%) and by
Grobecker (1%67).

W,

il b 22

The described ior chambers, typically, have an outside diameter

of 1 inch and are 1% inches long. Each chamber has an end window

i ik,

acting to filter out short wavelength radiation, and each has a
gas filling. The ionizirg potential ¢f the gas f£illing sets the
upper limit of the detector's wavelength response, ¥Windows for E
narrov-band ion chambers in the soft x-ray region are made by

coating Mylar film with sufficient thicknesses of metal and using

the abeorption characteristics of the £illing gas as part of the

Lt athe, adbaeetfibh sk

window func<icn, For windows of icn-chambers in the ultraviclet

region, at wavelengths greater tharn 1200 A, sclid crystals, such

as LiF, 5aF2, etc. are used.

< hulid

The fractional uncertainty of measurements of flux using ion-

A Vadlib bt

chambers is about the same as those made using monochromator and

photocell combinations, approximately ten to twenty-five percent,

e

L

as okttaired by rocket borne measurements described by Grobecker (1969).
VEHICLE aND SYSTEM CONSIDERATIONS

The orbit characteristics of the satellite vehicle for the
instruments used to measure the absorbed solar radiation mav require

il

a detailed study for optimization of coverage, spacing of profiles

and the like. A notable distinction of the solar absorption measure-
ments from the atmospheric emission measurements is that the former

may be accomplished only over vertical profiles aft each of two discrete




positions along the wath ©fF tne satellive, To a corntinuc:s

swathe slonT Ui Srilt oF ©hs satsllise m

TSIV nUS .,
D¢ course, both types of measurement may conrceivably be made from

the same satellive vehicle; however, the dava output of solar absorp
tion profiles, not continuons along the orbit path, is much smaller

thar that of atmospheric emission proriiles.

:n example c¢f the covarage obtainable is illustrated in Fig, 17.
One set of five satellites having crbits (rumbers 1 te S5 cf the
figure) chosern to inrersect the terminavor with a large angle Letween
the orbit path and the terminrator, at latitudes evenly spacel between
the ecuator and the pole, are launched with a common ascending node.
i second set of four satellites (numbers 6 to S inclusive in the
figure), are launched in orbits having similar inclinations, but
with a common ascending node displaced 90° from that of the first

sct, 1Y the nmi (272 km), the perics

i
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Simple geometric considerations lead to the icllcwing character-
istics of the volume of atmosphere preobed by the technigue, The

angle of the earth's horizen below the herizental plane of a satellice
at altitude of 200 km is about 3 degrees. The path length from the
satellite to the point of earth tangency of the line of sight is

about 34% lun, The distvance subtenrded by the half degree diameter

ol i sun at a Jdistancs of 343 ¥m i< about 2,78 km, wnich Is the
value of the verrizal anag wmericional-norizontal
of the atmosrtheric volume cbserved. 7The dimension, in the earth-

f the observed atmospheric volume, or the path lengch
within one atmospheric scale height of the nominal tangent altitude,
is about 410 km. In short, the observations determine the average
density in a volume of the atmosphere which is about 345 km in the
directior from the satellite to the sun, and of dimersiocns about
410 wm along the sun lines, and 2,7S5 km normal to the sun lire,
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FIGURE 17. Satellite Orbit Intersection with Effective Solar-Terrestrial
Terminator




Jars and Venus (&, Kliore =zt &l., 1%€S &ra 1987).,

summarizes considerations reviewed in the following paracraphs dealing
s

OCCULTATICE CF SATELLITE-TC-SATLLLITE TRAKSMISSION

£ techrique for the determination of dercity in the lowsr Tropo-

spnera 1s the coherent micrcwave occultation systemr dascribed by

154

B. Lusignan et ai., 1%65 enct 1%69, &

1
NASR Meriner spececrait in thée measurements c¢f the atmospheras of
(
B characterizatiorn of the tachniques is given in Fig., 18, which
[
in turn with tha basic theory, the sstimare
siderations,

The occultation effects have been desc: iLed py Lusignen et al

1969, in terms of a basic Jecmetry illustratsd in Fig, 19
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lites in the same orbit are spaced s¢ that the radic wa
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to the other pass throuzh the atmosphrers, TIn the atmesphere the radio

waves propagate with a velocity given by

(9]

{3.1)
where ¢ is the speed of light ia vecuur, ard n, the refractive index
is given by

The refractive moduius N is prcportional tc the air density and water

vapor density, as described in Volume II, and giver by the relaticn

N = 0.223 2 & 0,774 o, 4+ 1.75(10)° =% (3.3)

where P_ is the density of dry aiv in ¢v o3, o,

water vapor and T is the temperature in dearees Kelwvin,

The changes in refractive index have two zffects cn the radic

waves: an apparent increase in path lerath due te retarcaticn or




shortening of wavelongtiv along tive path and o bending of tho path e

to 2 gradient ot the Iix normal to the path., Roth ef-
cCrCs combine Te gl notween satellite (gt is longer
Thalh The Trod spélo

PRINCIPLE OF OPERATION

@ BENDING AND PHASE CHANGE OF MICROWAVE IN OCCULTING ATMOSPHERE = f(p, T, X)
o PATH LENGTH (X) DETERMINED BY GEOMETRY
® DETERMINES DENSITY (p) AND TEMPERATURE (T)

UNCERTAINTY OF MEASUREMENT  (Theoretical, with no experimental authentication)
® DENSITY OF AlR: 0.1%
® DENSITY OF WATER VAPOR: 1%
& TEMPERATURE: 10%

COVERAGE IN VOLUME
® AVERAGE OVER VOLUME 500 KM x 1.3 KM x 150 M
® SEVEN SATELLITES IN GROUP DETERMINE DENSITY AT 6 ALTITUDES FROM 2.5 TO 20 KM
o TWENTY-ONE SATELLITES MAKE DAILY SAMPLE ON 1000 KM GRID

STATUS OF DEVELOPMENT
® SYSTEM SPECIFICATIONS STUDIED; ERRORS ESTIMATED
e EVALUATION OF COMPUTATIONAL REQUIREMENTS INCOMPLETE

RECC'AMENDATIONS
® INVESTIGATE FEASIBILITY OF A 7-SATELLITE DEVELOPMENTAL EXPERIMENT TO MEET NEEDS OF

NUMERICAL WEATHER PREDICTION, RADIO COMMUNICATION AND BALLISTIC WEAPON
TARGETING. THIS MAY BE DONE BY CIVIL AGENCIES.

REC 1
REC 2. _&
REC 3 &

REC 4 L
/Q‘r—

g A
REC 6 A7 EARTH \

MICROV:AVE SATELLITE-TO-SATELLITE QOCCULTATION

[ TRANS

FICURE 18. Measyrement of Microwave Satellite-to-Satellite Occultation for
Density at 4-20 km
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h = ALTITUDE CF MEASUREMENT
h - ALTITUCE OF STRAIGHT-LINE PATH

g - DEVIATION QF TRUE FRCH IDEAL

FIGURE 19. Basic Geometry of Occultation Measurement
(After B, Lusignan et al., 1969)

Tre matrematics of the inversicn have beer described
by G, Fjelbo and V. R. Eshleman (13568} and

Anderson (19628),

Lusignar et al. (196%) describe

based on Fermat's principle that

magnetic ray through a refractive medium Is such th

j%ds is a minimum. Referving to Fig. 19, the intecral equati

radius r, the distance from the earth's center

path, as a function of the angle § , measured from the certer of
1

the ray path, is given by

i 1%
. r(5) n(x(e) © A -
r(s ) = r(s) | =X == - ’-J d3 (3.43
.[O v .
where r is the alcitude ¢f the ray at the tangent point 5_ = 0.
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The integral !hds along the path ds = (r d6 + dr) gives the total
phase path length cf the ray.

Lusignan et al.(1969) suggest that the experimental behavior
may be crudely perceived from an analytical solution assuming spherical
symmetry, small bending, and constant scale height in the atmosphere,.
The assumption of scale height impidies that the density p is an

exporential function of height h:

-h (3.5)

N =N_e -h (3.6)

where the subscript s implies a value at the earth's surface.
The following approximate equations follow from the assumptions:
Total bending angle
L
e(h) = (2 x 107N e h/H R oH)? (3.7)
Total excess path lerngthn

P(h) = AR(h) + AL(M) (2.8)

Excess path length due to retardation

AR(R) = (2 % 10'6)Nse'h/H(1-.seH/z)’2 = He(h) (3.9)
Excess path length due to berding
LR = R_e(h)/4 (2.10)

Difference in altitudes of closest approach of
bent and unbent rays

)
-~
(N

=
=
~
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where
W, = suriace refractivity

R = dis

«T

ance Ircm the earth's center tc the ray
H = atmosphere's scale height
= closest aprroach cf an unbent ray

h = clesest approach of the bent ray

The radio system of the satellites measures the path length
within about one half wavelength (or 3 cm). A continucus radio wave,
transmitted from the master satellite * - the repeater satellite, is
retransmitted phase coherently back to che master where the received
and originally transmi.ted frequencies are compared. A difference
in transmitted and received frequencies is a "Doppler frequency,"
recorded on a counter in the master. Since at a frequency of 5 GHz,
each wavelength is 6 om long, the system has an uncertainty of one
way Path length of 3 cm. The total effective path length change is
indicated as a function of alcitude in Fig. 20, from which it may
be inferred that the uncertainty of 3 cm represents a fracticnal
uncertainty of 5(10)—5 near the surface to about 3(10)-3 at 20 km.

Measuremert of a 3 MHz signal modulating the 5 GHz, with an
uncertainty in phase of 4 dearees, vields a separate indication ¢f
one-way path length,

In passage through the atmosphere, the radio waves are influ-
enced by the air in a volume indicated approximately in Fig. 21.
Thie cross sectior normal to the ray path is determined by the Fresnel
zone which in the horizontal direcrtion has a dimension of about 1.3 km.
In the vertical direction the gradient in the atmosphere, contributing
to the change in path length, shrinks the effective Fresnel zone to
about 150 meters, Along the path, the atmospheric effects decrease

mainly as a result of the radio waves leaving the atmosphere, with
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the resalt that 759 or Che: b

ciditg and retardation oCcur cover a

horizontal distarce of 550 wm,

_ ~— R P B
the sacclliites. Once This r

and phase defect

Eas. 3.7 to 3.1% inclucsive, 3s the
ath length, the bending
osest approach also increase., cr oa
ignan's (1362} ray tracing program is
rocecduire tc find the ray that reaches
ay ic identified, its starting heidght
1

caiculated. Fi shows the total

o N

f surface atmospheric

Fcr the Zllustra<tion cf Fig, 22, the
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The oblateness ¢if the earth's surizce, knowr with uncertainty

less than 74 meters, is suci

‘rom the scherical rfrom the

1 thaT mear sea level variez about 20 km
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FIGURE 22. Phase Defect Ver~ Surface Pressure for Fixed Satellite Separations, Ro
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several satellites, the oblateness must be considered so that the
measurements may be made at a userul set of altitudes. Shown in

Fig. 24 is the variation in minimum altitude measured from sea level
of =ach of a set of six satellites which pass from pole to equator.
Set 1, spaced to keep its rays above the atmecsphere, suffers the full
20 km variation. For rays in the atmosphere, the decreasing altitude

of the wider spacing is offset by increased bending and rise in ray

altitude, so that variations from pole to equatcr for.sets 2 to 6

are only £ tc 10 km,

The precise tracking information is derived by measurements
between the individual satellites, not from ground tracking systems
which have additional sources of error. However, determination of
the absolute ground projected position ¢f each pair of satellites
deperds uron ground tracking, with uncertainty of several kilometers

acceprable for the needs of numerical weather prediction,

The effectc of water vapor in the lower troposphere, given analyt-
ically by Eg. 3.3, is shown in the example of Fig. 25. The total
refractive modulus of dry air is . »wr as function of altitude, as
well as that of an atmospiere with the partial pressure, of water
vapor at the surface, of 1G.2 m bars. While water droplets ir clouds
considerably attenuate radio waves, they add less than 1 N unit to
the refractive mcdulus at altitudes 2 km and above ard conseguently

do not seriously affect the phase path length.

The iter vapor content of the atmosphere may be sensed by a
secord occulration freguency at an exact multiple of the primary
S5 GHz sigral near the water vajpor absorption near 20 CHz., Whether
the 20 CGHz signal has a different refractive index and consequently
a differert phase path, than tke 5 GHz sigral is currently being
evaluated,

t

Water vapor may affect the occultation system by offering
multiple paths for rays between satellites, with scintillations

strerg enough te disrupt the phase lock c¢f the satellite receivers.
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(After B. Lusignon et al., 1969)
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Tt is expected that scintillacion errors of this kind will af

orly rays in tne lowest 2 km ¢f the atmosphere,
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FIGURE 25. Total Refractivity as a Function of Altitude
(After B. Lusignan et al., 1969)

Radioc systems, penetrating the clouds, have potential for sup-
plying meteorological data not available from visual and infrared sys-

tems. In Fig. 26 is shown the average occurrence of clouds at various

N o R o 0 S .
altitucdes between latitudes 41  and 77 over Russia during the years
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11, 1%&8). 3Also plotted in

ith correction Ior watey vapcr as low 35 2.5 km.

a
bility of the microwave occultation system, anticipated by Lusign

a
19589), clearly effective from 20 km cown to 5 km and possi
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FIGURL 26. Probability of Clouds Versus Altitude
- (After B, Lusignan et al., 1949)
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In Fig, 27 is shown the gricé of vertical sampies obtainable each

twelve hours with three cocultations systems, cach consisting of
3

b

4

C

T
¥4l

master and six repeaters (Lusignan ¢t él.,
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FIGURE 27. Grid Spacing with Occultation Satellite
(After B, Lusignon et al., 1949)
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In summary, a pair of satellites in thz same earth orbit, but
. PR e I \ . . R - s R
separated about 607 in phase will have a radio path hetween them that
intersects the strmosphere conTinucusly. With 2 <coherent transponder

between satellites at a “requencty of 5 Gz, charges ¢ 2 ¢ in the

(92

phase path can be recorded, giving theoretically 3 sensitivity to

cnanges in atmospheric density ©f better than 0,001 in fractional

uncertainty of censity. With a set of seven polar orbiting satellites
to sense density st five levels in an altitude range 2.5 t¢e 20 km, in
gach of three systems, samples of density may De taken over a hori-

T
zontal worldwide grid of spacing less tnan 1IG0 km, twice caily.
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SATELLITE DECELERATICH

The effect of aercdynamic drag or the orkit characteristics of
satellites beccmes important for military applications that require
orbits with a low perigee altitude (say, 10C nmi). The aerodynamic .
drag at satellite velocities at such altitudes has a significant ef- - {
fect on the life of the satellite in ordit, which can b= expressed as
a functicn of the ballistic parameter of the satellite Wi/CpR), the
orbit eccentricity, and the perigee altitude, For a typicsl orbit
eccentricity of 5x10"2 and a given bgllistic parameter, the life of

the satellite in orbit decreases by nearly three orders of magnitude

as the perigee altitude drops from 400 nmi (i,e., TIRCS satellite) to
100 nmi. This drastic effect ¢f aercdyrnamic drag cn the life of satel-
lites at low altitudes has alsc impcrtant implications when determining
the positicn of a satellite in low &ltitude crbit,

leasurement of the deceleraticr of the satellite by means of
accelerometers within the satellite itself is a techniqua for in situ

tellite altitudes., Chérac-

-

determination cof atmospheric dernsity at

sa .
terizaticn of the technique is given in Fig, 28 which summarizes con-

{9}

siderations discussed in the followinz p

Cs
0

ragraph

L

The eerodynamic drag force on the surface of the satellite (D) is
a function of the ambient density (p), the satellite velocity relative
to the ambient medium (Vs)’ the drag ccoefficient of the satellite (CD)

and the frontal area of the satellite (A), i.e.,
N o — L ~ n
D= %p VS LDA (45.1)

where % o Vg denctes the dynamic pressure, and CD is the drag

coefficient fecr free-molecule flow. Since trhe ambisnt density at

altitudes above 80 nmi depends also on the variability of solar

W

phenomena, the accuracy in the determinaticn of the life and position
of a satellite in low altitude orbit depends cn the accuracy in the

e




PRINCIPLE OF CPERATION

o DECELERATION OF SATELLITE IN ORBIT =¢§ |(p) ond (V, C,, A) .
atm d vehicle

e "DRAG FREE SATELLITE", WITH ACCELERATION CONTROLLED PROPULSION, FLIES IN ORBIT
- NPERTURBED BY DRAG

» VELOCITY {V), DRAG COEFFICIENT (Cd) AND DRAG AREA (A) OF VEHICLE ARE KNOWN

o DETERMINES DENSITY (p)

UNCERTAINTY OF MEASUREMENT

o DENSITY: 100

o RELATIVE DETERMINATIONS HAVE ERRORS LESS THAN 3%

COVERAGE IN VOLUME

e DENSITY MEASURED BY SATELLITE IN SITY

STATUS OF DEVELOPMENT K

e ACCELEROMETER DEMONSTRATED IN OVI-15, OV1-16 AND OTHER SATELLITES

e "DRAG FREE SATELLITE" PROPULSION SERVO DEMONSTRATED IN LABORATORY

RECOMMENDATION

o DESIGN AND TEST SATELLITE INSTRUMENTED WITH ACCELEROMETERS FOR NEEDS OF
LOW ALTITUDE SATELLITE ORBIT PREDICTION, USEFUL FOR RV DISCRIMINATION
AND RADIO COMMUNICATIONS

SATELLITE DECELERATION

FIGURE 28. Measurement of Satellite Deceleration for Density at 100-300 km
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krnowledge of the variebility of the ambien% density at a c¢iver
ltituoge above 20 nmi, The variabilicy of the a-bient density at
such zltitudes can be detevmined from weasursients of the drag force,
tha satellite speed, the craz cceificient and the frontal area of

the satellite. The accuracy in the determination of sach of these
paranaters 1is described below.

The aercdynamic drag fcrce cn the satellite can be measured
instantaneously by using a low -g accelercueter capable of detzcting
acceleraticns of the order ¢f 1T s. A requirement for such low
decelerations levels bring adou
accelerometer in orbit. T 5

ccelerometer that is supperted by elscircst
accalsrometer is calibrated by wcunting it o
proviced by & ncn-spinning zatellite a
calibration of the accelercmeter recuires det
facter and bias of the instrument as 3 runction of time during the

measurement of the aervodynanic dra
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by meunting the accelerometer on a rcteting table within the satellit
Since the angular spesd of the rotating table <an be varied from zero
te about one revolution per minuts, it is possible tec obtain
accelercmeter cata (during every 2048 seccends) for the foll
conditions: (1) rotation at e fixed an r
(2) rotation at a fixed angular speed equal t
(3) no rctation while the zensitive axis of the acceleroreter points
forward (towards the nose of the satellite), and (4) no retation,
nsitive axis aft. The scale facter is determined Irom the average
ccelerometer output of the two rotatinu modes, while the bias is fixed
from the accelercmeter output ¢f the two ncn-rctating modes tcgether
with the scale factor. Results describsd in Appendix B indicate good
stability of the bias and scale facters in the calibraticn of the

accelasrometer over €7 Orbits., Tre sensitivity ¢of ths low -g acceler-
(
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ometer to 10 a's provide measurea;

at low orzit alcitudses to within 1% {Ze3Sra, 137:89) .
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The speed of the sstellite relative to the ambient medium
depends on knowledgs of the moticn of bcth the satellite and the air.
The principal uncertainty in this relative motion is due to the
presence of winds, wnich may be ot the crder of about 200 ft/sec at
very low satellite altitude {say, 75 resi). Hence, the uncertainty
in VS is approximately % and that in Vf about 2% (DeBra, .1969).

The frontal area of a non-spinningAsatollite may be measured
with uncertainty less than 1%.

In terms of the above listed uncertainties, the relative error

in CDp may be written

2 2 2 21k
eEEEEz = €L£E§E%> + (A28} «+ eg§ - 4 é!) {(4.2)
C F/m m Y v re

P

and is less than three percent.

The drag coefficient of a satellite in free-molecule flow depends

on the accommodation ccefficient, the distribution of the reflected

gas molecules after impact and reemission from the outer-most layer

on the surface of the satellite (i.,e., points, chemical deposits, etc),
and the body shape. The accommnodation ccefficient (a) indicates the

degree of energy transfer between the impinging gas molecules and

» such outer layer of the satellite surface, i.e.,
E
_ i T
Q= F—E (4.3)

| where Ei denotes the average kinetic energy of the incident gas mole-
cules, Er that of the re-emitted gas molecules, and ES the kinetic
energy corresponding to the temperature of the outer layer of the
satellite surface. Tre accommodation coefficient also depends,

1 therefore, on the ratio of the mass of the incident gas atoms to the

mass of the atoms in the outer layer of the satellite surface. The
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iicstribution of the reflected gas molecules is characterized by its

two extrsme mechanisms, i.2., spoculdar and diffuse reflections, Specu-
lar reflecrtion occurs when the angle of reflection of a particle is
equal to its angle cof incidence, while diffuse re-emissior takes

he Knudsern cosine law,

place according to inzlly, the body shape

t
does rot inuroduce sigrificant charges in the drag coelificient fcr
as the average erergy of the rerflectad particles

free-moclecule flow
Er is cecntrolled by the temperature of the outer surface layer, i.e.,

as E_ aporoaches E or 4 approaches 1.0,
r < s [e3 I

Theoretical and experimentzl results for satellite applications
indicate the following tronds concerning The parameters controlling
the level of the drag coefficient fcr free-molecule flow (Cock, 1965):
{1) the accommodation coefficient at the surface of most satellites
probably exceeds 0.8 at low satellits altitudes (say, below 200 nmi)
at all times of the day and fcr all levels of sclar activity; (2) the
exact distribution cf the reflected molecules is unknown, and it is
probably best to assume diffuse re-emission until further experi-
mental data are available., Fortunately, for accommodation coefficients
near unity, the drag coefficient is rnot particularly sensitive to the
distribution of the reflected molecules and little error will ensue
from assuming an incorrect distribution; (3) the effect of body shape
on the drag coefficient for free-molecule flow is alsc negligibly
small as the accommocdaticn ccefficient approaches unity; (4) the
effect of altitude on the drag coefficient for free-molecule flow is
negligibly small f:: sateliites in low altitude orbits (say, less
than 200 rmi); and (5) the value of the drag coefficient for free-
molecule flow used in recent years (i,e.,, Cq, = 2.2) represents a
c20d estimate based on current knowledge, but it could be low by as

rmuch as 10 to 15 percent.

Experience with U, 8. satellites in determining atmospheric
crometer measurements 1s cescribed in Appencix B, The
resulils ¢f OV1-15 and CV1-1o satellite experiments have been dedcribed
by Champion (1%0%), Champion, Marcos anc lricisasc (1959) and Champion,

Marcos and Schweinfurth (1%e8),
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Tne forego

[

ng considerations indicate that the variability of

FIRA

the ambient density at low savellite altitudes can at present be
measured with an uncertainty nearly equal to that cf

t
cient, i,e,, to witnin an r.m.s. error oY 10 to 15 percent (D

Al

The satellites OV1-15 and CV1-15 for determination of density by

TRTVITE

cdirectly measuring crag decelerations have been launched in polar

oroits of perigee altitude about 2CC km, From the initial altituce,

Wk

|

“drag decay of the small eccentricity crbit has resulted in perigee

Db

altitude reduction to less than 150 km in 30 to 6C days. Satellites

il

in highly eccentric orbits or with large mass to drag area ratios may

nave lifetimes of a year or more. A large number of such satellites ;

i

would be required to give coverage required for use systematically as

regular inputs for purposes of computational simulation.

A more complicated variant is the "drag-free satellite," which
has a self-contained propulsicn unit servo controlled by the satellite
accelerometer to maintain the orbit unperturbed by drag decay. Life-
times of a year for a "drag-free satellite" in a circular orbit may be
practical. If operated in a circular polar orbit, 12 "drag-free satel- 4
lites" would provide data for one altitude continuously along the
orbital paths separated by a maximum distance of about 1600 km. Even

. . s . a .
two satellites in polar orhits of large eccentricity, 907 separation
c :

Ll

of ascending nodes and 20 differences of perigee latitudes will yield

useful data (Champion, 1962),

i
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DUST BACKSCATTER OF LASER TRANSMISSIONS

INTRODUCTION

Recent developments of laser technology, and the exploration of
the potential of the technology to develop atmospheric probes of
density, temperature, aerosol content and winds, have made exciting
strides. Although the techniques are not as yet fully developed,
there 1s a basis for believing they have distinctive potential capa-
bilities which deserve further development.

The special characteristics of laser atmospheric prcobes, now
commonly called iidars, are the demonstrated ability to detect
profilzs ¢f aercsel layers in ths atmosphere up to altitudes of about
10C km, the small divergence oif che laser beam (i,e., one milli-
radian) which can probe an area of transverse diameter oI 1C0 m at
10C km distance, and the small pulse duration of about 30 nano-
seconds, corresponc ing to a line-of -sight resolution of about 10 m,

A characterization of the technique is given in Fig., 29 which
summarizes considerations reviewed in the following paragraphs dealing
in turn with basic theory, non-coherent detection, coherent detection,

uncertainty cf rmeasurements and system considerations,
THECRY

Analysis cf the laser signals returned frcim the atmcsphere is
basad on the theory of Rayleigh scattering of light by molecules,
Mie scattering by aerosols and on the thecry of Raman scattering.
In theory in a dust-Ifree atmosphere, Rayleigh scattering leads to
inrormation describing density and temperature profiles. Goody
(1964) has summnarized the theory for Rayleigh scattering in the

atrmosphere,
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PRINCIPLE OF OPERATION

® LIDAR (A PULSED LASER, ANALOGOUS TO A RADAR) ILLUMINATES AND RECEIVES BACKSCATTER FROM
 AEROSOLS AND MOLECULES. ANALYSIS IS BENEFITED BY NARROW BEAM (0.4 MR), NARROW PULSE
WIDTH (20 NANQ SEC) AND NARROW BANDWIDTH (20A), AERQSOL AND MOLECULAR SCATTER
MAY 8E DISTINGUISHED 8Y RAMAN EFFECT,
UNCERTAINTY OF MEASUREMENT

® BACKSCATTER BY AIR AND AEROSOLS: 15% AT 20 KM; 100% AT 40 KM
® BACKSCATTER BY H,O:

5 5% AT 4 KM
COVERAGE IN VOLUME

® BEAM OF 0,4 MILLIRAD YIELDS RESOLUTION OF 120 M AT 300 KM RANGE
¢ RANGE RESOLUTION 1,5 KM

® SCATTER VOLUME 15120 M x 120 M x 1500 M

STATUS OF DEVELOPMENT

® DEMONSTRATIONS OF GROUND BASED LIDARS TO 100 KM RANGE WITH 5 JOULES IN PULSE OF
5 1 SEC SHOWS PARTICLE SCATTER SUPERPOSED ON MOLECULAR SCATTER

® DEMONSTRATION OF WATER VAPOR BACKSCATTER AT GROUND FROM ALTITUDES 0-4 KM

® RAMAN SCATTER OF LIDAR HAS NOT BEEN DEMONSTRATED

RECOMMENDATION

® RESEARCH TECHNIQUES TO DISTINGU!SH AEROSOL ( MIE) SCATTER FROM MOLECULE (RAYLEIGH )
SCATTER, INCLUDING RAMAN SCATTER BY MOLECULES
® DEVELOP HIGH POWER LASERS

—— ~
e S o
/’ /,// //:":/://: f > - - ‘?\‘,Q\\ i \\
/ . o S R
7z < SN

FIGURE 29. Measurement of Laser Backscatter by Oy, HyO, Dust for Density at 0~30 km
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The scattered irradiance I at distance R is related to the

ilit

irradiance IO of the incident beam of linearly polarized (in

direction & ) light scattered in direction € by an optically small

particle is given by

% - o (5 % (5.1) ;
o R? 3

In the scattering of linearly polarized light by optically small
particles, for which the condition 2 ma m' << by 1s satisfied,

Lostbio bl

where & 1s the particle radius, m' is the refractive index of the
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particle, and LN i1s the vacuum wavelength cf the radiation, the

angular scattering cross section may be written
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where m is the refractive index of the gas rather than of the
individual particles and n is the number nsity of particies, The

total cross section ¢ is found by integrating over all angles. 2

For air under standard conditicns and light of wavelength

ol n
6328 A, c(5;4) is 2.6(10)7%% cm®, Also, the scattering efficiency
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is very small for the molecules found in normal air

In scattering by cspheres which are not small compared with ) i
Q :
kes

-

the scattering is strongly forward directed, may have several lo ,
and varies less strongly with wave length than in the Rayleign case,

The theory of such scattering has besn worked out by Mie, so that

For a water droplet of racdius 1 wmicron, the scattering efficiency
e
A C

is a maximum, so that fcr wavelength €228

n

t . ¢ = 5= I (4ra) (5.4)
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is 1.3 (12)77 cm®. The aerosol particles of principal importance
in atmocpheric optics are those with radii 0,1 < o < 1.0 microns.,

In this range, according to Goody (1864)

i

o T af (11,7(10)* a - ©.67) G.1 < a < 0.2 misvons

i

g

ma® (- 3.3(10)* a+5.3): (.4 <a<1l1l.0nr crons (3.5

A third form of scattering, well known in physics but not yet
exploited in atmospheric instrumentation, is the Raman scattering
by molecular vibration, which is uniquely characteristic of the
scatterer and which radiates a scattered frequency different from
the incident radiation. Raman scattering represents displacement
from & critical line due to changes in polarizability of the mole-
cule during vibration-rotation, or rotation alone or vibration
alone. For example, for N2, the Raman scatter radiation is dis-
placed to a wavelength longer than that of the exciting radiation.
Tf the latter is 8583 A, the Raman vibration wavelength is 1.128
microns. Other displacements for N2 are due to interaction with the
rotation or combined rotation-vibration mode, and are much fainter in

amplitude to be observed in the far infrared (Herzberg, 1964),
If Rayleigh scattering only occurs in the atmosphere, tempera-
ture may be determined from the temperature gradient, using the

relation tetween scale height (the distance in which density varies
by factor e) and temperature.

Noncoherent Detection

Using Equations S.1 and 5,2, the intensity on the ground of
a pulce, scattered from a height range dh at altitude h, containing
NO photons in a interval t seconds is given by
sn NOT2 c

I = dh (5.6)
g t h2

where T is the fraction of light transmitted by the lower atmosphere,

Allowing for the finite duration t of the pulse, and integrating
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cver a time 1, the number of photons incident con a mirror of

diamezer D 1is

—
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If the guantum efficiency cof counting of the detector is ¢, the

number of photons actually countec is given by
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The relation (8) gives the count of photons to be returned by
Rayleigh scattering, and is the tasic eguation by which the per-

formance of a lidar sequipment may be svaluatad,

Eguation 5.8 gives the parameters to 2 considersd in writing
specifications for a lidar. Those which may be varied include
wavelength ), the diameter D of rhe receiving mirror, the inte-

gration time 1, the number of phctons transrmitted N, and th=

The transmissicn T ol the atmcsphers must &ls0 b2 takesn inTo account
since it is wavelength depsndent

Choize of wavelength should consider the inwverse proportion to
the fourun power of the wavelength ¢f the sca c

€
¢ and that the quantuwn ertrficiency ¢ of tThe Zetector iz greater for
m

shorter wavelengths.

mission T cdecreases as the wave length gets sherter, The optimum

wavelength seems to ke betwszen 0.4 and C.> microns With recent
experiments, however, the choice of wavelength hids LDeen dictated

by the fact that the ruby laser, operating at C.c24 microns, 1s the

most powerful and efficient of the high powsr pulse lasers working

in the wvisikle spectrun. The periormance ¢f lasors transmigtters

(o3}
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is currently developing rapidly,
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The limitation on the size of the receiving mirror used for

non-coherent detection under stancards ea

€N

s 3 £
1ier £han those of

astronomy seems only to be one of cost.

The number of phctons transmitted is directly proportional to
energy output. Clearly the highest available energy shculd be used.
In general, the basic lasing pulse is 0.5 to 1.0 millisecond. Such
length does not yield range resolution. A system of Q-switching,
involving a rotating prism, causes lasing to occur in giant pulses
of about 20 nsec duration. By such a means, a series of giant
pulses is obtaired which have a total energy of about S joules in
an overall duration of about 5 microsec at a repetition frequency
of about 0.16 pulses per second

The integration time for a single pulse depends upon the height
resolution required. A long integration times yields a larger
number of photons, but decreases the height resolution. A common
integration time is 1C microsec, corresponding to height resolution
of 1.5 km.

The quantum efficiency of photomultiplier tubes depends on the
type of cathode and the wavelength. The 8-2C response normally used
does not allow high efficiency at 0,6%4 microns. Typically the

efficiency is 3 to 6%.

Noise in an optical sounder can darise in twe ways: due to an
external source such as sky noise, or due to an internal source such
as receiver noise., Sky nolse is usually wide band, originating from
scattered sunlight in day time, and from starlignt, airglow, moon-
light and other minor sources at night, and may be reduced by use of
a narrow band optical filter in the receiving system. The bandwidth
of the transmitted signal is approximately 107° micron. Because
the insertion loss of optical interference filters increases rapidly
as bandwidth decreased, it ic practical to use a filter not narrcwer

than 2(10)72 microns (20 &). 8ky noise is further reduced by
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tricting the beamwidth of the laser system. The beamwidth of the

(n

re
laser itself, about 10 millirad, is further reduced by use of a
parabolic transmitting mirror. A 20 cm mirror reduces effective
beamwidth to C.4 miliirad

Noise from the photomultiplier is reduced by cooling of the
phctocathode, by use of & shutter to protect the photomultiplier
rrom the fluorescence of the laser after the

B
excitation of the cathode by intense lignt scattered by the lower

atmsosphere
Temperature regulation of the laser is required, to aveid wave-

length drift as the laser heats up from the energy dissipatec within

it. In gesneral temperature must Le stabilized to be within a band
~0

of atout 1T°C.

Examples of lidars in current use have been descrilbed by

Clemesha et al., 1%¢7, Ccllis cnd Lizda, 1%¢, Sanifcrs, 197, anc

Ccherent Detection

The coherence of electromagnetic radiation of a laser suggests
imnediately its expleitation in ways analogous to radar Doppler
measuremant, J, C. Owens (1962) has made & system analysis of
cptical heterodyne measurement of Deppler shifts as a method for the
remote determination of vector wind velcocity, by bistatic measure-
ments. Owens (196%2) technique, since it is bistatic and requires
that the unscattered radiation travel an optical path of egual
length to that of the scattersd radiation, is clearly not useful
for moncstatic measurements from satellites. However his compu-
tation of the maximum range attainatle in wind or temp=rature

measurement using aerosol or mclecular scattering is interesting.

Owens findes that the signal-to-noise power ratio of scattering from
scatte 5 of numter density n is given by
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IS—J= PO 8 nx® g (5.8 {(5.9)
hE 3

d

wherein S is power of received signal, N is power of noise, ¢ is the
guantum efficiency of the cetector, hy is the energy of a single
photon, PO is the laser transmitter power, B is the recsiver system
bandwidth.

v is the wavelength of radiation and d is the diamcter of theo
spnerical scattering volume. Setting the signal-to-noise ratio to
unity, and using the approximation for the diameter of the scatter-

ing volume tO be

(5.10)

= b

where R is the range from transmitter to scattering volume andé D is
diametsr of the receiving aperture, Owens (1969) finds that the

effective range is given by

R = 0
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Detector Efficiency ¢ = 0.05
Transmitter Powsr Po = 50 mw
Wavelength = ©328 :
Receiving Aperture D = 1% ¢m
Diameter
stem may be the following: for

Owens finds that ranges of such a sys
€

(gl
w

clear air conditions, using bandwidth E = 50 kHz, the rangs 1is

&

cm; and for fog, using bandwidth of 825 Hz, the range is 17% m.
Eecause the thermal metion of the molecules 1s much greater in
frequency broadening than the displacemsnt of the wind induced
Doppler e

, tha rangs calculated by sgsuaction 5.11 is 1.8(10)" cm,

wnich is to say the measurement of wind by Doppler is impessible,
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For similar reasons, Cwens finds that measurements of temperature

based on rRayleigh scattering are also infeasible.

OBSERVATICHS

,

Coyer and Watson (1968} have sumrmarized recert results of
observations of the upper atmosphere by lidar techriques. Figure 30
shows Goyer and VWactson's summary of the ratio of the total back-
scatter cross sections (molecular plus aerosol) to molecular back-
scatter cross section as a function of altitude, as measured by a
number of scientists including Bain and Sandford (196€), Clemesha
et ai. (1ltot, 137), riccece and Cclumke (1%sab), Fizcoo ang CGrams
(1964a, 1966), Fiocco (1965), Xent et al, (1967), Lishiker: et al.
(1965), and Grams and Fiocco (1967). &ll have detected the 18 to 20
km scattering layer, and a broad secondary scattering layer around
rd, 1S66

yers &s hign

@]

24 km, Three studies (Fiocco et al., 1G22, Bain and Sanct
a

and McCormick et al., 195€) have regcorted sc
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as 120 km, which others have challerged or the grcurds that the pcor
signal to noise ratio at the high altitudes could rot show definite

b

evidence,

Schotland (1965) has made use of the €94Z.152 water vapor
absorption line in an attempt to determine the water vaper absorption
proiile in the lower 4 km of the atmosprere. Since the half-width
of the line is orly C.1 A, the measurement required a shift ir the
wavelength of the laser radiation of only C.€ A, easilyv cbtained by
the temperature control of the laser rod. By measuring the ratio
R(z) of the return signal intensity in the absorption lire to that
outside that line, at discrere altitvudes, Schotland obtaired

qualitative water vapor profiles shown in Fig, 21

Uncertainty of Measurements

Collis anc Ligda (126€) have estimated the statvistical
variability in groups of ten lidar observations between 20 and 40 km
to be the Zollowing, in terms of standard deviaticn divided by the
mean: 0,15 at 20 kr, 0.25 at 25 km, 0.5 at 3Z km, ¢.7 a7 35 ¥n and
1.C at 40 km.
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FIGURE 20. Ratio of the Total Backscatter Cross Section ( Molecular Plus Aerosol )
to Molecular Backscatter Cross Section as @ Function of Altitude 3
(After Goyer and Watson, 1968)

Schotland (1965) has estimated the uncertainty of the data on

dlid 4

i
|
| water vapar in the atmosphere up to 4 km, shown in Fig. 31 to be
| between 3 and 5%.

It is reasonable to expect that the uncertainty of measurements
will depend on signzl to noise ratio, which will be smaller at long
range than at short range.

. BYSTEM CONSIDERATIONS

| The high power laser has been proven as a tool for probing the j
' atmosphere for total particle number density with fractional

uncertainty of about 0.15 and water vapor density, It appears to

20
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have potential as a probe for determination of density of other
avmospneric corponants and in particular aerosols. Chief limitation

on use of the technigue, in satellites cther than the incomplete

Nents, appears to be the inefficiency
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MOTION OF CLCUDS FRCM SETELLITE PICTURES

The wotion of clouds is to some extent a measure of the wind,
Such motion may be deduced from pictures of clcouds, made from camerss

in satellites,

A characterization of this techniague is given in Fig. 32, which

sumrarizes considerations reviewed in the following paracraphs,

PRINCIPLES OF OPERATION
e MOTION OF CLOUDS IN TIME SEQUENCE PICTURES FROM SATELLITES DETERMINES WIND

UNCERTAINTY OF MEASUREMENT
s WIND VELOCITY: 25%
® LIMITED BY IDENTIFICATION OF CLOUDS WHICH MOVE WITH AIR

COVERAGE {N VOLUME
® AT CLOUD HEIGHT (1-18 KM) ONLY

STATUS OF DEVELOPMENT
o DEMONSTRATED BY TIROS, NIMBUS, ATS

RECOMMENDATION
® SINCE TECHNIQUE HAS LIMITED UTILITY, LEAVE DEVELOPMENT TC GPERATORS AND OTHER AGENCIES

MNIMBUS

SATELLITE PICTURES OF CLOUDS

FIGURE 32. Measurement of Cloud Motion From Satellite Pictures for Wind at 1-18 km
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A series of successive pictures obtained from satellites in
geosynchronous orbit (i.e., in the equatorial plane at about 19,300
nmi altitude) can show in a global scale a rather continuous moticn
of given cloud elements over geograprhical locations under sunlight
conditions. The continuous motion of given cloud elements is
detectable under sunlight conditions because geosynchronous satel-
lites remain fixed relative to the earth. The motion of clouds*'
then becomes of interest because they can be used as tracers for the
determination of the horizontal wind field at mainly low altitudes,
since preliminary results indicate that the population of traceable
clouds has a distribution of about 60 percent below 5000 {t (850 mb),
30 percent between 300 and 200 mb, and 10 percent in other altitudes
(Pujita, 1969)., Proposals for the early GARP procgram would utilize
two kinds of high resolution instruments for the cbservation of the
cloud elements: (1) an optical scanner similar to the spin-scan
cameras used in the NASA ATS-1 and ATS-3 satellites (Appendix A),
which would provide daytime cloud trackirg with a horizontal resolu-
tion of 2 to 3 km with an accuracy for horizontal displacement of
about 1 kmj (2) a scanning infrared radiometer operating in the
8-12 p window region to measure the altitude of cloud tops with an
accuracy of +0.5 km (assuming a temperature profile and a uniform,
opaque cloud), and a horizontal resolution of 8 to 12 km with an
accuracy for horizontgl displacement of about 5 km, This IR racdic-
meter would provide pictures with a spatial resolution range (at
nadir) of about 8 x § to 16 x 16 km (depending on the optics) of
the disc of the earth, with a full picture available every 30 minutes.
This s .nsor subsystem would yield daytime wind data from cloud
elements that are larger than 8 to 12 km, but which have a detectable
structure of smaller scale, Since the nighttime wind data will rot
be as good, this subsystem is limited to daytime and cloudy conditions,

Measurements of horizontal wind profiles from cloud motion have
beer made using available pictures from the ATS-1 and ATS-3 geo-
synchroncus satellites. The spin-scan subsystem on these satellites
provides pictures with a resolution of ahout 4 km (Appendix A). The
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"cloud velocity" is obtained by the measurement of a cloud displace-
ment as derivecd from a sequence ¢f ATS photos (Johnson, 1967). The
suitable cloud elements are selected by avoiding clouds that do not
move with the wind, i.e., (1) orographic clcuds, (2) cumolonimbus
clouds (3) clouds that are related to the phase velocity of hori-
zontal-transverse wave motions, (4) clouds with a rapidly changing
structure at their boundaries, ard (5) clouds in the area of jet
streams where the windshear is rather large. The cloud displacements
have been measured by using a stereoscope and a plastic measuring
device called a "stereo wind graph.” Two pictures properly positioned
under the stereoscope allows one to measure the change in cloud
position accurately. The reduction of cloud displacement to cloud
velocity requires the following considerations: (a) the scale of

the photographs as cbtained from the relative dimension of the

earth's picture image diameter to the earth's diameter; (b) recti-
fication of the geometry, since one is loocking at the projection

of an oblate spheroid on the flat plane ol an ATS picture; (c) cor-
rections for aspect ratio, which is the ratio of oblateness introduced
into the printed ATS picture from the deflection of the electronic
beam in the display print system, The picture elements are "squeezed"
together so that the picture is printed oblately; and (d) print paper
distortion introduced by paper stretching during the developing
process. The resulting cloud velocity values can then be compared
with radiosonde wind measurements by assuming that the clouds move
with the wind field. Since the altitude of the clouds in the ATS
pictures is unknown, the dew points determined from the radiosonde
soundings were used to fix the levels of the clouds.

A comparison of the direction and magnitude of the velocity
vectors for the cloud motion derived from ATS victures with radio-
sonde wind data for 61 observations has been made by M, H, Johnson
(1968) who indicates the follcwing results: (1) the standard devia-
tion between the direction of the cloud motion and the radiosonde
wind data is 15 deg for wind velocities that are higher than about
4 m/sec (see Fig. 33); and (2) the standard deviation between the
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macnitude or the cloud velocity and the radiosonde wind data is 2.2

m sec”t (see Fig. 34). The fractional uncertainty of wind estimation

from about 0.25 at 15 m sec & to 1.0 at 3 m sec L. Comparable
£ and L, Yhitrey (1969) and
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hawve been reported by L. F. Huber
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FIGURE 23. Distribution of Directiona!l Differences Between Observed and
Calculoted Wind Directions ( After M. H. Johnson, 1967)

The use of
& rotation of a cloud field promises an improvement over the tech-
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niques based on comparison of the cloud pcsitions with terrestrial

references,
The foregoing results from ATS picture cdata indicate that obser-

s from geosynchronous satellites of the motion of selected

5 short time can yield the horizontal wind velocity at

The horizontal wind field derived from ogzosynchronous

lite pi-ture <ata by itself lacks the accuracy required for the
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long-range

from 2lcug

forecasting of the weather., However tne wind data derived

pictures sppear to be valuable as one form of initial con-

dition Input to the computational simulation of wind fields.

CALCULATED WIND SPEED
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TRACKING OF BALLOONS FrOlf SATELLITES

The measurement of the displacement of constant-level satellite
tracked balloons is a technique for the direct measurement of wind,
which seems to have great promise.

A characterization of the technique is given in Fig. 35 which
summdrizes specifications and performance to be developed by the
5 Global Atmospheric Research Program, an international collaborative
effort which is receiving considerable support within the United
States. The detailed description cf the the program has been de-
scribed in detail by Bolin, 1967,

Components of the balloon system have been partially demon-
strated, The first satellite system tests are scheduled for NIMBUS-D
in 1970-71. However, since the technique appears to be receiving
great attenticn from civil agencies and the system of balloons also
seems t¢ have great militawy wvulnerability, it is reccmmended that
the major tasks of the development be left to the civil and inter-

national agencies,
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PRINCIPLE OF OPERATION

® BALLOONS AT CONSTANT DENSITY LEVEL ARE TRACERS FOR WINDS, WITH DISPLACEMENT MEASURED
FROM SATELLITE BY DIFFERENTIAL DOPPLER OR EOLE RANGE RATE MEASUREMENTS,

UNCERTAINTY OF MEASUREMENT

LOCATION | FRACTIONAL

LOCATION TECHNIQUE ERROR I WIND ERROR WIND ERROR
RANGE/RANGE-RATE SYSTEM 1-2KM | 0.15-0.3 MsEC-) I os- %
DIFFERENTIAL DOPPLER 10 KM 2.5 MSEC™! IN 90 MIN 25%
1.3 MSEC™ IN 2.4 HR 13%

COVERAGE IN VOLUME

© 10,000 BALLOONS AT 200 ME (10-15 KM ALTITUDE) WITH LIFETIME | YEAR YIELD ONE MEASUREMENT
PER DAY ON 400 KM GRID IN ZONE 60°N - 60°S

® 5,000 BALLOONS AT 800 MB (1 KM ALTITUDE) WITH LIFETIME 20 DAYS YIELD ONE MEASUREMENT PER
DAY ON 430 KM GRID IN ZONE 30°N - 30°S

STATUS OF DEVELOPMENT
® BALLOON DEMONSTRATED BY U, S. AND FRANCE
® LOCATION SYSTEM EOLE DEMONSTRATED IIN AIRCRAFT; DIFFERENTIAL DOPPLER NOT DEMONSTRATED
® BALLOON ELECTRONICS AND POWER SUPPLY DEMONSTRATED BY EOLE
® FIRST SATELLITE TESTS NIMBUS D 1970-71

RECOMMENDATION

® SINCE MILITARILY VULNERABLE, LEAVE MAJOR DEVELOPMENT TO CIVit. AND INTERNATIONAL
ORGANIZATIONS
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SATELLITE-TRACKED BALLOONS

FIGURE 35. Measurement of Displacement of Satellite Tracked Balloons
for Wind at 1 km and 10-15 km
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WJIMERICAL METHODS AND COMPUTER STMULATION

A review of Techniques for measurements from satellites indicates
that wind may be determined explicitly by utilization of balloon-

tracking sateliites together with satellite TV-like observation cof
cloud motions, However, these techniques appear tc be marginal as
‘udged »oth on thenretvical jrzounds and from the results of past per-
formance, An alternative to such explicit measurement techniques is
the implicit determination of winds by ccmputational simulation of
atr-~spheric moticns, and a discussion of such an approach forms the

centent of tne present section,

Orie application cf computers in a simple form is the use of
temperature data as determined by TIROS satellites in the mid-latitude
field for the estimation cf velocities utilizing the geostropic wind
equaticn as described in Volume IV.  The errcr in using the approxi-
mate geostropic wind equation results in uncertaintites of the order
of 20% in the wind, a figure which is adequate for many purposes (for
example in airline flight rcuting), but in others, such a numerical
weather prediction, the geostropic approximation is clearly quite
inadequate,

A further important exploitation of computation simulation is
Tne prediction ol clouciness. In view of the importance of albedc
variation in weather processes, the variability of cloud distribution
is @ most significant contributor to the variability of winds in the
troposphere. Experiments in the prediction of cloudiness have been

uncertzken by Xasanhara and his associates at NCAR, Boulcer, Colorado.

The global simulation of the atmospheric circulation in the upper
atmospnere for tne implicirt determination of winds using a full set

of

atmospheric input <¢ata has been suggested by Murgatroyd (1968).
The success of such simulations for the lower atmosphere (the tropo-

sphere) in the last few years lends credence tro the belief that this,
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ruch larger tack (which must include the t¢ropospheric simulation as
part ¢f the total) can indeed be accomplished, To indicate the nature
of the protlems +o be faced in such & project the remainder of this
section will Le gevolad te a brief summary of the basis of the nuwrer-
ical proarams that are used today for global weather and climate
simulations, together with an indication of the types of difficulty
that have beern gvercome in their implementstion, and will conclude
with an esrimatz of the scope cr the corresponding numerical proble:n
for simulavicn cf the complete atmosphere from 0 to 200 km,

A characterizaetion of the technique of computational simulaticn
of the atmosphere as a means of determining wind at all altitudes is
given in Fig. 3%, which summarizes consideraticns discussed in the
following paragraphs dealing in turn with c¢ifferential equations for
tropospheric sirmulation, finite difference forms and stability,
nonlinear effects and stability, btoundary conditions, characertistics
of current trepospheric numerical simulations, and the extension from

currant tropespheric simulations tc simulations of the clobsl upper

atrmespheric circulation,

Differenrtial Equations for Tropospheric Circulation

until the advent of high speed computins techniques, attempts
to sclve the mathematical preblems of atmospheric motions were based
on ¢ross simplificaticns cf the governing equations, several of which
have been discussed in "Hydrodynamic Theory of wWave Motion in the
Troposphere” of Volume IV. Today, with the aid of rapid computaticon
capability, a much more complete and satisfactory set of fluid dynamic
equaticns can be tackled, The commonly accepted formulation that is
believed to he quite adequate for describing tropospheric ceonditicns

(i.e., weather) consists of the compressible Navier-Stokes equations

with the following assumptions:

a The planetary ctmespheric layer is thin compared
with the earti's racdius,

b. The horizontal component of the Coriolis force {€.1)
is neagligible,

¢, The hydrostatic equation hclds,
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PRINCIPLE OF OPERATION
® CONTINUITY EQUATIONS { MOMENTUM, MASS, ENERGY ) ARE BASIS FOR WINDS = f(p, T, ENEXGY,
POSITION) IN TROPOSPHERE, AND MORE VARIABLES IN UPPER ATMOSPHERE
® ALL REQUIRED INPUTS ARE DETERMINABLE BY SATELLITE ON 300 KM, 3 HR GRID

UNCERTAINTY OF DETERMINATION
® WIND: 25% ( GEOSTROPHIC APPROXIMATION IN MID LATITUDE TROPOSPHERE ); <<25% (PRIMITIVE
EQUATIONS) FOR TROPOSPHERE; LARGER FOR UPPER ATMC SPHERE

COVERAGE IN VOLUME
e GLOBAL, OVER ALTITUDE RANGE 0-300 KM ON 300 KM GRID AND IN 3 HOUR TIME STEPS

STATUS OF DEVELOPMENT
® DEMONSTRATED FOR TROPOSPHERE BUT WITH INADEQUATE DATA INPUT
® TROPICAL TROPOSPHERE ANALYSIS LIMITED 8Y INADEQUATE INPUT DATA (ESPECIALLY WATER VAPOK)
® UPPER ATMOSPHERE ANALYSIS LIMITED BY INADEQUATE INPUT DATA, KNOWLEDGE OF PROCESSES
AND PRESENT-DAY COMPUTER CAPACITY

RECOMMENDATION
® DEVELOP SYSTEMS TO DETERMINE ALL MEASUREABLE ATMOSPHERIC PABAMETERS FROM SATELLITES
e RESEARCH ATMOSPHERIC PROCESSES, ESPECIALLY IN UPPER ATMOSP:!ERE, FOR WHICH 1973 GARP MAY
PROVIDE LOWER BOUNDARY /f
o DEVELOP LARGE CAPACITY COMPUTERS, |.E., ILLIAC IV !

® BEGIN UPPER ATMOSPHERE COMPUTATIONAL SIMULATION

COMPUTER SIMULATION

FIGURE 36. Computational Simulation of Atmosphere for Wind at All Altitudes
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In the uwetecorological community the Navier-Stokes equations with
these assumptions are commonly called the "primitive 2quations,!

Some treatments of atmospheric circulation problems do omit, some

but not all, of the horizontal Coriolis force terms {(assumption b)

in vhe equatione, but the logical consistency of this is questionable
(BEckart, 1960),

Other assumptions, affecting the "forcing terms" in the equations,
i.e,, those involving body forces and eneray transfers arising from
viscous and external sources, are also made, but these can be dis-
cussed independently of the general formulation of the partial dif-
ferential equations, These equations are, under assumptions 8.1
(compare "Physics of the Troposphere' of Volume IV),

3p

Continuity: 3¢ + 9 (pv) = C (8.2)
ou 3 indu = - £ 2P 3
Vo vu - (sindu = 5 + PX (6.3)
Momentum:
v — e U - o
F A Osinbv = c 3y + Py {8.a)
‘ -%% + Ve Us = %}
Thermodynamic op " (8.5)
or energy. 3 .. I - _a_
(at VoY) An T e T
p
State; p = P RT (8.6
Hydrostatic: %g = - Pg (8,72

where x, y, z are rectangular coordinates in which the (x, y)
piane is locally horizontal to the earth's surface,
v = (u,v,w) is the fluid velocity

is the entropy

o is the density
T is the temperature
P is the pressure




= (FX,Fy,FZ) is the body force

the rate of energy input

o o T
}J
.

is the force of gravity

R is the gas constant
p is the specific heat at ccenstant pressure, and
Y is the specific heat ratio

In the normal procedure for a finite difference numerical solu-
tion of these equations the first four are treated as "prognostic!
equations, i,e,, the time derivatives are evaluated in terms of given
(observed) initial values at time t of all the dependent variatles,
and then the equations are integrated cver & shert time step 4t., The
result are estimates of p, u, v, and s at time (t + At) in each of
the herizontal planes selected for the finite difference vertical
grid, Involved in this prccess is knowledge cf the vertical velccity,
w, not normally obtainable from meteorological observationsy in fact,
w can be derived from the remaining two equations, €,0 and 8,7, com-
bined with the ccontinviry equation, The result is the Richardson

ecquation that couples the vertical to the horizontal motions:

f@L*v dz-;fzz
T \ex T Ry Y D

c 0]

N
N
o

where zZ.,, is the "top" cof the atmcsphere, the upper altitude limit of
L

the cemputational grid systen,

The <etails of how the coaputatic

3
=

roceads betwearn the horizontal

proqnestic estimations (Eqs, €.2-z.%) and the "diagnostic" equaticons

L.6=3,%) vary with different norerical

[#%2]

cheres, and nezd nct be

ntered inte here, since no Ifundamental cuestions Invelvinu computa-

[N

€
ticnal characteristics are involvec., However, it mey be mentioned
a

o
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n variation is to use the pressure p instesd cof
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independent vertical coordinate, with a subsequent simplification in

the diagnostic LEq. 8.8, Another standard modification of the equations
as presented here is the use of longitude, A, and latitude, 8, in place
cf x and y as independent variables, This does not darffect the gencral

discussion in any way,

The procedure for solution described above requires specification
of the stress terms Fy, Fy, and the energy source q., In Volume IV,
"Hydrodynamic Theory of Wave Motion in the Atmosphere" discusses the
external sources of energy in some detail, Indeed their accurate
evaluation is a very important and difficult part of the total fore-
casting problem; we cite in particular the questions cf radiative
transfer and latent heat in phase changes of water as being particu-
larly significant, However, the mathematical aspects which we dis-
cuss here are not sensitive to these questions, rather they are in-
fluenced by the viscous and thermal conductivity contributions to Fy,
Fy, and q, since these are functions of the dynamic state of the
atmosphere, In the normal formulation of the Navier-Stokes equations,

these factors are given as

. 1
3

fu v v+ Z e (9 W}

~
[o¢]
o
~

(FX3Fy9FZ) =

vl ©oin

qQ {x v -(v1) + 3}

~~
¢4
L]
-
<

S

where u and k are the (molecular) viscoscity and thermal conductivity,
respectively, assumed constant; the first term in 8.1C is the thermal
diffusion contribution to g, and ¥ the viscous dissipation function,

is given hy
b = [ﬁ au’ Qv : Su ‘ + LN ’
e ax) t \3y * \3y dy T vz
u, auY? §x+992]
et x) T\ Ty

(8.11)
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The role of the quantities 8,9 and 8,10 in atmospheric circu- -
lation is not clear. They are certainly important in the Ekman layer,
but in the finite difference computational schemes the latter is a
small fraction of the vertical grid size and the nolecular diffusion
and dissipation properties are incorporated via lower altitude boundary
conditions, which have nct been discussec as yet, For similar reasons

i.e., the large dimensicns of the finite difference wmesh, both
vertically and horizontally), it has been argued that the forms 8.9
and 8,10 are not appropriate for the finite diifference scluticn, and -
that the dissipation and ciffusion effects should rather be expressed
in terms of an assumed random turbulent flow eddy motion ccourring at
& sub-grid scale, By analogy with turbulent boundary flow thecry,
it is assumed that this turbulence can be represanrted in terms of a
Reynolds stress and an eiffective eddy viscosity ccefficient, usually
with much simplified expressions for F and ¢ as functions of the
velocity or the velocity derivatives,

Whether such a representation is valid physically is not known,
however, frcm a computéational point of view the introcucticn of
dissipation can be vital in order to achieve computaticnal stability
as will be discussed below, Apart frosn this important contribution,
the effects of the diffusive and dissipative aspects of F and q sre
probably not impcrtant for short pericd forecasting., For lenger time
periods {currently cstimated as three cays or more), it is not yet
known whether a different representaticr is necessary, or even whether
a stochastic formulation for the sub-grid scale effects is possible
at all, This question will be entered into in more detail later in

this section when nonlinear effects are considered,

F:nite Difference Formulationz and Their Stabilit

The prcanostic system of Eqs, £,2 - &.% appears at castal in-
spection to be straightforward, if lengthy, te sclve by Tinite Gif-
ferences, Computaticn tiwes, however, are consideradle, as can be
seen from the characteristics of preosent-cay numerical programs listed

in Table 8§, and result in a limivszicn of their utility. The difficulty




arises beth from the large nurber of spatial mesh points required by

a global rmodel, and from the restricticn in the finite difference
representation to a maximum time cgrid interval, as required for com-
putational stability, In fact, the cguestion of computational stability
is a principel issue in the effective employment of numerical simula-
tion of the atmosphere and a brief description of the nature of the

problem folliows,

The fluid dynamic equations for the horizontal motion 8.2 - 8.5
describe a nonlinear system in which the nonlinearities are introduced
via the advective terms, v.v, and the dissipation function 2. Since
there are nc known methods of establishing the stability or convergence
properties ¢f finite difference representaticrns of nonlinear equations
of this degree of complexity, the main approach for treating them has
had to be heuristic, Thus, linearized approximations are studied, ard
time and distance mesh scales are selected that ensure computational
stability for those linearizations. The resulting numerical programs
are then checked as to their nonlinear stability performance by trial
computations, If as is common, the trial shows an instability, damping
15 empirically intrcduced intc the system of equations, either with
artificial viscosity terms or by an increase in magnitude of the vos-
cosity that ray already be present, As discussed earlier, it is ex-
pacted that the frictional effects thus introcducea should have little
effect on scales larcer than the grid size, so that the approach can
be regarded as a device to alter the mathematical properties of the
finite difference scheme without altering their physically important
properties. There is clearly the danger in that ad hoc approach that
in fact the mathematical and physical characteristics are more closely
linked than assumed, and this pessibkility will be discussed in greater
detail later,

The ratiorale for assuming that the properties of the linearized
squaticns can be used to approximate the behavior of the nonlinear
equaticns is based on the consideration of local behavior, Thus, if

the correct sclution is continuocus, and we assume that the difference
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equations are solved by a progressive marching methed, as outlined
earlier in this section, we might expect a local linearization to have
global relevance when the finite difference mesh is sufficiently fine,
Continuity of the true solution is in fact ensured by inclusion of the
diffusive effects of viscosity and thermal conductivity.

A discussion of linear stability can be based on the wave nature
of the linearized equations for the horizontal motion as described in

"Hydrodynamic Theory of Wave Moticns in the Tropcsphere" of Volume IV,
Atmospheric wave metions are classifiable into these categories:

1. Acoustic waves
2, Gravity waves 18,12)
3, Inertial waves

Actually acoustic waves have been eliminated in the formulation 8.2 -
8.7 of the equations, by virtue ¢f the hydrostatic assumptior, and
the irrelevarce of scund waves to atmospheric circulation is well
established, at least for the tropcsphere., The main contributor to
the atmospheric circulation are the inertial waves, and in fact, in
the early approximations of atmospheric circulation only the inertial
waves were included, The advent of greater computer capacity allowed
inclusion cf both gravitaticnal and inertial modes, as in Ecs. 8,2 -
8,7,

It was shcwn by Courant, Friedrichs and Levy in 192§ thst &
forward differencing scheme, i,e,, one for which, in one dirzension,
T+l .n
A _ ud - ud
At AT
n N
U - 2u + u
. 32U J4+1 )
and 5 = 5
at (ot

n
i1

is stable (and convergent) as long as

st
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where ¢ is vho wave velocity, #,14 shows that foer a chosen g¢rid length

Lx, stability requires that the time step be chosen to be less than
:x/c, so that the higher the wave velccities, the shorter is the tire
step that has to be used, The velccities for the three waves in

Eg. €,12 have maxirum values in the tropospherz of about 350 m/sec

for the accustic mode, 150 m/sec for the aravity weve and 10 m/sec

for the inertial wave, The corresponding raximum allowable time steps
given by Eq, 8.14 are 1% min, 30 min, and 8 hr, respectively, The
actual figures fcor the full linear fluicd dynamic equaticns sre reduced
from these values by twc-dimensional effects and by advection, The

latter results in &,14 being modified to

(] + o _Z_f( <1 (8.15)

where || is the ragnitude of the flow velocity at the pcint in
question, The greatest reduction in At that results in using 8,15 in
place of 8,14 occurs for the inertial wave, since its wvelocity is
least,

In addition te a stability criterion invelving the wave nature
cf the equations, a stability criterion can also be formulsated for the
diffusive part, i.e.,, fcr the visccus and thermal conductivity terms,

The linear stability cenditicon for this case is

s ———= =1 (g.1g?

in which ¢ is a diffusicn coefficient, The finite

Hh

difference scheme
is again of the forward type, as described by Eq., 8.13, In applica-
ticn 8,16 is vsually less severe than §,1%, so that diffusive terrs

dc not contrel ths cheice of grid size, An example of the use cf 8,12

in

ceorsiderad ifcr the cemplete atmospheric model {discussed later),

wl
[

rot Just for the troposphere,

- ~

The priritive Zge, £.2 - 38,7 exclude acoustic waves so that the
centrelling factor in determirning the choice of time step Is the

sravity wave speed, The tims steps listed in Table § for the current
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atmospnevic vivculatict rodels have been selected con the basiz of &
Vit

y wave stability raquirement,

guce ¢r climinave lincar inst apbility. Backward and cernitral diifer-
encing methcds when d diffusicn eguaticns fall in

this categury. liowe: result in irplicit ravher than
explic.t difference sguaticns, so that a siwmple marcning process feor
carrying throuch the iinite difference solutier is no longer possible,
and sclution of s2ts of simultanecus egusiions is recuired., This is
usualiy regardec as sufficiently tine consumin; that explicit equations
are preferred, even &t The ccst of the smaller time stent that are
rneeded for stability of the 1

The nurmerical simnlations listad in Tabls 2 cmploy & variety of
differencing techniguss, the choices macde invelving clunromises be-
tweern stapility requiresments, truncaticn errcor and computation time
irterest, All these approaches can be analyzed

cr stability, and wesult in criterisg

involved here ar
turbulence discussed earlier, and the next pariagraph will ciscus

these jecintly,

NHonlinear Effects ard Stabkility

I’

tempts To selve the primitive equaticns showed up

The first
instahiliries of arn unanticipated variety, nct predicted by ths

jol]

linearized equations, & pessible causs for their appearance was

as

suggested by Phillips (19%9), end explained by him in terms of
simple nonlinear mcdel equation, it being assuwmsd that & s
result would apply alse to the complete esquations., The es
Phillips argument is That nerlinear mixing (

two different {frequency wave compenents of the scluticn leads to
beat frequencies; ii th se

0 e less than the gric
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pretad by the finitce

har the grid interval
i finite differercing on
P

ecicus wave rodes,

size wotions, Phillips was
be cumulative, anc hence les
céown, but nct eliminated by

method employed by Phillips, and also by several of the numerical

sble 8, for controlling this form of computa-

+3

A
schewes surmarized in
1

1’1

add smoothing t¢ the svstem by the introduction

<

1
of friction tirms and di

ssipation. The latier &re represaented in the
nonlinear f£luid dyvranmic Egs, 8,2 - 8,% by the terms F and I, his dis-

cussed earlier, the msynitudes assicned tc these gquantivies lave
many iInstances of atmospheric modeling, been cheser, not by physical
arguments concerning the nature of the sub-grid sca t
but ermpirically by requirenents that nonlirear computastional instabi

i
e elirminated, Unfortunstely, in =wany cases it nas been difficuls to

]

decide which ¢f the fluctuaticns observec in the numerical solutions
were 3 result ¢i numerical instabilities, and which correspcnded to

natural instadilitie the atmosphicre. Since the correct physical

s
representaticn the sub-grid scale effects is not known with cer-
e

cf
tainty, but is of th

w
V)

]

me form &s that required for numerical sta-
bility, the situation can become obscured very rapidiy, In particular,

:d
the longer the desired predicticn time of the simulstion the more im-
ar
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«d the greater is

The resglutica of this difficulit preblem requires not just a better
rethed cf dealing with nemerical instability, but a —ore acequate de-
serintion of the sub-o7id scale dynawics, The importance of the latter

for lena-term weathar predicticn is curréently & matter of highest in-
terest and pricrity since it involw tha questizn of tha ultimate
forecasting capability of the presently envisaged erical forecasting
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schemes, The central cuastion here is the rate at which energy can
be transferred frow the swall {sub-grid) to the large (syncptic)
scale =moticns, f this ficure is as large &as scme estimates now
place it, the current foreczasting grid mesh gives a time limit of
about thres days Icr weather forecasting, A resolution of this
particular question is heped for irn the near future from measure-
ments coi the energy spectrurm of the stmospheric motions, If long-
r e a reality confirmatory evidence for
a "gap" in the energy spectrum between the meso and synoptic scales

that is believed to exist is neecsd, not just within the atmcspheric
borindiry, leyer, where mest cobservaticns are made, but thrcuchout

the troposphere,

tic of the energy spectrum is also important
rervents for initial data inputs to the numer-
icel model, Thu~, with conventionsl metecrclcgical sensing instru-
ments, measurements are made at fairly regular time intervals, of the
crder O én hour, say, tut with an output that corresponcs to an

average wvalue ¢f the meteorclogicel quéntizy taken over both a smell

5

physicel volure and a short-time interval {sscords ¢» minutes)., When

N

such data are interpretsd in terms of much longer dimensions and

longer timszs, correspondinc To the space-time grid net for the com-

rel simulaticn, 2lizsing coccurs, Thus the mathematical model

putatio S
precludes the aescriptizn of sub-grid . .sle wavelength ana frequencies,
tc which the measuring instruments are clearly responiing, The
specific eifect of the use of initial data of this variety cn the
corputer simulation cepends ¢cn the energy spectrum ¢f the wotions
between the hourly and minute s S If the high freguency content
is iow, aliasing is alse leow, but in fsct, as shown in Fig, 37 there
appears to k2 a spectrum around 1 minute, In an
anélysis by Cort and Taylor {(198569), it is demonstrated that with a
lcwer period cut-off of 2 hours in the irequency respcnse of the data
input tn the computer, an error in the 2-hour period energy spectrum
content of the orcer of a facteor of 10 is possible. In terms of the

ccmputer simulation this type of result iwmplies very large errors in
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the highest frequency {qgrid scale) des

A subs2quent degradation of

method of dealing
Step in tae simularien) is vo chance the etho
icel data, s0 that a measure sensitive te the highest fresquerci

avaraged over space and time s

ripticn of the simulation, and

tiwe increascs, If the atnospheric encruy specitut is indeed as de-
scribad by Var der Hoven (1357} ana Cort and Taylor {(1969), the only
rTOITar PeUuCliny 2 tima

grid wesh size of computation is obtained,

4.0 T T T T Y T T T T T :
CARIZOU, MAINE
(CORT & TAYLOR, 1969) —
1c 11 1 FOLDIMG FREQUENCY |
fe— OF CAR'BOU, MAINE
QOBSERVATIONS -

)
v Error Due _ .

NS - \\q 1o Aliosing POSSIBLE HIGH
FREQUENCY SPECTRUM .

A u OF VAN DER HC VEN,
O~ ‘Z?,; — 1957 -
I’\\
// “ ]
T~ ‘
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0 - 1 o . ! | ' i H — i -
2 3 4 Iy ¢ 7] s 9 ol [z IR
' i | 1 | ( 1 i ' | ' 1
Tyr ¥ 2yr 30d 10d ¢ 3d 24hr 12hr 6hr 3hr 2k Ahe 20m 10m  5m 2n Im
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1

HORIZONTAL WiND SPEED SPECTRA

FIGURE 37, Results of an Attempt to Correct the Spectrum at Caribou, Maine, for the
Effects of Aliasing from Periods Between 1 Min (the Basic Averaging
Period of the Wind Reports) ond 2 Hr (the Nyquist Frequency). Frequency
Fin Cycles/4096 Days (After Qort ond Taylor, 1969)

Analtornative sevhod ained at climinating nonlinear cooputetionsal
inotalbilivy 15 the use of eoncriy concervving Tinita difference wchones,
Tiei,, ii <ho desceriptisn givoen by Fhillips ic accespted, nenlinedar in-
SUhpilivy is acoowpanicd by o physically incoprect incredase in chorday
ths ol thoe ection, Lo it might be d that a finite
Pilerence schivne that conservon cnweroy erld avods
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{see Table &) was designed specifically tc accomplish this, By the

placing of certain integral restraints, not Just total energy, but
vorticity and zcnal momentusm are conserved exactly in this model for
4 fricuionloss nen-dissipative atiscsphcre. The results of nurerical

B4

ccmputatrions with this systemr sheow no evidence of instabilities, even

in the akbtsence of dissipativae terms,

Lii =

En analozcus approach is taken in the Kasahara-Washington mocel

{see Tatle §) where & Lax-wendroff energy-conscrving finite difference
scheme is used, The rnonlirnsar stability of this method, however, has
rct bean demonstrated,

Finice dirference schemes is uvsed, there remains

a doubt as to its mathematicel convergence and stability properties,
1

Ht

e
1 toc cowplex te allow rigorcus mathematical proof,

snd basically the test of any cne of them has been made by a trial run

and compariscn cf ti..e results with the actual atwesphere, Unfortunately,
natural irregularities of the atmosphere are so prevalent rhat such a

is alwey, Sho possibility that

camrparison is never perfact snd thare
some of the variaticns
ancé nat & phycical wvaristy

of mathematical conver

tion that approaches conclusivernes: is a cystematic seri
calculations in which ¢ll inivial and bcurndary conditions are kepit the
same while the grid mesh dimensicns are changed, Th2 larce running

E circulatvicn models have

: - N : P L S S S
times ¢f the presently [owmulsizd atincspheric

prevanted a test of this type Ifiom heing made fur any of them,

Boundary Conditions

The system of Eas. €,2 - 8,8 or its finite difference represen-
tation has to be supplied with suitable boundsry cenditicns, The
simulaticns that are of conccrn here arc glchael, sc that ne lateral
boundary conditions need be specified, The upper altitude linmit for
tropospheric models is at the tropopause; it is assuned that there is
no influence of the upper atwosphore acting at the boundary on the

troposphere, The . cwer boundary ceondition is nornally applicd above

17
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the Ekman layer, rather than atr the earth's surface, Hence the

beundary conditions have o ailow for the turbulent transports of

heat and momercum that ccur in the Brean and Prancdtl layers between

the garth and vhe lowest horizontal [inive cifference mesh suriace,
a

The semi-empiricsl expressions th
i

(ana

r Cgci1de Thnesc elrects are Con-

tained in the fcliowing lower boundary cenditicons:
1§ = CD Ug Jug + vg
Ay v
g: = Cp vg vug + v2 (8,17
Z

Her= FT is the vertical hear flux, Tg the ground terperaturs, Cp the
surface friction coefficient, and the subscript s refers to values at
the "surface", i.e,, at the outer edge of the lewer, Prandtl layer,
The boundary layer specificaticn is ccinpleted by adding the conciticn

w =10 to 3,17,

The surface velocities ug and vy are usuelly obtained by linear
extrapclation from the sclution et higher levels, though Sragorinsky
uses a more scphisticated extrapolation methued that allows for rctation
cf the flow through the Ckman layer {cf. Table £), Additicnal terms
for the vertical heat flux can arise if humidity and water vaporizaticn
effects are allowed for, Indeed, if they are, their contributions alsc
must be included in the heat socurce teri g in Eq. %.5, Velume TV dis-
cusses this briefly, and an indicatien of how the humidity effects are

allowved for in the various models is given by Table 8.

Cheracteristics of Current Tropospheric Numerical Simulations

Table 8 is a listing of scme cof the characteristics of the four
primitive global numerical circulation simulaticns for the troposphere
that have been constructed to date, These models are used, not for
operational forecasting, but for developnent ¢ forecasting techniques
for the study of climatic problems, Cther less comprehensive wocels

arc used by the Weather 3urecau for daily ferecasting in the United
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5lcbal simulaticns, since it is prohstl hat upper atwmospheric simu-
laticns rsquive very larue if not glocel coverase,
A1l the sirmulations use the primitive eauaticns, 8,2 - 8,7, with

empirical cr semi-empirical values fcr the stress terms F. and Fy, and
i, and heat source inputs to gq from rediative hszating and from the
moisture field, The latter contributions can he treated in great de-
teil enc cemplexityy indeed there have been several large-ccale numer-
ical simulations c¢f raciative trenster in the atwesphere, in which the
fluid wmoticns are ignored, A brief descriptiorn of the type of radiative
sources anc Sinks tsker for the tropospheric circulation models is in-
cluded in Table 8; a further gcneral giscussicn of this topic is con-
tained in Volume IV,

Alsc shown in the table are the principsl characteristics of the
finite difference scheuwes used, their compuraticnal properties and

s
rachine running times. A sample of the sequence c¢f operations run
thrcuch for solving the finite

difference equsticns is illustrated
with the Leith mocel,

Extension te Upper Atmespheric Circulation

Tre survey cf the tropospheric circulation simulation problem

given above 1llustrates the considerable maanitude of that task,

-ty

Frcem the figures quotecd in Table § fcr machine requirements one might
guess that an extension cf the tr -ospheric model to include strato-
spheric circulation would place the computztioral lcad outside the
capabilities of present day computers, Besides the increase in volume
coverage implied by increasing the altitude span of the sirulation,
the greater numbper of roleculer constituents above the tropopause and
the reed {or inclusion of thzir variation throuagh chemical reactions
as well as their radiative prcperties, lead to an enormous incredse
in cecnputer reauirements for simulation, Later in this seerion esti-
mates will be nade to indicate the scope ¢f the problem; thes2 indeed
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canpLcivy is

TN ration compuiars

Che nppen Dlicioe vl e dtoed Sweoo vhiose Listed 1o Volune T
Gnder Tihiyaton o the Thereespieers and Toncaphers,t Those finclude
ot dust the eltects of chomical cnar , buy ths electrodynamic bogy

consvituents 21 the vpper atwodsphere, wWith a multiccwmponent
c c

Tlhutd, momente and eneray cauati

a
equétions for the ignized components, It shou

s a fourth prounostic

eral, the high wind

the upper atmcsphere
the nunrcerical mathe-

of the physics cf

assessing the feesibility

fect indte, it is prekheble
that the atucsphoere is also suificiently well understood, However,
L curring in the highly corplicatea

1

£

rezion betweer 100-2060 kai, in which an irvelved series cf coupled
cherical charges take place, may not yet be adequete for use in a
d

vicr.

nulg;g‘{‘iCal Z i!h‘-J']

The potenrtial availability from satellite measurewents of data

at space and time intervals suitable for computational simulation of
the global atuosphere and jtvs winds is evidenced by the tabulation of
mEAsSUTLmEnt accuracies given in Table 2,
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itive side, however, compatence tc address the preblem

wn
Q
-+

S
is improving steadily a3 evidenced by progres the nex: generation

computers (ILLIAT TV) and Ly The steady &nva ne

physics of ths upper aumcsphsre, Moreover, for most of the DoD needs,

in Velume IT the nesd is for "analysis,?

that is, a descripticrn ¢f the pressnt conditicn ¢f the atwesphere in

ure time -ased or the anclysis as an
is =asier toe de than prediction,

On the streryth cf the positive arouments, and with knowledgs

¢f the rnegative arcument

fer a simulation of the
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200 km is consider
distance the computaticnal ¢rid spacing for which scme cri
given in Table 9, These criteria lead tc the conclusiorn that the
corputation should be csarried cut wirh a spacing which is vertically
izss than about 12 kwm, horizentally less than LULO kw, and &t time
steps which are less than 1CC sec, A better cinulation than the
minirmum descrited above would empley & arid specification of 1000 I,

ertical ¢pscirg of 7 km, énd a time step of 10 sec.

[§}

Shown in Table 1¢ is an estizate of the nurber of variazle points

in the sltitude rarges up to

ner accerding to Nyquist

the temperature stretification, By the Nyauist
critericn, at least two data points are required for each cycle c¢f the
variation encountered., In each case, about 830 poirts are required in

the herizental crid for a 1CC ki or 9-deg spacing

The riumber <f dependent variables per point £or cach of the
P P

trospheric recicns is of ccurse different depending upcn the sigrif-

[

cant variables, i,e,, comperients of velocity wvectors, pressure, density
cf principal cortituents, and hest abscrption by principal atrospheric *

axserbers,  The total nunber of dependent variatles per horizontal gric

L1
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TAELE 9,

CRIT

TEMPERATURE STRAT (NYQUIST)

HORIZ, GRAV, WAVE (ELIASSEN)
bx> 2 VHAf

3 -1
VHJ 10 msec

VERT, GRAV, WAVE
VZ~0.01 VH

SPECTRAL DISTRIBUTION

COMPUTATIONAL STABILITY

Ax Pv&) ot
o=2 2375« 10"8m2sec™!
v

LIMITS FOK At =10 sec
TRIAL VALUES = COMPLETE SIM,

TRIAL VALUES = MIN, SIM,

ERIA FOR JRID SPECIFICATION
Ax(m) AZ (m) At (sec)
< 104
> 2(10)°at
> 20 At
< 102
> 2,700 Yar
>2(10)* 200< az<10* | 10
(101 701093 10
(101 oy 102

TABLE 10, VARIABLE POINTS FOR UDPPER ATHOSPHERE SIMULATICN
ALTITUDE RANGE (KM)
3-20 20-50 50-90 $0-150 150-200
INDEPENDENT VAPIABLES 4 4 4 4 4
(r,8,),1) {8,010 (r,0,0,1) (r,0,3,t) (r,6,3,1)
NUMBER, POINTS IN HORIZ. GRID 800 800 800 800 800
(103 km or 9 d/;\g spocing )
NUMBCR, POINTS IN VERT, GRID 3 4 & 9 7
{7 km spocing ) i
DEPENDENT VARIABLES PER POINT "0 40 40 20 20
(U,V,W,Np (U.V,W, N (U,V,W,Np (U,V,W,N.p (U,V,W,N,p
n n . n._.Nn . n n n s N n PRLUNT]
Coz' H20 N N2 NI N2' N2 N/ N2 N
9,0 %0y’ "o "oior "o "oI0 "o "o’ "o Noip’
q Ao N, N P, n n
SURF } O2 O3 C)2 O3 O2 O2
MOH' "H DOH "HY +3q's +3q's
n o , L) . +5K's) +5K)
H20 Hc02 HZO H-O2
”Hoz'"NO, "noz'"Nol
n n
N(.)2 NO2
téq's +64q's
+13K's) + 13 K's)
) 3 3 k} 3 3
DEPEMDENT VARIABLES 6(10) 24(10) 128(10) 192(10) 144(10) 112(10)
117
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point in the &ltitude range from (-200 kv is approximately €x10°.

(2}

. ot
the bas's o

the data civen in Tatle 13, there are shown in Tahle 11

O
i

estimates ccmputer readuirerents for both the ceorplete simulation

or a minimum sivulatior 5 T estricted nature. By com-

Fublicarion 13:C, 195¢) ¢f turbulence, convection, tropospheric
e

circulation, and ocean circulation, On the assumption that no one

can justify 830 days c¢f computer time to simulate 100 days of upper
atmosphere circulation, it is plain from Table 11 that current com-
puters, represented by the CDC-6600 which has an operation time of
600 nsec per operaticn, are clearly inedequsate for the purposes of
simulating the global upper atmosphere, Such computers as indicated
by the circle require approximately 390 hr of computer simulation

time for each 100 days of tropospheric weather simulated.

TABLE 11, ESTIMATES OF COMPUTER REQUIREMENTS

UPPER ATMOS. SIMUL. CURRENT SIMULATIONS
COMPLETE | MINIMUM (NAS-NRC PUBL. 1350 1946 )
SIMULATION SIMULATION | TURBULENCE [CONVECTION|TROPO. CIRC. | OCEAN CIRC.
FILTERING APPROX FOURIER | FOURIER | BOUSSINESQ| BOUSSINESQ |HYDROSTATIC | GEOSTROPHIC
DIMENSIONALITY 4 4 4 4 4 4
DEP. VARIABLES 10 - 40 15 4y, e, w, t) 5u,v,w, 1,00 14y, v, T,0) 4(u,v,T,s)
NUMBER, VER1ICAL LEVELS 30 (7kM) Joiokmy 130 100 10 10
4 4 4 4
NUMBER, HORIZ. POINTS 600 (10°km)|800 (103kmr| 10 10 | oo ot
TIME STEP (sac) 10 10° 0.001 5 300 (5 MIND | 1.8(10Y%(5 Hr)
4 7 Q. .
SIMULATED EXP. TIME (sac) | 107(100d) [107(100d) 10 3.6(10) 197(100d } 10° (30 Yr)
(5 Hr)
% 5 5
OEP. VER. PER TIME STEP 6010)° 2.4010) 10? 5(10) 4107 o)
4 3
TIME STEP PER EXP, 10° 10° 10 2(10) 30109 a0’
10
DEP, VAR PER EXP. sy |2.4000'° 10'° 10'° 1.2(10) 2401007
2 2 12 1
COMP, OPER. PER EXP. 1200 |as00)'? | 2000 2010 2.4(10) 4.8(10)
(200 CPER/DEP. VAR)
7 6 s 6 3 6
COMP, TIME-CDC6500 72007 290109 1.2010) 1.2(10) {4010} 2.9010)
(600 ntec PER OFER) (% 1004 H) (810H) {330H) {330M) (390H) (810H)
(830d) . ;
COMP. TIME-ILIAC (sec) W (10)5'> 58000 | 2.4000° | 2.6000° | 2.9010) 5.810)
(1.2 mec PER OPER} % (1.6 H) (40 MIN) (40 MIN) (48 MIN) (1,6 Hr)
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exbected te bho ooporati 1 ir the early 1970's and 339 tiwes as fast,
WY Teguira only 48 win for s osimtlation of glcobhal trepospheric

circuliztion of ACD Qays duestion, It would alsc be capable of s
leting LU0 days of upper atmesphere circulation in 39 hr ¢f computer
rasent-day allocations to cther probless

PR

Smaller scale computaticns than censidered in this estinate are

aisoc possible, For exewple, calculations over & restricted volurme,

[¢]
vt

ither vertically or horizentally, may be of interest in some appli-
cations, Ir such & case the scope of the computation is reduced,
thouch at the momelnt, knowledge cf the energy transfer rates is in-
sufficient te enatble predicticn time tc be related to the volume of

the atmosphere that is simulated,

Alterrative nuwerical mwethods cf solving the equations perheaps
shoulcd alsc be cconsicered ard & particularly attractive approach
from the pcint of view of the aliasinc and sub-grid scale energy
spectrum effacts is the use cf wave number rather than physical
space, In such a method & large wave number cut-cff, ccrresponding
to the maxirum resolvability of the rinite difference grid mesh, can
be easily applied, thareby avciding some of the confusicn that results
with the methods used to dave, Pricr to the advent ¢f the fast
Fouricr trarsfors technique such & scheme would have implied excessive
computaticnal time, but this now appears no lonuer te be the case,

Mention should also be inade cof a different variety of computer
simulation that could be considered, This is the problem of analysis,
i,e,, the estimation of current atmospheric conditions from a limited
set of obsevvations, in contrast to prediction, with which the priocr
discussions i this section have been concerned, Althcugh common in
daily nmetesrcloaical work, it appesrs that little thought has been

given to dealing with this question using nuierical methods and the

fluid dyranic equations, 7This questicn aprzars to be cf potential im-
portance fcr the upper atwosphere, in which for some appiications we

may think of current satellive information on atmospheric data being
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.é}
analyzed >y ccmputer Lo give an instantansous picture of the covplete : 3
O .l

prosch, and here we shall Just point cut 3 cress di irn the 3
numserical calcoulaticn task frow that for the proanostic problenm, E
Thus in "Typical Wave Moticns® of Velume IV, it was shown that the =
equations coverning the spatial domain could ke 3
3

appears to have potential, The iustifiable degree of complication
in such simulation i: questiorable requiring {urther investigation, E
Certainly th. ¢r-rensive use of computers for the analysis of weather 3
data is ampl. .»tified, The analysis cf the entire zlcbal atsosphere :

2

up tc an altitude c¢f

capébility of —uxt generation corputere which would require nc more
cotputer time than the exercise of current protlems, Accomplishment
may be slowed by the fact theat present kncwledge cof the physics cf

the upper atmosphere is incomplete,
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\PPENDIX A

1, Introduction

The capability of achieving a refined knowledge of the
of atmospheric conditions on a glcbal scale and near real-t
yithin the grasp of modern civilizaticn thrcugh the use of
logical satellites and high speed computers. Such rafined
in the above space and time scales wculd be derived from a
irvolves two phases: (1) intermittert glchal measurements

real-time cf atmospheric conditions from mainiy w

variatiors
ime 1is
meteoro-
knowledge
process that

in rear

logical satel-

lites,”™ and (2) subsequent predictions of the variations cf the atmos-

pheric parameters in the lower atmosphers (i.e., the tropospnere or

altitudes up to about 8 nmi) during & time that apbears to
to abkout three wozks {Refs
refinad o) S
week weather prediction has been estimated in billaon
consequencs of dmproved managsment of water recour

surface transportation, retail mart

(Ret, 2).

be limicted

ical reward from a

The need for global meazsurements becomes clear from the rather

straightfeorvard formulation of the air motion within the tropocphere,

i.e., the motion of air on a rotatirg earth receivirg shertwave radia-

wior from the sun and retur

dependent variables ¢f the prchblem are the thres combdorents

v

ing longwave radiation tc shace. The
b '

cf the air

velocity (i.e., wind), the rpressure, temberature, air dersity, and
water vapor. The independent variables are given by the thres s»ace

feteorological satellites can reach otherwise inaccessible areas of




coordinates: longitude, latitucde, and altitude and the time.,® The
seven dependent variables are determinable as a function ¢f the four
indeperdent variables from the use of seven equations obtained as
foliows: three momentum equations, the conservaticn ot energy within

a ncnadiabatic troposphere, the conszrvation of mass, the equation of
state for a real gas with a molecular weight of air, and the diffusion
equation for the concentration of water vapor within the troposphere
coupled with the partial pressure of water vapor as a function of pres-
sure and temperature, This set of partial differential equations re-
quires initial condiiions®® for each of the seven variables and
boundary conditions™¥ that take into account the energy exchange at the
surface of the earth (between the atmosphere and both the ground and
the oceans), the orographic effects on the air velocity vector, and the
energy exchange at the top of the troposphere. While this set of
partial differential equations is difficult to solve even by numerical
methods, the feasibility of obtaining numerical solutions from them has
already been demonstrated under somewhat restricted conditions (Refs. 2,4
to 7). This feasibility of solution is further demonstrated from the
proven success in a somewhat similar numerical situation, i.e., the
numerical solution of a quasi-steady flow within laminar hypersonic
boundary lavers with mass injection from the receding surface of an

ablating intercontinental ballistic missile (Refs. 8, 9).

The need for near real-time processing of the global measurements
stems from the relative magnitude of the force terms in the momentum
equations for the two horizontal components of the air velocity vector,
i.e., the time dependent term (which is essential for time predictions)
or air acceleration is given by the difference of two nearly equal
forces, namely the pressure gradient and Coriolis forces. This fact,
together with inherent errors of both experimental and analytical

*The pressure and altitude are usually interchanged as the independent
and dependent variable, respectively. This result stems from the
direct coupling of these two variables through the hydrostatic equa-

tion,
*As deduced from satellite and other available data.
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nature,™ puts a limit to the lengthi of time for accurate predictions,
i,e., the predicted behavior of atmospheric parameters as derived from
initial glo' 1 measurements, The subsequent use of the equations of
motion is estimated to be accurate during a time that is no longer than
about three weeks aiver the meaturement:s (rRefs. 1, 2). Herze, the
perishable data for the initial and boundary conditicns must be
utilized in the numerical integrations of the equations of motion in
riear real-time in order for its utility to be maximized for the pre-
diction of the behavicr of the atmospheric parameters during a rather

short subsecuent time.

While the development of numerical techniques to describe the air
motion in different scales within the troposphere is a subject of great
interest, the subsequent treatment is limited tc the development of
meteorologicsl satellites and sensor subsystems for the remcte measure-
ment of the initial and boundary conditicns in the global And near
real-time scales; that is to say, metecrological satellites operating

in medium altictude orbits (e.g., in the ranrge from 400 to 800 nmi) and

in geocsynchroncus orbits at 139,300 nri,

The subjects of interest here include the following: (@) feasi-
bility cf remote measurements cof the initial and boundary ccnditions
within the required degree cf accuracy in a global and real-time scale;
(b) chronological developments of 4.8, meteorclogical satellites and

senscr subsystems; (¢} current proje

[®)

tions for the development of
sensor subsystems for U.S, meteorolegical satellites cduring the ferth-
coming decade; (d) brief description of the international GARP (Global
Atmospheric Research Program) and Wl (Werld Weather Watch) programs,
and (e) conceptual techniques for potential measurements from satel-
lites.

“Errors in the measurement of initial conditicns as well as truncation
of the difference equations and rounding off during the numerical
integration,

i
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Peasibility of Remcte Measurements With Appropriate Accuracies

[te}

The remote measurement c¢f the initial conditions ir a global scale
and real~time involve the following variables: geopotential altitude
(h) of a given pressure level (p, ir millibars),* temperaturs (T},
density (p), water vapor (y), and the three comporents of the velocity
vector (u, v, w in the longitude, latitude, and vertical directions,
respectively). Since the density is related to the pressure and
temperature through the equation of state for a real gas,® the density
becomes determined from the pressure and temperature distributions.
Likewise, the determination of the three velocity components requires
determiration of the magnitude of the velocity vector (V), i.e., as
fixed by both the magnitude and the direction cf the wind vector, The
accuracy for the measurement of the initial conditions has been speci-

fied by the 1967 GARP study conference as follows (Ref, 11):"

a. h(x, y, t), as fixed by a reference pressure with ar r.m.s.
error of 2 percent,

b. T(x, v, P, t), with an r.m.s. error of = 1’c.

c. X, vy Py t), with an r.m.s. error of 10 percent,

d. V{x, y, p, t), with an r.m.s, error of + 2 m/sec.
wvhere x denotes the latituds, y the longitude, and t the time., The
herizontal resolution of these global measurements was specified 4t a
typical value of about 490 km (~200 nmi), while the verticsl resolution

was sct at 200 mb in an altitude range corresponding up te 10 mb.

The remo<te measurements of the boundary conditions involve

measurements of the energy exchange at the interface between the

*As consequence of the interchange of pressure and altitude as the
independent an? dependert variables, respectively.

**The gas constant can be made to include the effect of water vapor in
the troposphere, which is at most of the order of 4 percent (Ref. 10).

See Ref., 11 to identify the outstanding membership of this study.

++

Since cne bar or 1000 mb is approximately the standard atmospheric
pressure at the surface of the earth, the altitude range extends from
the surface of the earth to abcut 100,000 £t or 16.5 nmi, approxi-
mately.
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atnosphere ang oceans as well as the glo:
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elsments that wove with the wing in the lower truposphers, as observed
from gecsynchroncus meteorologi
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3. R.I,S. Errors ir the Geopotential

Iz has beer showr that the geopetential keight or altitude profile
is uniquely related te the temperature distributicr in the atmosphere
by the following matiematical relat-onshircs (Ref., 12).

a, The hydrostatic equation, which relates the lccal drop in

pressure with increasing altitude to the locecal éenslty;
b. Tre eguation of state for a .eal gas, which ates the local
Pressure to the local density ard temperature;

They are

“Potential techniques to measure the wind vectsr over the oceans ine '
volve determination ¢f the sea svrface ccrditicns from esither micro-
wave measurement. or the sclar glitter.




Thus, subject to the validity of the empirical orthogonal func-
tions as derived from the statistical behavior of the atmosphere, the
geopotential height can be specified solely from the temperature pro-
file; which as treated subsequently is determined from radiance measure-
ments from medium altitude orbits.

The above method has been tested by using extensive radiosonde
data for four consecutive days. The first three days provided 299 sets
of observations, which were used as the required statistical or
dependent sample of observations. The fourth day provided data in the
form of actual temperature profiles and calculated radiance to be used
‘as postulated measurements; the latter ones were then used in the pro-
cedure outlined above to determine calculated temperature profiles.
Figure A-1 compares the r.m.s., differences between the radiosonde and
calculated values for the geopotential height under clear and cloudy
conditions for two assumed values of the random errors in the measure-
ments, i.e., ¢, = 1072 and Sp = 1/4 ergs/ch-sec-strdn-cm_l.* The
standard deviation of the errors of the earth's surface radiance
observations under cloudy conditions -~s assumed to be 2 ergs/ch-sec—
strdn-cm (Ref., 12), Figure A-1 shows inat for the most ideal conditions
(i.e., clear conditions, availabilicy of ground pressure data, and the
smaller Oa value) the r.m.s. height differences are no more than 20 ft
even at the 10 mb pressure; while for the worst conditions (i.e.,
cloudy and unconstrained or using only statistical considerations) the
r.m.s. height differences are no more than 60 ft even at 10 mb., It is
of interest to note that for clear conditions, the geopotential height
estimates show a significant improvement even for the larger o value
when using surface measurements, i.e., the r.m.s. error is reduced to
no more than 20 ft at the 200 mb pressure level,

*The smaller value represents an unrealistically small value, and is
used to illustrate a limit for the degree of accuracy that can be
achieved from satellite radiance observations. The high value is
only a factor of two smaller from the value that leads to results
which do not meet the requiraments of meteorology (Ref, 15).

128




PRESSURE, MILLIBARS

/ e
- '\ s 1 R—
200}~ i .
| '-
o ::': N\?\*
- .c.'. ' SP\
u -w; WITHOUT GROUND | ¢ ﬁoﬁ““
400H PRESSURE DATA  — ﬁJ o°
8] 3 ::
g. K
g i
1 - : l
e WITH GROUND -
B PRESSURE DATA
r .-': /
o7 cleng (S ERROR
":. seseessenssnse CLOUDY l ue = 0~25
f o o= o=~ CLEAR o =0.01
[]
1000 ) L L L) 1 4 I ] [T
0 100 200 300

GEOPCTENTIAL HEIGHT DEVIATION ( METERS )

FIGURE A-1. Altitude Deviation of Atmospheric Pressure Levels (in milibars) Derived
from Statistical Properties of the Geopotential Height and Satellite-
like Radiance Measurements. The altitude deviation is given for clear
and cloudy conditions, and the RMS difference between radiosonde ob-
served and radiance colculated values (i.e., gg, ergs/cmZ-sec-stdn~-
em=1). The smaller value of 1072 for clear conditions defines a limit
for the accuracy obtainable from satellite radiance observations, while
the larger value (G, = 1/4) is the expected typical value for the SIRS

observations (Ref. 12).

4., R.M,S. Errors in the Temperature Distribution

The accurate determination on a global and real-time scales of
the temperature distribution in the troposphere from remote radiance
measurements in the infrared region of the electromagnetic s ectrum
has already been shown to be feasible (Refs., 15 to 27) because of the
following five factors:

a. The existence of atmospheric "windows" where gaseous abscrp-

tion is minimal, These windows become useful for the deter-
mination of surface temperatures and cloud conditions over

p
N
(e}




the local regions of interest. Two windows of consequence to
the subsequent descripticn of radiometers are one in the
interval from 3.5 to 4.l.,, and another one in the 8.0 to 12.5,
range.

The presence in the atmosphere of gaseous tracers (i.e., water
vapor and carbon dioxide) that are well mixed with the air
(with a rather constant mixing ratio) in the altitude range
from the earth's surface to the mesopause.

The molecular absorption bands (i.e., vibratrion-rotation and
rotational) in the infrared spectrum of the above gaseous

tracers. The principal infrared absorber in the atmosphere is

water vapor with strong vibration-rotation bands centered near
1.1y, 1.38y, 1,87y, 2.7y, and 6.3y as well as rotational bands
from 12 to about 65,. A second gaseous absorber of importance
is carbon dioxide with strong vibration-rotation bands
centered near 2.7,, 4.3, and 15,. A

The sampling of different depths in the atmosphere by using
different absorprion bands and different zenith angles, i.e.,
as illustrated in Fig. A-2 for the 154 carbci. dioxide interval
for zero and 60 deg zenith angles, This figure shows that as
the frequency increases from 695 et (i.e., 14.4y) to 747 cm”
(13.44) the maximum relative atmospheric contribution to
radiance measurements take place at approximately the 100 mb,
400 mb, 700 mb, and the earth's surface, A measurement made
at a frequency for which atmespheric absorption is intense
(e.g., 695 cm—l) records radiation only from the upper part of
the atmosphere; the radiation coming from lower down is
strongly attenuated and does not reach satellite altitudes,
Thus the radiarnce received at this frequency contains informa-
tion about the upper regions of the atmosphere., Conversely,
measurements made at a frequency of small absorption (e.g.,
747 cm-l) detects radiation coming near or at the surface of
the earth. The data in Fig. B-2 also indicate the following:
(1) a given altitude usually contributes radiation to more
than one frequency; because of this inherent redundancy, it is

13
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reasonable to expect that there is a limit on the amount of
information that can be obtained from increases in the spectral
resolution (i.e., the number of frequencies); (2) no informa-
tion can be obtained for altitudes that do not make a reason-
able ceontribution to the radiance at any frequency; and (3) the
outgoing radiance from a particular frequency is predominantly
from a layer approximately 10 lum (-5 nmi) thick, which fixes
the vertical resolution of the deduced temperature distribution

to about this value.

PRESSURE, MILLIBARS

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
RELATIVE ATMOZPHERIC CONTRIBUTICN .

FIGURE A-2. Weighting Functions for the Chosen 154 CO; Spectral Intervals
for Two Different Zenith Angles (Ref. 17)
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The scanning Of radiometers with small fields of view (~10 m
rad); which allows an increase in the spatial resolution of
the measurements, and therefore increases the probability for
radiance measurements through broken clouds. The unique
advantages of deriving atmospheric temperature prcifiles
utilizing data from a High Resolution Infrared R- ation
Sounder (HIRS) are as follows: (1) clouds will generally
prohibit accurate profiles to be obtained for the tropoephere
except in the central region of storm systems, and (2) the
greater number of accurate independent measurements over a
given area will increase the accuracy of the temperature pro-
file for that area. A proposed HIRS subsystem for the Nimbus
F satellite would utilize six different spectral interwvals:
four in the 15y carbon dioxide band, one in the 6.3, water
vapor band, and one in the 11, window region. The angular
resolution of the instrument would be 8 m rad, which provides
a linear resolution on the earth of about 5 nmi at the nadir
from a spacecraft altitude of 600 nmi, This field of view is
sufficient for resolving clear cloud interstices as needed for
deriving accurate tropospheric temperature prcfiles., The
radiometer would scan + 35 deg of nadir angle, to each side of
the orbital track (Ref. 17). The areas completely free of
clouds would be identified from a statistical frequency
analysis of the "window" observations obtained over a rela-
tively large area (i,e., 150 nmi2), a method that is based on
the following factors: (1) the major variations of the window
radiance measured within such an area would be the result of
variations of the properties of any clouds within the field of
view (i.e., amounts, altitude, opacities), and (2) the magni-
tude of the radiance observations through the clear holes in
the clouds will be in general higher than those through the
clouds; as illustrated in Fig. A-3. The figure illustrates a
frequency histogram of the Nimbus II HRIR (High Resclution
Infrared) radiance observations (in units of brightness
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temperature*) obtained over an area of 15C nmi2 and in the
immediate vicinity of a tropical storm (Ref. 17). The range
in the brightness temperature includes the extremes of high
density cirrus (210°K) and clear (300°K) conditions. The
observaticnal frequency peak at 296°K is associsted with clear
conditions, which is recognizable by the following factors:
(i) the magnitude and repeatability of this radiance observa-
tion, and (ii) the standard deviation of the distribution on
the high radiance side c¢f this distinct mode is close to the
r.m.5. error of measurement (about 1.5°K for the HRIR obser-
vations). The amcunt of dispersion on the high radiance side
of the frequency mode associated with the highest radiance
values can be used to discriminate between a mode associated
with totally clear observations and one associated with either
thir overcast or low dense overcast cloud conditions. This is
due to the fact that even for these cloud conditions, the dis-
persion will tend to be significantly greater than that ex-
pected from surface temperature variations (at least over
water) and random errors of measurements (Ref. 17).

The reduction of radiance data from a given column (or volume) of
the atmosphere to a temperature profile within that column ¢f air in-
volves the solution of a Fredholm integral equation of the first kind
which may Le written as (Ref., 15)

R(m) zfx (m,2) £ (2) d3
0

where R is the measured radiance, m the parameter of measurement
(either frequency or nadir angle, Fig. A-2), f (Z) the atmospheric
parameter to be deduced from the R measurement (e.g., temperature or
water vapor concentration), & the altitude, and XK a known kernel or

weighing function (e.g., like Tig. A-2). Since the inversion procedure

*The brightness temperature is defined by the product of the emissivity
and the absolute temperature.




involved requires a model of the temperature profile, available results
indicate the following: (1) methods that utilize statistical functions
to model tempersture profiles irn terms of infrared radiances from the
earth's atmosthere will yield the most accurate results when using rela-
tively few spectrally independent radiance measurements (e.g., as those
proposed for HIRS); (2) an inversion method recently developed by
Crahine (Ref. 18), enables the temperature profile to be derived with
coémparable accuracy from a relatively large number of spectrally inde-
pendent radiances without the use of atmospheric statistical functions;
(3) the r.m.s. errors in the temperature profile for clear and cloudy
conditions are as indicated in Fig. A-4 ‘Ref, 12), These results are
obtained from the conditions and statistical procedure used f¢ = Fig.
A-1, This figure indicates that an accuracy of % 3°C is achievable even
at the high altitudes; (4) typical results of the irnversion method are
shown by the sclid lines in Figs. A-S and A-%a (Ref. 15), which are also
compared with the dashed lines obtained from radiosonde soundings. The
infrared temperature profiles (sclid lires) are based on data obtained
from a high altitude balloon, and measurements made in seven narrcw
spectral intervals (six in the 1%; band and cne in 10y window). Figure
A-5 indicates mean deviations of 2°K from the radiosonde soundings; but
the errors are mainly near the tropcpause, which is systematically
placed too low because of instrument problems. Thus, an important re-
sult which holds for all inversion schemes is that the accuracy of the
inverted temperature profile depends on the accuracy of the measurements
rather than in the number cf frequencies used in the measurements,
Figure A-5a shows that infrared inversicn provides no information below
the top of a cloud deck, as indicated between the 300 and 200 mb pres-
sure levels; and (5) the vertical resolution and accuracy of the
temperature profiles cannot be improved significantly by increasirg the
spectral resolution (bandwidth), i,e., Fig, A-6 shows that the r.m.s.
errors in the temperature profile deduced from radiance measurements in
the 15, CO2 scectral region are somewhat insensitive for half-bandwidths
less than 20 cm-l. This result is apparently due to the high interlevel
autccorrelation of temperature that exists for the earth's atmosphere;

even though the radiances sensed in the narrower spectral regions
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originate from slightly smaller vertical layers of the atmosphere, the
high correlation between the temperatures within adjacent layers pre-
vent improvements in the vertical resclution of the temperature pro-
files from increases in the spectral resclution (Ref, 17).

The above considerations have emphasized the infrared region be-
cause such has been the case during the first decade in the developments
of meteorological satellites. Although the use of microwave techniques
is also promis*ng for the minimization of the effect of clouds on the
inferred temperature profiles, such techniques become of increasing
interest for the potential inference of the wind vector over the oceans
from measurements of the sea surface conditions.,
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FIGURE A-4. Temperature Deviation of Atmospheric Pressure Levels (in milibars) Derived
from Statistical Properties of the Geopotential Height and Satellite-like
Radiance Measurements. The temperature deviation is given for cleor and
cloudy conditions, and the RMS difference between radiosonde observed
and radiance calculated values (See Fig. A=1). The clear conditions cor-
respond to those of the proposed HIRS, i.e., with a field of view small
enough to make observations through broken clouds (Ref. 12).
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These Results are Derived from the Procedure Used in Figs. 1
and 4 (Ref. 17)

5, R.M.S. Errors in the Water Vapor Distribution

ments

The meteorologizal paramsters that cian be inferrsd Ifrom measure-

of

the radi

ation reflected or emitted by the 2arth's atmosphere
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(e.g., R, in the previous eqguation) are as follows: terperature pro-

)
o

‘il2s in the atmosphere including surface temperatures,™ water vapor
distributions including surface values,® ozone distributions, and
aerosols as well as cloud characteristics. Although the required
transmission or kernel funztions (X's) for carbon dioxide are known
with barely adequate precision, those for water vaper need further
attention, while the lack of adequate data for ozone is a major ob-

stacle at present (Ref. 135).
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FIGURE A-7. Comparison of Water Vapor (mixing ratio) and Temperature Profiles
Deduced from Remote Radiance Measurements (using an inter-
ferometer spectrometer) under Clear Sky Conditions from a High-
Altitude Balloon over Texas at 9:06 a.m. (solid lines) and Corre-
sponding Profiles Derived from Nearby Radiosonde Ascents
{circles ond triangles) (Ref. 15)

"Por clear or broken cloud conditions.
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Figure A-7 illustrates the water mixing ratic (in g/kg) and the
temperature profiles inferred from the interferometer spectrometer data
of Chaney (Ref. 28) taken from a high altitude balloon when no clouds
were present, The circles and triangles are results from nearby radio-
sonde ascents while the solid lines give the inferred values. This
figure shows good agreement of the inferred water vapor profiles with
the radiosonde soundings. Similar results have been found for condi-
tions when there were broken clouds below the balloon (Ref. 29). Thus,
it appears that the current state-of-the-art allows the use of infrared
data to infer the total amount and at least one or two lapse rates of
the water vapor profile in the atmosphere (Ref. 15).

6. R.M.S. Errors in the Wind Field

Since the influence of the wi- ° and pressure on the radiation
field is very small, the velocity vector of the air motion (i.e.,
magnitude and direction) is rot inferable from radiation measurements
in the infrared. The development of techniques to measure the wind
field from satellites 1s still in a very early stage of development,
The early GARP program for the 1970s (circa 1973) plans to measure the
wind field by using the following two independent but complementary
techniques (Ref., 11):

a, About 900 constant-density level balloons, used as tracers

for the horizental air motion in a global scale, are tracked
by radic from meteorological satellites operating at medium
altitude crbits.*® The proposed system would distribute 600
bailoons on a nearly world-wide basis at the 150 to 200 mb
pressure level, where the average speed is high (about 30 m/sec).
This system would also make use of 390 balloons at the 850 mb
level in the tropics, where the average wind speed in the lower
troposphere is about 10 m/sec. The deployment of ballcoons at
additional levels in the mid~troposphere is constrained by

“The balloons may also contain temperaturc and pPressure seLsCrs as

well as radio altimeters to measure the altitude. Additional balloons

may be required to correct for a nonuriform distribution of the bal=

loors over the globe during the estimated 30 to 40 days lifetime of
each balloor,
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present balloon limitations, i.e., icing at night or within
clouds and orographic obstacles. Thus, this constant density
level balloon system will yield only 1 or 2 deg of freedom of
the wind in the vertical, instead of the required four or
five levels. The accuracy of the wind measurements will be
well within the desired limit of + 3 m/sec, since the ballocn
location can be determined accurately by using on the balloons
either two-way transponders or stable transmitters., The two-

way transponders (EOLE type) allows a very accurate. (1 to 2.km)

loccation of the balloon as well as individual interrogation

and command capability, while the stable transmitter allows
reasonable location accuracies of about 10 to 20 km. Thus,
observations of the balloon displscement in one orbital period
(i.e., about 90 min) of the meteorological satellite at medium
altitude orbit would yield average winds with an error as low
as 0,15 to 0.30 m/sec.

Using small scale cloud elements as tracers for the horizontal
wind field, and tracking such cloud elements from meteorological
satellites operating at geosynchronous altitudes (Ref, 20). An
advantage of geosynchronous meteorological satellites is that
they remain fixed relative to the motion of the weather in a
global scale. Proposals for the early GARP program would
utilize two kinds of high resolution instruments for the obser-
vation of the cloud elements: (1) an optical scanner similar
to the spin-scan cameras used in the NASA ATS-1 and ATS-3
satellites; it would provide daytime c¢cloud tracking with a
horizontal resolution of 2 to 3 km with an accuracy for hori-
zontal displacement of about 1 km; (2) a scanning infrared
radiometer opevating :ir the 8 to 12, window region; it would
provide tte altitude or cloud tops with an accuracy of + 0.5 km
(assuming a temperature profile and uniform and opaque cloud),
a horizontal resolution of 8 to 12 km with an accuracy for
horizontal displacement of about $§ km, This IR radiometer
would provide pictures with a spatial resolution range (at
nadir) of about 8 X 8 to 16 x 16 km (depending on the optics)
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of the disc of the earth, with a full picture available every
30 min. This system would yield daytime wind data from clcud
elements that are larger than 8 to 12 km, but which have a
detectable structure of smaller scale. Since the nighttime
wind data will not be as good, this system is limited to day-
time and cloudy conditions.

7. Chronological Development of U.S., Meteoroldégical Satellites

A perspective of the current and future potential state-of-the-art
in the remote measurement of atmospheric parémeters from satellites can
best be established from a brief review of the chronological develop-
ment of U.S, meteorclogical satellites and their sensor subsystems.

The RDT&E phase® of U,S, meteorological satéllites has consisted
cf three steps TIROS, WIMBUS, and ATS, Ten TIROS (Television Infra-
red Observational Satellites) were launcred into medium altitude orbits
between April 1, 1960, and July 2, 1965, .y NASA (Refs. 31, 32, 33).
This TIROS series was then followed by ths TIROS Operational Satellites
(T0S), which began to carry out global cloud photography operationally
and routinely for the Environmental Sciences Services Administration
(ESSA)., The six NIMBUS satellites were launched into medium altitude
orbits between 1964 and 1971, The NIMBUS series was set up to develop
sensors and technology for a "second generation" operational system.
The Advanced Technology Satellites (ATS) were launched into gec-
synchronous altitude orbit, A chronological description of the main
TIROS and NIMBUS series launched to date is shown in Table 1, while
Fig. A~8 includes also the ATS launchings. Each of these three RDTEE
series as well as the ESSA operational phase is described below.

*The RDTEE phase of a new program involves the research, development,
test, and evaluation of a prototype system for the subsequent opera-
tional phase of the program.
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TABLE A-1. TIRCS AND NIEUS RDTSE METEQRCLOGICAL SATELLITES

PRELAUNCH IN CRBIT  LAUNCH ORBIT ORBIT
DESIGNATION DESIGHATION DATE INCLINATION ALTITUDE SUBSYSTE 3 REMARKS
(deg) (nmi)
TIRCS A-1 TIROS I AFR L 48 400 2 k" vid First meteor-
'60 (1W+1N lens) ological
satellite
TIROS A-2 TIRCS II NOV 23 48 400 2 k" vid First IR
'60 (1W+1N lens)
1 MRIR
1 wide-anygle
cone rad
TIROS R-3 TIROS III  JULY 12 48 400 2 k" vid (2W lens)
‘6l 1 MRIR
1 wide angle cone
rad
1 omnidir, rad
TIROS D TIROS IV FEB 8 48 400 2 k" vid
162 (1W+1M lens)
1 MRIR
1 wide angle
cone rad
1l omnidir. rad.
TIROS E TIROS V JUNE 19 58 400 2 k" vid
162 (1W+1M lens)
TIRCS F TIROS VI SEP 18 ] 400 2 k" vid
'62 (1W+1M lens)
TIROS G TIROS VII  JUNE 13 58 400 2 k" vid
163 (2 W lens)
1 MRIR
1 Omnidir, rad
TIROS H TIROS VIII DEC 21 58 400 1 APT First APT
'63 1 k" vid
(W lens)
NIMBUS A NIMBUS I AUG 28  Sun.sync, 600 1 Trimetrogen First HRIR
‘64 RVCS
1 APT
1 HRIR (S&LR)
TIROS I TIRCS IX JAN 22 Sun-sync, 400/ 2 %" vid lst worldwide
'65 1600 (2 W lens) coverage--15¢
—_— cartwheel (ol«
TIROS (OT-1) TIROS X JULY Z  Sun-sync, 400 2 %" vid Axial mode
'65 (7 ¥ lens)
NIMBUS C NIMBUS I1  MAY 15 Sun-syac. 600 1 Trimetrogen AVCS
65 1 MRIR

1 HRIR (SELR)
“* The TIROS satellite is an 18-sided right cylinder, 22%" high, 42" in diamnter,

and weight about 100 1lbs (Ref., 34). The KIMBUS satellite is described in Fig, 8
and weighs about 73C 1bs,
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half of the decade, while eight ESSA (E) account for most of
the successful launchings so far in the second half of the decade

The TIRCS series was devoted to the identification and tracking
on a world-wide and synoptic basis of weather phenomena such as cloud
cover mapping, storm tracking (e.g., frontal systems, hurricanes, etc.),
radiation balance, cloud top heights, surface temperatures, tropo-
spheric water vapor, and stratospheric temperature and circulations.
Observations consisted initially of photographing cloud patterns with
5 television cameras in daytime, which were supplemented later by infra-

red radiometers tc make cloud observations at night. T« first satel-

lite in this series (TIROS I) was placed in a circular orbat at an 3
altitude of 400 nmi and inclination of 48 deg to the equator. The
sensor subsystem consisted of two television (1/2 in. vidicen) cameras;
one with a wide angle lens of 104 deg, and the other with a narrow
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angle lens of 12.7 deg. The second meteorological satellite (TIROS II)
launched in the same year added to the camera system the first infrared
sensors,® which consisted of a Medium Resolution Infrared Radiometer
(MRTIR) and one wide-angle cone radiometer. The MRIR provided a 5 deg
field of view, a ground resolution of 30 nmi from 400 nmi orbif alti-
tude, and scanning channels in the following spectral bands: 0.55 to
0,754, 0.2 to 6y, 6 to 6,54, and 8 to 12u. The wide-angle cone had a
50 deg field of view, a ground resolution of 350 nmi, and was used to
measure the equivalent local blackbody temperature and albedo of the
earth. The third meteorclogical satellite (TIROS III) was launched in
the subsequent year (July 1961), and its sensor subsystems added an
omnidirectional radiometer to measure long and shortwave radiation
over the entire earth's disc. It also modified the camera system to
use both cameras with wide angle lens, TIROS IV, V, and VI were
launched during 1962 and used the same type of sensor subsystems as

in the previous satellites, except that the two-camera system was
modified to use one wide-angle lens (104 deg) and one medium-angle
lens (78 deg). Likewise, TIROS VII and VIIT were launched in 1963
with the same type of sensor subsystems, except that the two-camera
subsystem of TIROS VIIT utilized one camera with wide lens, and one
Automatic Picture Transmission (APT) 1 in, vidicon camera. The TIROS
series concluded with the launchings of TIROS IX and X during 136S.

The NIMBUS series of six RDTEE meteorological satellites started
with the launching of NIMBUS I (August 28, 1964) and NIMBUS II (May 15,
1966) into a sun-synchronous orbit at an altitude of 600 nmi.** The
remainder of the series consists of NIMRUS III (launched on April 14,

“*The satellite Explorer VII had carried earlier a rather simple array
of hemispheric, omnidirectional sensors to measure the radiation
balance of the earth.

*%*A sun synchronous orbit at this altitude allows at least two obser-
vations every 24 hr of practically all points on the globe and at
the same local time. The orbit plane is inclined to the equator
98.7 deg and precesses around the center of the earth at a rate that
is synchronous with the revolution of the earth around the sun.




1969 and described in Fig. A-9)," NIMBUS IV (to be launched in 1970), ?
NIMBUS V and NIMBUS VI (both being planned for 1971), The basic NIMBUS
satellite is a system defined by the following characteristics: (1) a
structure designed to accommodate a maximum rumber of experiments, (2)

about 200 watts of electrical power for experiments, (3) pointing of the
instruments at the earth at all times with an accuracy of about 1 deg,

(4) a stable and moderate thermal environment required by many instruments,

and (5) a data subsystem that can acquire and store in the order of 10° to

1012 bits per orbit, and transmit these data to the ground while passing
over Alaska. The missions of NIMBUS I and NIMBUS TI included the
following cbjectives: (a) demonstrate improvements in making high
resolution daytime cloud observations, (b) demonstrate the feasibility
of high resoluticn nighttime cloud mapping, (c¢) transmit both day and
nighttime cloud images to local receivers, and (¢) map emitted telluric
radiation as well as reflected solar radiation in various spectral
bands. The three subsystems of NIMBUS I consisted of the following: a
set of three television cameras and a tape recorder called the Advanced
Vidicon Camera System (AVCS) for daytime cloud vhotography, an addi-
tional television camera to transmit daytime cloud pictures via the APT
to simple receivers, and the first scanning High Resolution Infrared
Radiometer (HRIR) with Stored and Local Readout (S§LR) capability., The
HRIR provided a 0,46 deg field of view, and a ground resolution of 5 nmi
in the spectral band from 3.5 tc 4,1.. The subsystems on NIMBUS II con-
sisted of the AVCS, the HRIR (SE&LR), and a Medium Resclution Infrared
Radiometer (MRIR) with fixed channels to map and image thermal radiation
emitted by (a) atmospheric water vapor or cirrus clouds (6.4 to 6.9,
(b) carbon dioxide (14 to 16u), (c) cloud tops or the earth's atmosphere
(5 to 30u), and (e) reflected solar radiation (0.2 to 4.05). The HRIR
demonstrated that cloud formations can be observed globally at night
with a spatial resolution of about 4 mmi, and tha®t their heights are
inferable from the measured cloud top temperatures. Thus, the HRIR

produced at night three dimensicnal cloud maps in a global scale, which

*The NIMBUS III satellite was placed in an orbit defined by a perigee
of 582 nmi, apogee of 613 nmi, and inclination of 22.9 deg.
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are unattaingble with television cameras. The 10.5 to 11l.5. channel
of the MRIR produced cloud cover and neight maps for day and nighttime
conditions with a considerable lower spatial resolution (~25 nmi),
Based on these results, the ESSA's TOS will incorporate the use of a
high resolution 11, scanning radiometer for day and night cloud mapping.
Other significant results from NIMBUS I ard NIMBUS II are as follows:
(a) determination of temperatures of the earth's surface with suffi-
cient accuracy to allow for the tracking of ocean currents (as mapped
by the HRIR in cloud free areas}; (b) improved insight of the global
distribution of the net radiative energy flux through the upper
boundary of the atmosphere (Ref. 35); and (c) better understanding of
the morphology of the circulation in the lower stratosphere (Ref. 36).

THERMAL ROLL
CONTROL SHUTTERS  NOZZLE COMMAND ANTENNA

SUN
oA e PITCH NOZZLE
ROLL
X
, N HORIZON SCANNER
A ; B AN COARSE SUN SENSOR
ot T AR
¢ e ﬁ.‘ e __ - DIRECTION
SUN SENSOR (R AN TS YAW NOZZLE
ATTITUDE (S s A E1 R R
CONTROL * W WAV /4 1y
HOUSING < ',:_{_L4' SOLAR PADDLE
PNEUMATIC TANK 41/ 1 ‘F ;

INTERCONNECTING TRUSS
THERMAL CONTROL SHUTTERS

SENSORY RING

TELEMETRY ANTENNA it : S-BAND ANTENNA
& AVCS CAMERAS
HIGH-RESOLUT!ION ) r
INFRARED RADIOMETER AVCS RECORDER
HIGH-RESOLUTION MEDIUM RESOLUTION
INFRARED RECORDER INFRARED RADIOMETER
, MEDIUM-RESOLUTION
AUTOMATIC INFRARED ANTENNA
PICTURE-TRANSAMISSION
ANTENNA

AUTOMATIC PICTURE
TRANSMISSION CAMERA

FIGURE A-9 . The NIMBUS Il Spacecraft

149




XN R N Y

IRC

Besides the vwo main series of RDTEE meteorological satellites

§ (TIROS and NIMBUS) in medium altitude orbit, a third RDT&E phase in-
volves three NASA Application Technology Satellites (ATS) for operation
in geosynchroncus orbit.* leteorological satellites in synchronous
altitude will allow nearly cortinuous observations of the same areas of
the earth, since the meteorclogical application of the ATS observations
in the form of time lapse movies have already shown the weather in
motion over a given geographical area.*¥ While the infrared signals
become very low at geosynchronous altitude, the ATS system allows the
observation of the development of local, short-time scale meteorological
1 phenomena (e.g., growth of severe storms, the tracking of small cloud
elements for wind measure events, etc.). The first ATS system (ATS-I)
was launched into gecsynchronous orbit on December 7, 1966, the second
one (ATS-III) on Hovember 5, 1967, and a third one (ATS-E) is planned
for launch in August 1969 (Ref. 31).7 The characteristics and perform-
ance of the meteorclogical sensor subsystem on ATS-T and IIT are
summarized in Table 2 (Ref. 37). The sensor subsystem of ATS-I con-
sisted of a srin scan cloud camera in brack and white for the Spin Scan
Cloud Cover Experiment (SSCEE). This instrument is really a scanning
telescopic photometer with a field of view of 0.1 milliradian, which
utilizes the spin of the satellite tc scan the scene from west to east,
and which tilts the talescop2 slowly through a small angie to scan the
scene from north to scuth., The transmission of the pictures was accom-
plished by satellite facsimile or Weather Facsimile (WEFAX). The ATS-
IIT utilized a spin scan cloud camerz using three in-line pinholes to
generate three color components: red, blue, and green. Fiber optics
are used to carry the color informatiorn to three separate photo-

multipliers. The first tube is equipped with a green filter, the

“The ATS systems are nonmeteorological satellites that have allowed
limited experiments to detect mainly cloud motions.

*“The time lapse technique speeds up the motion of the weather, i.e.,
one can see what took place in 18 hr of a day (time for the sun to go
from horizon to horizon) in about 3 or 4 sec (Ref. 30).

*Two other ATS launch attempts took place on April 6, 1967 (ATS-II),
and August 12, 1968 (ATS-IV).
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second with a red filter, ard the third with a blue filter. The
signals thus generated are transmitted to the ground. The information
is sent in groups of four signals. The first signal carries informa-
tion concerning the intensity of green, the next signal represents red,
and the third one blue, The last signal in the sequence is a fixed
reference signal to help balance the colors when all the signals are
integrated into a complete picture at the receiving stations. The ATS-
III also included one Image Dissector Camera System (IDCS) and used
WEFAX and Omega Position Location Equipment (OPLE) for the transmission
and collection of data from remote sensors. The use of WEFAX through
the ATS-I and ATS-III satellites has demonstrated the practicality of
transmitting data collected and analyzed at a central location to users
in remote locations.

TABLE A-2. SPIN-SCAN SYSTEM CHARACTERISTICS AND PERFORMANCE

Spacecraft ATS-T ATS-IIT

Size, in. 7 x 11 x 10 7 x 11 x 12
Weight, 1b <16 23,5

Primary Power -24 vdc, 0.6 A -24 vdc, 0.9 A
Resolution 0.1 m rad (2 mi) 0.1 m rad (2 mi)
Dynamic Range >400:1 >400:1

Scan Lines 2000 2400

Earth Coverage ~50 deg N to 50 deg S Tull earth

Scan Rate 100 lines/min 100 lines/min
Picture Time 20 min 24 min

Retrace Time 2 min 2 min

TFOV® Dwell Time 9.6y sec 9.6y sec

Video Bandwidth 100 XHz 100 KHz/channel
Total Bandwidth 100 KHz 4 MHz

Spectral Response 0.48-0.63, Blue 0,38-0.48y

Green 0,48~0,58y
Red 0.55-0.63

aInstantanequs Field of View.




The operation phase to date of metecrological satellites consists
of eight ESSA satellites launched into medium altitude orbit between
February 3, 1965, and December 15, 1968. The ESSA satellites have
utilized sensor subsystems developed in the earlier NASA TIROS series;
except for the use of a Flat Plate Radiometer (FPR), which is a varia-
tion of the omnidirectional radiometer for measurements of longwave
emission of radiation. The ESSA meteorological satellites have been
launched at the approximate average rate of three satellites each year
(Tahle A-3).

8. Current Projections for the Development of Meteorological
Satellite Subsystems

The subsystems on the meteorclogical satellites flown to date were
designed tc map cloud cover by using visual and radiometric sensors,
and to map telluric and reflected solar radiation in the various spec-
tral bands. Most of the sensors being developed for fu‘ure use repre-
sent improvements of present sensors to provide better spatial and
spectral resolution. Some sensors will provide observations in several
spectral bands so as to allow inference ~f temperature distributions
and water vapor profiles through the troposphere. A precise perspec-
tive of the current projections for the development of meteorclogical
satellite subsystems is best derived from a brief review of the
experiments planned for the research satellites NIMBUS III (or MIMBUS
B-2, launched on April 14, 196°) and NIMBUS IV (or NIMBUS D, to be
launiched in March 1970).%

The experiments on NIMBUS I and II were devoted exclusively to
improving the synoptic mapping of metrcrological phenomena or to making
atmospheric measurements of general scientific interest from medium
altitude orbit (600 nmi). The experiments on NIMBUS III and IV put
emphasis on the development of subsystems for the determiraticn from
medium altitude orbit (6L nmi) of initial and boundary corditions for

the numerical inte ration of the eguations of motion, i.e., the

“The subsystems for the remaining twe NIMBUS satellites (f

., 1_MBUS
E and F) are s yet unspecifiec.

_51

vl

(bl L

i) bl




89,

- IdY I oSt JNAS-NNS ST J3a IIIA ¥SS3 d SOL
A3 T 89,
SoAY O 0SL ONAS-NNS 9T ddv¥ IIA ¥SsSd 3 SoL
L9,
1a¥y ¢ 0SL ONAS~NNS 0T AON IA ¥ssd a SOoL
Wad T L9,
SoAY 2 0SL ONAS- NS 0¢ ¥d¥ A 4SS3 J S0L
L9,
Jd¥ ¢© 0SsL ONAS-NOS 9 NNr AT ¥SS3 g SOL
-d3dd T 29,
SoAY ¢ 0SL ONAS~-NNS ¢ LO0 III ¥sSSs3 ¥ SOL
99,
d¥y 2 0SL ONAS-NNS 8¢ 4933 II ¥ss3 (2-10) SQIIL
wa3sAs Teuold - (SuUaT-M) 99,
-paado 3csaij pIa % 2 00V ONAS-NNS ¢ 934 I ¥ss3 (£-10) SOJIL
| _ (Twu) (bap)
SYAYRTT SHALSASANS JanLIIy NOILYNITONT dqlvd NOIIUNOISIQ NOTILUNOISIA
mmomzmm IT€40 1I490 HONNY'T 119490 NI HONDYITAd
Y 1IT13LN *$-¥ ITEYL

-

S TYOIDOTON0ILIN TYNOILVEIdO ¥SSd

i5




(RN

measurement of temperature and water vapor profiles through the tropo-
sphere, the measurement of wind fields by tracking free floating

IR U]

balloons distributed globally at various height levels, and the real-
time recovery of surface data from buoys.¥ -

slests

The NIMBUS IITI carried out saven experiments,* three of which

put emphasis on the requirements for the numerical integraticns of the é
equations of motion, one is for scientific investigations, and three i
continue the mapping observations of NIMBUS I and II. The first group
of three experiments consists of two spectrometer experiments to yield
data for the determination of temperature and water vapor profiles in
the troposphere and one experiment capable of tracking balloons and
relaying measurements from agutomatic stations. These experiments are
as follows:

a. One spectrometer is a Michelson Interferometer called Infra-
Red Interferometer Spectrometer (IRIS), which operates between
6 and 20y at a relative spectral distribution of 1:200. In-
cluded within this spectral interval are the water vapor
absorption band centered at 6.3u, the 9.6p ozone band, and the
15, carbon dioxide band.

b. The second spectrometer is a modified Fastie~Ebert grating
spectrometer called Satellite Infra-Red Spectrometer (SIRS).
Radiant energy is detected in seven spectral intervals of the
15y carbon dioxide bard. The spectral intervals are S cm‘l
wide., An eighth channel senses radiation in the atmospheric
window centered at 11.1y.

c. The data relay and balloon tracking experiment consists of a
satellite borne transmitter, receiver, and computer. This
experiment is called Interrogation, Racording, and Location
System (IRLS). By using communication with a given automatic

*An operational system of meteorological satellites operating at
medium altitude orbit will require several satellites to yield
global coverage in real-time,

#*These experiments were described in August 1968 (Ref. 33) and, there-
fore, exclude possible subsequent changes prior to the actual flight.
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ground station, the IRLS can determine the location of a
station within about 1 mmi, and can also interrogate a set of
sensors (such as a thermistor) contained in the station. This
IRLS experiment is an engineering test of a system involving
observations of six balloons over the United States and utiliz-
ing 20 ground stations,

The scientific experiment consists of a Monitor of Ultraviolet
Solar Energy (MUSE), which will expand the capability of NIMBUS to
perform scientific investigations relevent to meteorology. MUSE will
measure solar radiation in five spectral intervals (each 100 A wide)
ranging from 1200 A to 2600 A. The three experiments that will continue
the mapping observations of NIMBUS I and II are as follows: The HRIR
(S6LR) with day and night capability, the MRIR, and the Image Dissector
Camera System (IDCS).

The NIMBUS IV plans to carry out nine experiments, five of which
emphasize the requirements for mathematical prediction models, two will
make basic scientific investigations, and the remaining two are for the
manping of horizontal fields., The first group of five experiments con-
sists of four experiments to yield temperature (all four of them) and
water vapor (three of them) profiles in the troposphere, and one
experiment for the tracking ¢f balloons., These experiments are as

follows:

a. ‘The IRIS experiment (as in NIMBUS III) with its spectral range
extended to the range between 8 and 40,.

b. The 5IRS experiment (as in NIMBUS III) with the addition of
siy spectral intervals, mostly in the rotational water vapor
bands between 18 and 30..

¢. A Filter Wedge Spectrometer (FWS) operating between 1.2 and
Bubp.

d. A Selective Chopper Radiometer (SCR) operating in the 15u
carbon dicxide band, which is expected to achieve a very high
spectral resolution by filtering the radiation through c¢arbon
dioxide absorption cells.
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e. The IRLS experiment (as in NIMBUS III) will be expanded to be
capable of interrogating hundreds of stations instead of 20 on
NIMBUS IIXI. Also a balloon experiment will be performed to
measure the wind field over a large area (such as the tropics)
within at least one height level,

The two scientific investigations will use the MUSE experiment (as
in NIMBUS III) and a Backscatter Ultraviolet (BUV) spectrometer to '
measure the intensity of solar radiation reflected by the atmosphere in
14 intervals (each 10 A wide) over the spectral range from 2500 to
3400 A. The BUYV experiment will yield the global vertical distribution
of ozone between 7 and 25 nmi, approximately. The two experiments for
the mapping of the horizontal fields consists of the IDCS experiment
(as in NIMBUS III) to provide television pictures, and a scanning
Temperature and Humidity Infrared Radiometer (THIR) operating in the
6.3. water vapor and the 11, window bands with a spatial resclution of
the HRIR. The THIR experiment will yield measurements of the horizontsl
water vapor and cloud fields.

Besides the main projected RDTEE activities of the NIMNBUS II ard
NIMBUS III satellites, it is also of interest tou review the development
of three radiometers for the new ESSA Improved TIROS Operational System
(IT0S) as well as a proposed ver:y high resolution radiometer for

synchronous satellites.® The three radiometers for the ITCS are as
follows:

a. IT0S high resolution radiometer with two channels in the 10.S
to 12.5p and 0.52 to U.73u intervals. The field of view of
these channels are 0.30 deg and 0.16 deg, respectively, and
yield corresponding ground resolutions from the nominal orbit

“*The projected activities for 1969 of the operaticnal E3S8A seriec in~
volve two additional launchings of the current TOS (TIROS Operational
System), and a subsequent shift tc the new ITOS. Four projected ITCS
launchings (TIROS M, ITOS A, B, and C) will utilize the following
eight subsystems: two AVCS, two APT, two HRIR (S&LR), one FPR, and
one SPM (Solar Proton Monitor). The SPM will measure the flux of
protons in the 10,30 and 60 M-ev range, and electrons in the 100 ard
750 b-ev range.
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altitude of the TTOS (775 mmi) of 3.7 and 2 nmi. Because of
this high spatial resolution, the quality of the photo-images
should approach that of television cameras., Some other advan-
tages of tThis radiomecsr are: (1) its capability to measure
surface temperatures in the 19,5 to 12,5y interval equally
well dvring day ard nighttiwve conditions, (b) the identifica-
tion 2f cloud free areas in the daytime by means of the coor-
dinated visible channel maasurements, and (c¢) its adaptation
to the APT system to yiesld a Direct Readout of InfraRed (DRIR)

system; The LRIR system will operate during the entire orbit,

reading out infrarsd imagery toH APT stations all over the

“world in-the davtime (when the infrared data will be inter-

leaved with the standard APT pictures) as well as in the night-

time.,

. IT0S Vertical Temperature Prcfile Radiometer (VIPR) with eight

channels, six of which will be in the 15 carbon dioxide band,
one in the vrotation water vapor band, and one in the 11y
window, Thg spectral resolution for all channels will be
avout § em T, The YITPR is intended solely for the probing of
the tenperature profile from operational meteorological satel-
lites, und it takes advantage of the latest advances in tech-
rology, i.a., the weight (10 1b) and power (2 watts) are
significantly smaller than those of eariier instruments
designed Tor vertical temperatvre probing (e.g., SIRS: 92 1b
and 20 watte; IRIS: 28 1lp and 12 watts).

ITOS Very High Resclution Radicmeter (WVHRKR) with two channels
20 che 10,5 to 22,5 and 0.6 to 0,7y irtervals. The field of
view of each channel is 0,034 deg, which yields a ground reso-
Jurion of 0.4 rmi from the nondnal altitude orbit, Thus, the
ground resolution of the VHRR represents an order of magnitude
leproverert over that o)l the NIMBUS HRIR and ITOS High Resolu-
ticn kadiometer, arnd nearly two orders of magnitude improvement
ovar that of the TIROS and NIMBUS medium resolution radio-
meters. 4s such, the resclution of the VHRR is comparable to
that of television svstems currently flown on meteorological

15¢
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satellites, This level of resolution is achieved by using a

1

mercury-cadmium-telluride detector cooled radiatively to 80k,
This high resolution will allow the study of smaller scale :
phenomena such as the three-dimensional structure of cloud

tsatterns and frontal systems. Since the bit rate of the in-

strument exceeds the capacity of any available tape recorder =
system, it may be necessary to readout the data directly via :
a relay geosynchronous satellite (e.g., see Ref. 38). -

The proposed Very High Resolution Radiometer for Geosynchronoué
RAltitude (not yet approved) with one channel in the 10.5 to 12.5,
interval has a detector similar to the VHRR, The field of view of this
instrument is 0.023 deg, which yields a ground rescluticn of 8 rmi from
geosynchronous altitude. The advantages or a very high resolution
radiometer over a camera that senses visible radiation are as follows:
(1) the radiometer system will take "full earth" pictures continuously
and independently of the position of the terminator. The familiar
"full earth" pictures made with the ATS cameras can only be taken during
a small fraction of the day, since pictures taken during a 24 hr period
show varying smaller portions of the earth (depending on the locatinn of
the terminator); and (2) unlike the camera system, the radiometer has a
potential for temperature measurements; which can irn turn be used to
infer cloud top heights, sea surface temperature variations (in cloud-
free regions), and the altitude of winds deduced from time 1ipse move-
ments of cloud patterns.

Table A-4 shows a summary of the main characteristics of all the
radiometric instruments that have been developed during the iast decade
for the remote probing of the troposphere and stratosphere from meteoro-
logical satellites.® The first 13 instruments in this table have been
either flown or approved for the RDT&E (i.e.,, TIRDS and NIMBUS HASA
series) and operational (TOS and ITOS, ESSA series) programs, while the
last two have been proposed for future RDTSE metecorological satellites

*The mechanical details of the first 14 instruments are described in
Ref. 32 (and the references thereto), while the proposed HIRS desigmn
is treated in some detail in Ref. 17,
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operating either at geosynchronous (ATS) or medium (NIMBUS F) altitude
orbits. The characteristics of these 15 instruments indicate the
following two trends during the first decade of remote probing of the
lower atmosphere from metecrological satellites: (1) an exclusive
emphasis on the development of radiometric instruments in the infrared,
and (2) an evolution process toward improved spectral and spatial reso-
lutions. The improved spectral resolutions yield temperature and water
vapor vertical profiles through the troposphere, including the surface
values for cloudless cenditions; while the simultaneous use of high
spectral and spatial resolutions (i.e., HIRS) will allow the determina-
tion of the complete temperature and water vapor vertical profiles over
a large area under broken cloud conditions.

9. The Global Atmospheric Research and World Weather Watch Program

A drief outline of the international Global Atmospheric Research
and World Weather Watch Programs (GARP and WA, respectively) is neces-
sary in order to gain a complete perspective of the planned activities
for the next decade concerning efforts for the predicticn of the global
variations of atmospheric parameters mainly within the troposphere.

The GARP program is essentially the international RDTGE phase for
an eventual operational WM in a global scale. The GARP program was
proposed in 1967 jointly by relevant committees of the International
Council of Scientifie Unions (ICSU) and the World Meteorological
Organization (WMO) of the United Nations, The main objective of GARP
is to provide research and development efforts directed toward an
experiment that will measure the large scale motions of the entire lower
atmosphere for a limited period of time (Refs. 11, 39, 40). This plan
set 1972 as the year for intensive observations on a global scale,” and
outlines problems such as relevant scientific areas (e.g., energy
trancfer~-motions of the tropical troposphere, interactions at the
earth's surface, the dynamics of the boundary layer, etc.) as well as
new methods of observation and data handling. Since the ICSU has no

*Current estimates indicate now that 1975-1976 is a more realistic date
for such effort.
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resources to fund such a program, the tempo of activities in GARP will
be set by voluntary efforts within the world community. Besides the
theoretical efforts concerning the conceptual design of an RDTEE global
system (Ref. 11), some major experiments compatible with GARP are as
follows: (&) the RDTEE meteorological satellites such as the KIMBUS
and ATS series described above; (b) the U.S. GHOST (Global Horizontal
Sounding Techrique) project, which has demonstrated the capability for
constant-density balloons to fly in the stratosphere for average
periods of six months;* and (c) the French EOLE balloon project, which
will utilize a satellite for the interrogation of balloons,

The World Weather Watch program was approved in 1967 by the World
Meteorological Organi.ation (a specialized agency of the United Nations).
The main objective of the WWW program is data collection on a global
scale to be processed in world and regional weather centers. The data
collection would utilize conventional observing techniques, meteoro-
logical satellites, coordinated meteorological rocket soundings, tele-
metering ocean buoys and automatic land stations, telemetering free-
flying constant density balloons, radi- -~ndes launched from merchant
ships, and other observations from comnercial aircraft. The data so
obtained would be handled by an augmented meteorological communications
netwerk, including geosyrchronous satellites with sensor and relay sub-
systems, Again, sinc2 the WMO cannot fund such programs, the tempo of
activities in the WWW program will be set by the voluntary efforts of
the individual Member States, The significant activities within the
W program are: (a) a four year suggested program for 1968-1271 adopted
by the Fifth World Meteorological Congress in 1967 for a Glecbal Observing
System, This program includes the use of meteorological satellites, the
establishment of a large number of new upper air stations, expanded
programs of observations at existing stations, an increased number of
selected ships for making surface observations over the oceans, and be-
tveen five and ten additional ocean weather stations (RPef., 41}; (b) a

plan for the addition of Regional Meteorological Centers to the World

“The life of che GHUST balloons in the troposphere is coo short to be
useful,

-
[l




Centers in Melbourne, Moscow, and Washington; and (¢) the role of the
WM through the following four main aspects: (1) serving as a catalytic
and coordinating body in such matters as standardization of methods and
hours of global observation, international coding procedures, merchant
ship voluntary observing system, telecommunications systems for the
international exchange of meteorological data, etc.; (2) providing
direct assistance to needy countries regarding meteorological equipment
and training; (3) providing the machinery for continuous planning; and

- (4) providing a link at the governmental level with the United Nations

on such programs.

10. Conceptual Techniques for Potential Measurements from
Meteorological Satellites

A potential technique for the global measurement (in near real-time)
of the boundary ccndition involving the wind field over the oceans con-
sists in the measuring of the thermal radiation emitted by the cceans in
the microwave region of the electromagnetic spectrum. This use of
passive microwave measurements would also yield the temperature and
water vapor vertical profiles over oceans urder cloudy conditions, which
would be important to supplement the measurements by high resolution
radiometers in the infrared such as HIRS (Table A-4). For these reasons,
a brief review is given below of the following twe topics: (1) a pre-
liminary microwave experiment involving remote measurements from an air-
craft at altitudes up to about 6 nmi of the radiation emitted by the
ocean at a wavelength of 1,55 cm (Ref. 42); and (2) the feasibility of
inferring temperature and water vapor vertical profiles over the oceans
under cloudy conditions by passive microwave measurements from meteoro-
logical satellites at medium altitude orbits.®

*A contrast must now be made between sensor subsystems for the global-
passive (remote) measurements from satellites and those for local-
active (remote) measurements from the ground, e.g., (1) ultrasensitive
radars to measure winds (Ref. 43), (2) doppler radar to measure atmo-
spheric moticns in virtually all scales (Ref. 43), (3) LIDAR (Light
Detection and Ranging) to map asroscl distributions (Refs. 44,4%), etc.
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The microwave experiment from the aircraft is planned to demon-
strate the feasibility of such measurement from the NIMBUS E meteoro-
logical RDT&E satellite (Refs. 15, 42), It util.izes an electrically
scanning radicmeter that consists of the following three elements.

A phased-array antenna accepts radiation in a beam about 2.8 deg wide.,
The ream electrically scans in a direction perpendicular to the air-
craft's flight direction and through an angle + S0 deg from nadir., A
receiver measures the detected radiation with an accuracy correspond-
ing to about & 1°¢ of the equivalent brightness. temperature.

Asscciated calibration and recording equipment are used. Since the
spectral intensity of the radiation emitted at 1.55 cm is propor-
tional to the brightness temperature (i.e., the product of the
emissivity and temperature of the water surface), the radiometer was
calibrated with reference to the radiation source with a known bright-
ness temperature. In addition to the microwave radiometer, the
experiment utilized an MRIR radiometer in the 10.5 to 11.5u spectral
range to measure the equivalent blackbody temperature of the sea sur-
face. Wind speeds over the ocean surface were obtained from aircraft
drift measurements and estimates of the wave heights. Some vresults of
pertinent interest from these experiments are shown in Fig. A~10, where
the brightness temperature is plotted as a function of the angle from
nadir for smooth (i.e., negligible wind of less tharn 3 m/sec) and rough
(i.e., a wind speed of about 15 m/sec) sea surface conditionc. This
figure also shows similar theoretical results as derived by Stogryon
(Ref. 46)}. The experimental results show a higher brightness tempera-
ture (by about 20 deg) for the rough sea condition regardless of the
angle from nadir in the vertical plane of observation, a result that
stems from the increase in the emissivity from (a) an increase in the
roughness scale (i.e.,, foam, spray, white caps, and heavy swells), and
(b) a decrease in the water temperature of the rough relative to the
smooth surface. The thecoretical lines in Fig. A-10 indicate good agree-
ment with the experimental data only for the smooth sea condition, a
result that is a consequence of the rather poor understanding of the
relatiorship between the roughness scale and emissivity. This effect

of sea surface roughness on the brightness tempcrature of microwave
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emission was also verified by the MRIR radiometer, which measured

higher radiances for the rough sea surface relative to those for the :
smeoth sea surface. These results then indicate that measurements of

microwave radiation emitted at 1.55 cm can be interpreted in terms of

s@a surface roughness. 8Since the roughness scale of the sea surface

is intimately related to the prevailing winds, these results indicate

that a worldwide mapping of the sea state from meteorological satel-

lites can yield the global wind field over the oceans.¥

The inversion of temperature and water vapor profiles from
measurements of emitted radiation in the microwave region of the
electromagnetic spectrum depends on two factors: (1) the brightness
temperature of the earth's surface, and (2) the transparency of the
atmosphere (Ref. 15). Atmospheric emissions in the microwave spectrum
(e.g., the weak resonance of water vapcr at 1.35 cm wavelength, and
the strong complex of oxygen resonances at 0.5 cm) can h: measured with
microwave radiometers, which yield the received radiance in terms of
the brightness temperature (e.g., Fig. A-10). A microwave radiometer
looking down at the surface of the earth can, therefore, distinguish
between atmospheric and surface emissions only when the brightness
temperature of the surface is low (i.e.,, over the water, where the
emissivity is low) relative to the atmospheric temperature. The trans-
parence of the atmosphere allows then inversion of temperature profiles
in the nearly opaque regions of the spectrum (in a manner exactly
analogous to that in the infrared spectral regicn), and of water vapor
profiles in the nearly transparent regions in some circumstances. Since
microwave measurements from meteorological satellites could be used to
infer temperature profiles below clouds, microwave techniques offer the
potential to yield global wind fields over the oceans and complete
temperature profiles over the major water fraction of the earth's
surface.

*Scanning microwave measurements from meteorological satellites. at : ‘
medium altitude orbit would be made at wavelengths longer than 3 cm to

minimize the effect of cloud interference, provided, of course, that

the effect of roughness on the brightness temperature (i.e., Fig.

A-10) persistc at these wiavelengths.
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11, Concluding Remarks

A review of the RDT&E activities over nearly the last decade con-

L

cerning satellite measurements of gtmospheric parameters indicates that,
in general, the use of meteorclogical satellites operating in medium
altitude (e.g., 400 to 750 mmi) and geocsynchronous (15,300 rund) orbits
can provide remote measurements with adequate zccuracy in a global and
near real-time scales of the atmcspheric parameters that are required :
for the numerical, long-range prediction (maximum of about 3 ta 5 weeks)
of the global atmospheric circulation within mainly the troposphere (up

to about 7 to 10 nmi). U

Some specific results concerning the satellite measurement of

atmospheric parameters are as follows: P s

1. Radiance measurements in the infrared region of the electro-
magnetic spectrum from meteorological satellites operating in
medium altitude orbit can determine the geopotential height
and vertical temperasture profile to within 60 meters and 37K,
respectively, in an altitude range up to about 10 mb, or
approximately 16.5 nmi (Figs. BA-1, A-4). The advent of high-
spatial-resolution scanning radiometers (e.g., HIRS) would
provide even higher accuracies in the geopotential height and
vertical temperature distribution (Fig. A-4) over most of the
globe., These results are based onr (z) the use of updated
statistical data for the geopotential height and temperature
in the troposphere and lower stratosphere, and (b) the solu-
tion of the inversion problem to deduce the temperature pro-
file from radiance measurements in different spectral bands
(Fig. A-2) through the use of an iterztive method that utilizes
statistical atmospheric temperature profiles.

2. The main emphasis in the RDTEE of sensor subsystems for
meteorological satellites over nearly the last decade and for
the near future (Tables A-1, A-2, A-4) has been toward the
development of high-spatial-resolution scanning radiometers;
i.e., sensor subsystems that would yield accurate determina-
tion of the geopotential height and vertical temperature
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distributions to sesa level altitude over most of the globe
(Pig. A-d). '

3, Radiance measurements in the infrared region of the electro-
magnetic speccrum from meteorological satellites operating in
medium glvituce orbit can also vield the vertical temperature
profile through the troposphere (Fig. A-7).

4. Poterntial techniques for measuring the velocity vector of the
air motion or wind within troposphere in a global and near
real-time scales are as fcllows: (1) microwave measurements
from meteorological satellites operating at medium altitude
orbit of the thermal radiation emitted by the oceans to pro-

“vide data cf brightness temperature as a function of the sea
surface condition (Fig. A-10), which is controlled by the
magnitude of the wind over the sea surface; (2) the use of
meteorological satellites in geosynchronous altitude (e.g.,
ATS-I and ATS-III satellites provided with a spin-scan camera
subsystem as indicated in Table A-2) to provide data on the
motion of cloud elements over fixed geographical locations.

A correlaticon of the motion of certain cloud elements with

wind measurements would yield the wind vector in cloudy areas;
and (3) the tracking of a worldwide network of constant density
balloons from meteorological satellites would yield the wind
vector over geographical areas and atmospheric levels without
cliouds.
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