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READER' S REFERENCE
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ABSTRACT

Techniques which have potential use for explicit determination
cf atmospheric parameters by observations 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 measurement, 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-
able by measurements from satellites, are named. Estimates are given
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 objective of the Institute for Defense Analyses Study

S-41, "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, .i. Its complexities and

variabilities have been described in "Physics of the Atmosphere,"

Volume IV of this study. Requirements for knowledge of atmospheric

parameters to which a number of Department of Defense potential mis-

sions are sensitive are described in "Potential Needs for the Deter-

mination of Atmospheric Parameters," Volurbe 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 determination of atmospheric pararr-

eters by inversion of atmospheric emission, by the atmospheric absorb-

tion of solar radiation, 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

motion of clouds determined from TV-type (APT) pictures from satellites,

and by the motion of balloons tracked in position by satellites.



In summary, the ways to determine wind and density from satel-

litc.s which have been considered are outlined in Table 1.

Of the several techniques, two ways of determining density, by

measurement of atmospheric emissions and of the atmospheric absorption

of solar radiation, and one .ay of determining wino, by the computa-

tionil 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

accomplished by civil agencies. Two additional ways of determining

density, microwave satellite-to-satellite occultation and satellite

drag, are important to meet the needs of military objectives, but

not as crucially. They represent significant 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 zracked balloons, which have particular military vulner-

ability. Both of the latter ways may perhaps be adequately developed

by civil agencies.

Also 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 atmospheric parameter is

necessary. For each such military mission, the tolerable fractional

uncertainty of the atmospheric parameter is also shown to be a number

equal or greater than the uncertainty of determination.
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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 1 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, I
WATER

LASER BACKSCATTER DENSITY, 02 0-30 15-100 WEATHER PREDICTION 10%
DENSITY, 15-100
DUST
DENSITY, 5
WATER I I I

DETERMINATION OF WINDS

COMPUTATIONAL WIND ALL 25-100 .fHER PREDICTION 10%
SIMULATION, WITH ALTITUDES BALL. MISS. TARGET 30%
DENSITY, TEMPERA- BMD DISCRIMINATION 40%
TURE, HEATING,
INPUTS

PICTURES OF CLOUDS WIND q-l8 25 WEATHER PREDICTION 10%

SATELLITE-TRACKED WIND 1 AND 3-25 WEATHER PREDICTION 10%
BALLOON 10-15

*BASED SOLELY ON THEORETICAL HYPOTHESES

Table 2 lists the characteristics of satellite vehicles and the

orbits required for the application of the several measurement tech-

niques. Comparisons, rouah and tentative, with existing satellite

systems are made in Table 2. Confirmation of the comparisons, and

further elaboration of system Getails, together with cost effective-

ness comparisons with competitive systems, are desirable objectives

of a further study.

Table 3 summarizes the results of this review &t measurement

capability, expressed as a practical minimum fractional uncertainty

of the capability for determining atmospheric parameters. Also shown

tor comparison is the tolerable maximum in the same altitude region

required for the missions discusse& in Vol•me !I.
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The mosn significant conclusion draw.n from the review of instru-

mentation techniques is that satellite-borne instrumentation may re-

motely measure all atmospheric parameters considered, with accuracy

and coverage adequate to meet the needs of the important defense mis-

sions considered, with the exception of two parameters: winds, be-

cause of inadequacy in coverage and in accuracy; and electron densiry,

because of 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 explicit

measurements by satellite of atmospheric parameters other than winds.

Justification for the suggestion is not, however, quantitatively

shown.

6i



T'4UETSTON C? ATMIOSPHERTC FMISSTC:

By inversion of satellite radiometer measurements or infrarec

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

t-ive height profiles of teme-ra-ture "enst-ia -treasuLe may be

termlned.

A characterization of th cccbnice is riven in Fir. 1, sum-

marizing discussions given in the followine cescriptions, in turn, of

the basic theory, temperature an,! height unaertainties, determination

of ozone censity b, ultraviolet emission, ' determination of H 20 and 02

0 cnsc'y by m.icrow.,,.,ave emission, and systers :cnsderations.

PRINCIPLE

?e Lr-nciple of chc technicue we: initiall suuwestec to Kina

(19ft), elaborated by Xa,.ar. (19.., 5 .n urtIer Jascribed ho Wark

and Fleming (1966).

at a single frequency v, the rai v transfer equation is

d I )(-";,) B( v,T( 72) k(v' ) (z) seceas (1.

where I(v,e) is the radiance at v in the direction e from the local

vertical, k(v) is the mass absorption coefficient of the absorbing

gas, p(z) is the density of the gas, B>,?) is the Planck radiance

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

Assuming that the instrument observes in a narrcv.: cone in the

local vertical so thac everywhere it the cone sec- - 1, and trans-

forming the variable z to pressure p by means of the hvdrostatic

equation

pdzrn _c (.



PRINCIPLE OF OPERATION

* EMISSION = f(T, p, K, X) OF EMITTING GAS

* MASS ABSORPTION COEFFICIENT (K) KNOWN IN WINGS OF LINE (I.E., 154, CO 2 )

* PATH LENGTH (X) KNOWN BY GEOMETRY

* TWO LINES OF CO2 AND 02 YIELD DENSITY (p) AND TEMPERATURE (T) AS FUNCTION OF ALTITUDE

o ADDITIONAL LINE OF H2 0 YIELDS WATER VAPOR DENSITY

UNCERTAINTY OF MEASUREMENT

a DENSITY: 1%

* TEMPERATURE: 1%

COVERAGE IN VOLUME

" ALTITUDE: RANGE OF 0-30 KM BY NADIR OBSERVATIONS; 30-60 KM BY HORIZONTAL OBSERVATIONS

"* HORIZONTAL GRID: 3-200 KM

STATUS OF DEVELOPMENT

"* I-5-LINE SENSORS OF 0-30 KM VERTICAL RANGE; 3-200 KM HORIZONTAL RESOLUTION BY NIMBUS

"* DATA PROCESSING: NIMBUS

"* DESIGN NOT YET OPTIMIZED

RECOMMENDATION

" INVESTIGATE FEASIBILITY OF HORIZONTAL VIEW EMISSION SATELLITE FOR T, p, AT 30-60 KM FOR

NEEDS OF BALLISTIC WEAPON TARGETING.

"* INVESTIGATE 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.

100%0 j

- C

E

EARTH EMISSION E D C B A
CONTRIBUTION WAVE NUMBER

ATMOSPHERIC EMISSION

FIGURE 1. Measurement of Atmospheric Emission for Density at 0-60 km



where q is the mass mixing ratio of tho absorbing gas and g is the J

gravitational acceleration, Eq. 1.1 rray be written as

q•O k(',p)dp~[g.1
I(v,o) :E() B "T(p e 0

P (1.3)Pc -•f ( k(,p ,p~

+ p B(vT(p)) e k(,,p)dp

where f(,) is the emissivity of the lo-er bound (i.e., at pc) and the

subscript denotes the lower boundary. The first term is the component

of radiance arising from the surface, and the second term is that

component arising from the atmosphere itself.

It is convenient to simplify by introducing the fractional

uransmittance

_-jk(, ,p)cdp
T(v ,p) = e (1.4)

of the beam between the level D and the effective top of the atmosphere,

so that Eq. 1.3 becomes ]

I(v,o) E(v) B(vT(p0 ))T(VP)

_ (V,p0
)

-f * B(',(p))d p)

Eqvation 1.5 expresses radiance roe a single wavelength. P.n instrument,

however, distinguiishes only finite bandwidths. The measured instrument

radiance in normalized form for a spectrometer is the convolution

product

I



0 v2

I(,;j:,o) xv] .,(, - •) I(V•o)d,./f ;,:(v* - •d

1

1 -__[-.:.,•*g €'' \j 'P) 2pc,
k[ T •pdp W (V* -)dv

where w(v) is the spectrometer slit function and vl, v 2 are its

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

V1 to v2 is sm.all, then B(xi,T) varies little, is linear in the interval,

and may be replaced by its value B(v, T) at a properly defined mean

frequency v, so that it may be factored out of the integral with

respect to v.

One may further define the mean effective transmittance and its

partial derivative as

21•i,']•":-) ,(•p)C3V

T(V'!, P) = (1. 7a)
V2

10 (,e - ,•)d,

10



V

Sw~v* - v)ddv

In the spectrometers discussed the spectral intervals are narrow

(5 cm-1 to 20 cm- I) and the slit functions w(V) are symmetrical and

triangular, so that one may set v* equal to the mean frequency v,

revwoiting Eq. _1.6 as

I(,),o) = B(v,T(p 0 )) r(v,po)
(1.3)

- pB(;,T(p)) d'-(v,p)

Thne purpose of the inversion is to solve for the function B(vT(p)),

knowing the radiance I(v.,o) and the transmittance given by Eq. 1.7.

The Planck radiance B(v ,T(p)) has a different form at different

frequencies. For example, in rhe microw*:ave region the Rayleigh Jeans

approximation holds

B(,ý;,T) = 22 ckT ;Rayeigh Jeans, for microwave (1.9)

and in the recion of the 4.3 micron carbon dioxide band Wien's law

holds:

hc,

B(v,T) = 2hv3c 2e kT;wein t s Law, for 4.3p (1.20)

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

the approximation

B&v,T(p)) =.(v) B(\)rT(p)) + •(v) for 15. line (1.11)

11



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
0-J ' 5L B(vr T(t)) d-t(',,t) dt (1.12)

0

where v is .mritten aE v for convenience, and t is a general independent

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

"C. -ion 1.12 is a Fredholm equation of the first kind

tg(V) 0• k(,),t) f(t) dt

wherein

dm
k(v,t) = -

f(t) = B(vr ,T(t)) (1.13)

g(V ) Vo - ýVI/~

In the atmosphere, the transmittance of Eqs. 1.4 and 1.7 is a deter-

mining factor in the radiance to be observed from a satellite ar any

frequency and depends upon the spectral interval observed. Through

most of the atmosphere up to about 50 km the broadening of spectral

lines is dominated by collisions; above that level Doppler broadening

of the lines dominates. One finds in the meteorologically interesting,

collision-broadened atmosphere that lines have Lorentz shapes for
which

k(E) v ) 2] k(v)dv (1.14)
.I -V)2 + a ot2

12
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where v is the frequency of the line center and ce is the halfwidth

of the line. For an isothermal atmosphere, the halfwidth is

(=s°Po 2o (1.15) --

where subscript o denotes y,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 0 C (After Wark and Fleming, 1966).

100

7001 -------_

90--
8 0 : '''

•50-- --

I: - _ I__~40

700 650 600

WAVEN UMBER (CM- I )

FIGURE 2. Spectrum of 15 Micron Carbon Dioxide Band
(After Work and Fleming, ý966)

Shon,.. in Fig. 3 are the six components of the kernel d-(v,p)/d

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

691, 697, 703 and 709 cm1. These curves may be considered as weight-

ing functions for the Planck radiance in Eq. 1.12. They show from

what part of the at-osphere the outgoing radiance arises. It is

13



0.1

1.0

A-669 CM- 1

B-677.5 CM-

C-691 CM 1

D-697 CM- 1

E-703 CM 1

F-709 CM-

E

1000•,

0 0.5 1.0 1.5

dr,'d (I og p)

FIGURE 3. Kernel d'T/d (log p) (After Work & Fleming, 1966)



necessary that the weighting functions overlap a little, but not too

much, in order to obtain enough 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 the whole atmosphere. With too much overlap, the errors of

measurement may exceed the ability of the weighting functions to

discriminate between the levels of the atmosphere from which the radi-

ation is arising.

Once the form of the indicial function f(t) has been determined
(from the alternative Eqs. 1.9, 10 or 11), 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
n

f(t) : "Cj cj(t) (1.16)
j =1

where qj(t) are a set of orthogonal functions, then with Eq. 1.16,

Eq. 1.12 becomes

n t

g(,) =• c. k(V,,t) pj (t) dt = 1, ... , n (1.17)

or in matrix notation

Inverting yields

where A is the inverse of the matrix A w:hose elements are given by

the integrals of 1.17, g is the ve-tor expression o: tne observed

15



quantities g(v ", and c is the vector of undetermined coefficients,

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

thence temperature T(t).

The solution of Eq. 1.18 is unstable if more than three equations

are considered, due to the follow:ing sources of error: the approxi-

mation of the Planck function, the numerical quadrature process and

roundof f.

The computational instability has been made tractable by use

of the solution

( + y )- (A g y

where A is the transpose of A, y is the smoothing parameter, H is

the smoothing matrix and h is a bias vector which is a gross estimate

of the solution vector •. Fleming and Wark (1966) find that y = 10-

is pragmatically effective.

TEMPERATURE UNCERTAINTY

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

ature determinations of a six channel (of 5 cm bandwidth) spectrometer

measuring radiancos of about 50 ergs sec-I cm-2 ster- cmI . For

errors of ý, 1, 2,and 4 percent in the measure of radiance, corre-

sponding to a = 0.25, 0.5, 1.0 and 2.0 ergs sec-1 cm- 2 ster-I cm"I1

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

-
2v r2ckT2

B 2v3c 2+

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

for the fifth largest value, the units for ao B, AT and Max AB are
es s -e - -i t-T, and 'ax Taree~s sec -~ cm ster cm and the units for T, AT,an axTar



TABLE 4. TE-ERATURE ERROR RESULTING FROM RANDOM ERROR OF OBSERVATION
(AFTER W.RY AND FLEMING, 1966)

T -- 4- Mlax. Max.

KEY W4EST

0 10-4 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 ± 4.42 224.69 ± 4.66 6.36 6.70

LITTLE ROCK

0 10 47.39 + 0.93 224.43 ± 0.98 0.93 0.98
0.25 0.025 47.39 ± 1.21 224.43 ± 1.28 1.69 1.79
0.5 0.050 47.40 + 1.54 224.44 + 1.63 2.55 2.69
1.0 0.150 47.41 " 2.13 22.1.4' i 2.25 3.62 3.82
2.0 0.400 47.43 ± 2.81 224.48 2.97 4.38 4.63

SEATTLE

-4
0 10 43.84 ± 0.69 220.60 0 0.76 0.69 0.76
0.25 0.025 43.84 ± 1.60 220.60 ± 1.77 2.d7 2.73
0.5 0.050 43.85 1.89 -20.61 ± 2.09 3.27 3.61
1.0 0.150 43.86 • 2.45 220.62 + 2.70 4.47 4.93
2.0 0.400 43.68 ± 3.05 220.64 ± 3.37 5.25 5.79

C•URCHILL

0 10- 35.13 ± 0.86 210.36 ± 1.08 0.86 1.08
0.25 0.025 35.13 ± 1.71 210.36 ± 2.46 2.24 2.81
0.5 0.050 35143 ± 1.16 210.38 ± 2.46 2,2 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.al ± 5.20 6.25 7.84

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

or greater than about 1% or 0.5 erg sec-1 cm-2 ster°I cm- lead to

results with temperature error greater t.a, or aout 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 III meteorological satellite.

SIRS detects emissions in 5 cm- bands at the five CO2 channels

near 15 microns (669, 677.5, 692, 699, ano 706 cm" ) as well as two

channels in the far wing (at 714 and 748 cm- ) and an atmospheric

window at 899 cm- . The uncertainty of temperature determination

by SIRS is shown in Fig. 4 for the case of both clear and cloudy

conditions, and for errors of 0.01 and 0.25 erg sec-1 cm-2 ster-I cm-1

in the deternination of radiance values from 50 to 70 erg sec cm

ster cm The temperature uncertainty is seen to be less than
30K.

I --------------- , _ T

RMS EREOR

CLEAR

CLOUDY

......................... 0eo. 25
-I- WITH Po ADJUSTMENT, o. 0.25

P ) -- -STANDARD DEVIATION Of -

4CC 1-~DEPENDENT SAMPLEI

SOC
[ I I .

1000 J I I ____________________II_____

c 5 10 15

TEMPERATURE DEVIATION (°K)

FIGURE 4. Uncertainty of Temperature Determination by SIRS
(after W.L. Smith, 1968)
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H-EIGHT? tUNQERTAINTY

W. L. Smith (1968) also describes a method of estimating the

pressure versus height relation from the radiometric measurements,

employing empirical orthogonal functions developed by Holmstrom (19653).

By the Holmstrom technique, the 7eopotential height is represented

by the rapidly converging series

Z(p) = cr Y (P) (1.21)

k=l

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 considered by numerical weether

prediction. Pr.om the hydrostatic Eq. 1.2, and the gas law, used with

Eq. 1.21, it follows

T(p) - - a __C _
R ftnD R ' R 5U?,p

k=l

k

- cR XR(P) (1.22)

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

wherein (cjk)

X =(x jk)



Combined, these yield

)I(T 3T) - (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

determnination by SIIS•, for which the temperature uncertainty is given

in Fig. 4, 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 0.002 to 0.01.

C • . I . II I -I [ . _ ... j. .,.&- - I

I -- - -. - -,I .- -

' EMS ERROR
CLEAR

200 - CONSTRAINED. a =0.01

.~. CONSTRAINFDj 0.25
. . UNCONSTRAINED, oe = 0.25

I CLOUDYI * --- UNCONSTRAINED WITH Po ADJUSTMENT, a, -0.25
............. UNCONSTRAINE , a. = 0.25

A400 - -STANDARD DEVIATION OF DEPENDENT SAMPLE

I-. - - . . -N-" -
I, /I/

O 100 200 300

GIEOPOTFNI"IAL HEIGHT DEVIATION ( METERS )

FIGURE 5. Uncertainty of Height Determination by SIRS

(After W.L. Smith, 1968)



By m:.e equation relating the uncertainties of densitv and height,

(1 .24

wherein i is the scale height, about 7 kho, -he fractional uncertainty

o' cens iýy is about lb.

Since the linear spatial resolution on the ground of the SIRS is

about 22:. kin, the interval between clouds cannot te resolvedy a

single observa-ion. However, according to Suomi (1969), the NASA ATS

sat -lits h-a-ve demonstrated that time and space can be traded; that

is , a 90%1. clouc cover could be effectively sou to the ound in

one hour of observation. By means or such a tradeoff , a 1 to 15 km

resolution radiometer makes possible altitude coverace all the way to
the mou-•nd. :'.>L.,..:lu._ch.. ar-i• "-W. L. Smith (1115) have prcoosec. a

high resoucLior: teroperarur-e sounder with 7.5 * ; h round resolution,

Yv w..z•h --the intervals netween clouds r.a:, b rsolved. thereby ,=r--

mitrino resolurion i s temneraur-e c:- heiohc unc-rtainties

cescribed as "clear, ce = 0.25" in Figs. 4 and 5, namely less than

2 and -2 . meters over mnst of tee :lcitu'e range, 0 to 10 kr.

, s me; be luJged by inspection of PFis. 3, 4, ant 5, the deter-
mnnation of temoerature anl. pressure or nc- teih o te i-nveosion or

nadir cirected radiometer measuremen:s of the 15 micron CO2 line :s

esrective only betw-een toe earthts surface, or th.-e -op of the cloud

layer if uninterrupte. an, the heighc of the 10 -rcb surface, approxi-

rxacely 30 kmn. J. C. Gille (198S) has suzgestei the inversion or

horizon-czrectec raoiometer measurements of the 15 micron CO2 line to

deterinune the terperature, ant toe pressure or necent, in the sorato-

pause, from K0 to C•,0 c.ince the ,-Sor-t-oniz-- 1S ýtorpcrtional to the

nsity-,-path length inteqral, the hor-zon---rected measur-ements are

sensitive to the atnospherc at hlt des than are the nadir-

cirected measurerrents. and t w tte are simil i
s e but muchhnarroinerthan tare s -o r

shape, u ., t. . . Mile's {stmate
o: unccrteincv •I base] or tic dcilc.in: ccr..s:-iez cic res. .Assucinc a

2]



satellite at 0-J KF- .i•ift::, tin v---al dimension for a 1 milli-

ra-iar fic. &: vie.w is .. 1cx-irazcl:.y C. Ki. Cv40 "is u .i.,t 0t.

curvature o: t2L radii:->nve profi1cs is small, so tha- chanqes maV be

-asii. •.'sv in- . MI.l. c7 v,.-.-AiR :onsirs a .oolc: or-

biting opti.al S.s,-. .. 7e. ro capa1le of measuring a full. .. a
-- i-2 -i

signal of 7 w m2 st-r to acl urcertainty of 0.01 %! m2 ster , or

C.145. Pointing errors may the limit-n factor in cezermining

resolution because of t'e i-r. .radiane p rofile slope, about 0.2
-2 -i 1 -

W .. 2 ster 1T If t _rointing error is one 'illiradian, rhe re-

sultina uncertainty of -angens height will a-proximate .0 k' vielditin
-2 -1error of about 0.08 w m ster , or about 1i. The tw'o error sources

(in -adiance measurement and pointing) imay, therefore, cOntribute to

a to-al measurement error of about l%. The contribution of error due

to the computaticnal inversion may hT expected to Ae the same as in

the case of the nadir-directed radiometry.

McKee et al. (i969) have analyzed the errors of temperature de-

termination frcr . horizon radiance profiles of the 16 micron CO,2 line,

for the alticude rang.e 2•.. to 55.5 km. **ec et -A. find that the

error sources ShO'...TI in Table 3 are realizable, and contribute errors

in temperature )eternniation as indiicated.

........E.RS CF ............. ..... R DI iE PROFILFS
(._cee er al., 1969_

ERROR AT ALTITUDE 20 KM AT ALTITUDE 50 KM
FOR SIGNAL FOR SIGNAL

TYPE MAGNITUDE wM STER 0k W M STER 0 k

SCALE ERROR (0.01 SIGNAL) 5.9
2  -5 1.10 1.16

BIAS ERROR 0.01 0.03 0.12

w M-2 STER-I

NOISE ERROR 0.01 2.30 0.93

W M-
2 STER" I

TANG. HEIGHT 0.5 1.35 3.80
ERROR

W M "2 STER"1

PRESSURE (0. 1 PRESSURE) 1.52 5.79
ERROR
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DEN1S!TY OF' OZOE' BY "LTRAVTOLET E', SSTON

Other radiation bands -ay De used si-iilarly. A.t the low alti-

tuoes, below 30 krri, two interesting constituents cf the atmosphere

which are highly variable in mixing ratio are water vapor and ozone.

As is shown in Pig. £, the absorption coefficient of water vapor in

the infrared is about t-'.,o orders of magnitude greater thar that of

carbon dioxide, which is nearly constant in mixing ratio. Radiometer

meazurements in either of the two 20 bands shown in Fig. E 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 CO02 band, and the mixing ratio is far smaller

in the altitude range of interest, still another band of radiation

should be considered -- that of the Hartley band in the ultraviolet--

for the determination of the ozone mixing ratio-heiaht distribution.

WAVELENGTH X(MICRONS)

5 100 50 30 20 16 12 10 8 6 5 4.5
S' 1' 1 ' I' I 'I

_ G GENERALIZED ABSORPTION COEFFICIENTS FOR WATER VAPOR4
o CARBC"J DIOXIDE AND OZCNE I

BAND AT 20°C .. " I..

9. 6u. 0 B3 AND

o -1. - o- --------"- t A . 20'.

1 -7. A

SCONTINUUM ' t Ii

0 200 600 1000 1400 1800 2200WAVE NUM3ER 1 (CM- 1 )

FIGURE 6. Generalized Absorption Coefficients for the Major Absorbing Bands
H2 0 CC and 03 (After Elsusser und Culbertson, 1960)

2' 2

V, - I -A 20'



S. Twomey (1961) has described the problem of maripulatinq

ultraviolet spectral measurements in the w.avelength reiorn 2800 to

30030 A for the deteimination of ozone mixing ratio-height distribution

from the solar radiation backscattered from above the median ozone

level (abouc 25 'kn). TN-iomey anticipated that the error of ozone

determii,.ation 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.

DENSITY OF H120 and 02 BY NICROhAVE EMISSION

A third region for application of inversion of radiometer

measurements if the atmospheric microwave spectrum, notably the weak

rescnance of water vapor near 22 GHz (1 GHz = 10 cps) or 1.35 cm

wavelength and the strong complex of oxygen resonances near 60 GHz

(0.5 cm). Atmospheric emission at these frequencies can be received

with microwave radiometers, and the received radiance expressed in

terms of the brightness remperature TB may be measured. The accuracy

with which TB iray be measured is 0.2 to 1.0 0K. Since the Planck

function B is essentially linear in this spectral region, as indicated

in Eq. 1.9, the inversion of Eq. 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,

especially oversea areas. Because a microwave radiometer looking

dovan may see water vapor or ozone in absorption or emission,

dependent on the brightness temperature of the surface, the highly

emissive 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 emissior.s (the second term of Eq. 1.3) are unambiguous.

Wcters of NIT, cited 1v Gille (1968), has quoted the inversion

__ _____



uncertainties associated with zero and 1% errors of microwave radio-

meter measurements to be 2 to 3.7 OK (about 1%) for temperatures
-2at altitudes below 15 kim, and to be 0.09 to 0.11 gm cm (about 3

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

is comparable to that of the 15 micron infrared channels; that is

the emission by oxygen in a spectral channel of 0.2 GHz width comes

mainly from an atmosDheric 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 megion up to 30 km,

have been largely proven by NIMBUS and TIROS satellites, the history

and characteristics of which are described in some detail in Appendix

A of this volume. The 700 lb NIMBUS and 300 lb TIROS satellites orbit

sun-synchronously at altitudes of 4CC to 600 nmi, making measurements

continuously along a swathe about SOC nmi wide along the orbital

projection on the earth's surface. Eight such satellites, with

ascending nodes at 450 intervals, are required to obtain measure-

ments over all the earth at three hour intervals.

By means of a system cf similar sensor complexity with the

addition of a directionally stabilized pointing control, in similar

sun-synchronous orbits, the atmosphere can be probed for density and

temperature at all altitudes up to about 60 km.

SI.MMARY

In summary, inversion of radiometric measurements from an earth

orbiting satellite yields the distribution with respect to altitude,

of temperature, total particle density, pressure, and density of

water vapor, carbon dioxide, molecular oxygen and ozone, with frac-

tional uncertainty between one and two percent, as indicated in more

detail in Table 6.
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One techniace by vwhich ti-e vertical distri4ution of the temper-

ature and density of the at:,.csphere way he dectrmrinee` remotely by

satellite-borne instrumentation is -ihe observation of the variable

absorption on solar ra6iatlicn as the satellite crosses the termi-

natcr, that is, as the line 'of sicht from the satellite to the sun

As occulted by the solid earth and its atmosphere. By suitable choice

of lin-es or wave bands c-f the solar spectrum which are selectively

af)sor)Qd -.y the earth- atvoc, sphere, the density and temperature of

neutral components of the atmosphere nay be deter:ined in the upper

atmo-..s.phere (e.g., from about SO to 300 km alt-iude. where cther

techniques arc ofter inapplicable,

characterization of the technique is givern in Pic. 7, which

summarizes conszieratijrt r'zveweci in the following paragraphs, deal-

ing -n turn v:wth basic theory, character isteCs of the solar radiation

wave bands, detector characteristics and veh-.icle and system consider-
at Ions.

PJ¼",IOTT •VE pT•,:SPER

The principles of radiative transfer which govern the technique of

determining density by observing the absorption of solar radiation at

various depths in the atmosphere differ from those described in the dis-

cussion of the inversion of atmospheric emission in that the emission of

the atmosphere is taken to be negligible by comparison with that of the

solar source. In consequence, the spectral radiance from the sun

detected at the sarelite mna be described as

P7 (\ = (X)ex~j~fCOXZ)Ta A z )c(zl0 ex P z,(

s 0



PRINCIPLE OF OPERATION

* ABSCTION = f(p, K, X) OF ABSORBING GAS

* MASS ABSORPTION COEFFICIENT (K) KNOWN IN X-RAY AND EUV

* PATH LENGTH (X) KNOWN BY GEOMETRY

* DETERMINES DENSITY (p)

UNCERTAINTY OF MEASUREMENT

* DENSITY: 10%

e TEMPERATURE: 10%

COVERAGE IN VOLUME

* DENSITY AVERAGED OVER VOLUME 7 KM x 300 KM x 1.6 KM

0 TWO VERTICAL PROFILES FROM 90 TO 300 KM ALTITUDE, PER ORBIT

* NINE SATELLITES FOR DAILY SAMPLE IN 1800 KM GRID SPACING

STATUS OF DEVELOPMENT

a PRINCIPLE DEMONSTRATED BY ROCKET EXPERIMENTS

e DATA ANALYSIS BY COMPUTER DEMONSTRATED

RECOMMENDATION

* INVESTIGATE FEASIBILITY OF SATELLITE SYSTEM FOR NEEDS OF LOW ALTITUDE SATELLITE ORBIT

PREDICTION, USEFUL FOR RADIO COMMUNICATION.

SAT•I, • SUN

EARTH

AlMOSPHERIC ABSORPTION OF SOLAR RADIATION

FIGURE 7. Measurement of Absorption of Solar Radiation for Density at 90-300 km



wherein F is the spectral radiance at a given wavelength X, at

altitude h

Eo is the spectral radiance of the sun outside the absorbing

atrmosphere

c is the absorption cross section (cm2)

n 's the number density of the absorbing gas (cm- 3 ), at

altitude z

i is the wavelength of monochromatic radiation

F is the Chapman functiOn (of a, z, H and E-

a is the radius of the earth

7: is the solar zenith anole

H is the atmospheric scale height
z is the alt•tude in the atmospnere

The Chapman function F - t)takes into account that the incidence

of radiation is not normal. Tn the relation of Ec. 25, if the latter

were written r a plane sratified at-mosphere, P ( , abecomes

sec T. : has values, in the case of the spherica ly s-razified

atmosphere of the earth, that are tabulated in Swider (1964) (e.g.,

F - 9 and sec Z at -k) The power detected by a radiometer

is represented by the intearal over -he i-ner eroduc: of the incident

spectral radiance and the spectral efficiency of tn.e detector, over

a band wavelenaths to which the radiometer is sensitive.

If the radiant flux is characteristically cha't af a black body,

then the incident radiance over a wave band linmited 1v, XI, detected

by an ion chamber surafc4erci y excited to pass current I within limits

o1 irs sensitivity ,X i becive. Iv"m " max .

T (, (e /- - !
= r,' t> J e / (2.2)
' q/ max

""i c '-

1~_J



wherein I = ion chamber current

r = phuton dectici efficiency, within limits

kmin' ":.ax

E(kl,X2) = energy flux in the band of wavelengths X1 , %2

= ion pairs formed in the ion chamber per erg of

radiant energy

X wavelength

a = aperture area of detector

q = electron charge

c m velocity of light

h = Planck's constant

C9 = 1.439 cm OK

T = temperature of black body source

For the case when in Eq. 2.2, the bands of energy flux to be determined

a:d those of the detector sensitivity are the same, then the flux

is proportional to the current in the detector

B (2.3)

v•erein r is an av,,Faued value of photon detection efficiency.

Consioering now toe flux at an altitude h. over a wave band

(limited by, Ias as 7he integra! of Eq. 2.1

X) +A](),I E •(\, z ~ F z (2.4)

tn~n toe logarithKmic derivative zs

_ _ _ _ _ _ _ 0



dtr; (h) _ 1 d E(h)
E dz

ox)exo p (,~~ k + (x dz •(,)n(z)--U--

E0 (X) exp (X ,z)n(z)( , dz)

Tf ever the narrow band of sensiltivity of the radiornezer E(,X is

taken as that of a black body, ten E-q. 2. may b r wr.itten, witr z

ir. lieu orf as

e-xpe u (",k,z)r(z)dz.

f7(x Z) f I\ -

Sexp - f;(.xz)n(z)dz d\

d~n E(e2n(z) P(Z)- 
6)

from %.:hich the density, ,mav be evaluated by

S(2) F(7)

herein (z) is a mean value evaluated as the quantity in scuare

brackets in. E?,. 7.6.

L.1so the density over a shorT interval of altitude may be

aluated in t.ernms of scale height

!(zz .!( -- F.L(z) i



as n n (2.9)

1d n-i
so that H(a) - dz (2.!0)

wherein T is temperature

z is altitude

k is Boltzmann's constant

g is the acceleration due to gravity

m is the mean molecular weight of the atmosphere.

With the description of density given as in Eq. 2.9, the temperature

may be determined by the derivative relation

= - Sa dVnnzU f (m(z (2.11)

In short, from a height profile of radiance, determined from

radiometer measurements by Eq. 2.2, the height prcfile &f density

may be determined by Eq.. 2.7, the height profile of scale height by

Eq. 2.12, ant if the moan mcicaular . 7.- ) bc knc..;n, te te-mter-

azure profile may be determined by means of Eq. 2.11.

The certainty of an individual data point associated with

determination of each of the parameters for which profiles in

height are m.ade may be described by the following relations.

Assuming the measurements of detector current I and detector

efficiency are independent, the variance in determination of flux

is described by

= + (2.12)

Similarly assuming independence of the determinations of

radiance, absorption cross section and Chapmnr constants, and that



the independence of radiance and radiance gradient is described by

correlation p., the variance of the deterrminatiorn of density is

given by
2i

(A FA arad. £ fiAE-.

+rad -

Also, assumina the dependence of the determ. netions of density

and density gradient as described by correlation p, .,. variance

of scale height is given by

Similarly, the variance of temoerature may bi descrihed by

(.T) •I + w

wherein ..,' Pi.•ano' defire the c•-rrelation constants or cdensitv and

molecular :eizorhL and of density graient arnmc-lecular %.:eiahtc,

respectively.

In the evaluation of ,a rnc-e or 1 th he-ah t 1 l 1 e _

atmospheric parar-et-r by Eqs. 2.!2, 2.1 -2 1 .!, ac cunt oust ce

taken of the reduc.ion of variataorn r= i o from smo_,thhing of data

of a number CL points. ,rr mean"

value M and standard oeviaaioon o (v mian-.) are smoothed, the

uncertainty ( of) tc zhe smoothed raran r ma.. -, stimaccd tc be

the standard --i.ctional errr ý -'!,s

14 /C

(L...5



!r' -.. < .. ave s .-.,.aybhe u 1culy exploi'•ed

-.r to.'T-: - by cbserya:ion o:

h abso "o ao, ic- selfu to cinaiocr ish7'-
l1iude a- ris fotr so.-r radiation

ir, to wvavbard zr-; t , , th- aztiude h at which,

by Eq. 2.7.

J : ( .z)n(z)F(z)dz 1 (2.17)

To anp;oxamne the atitude, one may take ar. appox::atio- •.he

de!.sity h4an0 trofl1e, as - io7. 8, which is te basis for

Hinteregaer's ( 1964 data -o Lc cited beIow. The dersity profile

o-- c--,q a ~~'~c�m< h... oclumr. r'ensit =jndh pro:fie shownr in

Fic. 9, and "the Dr.fi 1 es of sca . aio-, temperature an.d mean

molecular ma show: ft rig. 10.
350 •- ,,) I •
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As shown by Swider (1964), the Chapman function from a satellite

at altitude 200 kmn, observing the solar radiation passing thorough a

tangent heioaht of GO cc 200 km,, takes values from about 30 to about

90.

The absorption cross Sections, for the principal constituents

of the atmosphere in the -ititude region GO to 200 kmn (e.g.,Q, 02,

and NO) are summarized for wcavelengths 1 to 2000 A in Fig. 11 from

ca published by Ilinteregger, et al. (1964).

The following are examples of diagnostic wavebands, for wnich

computations of effective optical depth are given in Table 7. Shown
in Fig. 12 is the absorption of solar flux in the bands 10 - 20 A,

near the Hydrogen Lyman Alpha (1215.7 A) line, and in the Schumann-

Runge continuum (1375 - 1500 A). The first of these absorbs each of
,hie threce pri•'.,ipal constituents 0, 0925 and N Under the assumption

that near the tur'opause diffusion has not appreciably affected the

propots~'tns o f cxy.ci• an.- rtrogen, the one waveband alone is diacnos-

tic of the neutral particle density in the region 105-135 km. The

latter two are diaqno3tic only of the density of molecular oxygen (02),

to cover the reo:ion 20 - 115 1m nd 125 - 145 km, respectively. The

d0itu of Fig. 12 were determined at Eglin, Florida (Lat. 30 A0N at

07U10•9 CST on 21 Pebruary 1966. Zenith angle was 830, and Chapman

Junction F - ,.6. Mcasurecd from a satellite, the altitudes for which

the three exauzples are diaonostic may be perhaps two scale heights

higher, or for total particles (N2 , 02 and 0), the 10 - 20 A band is
diagnostic in the altitude range 130 - 160 Rin, and for 02 the ultra-
violet bands are diagnostic in the altitude range from about 98 km

to thie turbopause : .ar 13.2 km and from about 152 to 198 kin, respec-

tively.

A w...avrband that is diagnostic of 0- alone at altitudc -- rhaps

]'.c, hjghts ahVO that of the Schumann-Runae continuu , that

c_;carflairLQ the linre Ci Ilydrug-?n Lyman Beta (1025.7 A). Abscrption

ut HI Ly F in vertical incidence has been described by L. A. Hall

___ __
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TABLE 7. ABSORPTION OPTICAL DEPTHS OF EUV AND X-RAY WAVEBANDS
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FIGURE 12. Absorption of Solar Flux as Measured From Rocket NC 7.181 at
0709.59 CST, 21 February 1966, Eglin, Florida

The absorption cross section by 0 2 for H Ly p, 1.6(10)-i

2 °

cm by 0 and by N2 the absorption. cross section is negligibly

small. From a satellite, the H Ly a is diagnostic of the density

of 0 in a region about three scale heiahns above that sho%-.TI in
2

Fig. 10, or from about 130 to 160 km. Density solutions obtained

simultaneously from measurements of the absorption of 10 - 20 A and

H ly Beta yield, if diffusive slparation is assumed negligible, the A

2 °2

hci W ibtrO.andoby o2d the abtiod ai 130gto

150]:i.FrmastliethHLy idigotco hdeiy

of 0 ina reionabot •hee caleheih~sabov •h• sht..,1i
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FIGURE 13. Flux, I-'inction Coefficient, and Absorption of H Ly B 1025.7 A
(After L. A. Hall et al., 1962)
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in the sa~ne aiitude r-ange for which the Schumann-Runge continuum

is fiagrostic for 02, the abscrption of 2. - 32 A radiation is ab-

sorbed by boEh P: anri C_. Here again, if it carn be assumed that dir-

fusive separation is negliih-le, density clitrons, obtained simul-

tanyeo.:sl -ro- -- as of e! o" e Le tw.o hLt.nd i e1 2 the he•, iG-ri-2

but-ion of •2" G and 0. C e assuortion , f negligible _i 1"._1S,,7e

separation is a wýýeak one, as may be seen bv ins-ect on of 7ig. 8.

In the altitude range 217 to 248 km, simultaneous density solu-

tions from measurements of the absorption of the lines at 787.7A(0 IV),

790A(O IV) and 256.3 A (He II) may be used to determiý,e unanbiguously

the height distributions of N2, C2 and C. Also in the altitude rance

237 to 263 kin, simultaneous density solutions from measurements of

the absorption of the lines at 256.3 A (He II), 368.1 A '.Hg IX), and

584.3 A (He I) may be used to determine the height distributions of

N2 , 02 and 0. Probably representative of such measurecents are the

experimental data reported by L.A. Hall et al. (1962) as described

in Fig. 14 for vertically incident 790 A radiation and in Fi'9. 15

for vertically incident 368.1 A radiation.

Summarized in Fig. 16 are the altitude regiors 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 terperature-height distribution 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 grating of 7500 lines per inch and an entrance

slit of width 50 microns. The angle of inciiEcnce of radiation on

the giating is 86 degrees. The narrowest slit employed was 0.75 mm

wide, with foreshortened width of 53 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

,11
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1Lh e s'nIoritan, on n oi!r a%'eln IhIlim it S, r e s pe e 1,, T- ri s Per seJ i aj-

tion 1pap-sing t.--roucah the exit -slit in an osic-ion was in, er Ce Dt E

by a ~htrlils iha 3. inr !on:c: semi-cordu-ctive Cdtio'ce.

The photomiultiplier ouýcplur Ias drpuc -o a pulse ampolif ier to count-ing

circuits, with overall gain so adojusted that a va-iation in Cain over

a factor two would cause a change in counting rate of only 5 percent.

The count accumulation was read out continuously in 32 steps in the

0 to S volt d.c. range of the telemerry. Readability of the flight

record had a high speed upper limit of two megacycles. However,

since the chosen entrance slit heiaht of 8 rm limited the expected

counting rate for the !;e II resonance line to about 5 (10)4 sec- 1

dead-time correctioins were not required for most of the observed

counting rates, with the exception of the Hydrogen Lyman alpha line



;:vi:h cojnt:ing ra-e 2.7 (i0) sec Hall ct a!. (1262) estimate h

Efle "esir.atec error" of Ihe absolute photoelectric yielb of the

tungsten reference electrode is i10% in the wavelength range 536

_o 1216 A, and a tc L2H5, in the rangre 250 ,o 536 A. The "estimated

error" ir. quantitative comparison of the response of different

rocket instrcments is murch smaller than the errors listed above.

An a2rernative to the grating monochrormtor and photocell

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

counters or ionization chambers. The technique of preparing such

detectors has beer, described by Chubb and Friedman (1955) and by

Grobecker (1967).

!he described ion chambers, typically, have an outside diameter

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

acting to filter out short wavelength r-adiation, and each has a I
gas filling. The ionizing potential of the gas filling sets the

upper limit of the detector's wavelength response. ',,'indows for

narrow-band ion chambers in the soft x-ray region are made by

coating Mylar film, with sufficient thicknesses of metal and usina

the absorption characteristics of the filling gas as part of the

window function. For windows of ion-chambers in the ultraviolet

region, at wavelengths greater than 1200 A, solid crystals, such

as LiF, Ba2' etc. are used.

The fractional uncertainty of measurements of flux using ion-

chambers is about the same as those made using monochromator and

photocell combinations, approximately ten to twenty-five percent,

as obtained by rocket borne measurements described by Grobecker (1969).

VEHICLE ANJ SYSTEM CONSTDERPTIONS

The orbit characteristics of the satellite vehicle for the

instruments used to measure the absorbed solar radiation may require
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 at each of two discrete



ros i 1ions -'onr , 's -a or s cil co-.p-reJ to za

tio >Lo:- .0it 0 t'.o sarcillt{• ,_ , * -s s v SS r.., 2c- . ,,- -. r

Of course, both types of measurement may conceivably be made from

the same satellite v<-hicle; however, the data output ef solar absorp.

tion profiles, not corntinuous along the orbit path, is much smaller

than that of atmospheric emission profiles.

-:.n example of the coverage obtainable is illustrated in Pig. 17.

One set of five satellites having orbits (numbers 1 to 5 of the

figure) chosen to inrLersect the terminator with a large angle between

the orbit path and the terminator, ac latitudes evenly spaced between

--".e equator and the pole, are launched with a common ascending node.

h second set of four satellites (numbers 6 to 9 inclusive in the

figure), are launched in orbits having similar inclinations, but

with a cormon ascending node displaced 900 from that of the first
1 .... - satoli -i a_ lru , h (278 kn), the Derzo A

i '•i• hor-. .e sat:ll-re oari th terminatorG, -

c-srn orhit. eash -. , masures abson .oi -- ro0 l1es at -.2 loc"-

h0.1.1< profileOs or one•,.o•r..,_otl" tes- Sav -li _ go.ic spacing or atout

Simple geometric considerations lead to the followir cjharacter-

iscics of the volume of atmosphere -robed by the technique. The

angle of the earth's horizon below the horizontal plane of a satelliie

at altitude of 200 km is about 3 degrees. The path !enath from the

satellite to the point of earth rangency of the line of sight is

about 345 .km. The distance subtended by the half degree diameter

c t sun -t 7a . . . .u n.- abo-t o t. a' whi h i

appo . a alue oG ths vert.ical anj mericioncl-ociron a0 - ir-nsions

of thc atmosrheric volume observed. The dimension, in the earth-

sun iine, of the observed atm- ospheric volume, or the path lengah

withi-n 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

direction from nhe satellite to the sun, and of dimensions about

410 kj alon tie sun lines, an] 2 .7 km nornrnl to the sun line.
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OCOCLTAT±CIO OF O--A-LLLITE-T"- S--SELLLTTE TPJANSM '7SiON

L technifqlue -for t-he determinration 3f dens-ity in the lower tropo-

sphere is the coherent micr-twave occultation system described by

B. Lus'gnan et al., IH6Z% an 1,969, adonr thc c, c-scnstrated by

NASA Mariner spacecraft 3:- the measurements cf tho at-mospheres of

Mars and Venus (A. Xliore -t a].., 1965 ar,:i 9)

A characterizatior. of the techniques is given in Fia. IF, which

summarizes considerations reviewed in tho followi-no raragraphs dealing

_n turn with tha b ca-s'ic theory, the estimat-es of error and system, cokn-

siderations.

The occultatio'ý effects have ee .. esc-- *~l by Lusi•nan et al.,

199 in terms of a OSsic .-jOcBt•ry ill' s --a. n ... . Two sel.-

lites in the same orbit are spaced so that The radio waves frorr on

to the other pass through the atrrosphere. In the atmosphere the radio

waves propagate with a velocity .iven by

v C c/n (r.1) --

whero o "s the speed of liiht in vacou-n, and n, thc refrac:ive ineex

is Given by

n 1 + 17.6 N (3.2)

The refractive Toduius N is proportional to the air density and w.,ater

vapor density, as described in Volume II, and given by the relation

0.223-- o waI.S!)
N 0.223 Da 4w + >-.- (z 3,

where P is the density of dry air in OT. c7- 3 , Pw is the density of

water vapor and T is the temperature in decrees Kelvin.

The changes in refractive index have two affects cn the radio

waves: an apparent increase in path lernth due tc retardation or

j Q



shor•tin, C,'' altong tki'c 1ý •a Ibcn:ir9 Of the ±2th ,i,,

Zo a erclict 01 th0 r r(I:C tiv-,e i >, 'nOrm-al :n the pat'-. Both e`-

reels ,co:nhl;-, to. ,ei..c a •.- lc•.r,c;ti• "ho",r" t.,..e, s~ate-]]-t t:Iat is Lo'•o•-r

PRINCIPLE OF OPERATION

* SENDING AND PHASE CHANGE OF MICROWAVE IN OCCULTING ATMOSPHERE f(p, T, X)

* PATH LENGTH (X) DETERMINED BY GEOMETRY

0 DETERMINES DENSITY (p) AND TEMPERATURE (T)

UNCERTAINTY OF MEASUREMENT (Theoretcal, with no experimental ouahenticoaton)

0 DENSITY OF AIR: 0.1%

e DENSITY OF WATER VAPOR: 1%

* TEMPERATURE: 10%

COVERAGE IN VOLUME

* AVERAGE OVER VOLUME 500 KM x 1.3 KM x 150 M

9 SEVEN SATELLITES IN GROUP DETERMINE DENSITY AT 6 ALTITUDES FROM 2.5 TO 20 KM

* TWENTY-ONE SATELLITES MAKE DAILY SAMPLE ON 1000 KM GRID

STATUS OF DEVELOPMENT

"* SYSTEM SPECIFICATIONS STUDIED; ERRORS ESTIMATED

"* EVALUATION OF COMPUTATIONAL REQUIREMENTS INCOMPLETE

RECO,',ME NDATI ONS

* 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 IREC 2

REC 3

MICROV AVE SATELLITE-TO-SATELLITE OCCULTATION

FIGURE 18. Measurement of Microwave Satellile-to-Satellite Occultation for

Density at 4-20 km
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h - ALTITUDE CF MEASUREMENT

k ALTITUDE OF S7RAiC:HT-LINE P.ATH .

DEVýIATION Or TRLIE FRCVM IDE4L

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

The math.ematics of the inversion have been: de scribled in detail

by G. Fjelbo and V. R. Eshlema•n (196E') anG R. .:.rhin~ney and D. L.

Anderson (1H96).

j'Lu signan. et al. (1969) describDe a, opte _atray,•prgav
based on Fermat's principle rhat th-e path folio•.:ed by an electro-

.nagnetic Pay through a refractive medium is such. -ý'az the it egral

fnds isa minimumn. Referringr to Fi.19, teintegral ez.uati:n or

radius r, thý_e distance from the earth's een-:er zc a point ^on rhe ray

path, as a function of the angle 9 measured from. ý!-,e center of

th'-e ray path, is Given by

"r (6 dz 5a

%.ihere r _i_ the.. altitude of u'he ray at uhe :anoen7 ---on-: z•' 0

Equation 3.4 is intýegrated by compu-_er t-- determine -h'-e acr~ual path.



The integral fnds along the path ds = (r de + dr) gives the total

phase path length of the ray.

Lusignan et al.(1969) suggest that the experimental behavior

may bA crudely perceived from an analytical solution assuming spherical

symmetry, small bending, and constant scale height in the atmosphere.

The assumption of scale height impies that the density p is an

exponential function of height h:

-hP p e (3.5)

Neglecting water vapor terms in Eq. 3.3, the refractive modulus

N is

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 anglel- 6 -• -h/H
e(h) = (2 x 10 MNe e/(nR2H) (3.7)

Total excess path length

0(h) = AR(h) + AL(h) (3.8)

Excess path length due to retardation (

4R(h) - (2 x 10- )N e-h/H(7-1/ 2 )½

Excess path length due to bending

,L(h) R= e (h)/4 (3.10)

Difference in altitudes of closest approach of
bent and unbent rays

h - h :R e(h)/2 (3.11)
o a

i 2



where

"ý surface re~ractivify

R = distance frro the earth's center to the ray

H atmosphere's scale heiag-:

=closest approach of an unbent ray

h, closest approach of the bent ray

The radio system of the satellites measures the path length

within about one half vwavelength (or 3 cm). A continuous radio wave,

transmitted from the master satellite 1 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 cm long, the system has an uncertainty of one

way path length of 3 cm. The total effe'.tive path length change is

indicated as a function of altitude in Fig. 20, from which it may

be inferred that the uncertainty of 3 cm represents a fractional

uncertainty of near the surface to about 3(10) 3 at 20 km.

Measurement of a 3 14Hz sianal modulating the 5 GHz, with an

uncertainty in phase of 4 dearees, yields a separate indication of

one-way path length.

In passage through the atmosphere, the radio aaves are influ-

enced by the air in a volume indicated approximately in Fig. 21.

The cross secriop normal to the ray path is determined by the Fresnel

zone which in the horizontal direction has a dimension of about 1.3 km.

In the vertical direction the gradient in the atmosphere, contributing
to the change in path length, shr4.nks the effective Presnel zone toThe assae;;~; th atmsphere, the radeciowves arese ionfeu --

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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FIGURE 20. Path Length Change Versus Altitude (After B. Lusignan et al., 1969)
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FIGURE 21. Volume o ,sed by Occultation (After B, Lusignan et al., 1969)



the rcuslt chat 75Y ,i U-,,: 7,, ai crcaulo', occur over a

hcr.izon-.tal distarce of 5 Ak.

As indicated r-ughl' by Eqs. 1.7 to 3.11 ±iMclusive, as the

atmospheric pressure increases, Cc total path length, the bending

angle and the altorude" f cls'.e- approach also increase. Por a

given satellite spacing, Lusg$ in's (1969) ray tracing program is

used in a recursive search procedure to find the ray that reaches

the satellites. Once th.s ray is identified, its starting height

is recorded and phase defect calculated. Figure 22 shows the total

phase defec: as a function of surface atrospheric pressure for several

satellite spacing distances. For the illustration cf Fig. 22, the

pressure decays with altitue acccrurn to the scale height variation

of a stancars atmosptere. Figure 21 snows , .7 height: o 2coses7 ap-

£1001: of tic samre oraY5, seteilli: .s a~iq wri -3<2aa nrosures.

L~usig.n-an et 0]. (19%)9 ha.. nnyz Ma=b,,: s)pe c=if~caio,.s of th]e

SVIVO,> 10, 1C, Zý•-. 1ý-a'7 ':..: :,:: . ay,- !-Ss that, O•C61 C.:7i in-

anz3c_'u--, "V'In_ c c-f a:c;.--1 ',. Az YC7:, ,U::!p n".as 14..cn :-,, :-,Te --rp 7.51

u: :anic-al .. - -_ a'sl = ar i,- 0 e C.1 m in hot?-

fons vo horizon ~l :,:,:.rv•ai . -o esvi,,ai ! on. Uno ti: al .< o r:n.s

y .- *an at al. 09C, to to no ;-: of .,asc

d.nenzc. 0.03 m; ionc-pl-.r is refra-iiov-..- nea•itle :_ ra~io oscillate:
Swai*,in -. ne al or e aia -r.Al,' le 7 2 o;

or:1: onlateness, 0.2 ma; .eather ",l-ut . -.-. r.r'.' oe or

t"o rc:hs. loes thi: 0.5 7.

The contributions to vertical uncertaintVy are estimated to be:

orbit period negliaible; orbit oblateness, 0.02 m; eccentricitv of

orbit, less than 0.5 m; and oblateness of the earth's surface, less

than 14 metres.

The oblateness of the earth's surface, knovm wtuncertainty

less than 24 meters, is such that mean sea level varies about 20 fr

from the spherical from the poles to tee equator. ifl spacing O
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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 each of a set of six satellites w.hch pass from pole to equator.

Set 1, spaced to keep its rays above the atmosphere, suffers the full

20 ki• 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 equator for sets 2 to 6

are only 5 to 10 km.

The precise tracking information is derived by measurements

between the individual satellites, not from ground tracking systems

which have additional sources or error. However, determination of

the absolute ground proJected position of each pair of satellites

depends upon ground tracking, with uncertainty of several kilometers

acceptable for the needs of numerical weather prediction.

The effec: of water vapor in the lower troposphere, given analyt-

ically by Eq. 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 atmosphere with the partial pressure, off water

vapor at the surface, of 10.2 m bars. Thile water droplets in clouds

considerably attenuate radio waves, they add less than 1 ]H unit to

the refractive modulus at altitudes 2 'km and above and consequently

do not seriously affect the phase path length,

'!he iter vacor content of the atmosphere may be sensed by a

second occultation frequency at an exact multiple of the primary

5 GHz signal near the water vapor absorption near 20 GHz. '..Thether

the 20 GHz sianal has a different refractive index and consequently

a different phase path, than tbe 5 GiL sigral is currently being

eva lua ted.

water vapor may affect the occultation system by offering

multiple paths for rays between satellites, with scintillations

strong enough to disrupt the phase lock of the satellite receivers.

So
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it is exDected thaC t scintillacion errors of this kind will affect

only ray-'s in the lowest 2 k,7, cf the atmosphere.
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FIGURE 25. Total Refractivity as a Function of Altitude
(After B. LusignAnEet al, 1969)

Radio systemns, penetrating the cloulds, have potential for sup-

plying meteorological data not available from visual and infrared sys-

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

altitudes between latitudes 410 and 770 over Russia during the years

LC



1959-13933 (R. T. Hall, 1963,. Also Dlotted in Fig. 2E is the capa-

bility of _e microwa-e occultation system, anricipate' by Lusignan

et al. (1939), clearly effec1tive from 20 km down to 5 km and possibly

obtainable wioh correction -or '..at ",aror as 1e.; , s 2.1:, km.
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FIGURL 26. Probobility of Clouds Versus Altitude
(After B. Lusignan et al., 1969)

In Fio. 27 is shoV..n the grid of vtrtic'al samples obtainable each

twelve houirE, w i tnrue ccucltatiO.S systems, ea:n consistino o` a

mastei an'd six repeate•rs (busic4an , t a i., !96)1.

Cl
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in summary, a pair of satellites in the same earth orbit, but

separated about 60a in phase will have a radio path between them that

intersects the atmosphere cont-inuous> irh a coherent transponder

between satellites at a frequency of 5 SA:, chances of 3 cr in the

phase path can be recorded, giving theoretically a sensitivity to

changes in acmospheric 'ensity of better- tan 0.001 in fractional

uncertainty of density. W..Jith a set of seven polar oroiting satellites

to sense density at five levels in an altitude range 2.5 to 20 km, in

each of tnree systems, samples of density may be taken over a hori-

zontal worldwide grid of spacing less toan liS0 kn, tVwice daily.

cc]



SATELLITE DECELERATTO[

The effect of aerodynamic drag on the orbit characteristics of

satellites becomes important for military applications that require

orbits with a low perigee altitude (say, 100 nmi). The aerodynamic

drac at satellite velocities at such altitudes has a significant ef-

fect on the life of the satellite in orbit, which can 'I) expressed as

a function of the ballistic parameter of the satellite Yi/CDA), the

orbit eccentricity, and the perigee altitude. For a typical orbit

eccentricity of 5xl0-2 and a given ballistic 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., TIROS satellite) to

i00 nmi. This drastic effect of aerodynamic drag on the life of satel-

lites at low altitudes has also important implications when determining

the position of a satellite in 0ow altitude orbit.

veasurement of the deceleration of the satellite by means of

accelerometers within the satellite itself is a technique for in situ

determination of atmospheric lJersity at satel].ite altitudes. Charac-

terization of the technique is qiven in Fig. 2S which summarizes con-

siderations discussed in the following paragraDhs.

The aerodynamic 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 coefficient of the satellite (CD)

and the frontal area of the satellite (A), i.e.,

D = ½ P Vs CDA (42.1)

where ½ p V2 denotes the dynamic pressure, and C is the drag

coefficient for free-molecule flow. Since the ambient density at

altitudes above 80 rni depends also on the variability of solar

phenomena, the accuracy in the determination of the life and position

of a satellite in low altitude orbit depends on the accuracy in the

§q



PRINCIPLE OF OPERATION

* DECELERATION OF SATELLITE IN ORBIT =f 1 atrn an (V, Cd, A)vehcle]

* "DRAG FREE SATELLITE', WITH ACCELERATION CONTROLLED PROPULSION, FLIES IN ORBIT
",IPERTURBED BY DRAG

* VELOCITY (V), DRAG COEFFICIENT (C d) AND DRAG AREA (A) OF VEHICLE ARE KNOWN

a DETERMINES DENSITY (D)

U!NCERTAINTY OF MEASUREMENT

"* DENSITY: 10%

"* RELATIVE DETERMINATIONS HAVE ERRORS LESS THAN 3%

COVERAGE IN VOLUME

o DENSITY MEASURED BY SATELLITE !N SITU

STATUS OF DEVELOPMENT

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

* "DRAG FREE SATELLITE" PROPULSION SERVO DEMONSTRATED IN LABORATORY

RECOMMENDATION

* DESIGN AND TEST SATELLITE INSTRUMENTED WITH ACCELEROMETERS FOR NEEDS OF

LOW ALTITUDE SATELLITE ORBIT PREDICTION, USEFUL FOR RP/V DISCRIMINATION

AND RADIO COMMUNICATIONS

EARTH ACIEL

SATELLITE DECELERATION

FIGURE 28. Measurement of Satellite Deceleration for Density at 100-300 km



knowledge of the variability of the ambient density at a given

altituae above 80 nmi. The variabiliny of the aobient density at

such altitudes can be determineV fror ,reasurcr-ennt of the drag force,

the satellite speed, the dra7 coifficient anc the frontal area of

the satellite. The accuracy in the determination of each of these

parameters is described below.

The aerodynamic drag force cn the satellite can be measured

instantaneously by using a low -c accelero.eter :apable of detecting

accelerations of the order, of 10- g's. A requirement for such low

decelerations levels bring about a need to calibrate che lo. -9

accelerometer in orbit. This has been accomplished by using an

accelerometer that is supported by electrosrati. forces. The

accelerometer is calibrated by mounting it on a stable platform_

provided by a non-spinning satellite such as the Agena vehicle. The

calibration of the accelerometer reuires determination of the scale

factor and bias of the instrument as a function of time during the

measurement of the aerodynamic drag. This calibration is accom. • ished

by mounting the acel•rometer on a rotating table within the satellite.

Since the angular speed of the rotating table can be varied from zero

to about one revolution per minute, it is possible to obtain

accelerometer data (during every 2C48 seconds) for the following four

conditions: (1) rotation at a fixed angular speed (of 0.44495 rpm),

(2) rotation at a fixed angular speed equal to twice the first value,

(3) no rotation while the sensitive axis of the acceierometer poinus

forward (towards the nose of the satellite), and (4) no rotation,

sensitive axis aft. The scale factor is determined from, the average

accelerometer output of the two rotating modes, while the bias is fixed

from the accelerometer output of the two non-rotating modes together

with the scale factor. Results described in Appendix B indicate good

stability of the bias and scale factors in the calibration of the

acceleromerer over 67 orbits. TOe sensirivi-y of the low. -g acceler-
-7

ometer to 10 's provide measuremencs oa the drag acceleration (F,"!)

at low orbit altitudes to w..ithin 119 (Dbr, , C•).

The satellite mass, needed for accelerometer .. .e.surements, is

known to fractions of a percent.
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The speed of the satellite relative to the amrbient rnediurr

depends on knowledge of the mnotiun of bcc1h the satell~ite and the air.

The principal un-certainty in this relativýe motion is due to the

presence of winds, whi-.h may be o. he ord-r of abcut H- f/sec at

very low satellite_ altitude sa,70 Gi). Hence, the uncerta_-inty

in V is approximately 1% and that in uu V''ý 2D~

The frontal area of a non-spinninrj -aeli nay be mneasured

with uncertainty less than 1%.

In terms of' the above listed uncertainties, :he relative error

in C D- may be written

~ (%2 + 2~ < - 42

CDP P mj m

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, chemiical deposits, etc),

and the body shape. The accommodatuion coefficient (a) indicates the

degree of energy transfer between the impinging gas molecules and

such outer layer of the satellite surface, ii.e.,

1L (4.3)
aE E

where E.i denotes the average kinetic energy of th~e incident gas mole-

cules, E rthat of the re-emitted gas molecules, and E sthe kinetic

energy corresponding to the temperature of the outer layer of the

satellite surface. The accommodation coefficient also depends,

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



I]
distribution of the reflected 9as molecules is characterized by its

two extr,'-me mechanisms, i. e., specuar and diffuse reflections. Specu-

lar reflection occurs when the angle of reflection of a particle is

equal to its an.gle o0r incidence, while diffuse re-emission rakes

place according to the Knudsen cos;ne law. FinaLly, the body shape

does not i4ntroduce significrnt changes in the drag coefficient for

free-molecule flow as ,:he averaae en rergy of the reflected particles

E is ccntrolled by the temperature of the outer surface layer, i.e.,r

as Er approaches EZ or a approaches 1.0.

Theoretical and experimental results for satellite applications
indicate the following trends concerning the parameters controllingI

the level of the drag coefficient fcr free-molecule flow (Cock, 1965):

(1) the accoinodation coefficient at the surface of most satellites

probably exceeds 0.8 at low satellite altitudes (say, below 200 nmi)

at all times of the day and for all levels of solar activity; (2) the

exact distribution of the reflected molecules is unknown, and it is
probably best to assume diffuse re-emission until further experi-

mental data are Fortunately, for accommodation coefficients

near unity, the drag coefficient is not 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 also negligibly

small as the accommodation coefficient approaches unity; (4) the

effect of altitude on the drag coefficient for free-molecule flow is

negligibly small f:. satellites in low altirude orbits (say, less

than 200 nmi); and (5) the value of the drag coefficient for free-

molecule flow used in recent years (i.e., Co = 2.2) represents a

mood estimate based on current knowledge, but it could be low by as

much as 10 to 15 percent.

Experience with U. S. satellites in determining atmospheric

drag by accelerometer measurements is describec in .Appendix B. The
results of 071-15 ard 0-1-16 satellite experiments have been deEcribed
by Champion (1969), Champion, .carcos ard ilc-saa2 (1969) and Champion,

'.'arcos and Sch.•..einfurrh (1969).
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TleC forecoing considerations indicate that the variability of

the ambient density at lo!.. satellite altitudes can at present be

measured with an un-ertaintL nearly equal to tnat of the drag coef-

ficient, i.e., to witnin an r.m.s. error of !-, to !F percent (DeBra,

1969).

The satellites OVI-15 and OVI-16 for determination of density by
directly measuring drag decelerati.ons have been launched in polar

orbits of perigee altitude about 200 km. From the initial altitude,

drag decay of the small eccentricity orbit has resulted in periQee

altitude reduction to less than 150 km in 30 to 60 days. Satellites

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

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 propulsion 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-

lites" would provide data for one altitude continuously along the

orbital paths separated by a maximum distance of about 1600 km. Even

two satellites in polar orbits of large eccentricity, 90& separation

of ascending nodes and 90¢ differences of perigee latitudes will yield

useful data (Champion, 1969).

7e
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DUST BACKSCATTER OF LASER TRANjSMISSIONS

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 is a basis for believing they have distinctive potential capa-

bilities which deserve further development.

The special characteristics of laser atmospheric probes, now

commonly called iidars, are the demonstrated ability to detect

profi-es or aerosl layers in t1-7 atmosphere up to altitudes of about

10C kmi, the small divergence o- -he laser beam (i.e., one milli-

radian) which can probe an area of transverse adiameter of 100 m at

100 Cm distance, and the small pulse duration of about 30 nano-

seconds, corresponcI'Ing to a line-of-sight resolution of about 10 m.

A characterization of the technique is given in Fia. 29 which

summarizes considerations reviewed in the following paragraphs dealing
in turn with basic theory, ron-co]Lerert detectionl, cuherern detection,

uncertainty of measurements and system considerations.

THEORY

Analysis of the laser signals returned frcm the atmosphere is

based on the theory of Rayleigh scattering of light by molecules,

Mie scattering by aerosols and o.i the theory of Raman scattering.

In theory in a dust-free atmospher'e, Rayleigh scattering leads to

inrormation describing density and temperature profiles. Goody

(].96a) has summarized the theory for Rayleigh &cattering in the

atmosphere.



PRINCIPLE OF OPERATION

0 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 NANO SEC) AND NARROW BANDWIDTH (20A). AEROSOL AND MOLECULAR SCATTER

MAY BE DISTINGUISHED BY RAMAN EFFECT.

UNCERTAINTY OF MEASUREMENT

* BACKSCATTER BY AIR AND AEROSOLS: 15% AT 20 KM; 100% AT 40 KM

* BACKSCATTER BY Hp: 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 IS 120 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 . SEC SHOWS PARTICLE SCATTER SUPERPOSED ON MOLECULAR SCATTER

* DEMONSTRATION OF WATER VAPOR BACKSCATTER AT OROUND FROM ALTITUDES 0-4 KM

* RAMAN SCATTER OF LIDAR HAS NOT BEEN DEMONSTRATED

RECOMMENDATI ON

"* RESEARCH TECHNIQUES TO DISTINGUISH AEROSOL (MIE) SCATTER FROM MOLECULE (RAYLEIGH)

SCATTER, INCLUDING RAMAN SCATTER BY MOLECULES

"* DEVELOP HIGH POWER LASERS

J~. .......

LASER BACKSCATTER

FIGURE 29. Measurement of Laser Backscatter by 02, H20, Dust for Density at 0-30 km
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The scattered irradiance I at distance R is related to the

irradiance 10 of the incident beam of linearly polarized (in

direction • ) light scattered in direction e by an optically small

particle is given by

I _ o (9 •) (5.1)
IJ o R2

In the scattering of linearly polarized light by optically small

particles, for which the condition 2 yr a m' << 'o'0 is satisfied,

where a is the particle radius, m' is the refractive index of the

particle, and }'ois the vacuum wavelength of the radiation, the

angular scattering cross section may be written

s sin)2( (5.2)

where m is the refractive index of the gas rather than of the

individual particles and n is the number iisity of particles. The

total cross section c is found by integratiLng over all angles.

For air under standard conditions and light of wavelength

6328 A, z(•) is 2.6(10)-24 cm'. Also, the scattering efficiency

O- 77(i00 - (5.3)

is very small for the molecules found in normal air.

In scattering by spheres which are not small compared -ith X

the scattering is strongly forward directed, may have several lobes,

and varies less strongly with wave lenTth than in the Rayleigh case.

The theory of such scattering has been worked out by '.ie, so that

0f (44 , a) (5.4)•" 2 F"

For a water droplet of radius 1 micron, the scattering efficiency
is a maximum, so that for wavelength 6328 A, the total cress section



is 1.3 (i0)- cun. The aerosol particles of principal importance

in atmospheric optics are those with radii 0.1 < a < 1.0 microns.

In this range, according to Goody (1964)

- ,i az (11 .7(l0) - --_ 0.67) 0.1 < a < 0.a T4icrons

a: n a ( - 3.3(10)4 a + 5.3): 0.4 < a < 1,0 P crons (5.5)

A third form of scattering, well kno,.,wn 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 a 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 between scale height (the distance in which density varies

by factor e) and teiperature.

Noncoherent Detection

Using Equations 5.1 and 5.2, the intensity on the ground of

a pulse, scattered from a height range dh at altitude h, containing

N0 photons in a interval t seconds is given by

c n NoT2 (5.)

I- dh
t h 2

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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over a time T, the number of photons incident on a mirror of

diamerer D is

- D2 Tc e N 2 n

I: - (5.7)

If the quantum efficiency of counting of the aeteccor is c, the

number of photons actually counced 4s given by

,i D4 -c N T (5.8
n a T -c T5.8--7- 8

The relation (8) gives the count of photons to be returned by

Rayleigh scattering, and is the hasic equation by which the per-

formance of a lidar equipment may be evaluated.

Equation 5.8 gives the parameters to ne considered in writing

specifications for a lidar. Those which may be varied include

wavelength \, the diameter D of -he receivbng mirror, the inte-

gration time 7, the number of photon- -rarsmitred No, axnd the

quantum. efficiency c of the rhu Ti it clier cube usec as detector.

The transmission 7 of the atmosphere must also be taken into account

since it iS wavelencrnh depencent.

Choice of w-avelength should :onsiuer !nhe inv:erse proportion to

the fourt.h cower of the wavelength or the scattering coecrizoent

c and that the quantum efficienc. c o trhe oetoctor 4s grearor tsr

shorter wavelengths. However zn the lower atmosphere, the trans-

mission T decreases as the w,,ave lenoth cets sho.rer. The optimurm

wavelength seems to he between 0 .4 and C .5 microns. With recent

experiments, however, the choice of wavelen.gth hds Len cicratec

by the tac tri-at the ruby laser, operating at 0.694 microns, is the

most powerful and efficient of the high power pulse lasers working

iin the visible spec'rum. The rc-rtorm.ance c' lasors as tr-anm -rters

is currently developing rapidly.



The limitation on the size of the receiving mirror used for

non-coherent detection under standards easier than -T,,hlose of

astronomy seems only to be one of cost.

The number of photons transmitted is directly proportional to

energy output. Clearly the highest available energy should 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 obtained which have a total energy of about 5 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 Lntegration times yields a larger

number of photons, but decreases the height resolution. A common

integration time is 10 microsec, corresponding to height re-olution

of 1.5 km.

The quantum efficiency of photomultiplier tubes depends on the

type of cathode and the wavelength. The S-20 response normally used

does not allow high efficiency at 0.694 microns. Typically the

efficiency is 3 to 010.

Noise in an optical sounder can arise in two ways: due to an

external source such as sky noise, or due to an internal source such

as receiver noise. Sky noise Is usually wide band, originating from

scattered sunlight in day time, and from starlight, 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 !0-6 micron. Because

the insertion loss of optical interference filters increases rapidly

as bandwidth decreased, it f.4 practical to use a filter not narrower

than 2(10)-3 microns (20 .). Sky noise is further reduced by
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restricting the beamwidth of the laser system. The beamwidth of the

laser itself, about- 10 millirad, is further reduced by use of a

parabolic transmitting mirror. A 20 cm mirror reduces effective
beamw.idtn to C ', miliirad.

Noise from the photomultiplier is reduced by cooling of the

photocathode, by use of a shutter to protect the phoromultiplier

from the fiuorescence or the laser after the pulse and from the over-

excitation of ch.e cathode by intense light scattered by the lower

atmosphere

Temperature regulation of the laser is required, to avoid wave-

length drift as the laser heats up from the energy dissipated within A
it. In general temperature must he stabilized to be within a band

of atout 1C0 C.

Examples of lidars in current use have been described by

Clemesha et al., 1967, CUlil LntlcOdC, ;- 196 ,7Snafri,l967,arn

others.

Coherent Detection

The coherence of electromagnecic radiation of a laser suggests

immediately its exploitation in ways analogous to radar Doppler

measurement. J. C. Owens (1969) has made a system analysis of

optical heterodyne measurement of Doppler shifts as a method for the

remote determination of vector wind velocity, by Distatic measure-

ments. Owens (1969) technique, slice it is bistatic and requires

that the unscattered radiation travel an optical path of equal

length to that of the scattered radiation, is clearly not useful

for monostatic measurements from satellites. However his compu-

tation of the maximum range attainable in wind or temperature

measurement using aerosol or molecular scattering is interesting.

Owens i-inds that tne signal-to-noise power raý:i of scattering from

scatterers of number density n is given by
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S eP=T a n U s~)(5.9)
h vB • -

wherein S is power of received signal, N is power of noise, c is the

quantum efficiency of the detector, hy is the energy of a single

photon, Po0 is zhe laser transmitter power, B is the receiver system

bandwidth.

i is the wavcl.eInh of radiation anj d is the diamzo!:er of th:

spherical scattering volume. Setting the signal-to-noise ratio to

unity, and using the approximation for the diameter of the scatter-

ing volume to be

d • 2 X, R (5.10)

where R is the range from transmitter to scattering volume and D is

diameter of the receiving aperture, Owens (1969) finds that- the

effective range is given by

SPR no 8 .11

hvB t n

Assuming the values of the system parameters to be as follows:

Detector Efficiency c = 0.05

Transmitter Power P = 50 mw

Wavelength = : 6328 A

Receiving Apert-ure D = 15 cm
Diameter

04ens finds that ranges of such a system may be the follow;ng: ror

clear air conditions, using band;w.idth B = 50 kHz, the range is 55

cm; and for fog, using bandwidth of 825 Hz, the range is _7S m.

Because the thermal motion of the molecules is much greater in

frequency broadening than the displacement of the wind induced

Doppler, the range calculated by ecuacion 5.11 is 1.8(l0, e.,

which is to say the measurement of wind by Doppler is l4mpossible
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For similar reasons, Owens finds that measurements of temperature

based on Rayleigh sca'tering are also infeasible.

OBS ERVATIONIS

Goyer and '.,'arscn (1968) have suimmarized recenz results of

observations of the upper atmosphere by lidar techniques. Figure 30

shows Goyer and ;"atsont 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 (1966), Clemesha

et a . (1166, 6I 7), Pioczoa.c CclitLcO (lSo,.b), . .cc. arnd C-ra S
(!96 4 a, 1966), Fiocco (1965), Kent et al. (1967), 1<ishikcri et al.
(1965), and Grams and Fiocco (1967). All have detected the 18 to 20

km scattering layer, and a broad secondary scattering layer around

24 km. Three studies (Fiocco et a!., 19,E-7, Bain an' Sa:cfcrd, 1966

and McCormick et al., 1966) have re!crte2 scaczerinr ia.ers as hign

as 120 km, which others have challenged on the grcurds that the poor

signal to noise ratio at the high altitudes could not show definite

evidence.

Schotland (1965) has made use of the 6942.15A. water vapor

absorption line in an attempt to dctermine the water vapor absorption

profile in the !c'..?er 4 km of the atmosphere. Since the half-width
of the line is only 0.1 A, the measurement required a shift in the

wavelength of the laser radiation of only 0.6 A, easily obtained by

the temperature control of the laser rod. By measuring the ratio

R(z) of the return signal intensity in the absorption line to that

outside that line, at discrete altitudes, Schotland obtained

qualitative water vapor profiles shown in Fig. 31.

Uncertainty of M-easurements

Collis and Ligda (1966) have estimated the statistical

variability in groups of ten lidar observations bew;een 20 and 40 km

to be the following, in terms of standard deviation dividd by.the

mean: 0.15 at 20 kir, 0.25 at .5 kin, 0.5 at -3 kni 0.7 at 35 km and

1.0 at 40 Km.



2.6I I I2.6f I I O FIOCCO MIT

0 2.4 - - WRIGHT U. OF WEST INDIESz
-0- GOYER & WATSON NCAR
- X- ELTERMANN AFCRL

S2.2

2.0

0

z 1.8

0

1.4

0 4I

S 1.2 I I

1.0
12 14 16 18 20 22 24 26 28 30

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

water vapor 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 signal to noise ratio, which will be smaller at long

range than at short range.

- SYSTEN CONSIDERATIONS

The high power laser has been proven as a tool for probing the

atmosphere for total particle number density with fractional

uncertainty of about 0.15 and water vapor density. It appears to
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nave rotential as a probe for etorrnnation of density of other

atrrospric cor.o-.ponc'ts ana in particular aerosols. Chief limitation

on use0 or toe technipue, in satellites other than the incomplete

starE of c iopme-r o; components, appears to be the ineffricier '

(high d•ssipation) of input power.
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'-MOTION OF CLOUDS FROM SATELLITE PICTURES

The motion of clouds is to some extent a measure of the w:ind.

Such motion may be deduced from pictures of clouds, made from cameras

in satellites.

A characterization of this techni-ue is aiven in Pic. 32, i..'hich

summarizes considerations reviewed in the following paragraphs.

PRINCIPLES OF OPERATION

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

UNCERTAINTY OF MEASUREMENT

* WIND VELOCITY: 25%

* LIMITED BY IDENTIFICATION OF CLOUDS WHICH MOVE WITH AIR

COVERAGE IN VOLUME

* AT CLOUD HEIGHT (1-18 KM) ONLY

STATUS OF DEVELOPMENT

a DEMONSTRATED BY TIROS, NIMBUS, ATS

RECOMMENDATION

* SINCE TECHNIQUE HAS LIMITED UTILITY, LEAVE DEVELOPMENT TO OPERATORS AND OTHER AGENCIES

ATS NI MBUS

SATELLITE PICTURES OF CLOUDS

FIGURE 32. Measurement of Cloud Motion From Satellite Pictures for Vvlnd 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 ,ntion

of given cloud elements over geographical locations under sunlight

conditions. The continuous motion of given cloud elements is

detectable under sunrighb 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 ft (850 mb),

30 percent between 300 and 200 mb, and 10 percent in other altitudes

(Fujita, 1969). Proposals for the early CARP program would utilize

two kinds of high resolution instruments for the observation 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 tracking with a horizontal resolu-

tion of 2 to 3 km with an accuracy for horizontal displacement of

about 1 km; (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 horizontal displacement of about 5 km. This IR radio-

meter would provide pictures with a spatial resolution range (at

nadir) of about 8 x 8 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 not

be as good, this subsystem is limited to daytime and cloudy conditions.

Measurements of horizontal wind profiles from cloud motion have

been made using available pictures from the ATS-l and ATS-3 geo-

synchronous satellites. The spin-scan subsystem on these satellites

provides pictures with a resolution of about 4 km (Appendix A). The

I-I



"cloud velocity'! is obtained by the measurement of a cloud displace-

ment as derived from a sequence of ATS photos (Johnson, 1967). The

suitable cloud elements are selected by avoiding clouds that do not

move with the wind, i.e., (1) orographic clouds, (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, and (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 obtained 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 looking at the projection

of an oblate spheroid on the flat plane of 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 pictures with radio-

sonde wind data for 61 observations has been made by M. H. Johnson

(1968) who indicates the following 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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ma.q-.itude of the cloud velocity and the radiosonde wind data is 2.2

m see- (see Fig. 34). The fractional uncertainty of wind estimation
-i -1

varies tromn about 0.25 at 15 m sec to 1.0 at 3 m sec Comparable

errors have been reported by L. F. Hubert and L. Khitrey (1969) and

Fujita et al. (1966).
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FIGURE 33. Distribution of Directional Differences Between Observed and
Calculated Wind Directions (After M. H. Johnson, 1967)

The use of computational techniques for determination of divergence

and rotation of a cloud field promises an improvement over the tech-

niques based on comparison of the cloud positions with terrestrial

references.

The foregoing results from ATS picture data indicate that obser-

vations from geosynchronous satellites of the motion of selected

clouds 2.ing a short time can yield the horizontal wind velocity at

low clouc levels over given geographical locations under sunlight

ondirions. The horizontal wind field derived from a•osynchronous

santllite pi-ture data by itself lacks the accuracy required for the
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long-range forecasting of the weather. However the wind data derived

from cloud pictures appear to be valuable as one form of initial con-

dition inpur to the computational simulation of wind fields.
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FIGURE 34. Distribution of Speed Differences Between Observed and

Calculated Wind Speed (After M. H. Johnson, 1967)
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TRACKING OF BALLOONS FRO' 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

summarizes specifications and performance to be developed by the

Global Atmospheric Research Program, an international collaborative

effort which is receiving considerable support within the United

States. The detailed description of 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 NYDBUS-D

in 1970-71. However, since the technique appears to be receiving

great attention frox civil agencies and the system of balloons also

seems to have great military vulnerability, it is recommended that

the major tasks of the development be left to the civil and inter-

national acencies.
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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 WIND ERROR WIND ERROR

RANGE/RANGE-RATE SYSTEM 1-2 KM 0.15-0.3 MSEC" 1  1.5- 3%

DIFFERENTIAL DOPPLER 10 KM 2.5 MSEC- IN 90 MIN 25%

1.3 MSEC- IN 2.4 HR 13%

COVERAGE IN VOLUME

0 10,000 BALLOONS AT 200 ME (10-15 KM ALTITUDE) WITH LIFETIME I YL8,R YIELD ONE MEASUREMENT

PER DAY ON 400 KM GRID IN ZONE 600N - 60°S

* 5,000 BALLOONS AT 800 MB (I KM ALTITUDE) WITH LIFETIME 20 DAYS YIELD ONE MEASUREMENT PER

DAY ON 430 KM GRID IN ZONE 30'N - 300 S

STATUS OF DEVELOPMENT

"* BALLOON DEMONSTRATED BY U.S. AND FRANCE

"* LOCATION SYSTEM EOLE DEMONSTRATED IN 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 CIVIL AND INTERNATIONAL

ORGANIZATIONS

SAT

-. 7.. _ .. . _

." . -___ ",.
, / .BALLOON

S / /
/ ~EARTH

SATELLITE-TRACKED BALLOONS

FIGURE 35. Measurement of Displacement of Satellite Tracked Balloons
for Wind at I km and 10-15 km
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I$J:ERIC ...- ETHODS AND COPUJTER SD,.ULATION

Areview of techniques for neasurements from satellites indicates

that wind may be determined explicitly by utilization of balloon-

trackina satellites toeether with satellite TV-like observation of

cloud motions. Hoe,:ever, these techniques appear to be marginal as
.udced both on thenrec-cal .r..und., and from the results of past per-

formance. An alternative to such explicit measurement techniques is

the implicit determ.ination of w.;inds by computational simulation of

atrmspheric motions, and a discussion of such an approach forms the

content of the present section.

One application of computers in a simple form is the use of

temperature data as oetermined by TIROS satellites in the mid-latitude

field for the estimation of velocities utilizing the geostropic wind

equation as described in Volume IV. The error in using the approxi-

mate geostropic w.;ind 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 routing), but in others, such a numerical

weather prediction, the geostropic approximation is clearly quite

inadequate.

A further important exploitation of computation simulation is

the prediction of cloudiness. In view of the importance of albedo

variation in weather processes, the variability of cloud distribution

is a most significant contributor to the variability of winds in the

troposphere. Experiments in the prediction of cloudiness have been

undertaken by Kasahara and his associates at NCAR, Boulder, Colorado.

The global simulation of the atmospheric circulation in the upper

atmosphere for the implicit determination of winds using a full set

of atmospheric input data has Leen suggested by Murgatroyd (1968).
The surcess of such sirulations for the lower atmosphere (the tropo-

sphere) in the last few years lends credence to the belief that this,
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e,•uch iargcr task (which must include the tropospheric simulation as

part of the total) can indeed be accomplished. To indicate the nature

of the problems to be faced in such a project the remainder of this

sectiojn will be devoted to a brief summary of the basis of the numer-

ical progra-ims that are used today for global weather and climate

sirmulatioms, tocecther with ani indicatiuon of the types of difficulty

that have been overcome 1 their implementation, and will conclude

with an estimate of the scope cr the corresponding numerical proble:.

for simulation of the comp..plete atmrosohare from 0 to 200 km.

A characteriration of the technique of computational simulation

of the at.mosphere as a rmeans of determining wind at all altitudes is

given in Fig. 7(, which summarizes considerations discussed in the

foilowinc paragraphs dealing in turn with differential equations for

tropospheric simulation, finite difference forms and stability,

nonlinear effects and stability, h,:undary conditions, characertistics

of current tropospheric numerical simulations, and the extension from

current tropospheric simulations tc simulations of the global upper

atm•ospheric circulation.

Differential EaUations for Tropospheric Circulation

Until the advent of high speed computinc techniques, attempts

to solve the m:atheatica! problem-s of atmospheric motions were based

on gross simplificotions of the moverring equations, several of which

have been discussed in "Hydrodynamic TIheory of Wave Motion in the

Troposphere!? of Volume TV. Today, with the aid of rapid computation

capability, a mucn more complete and satisfactory set of fluid dynrsmic

equations can be tackled. The conmonly accepted formulation that is

believPd to be quite adequate for describing tropospheric conditions

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

with the following assumptions:

a. The planetary atmospheric layer is thin compared

"with the earth's radius.

b. The horizontal component of the Coriolis force (8.l)

is negligible.

c. The hydrostatic equation holds.
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PRINCIPLE OF OPERATION

* CONTINUITY EQUATIONS (MOMENTUM, MASS, ENERGY) ARE BASIS FOR WINDS = f(p, T, ENEVGY,

POSITION) IN TROPOSPHERE, AND MORE VARIABLES IN UPPER ATMOSPHERE

a 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 ATMOSPHERE

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 BY INADEQUATE INPUT DATA (ESPECIALLY WATER VAPOR)

4 UPPER ATMOSPHERE ANALYSIS LIMITED BY INADEQUATE INPUT DATA, KNOWLEDGE OF PROCESSES

AND PRESENT-DAY COMPUTER CAPACITY

RECOMMENDATION

* DEVELOP SYSTEMS TO DETERMINE ALL MEASUREABLE ATMOSPHERIC PAJAMETERS FROM SATELLITES

* RESEARCH ATMOSPHERIC PROCESSES, ESPECIALLY IN UPPER ATMOSPHERE, FOR WHICH 1973 GARP MAY

PROVIDE LOWER BOUNDARY ,

" DEVELOP LARGE CAPACITY COMPUTERS, I.E., ILLIAC IV

"* BEGIN UPPER ATMOSPHERE COMPUTATIONAL SIMULATION

COMPUTER SIMULATION

FIGURE 36. Computational Simulation of Atmosphere for Wind at All Altitudes



In the tiveteorological community the Navier-Stokes equations with

these assumptions are commonly called the "primitive equations."

Some treatments of atmospheric circulation problems do omit, some

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

in rhe equation-, but the logical consistency of this is questionable

(Eclkart, 1960).

Other assumptions, affecting the "forcing terms" in the equations,

i.e., those involving body forces and energy 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).

Continuity: Y- + • (Pv) =0 (8.2
a - 1 F S3

- + v Vu - Osineu -- 2 +F

Momentum:

Vv + 2sinSv - + Fy(8.4)

ý s + Vs=

Thermodynamic o + •"V T

or energy. + V V) tn.

State: p = P RT (8.6)

Hydrostatic: - : - Pg

where x, y, z are rectangular coordinates in which the (x, y)

plane is locally horizontal to the earth's surface.

v (u,v,w) is the fluid velocity

s is the entropy

p is the density

T is the temperature

p is the pressure
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£ (Fx,Fy,Fz) is the body force

q is the rate of energy input

o is the force of gravity

R is the gas constant

C p is the specific heat at constant 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 variables,

and then the equations are inter-rated over a short time step Lt. The

result are estimates of p, u, v, and s at time (t + It) in each of

the _,rizontal planes selected for the finite difference vertical

71vid. Involved in this process is knowledge of the veetical velocity,

w, not nrorrmally obtainable from meteorological observations; in fact,

w car be derived from th. remaining two equations, 8.0 and 8.7, com-

bined with the ccrtinuitv equation. The result is the Richardson

equation that couples the vertical to the horizontal motions:

f = .u + 6v) d z - f- z• PI • z=Z + u

az Y58 ,,M T ýI

T

+ V 9 gfT aiPu -r + V dZ , dz +zif dz
ý-y- gPx cy C T

where Z, is the "top" of tie atmosphere, the upper altitude limit of

the computational grid syste',.

The ,ccuails of how the coiputation proceeds between the horizontal

proginostic estimations (Eqs. 8.2-3. <) and the "disonostic" equations

(8.6-3.8 vary with differer-r.. a' scheres, and hezd not be

entered into hero, since no ft:ndamcntal cuestions involvirnj computa-

tional chinaracteristics are involved. However, it nay be mentioned

that a common variation is to use the pressure p ip~terd of z as



independent vertical coordinate, with a subsequent sir-plification in

the diagnostic Eq. 8.8. Another standard modification of the equations

as presented here is the use of longitude, X, and latitude, 9, in place

cf x and y as independent variables. This does not affect the gencral

discussion in any way.

The procedure for solution described above requires specification

of the stress terms Fx, 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 of 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 Fx,
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

Iz (9
(Fx'FY'Fz) )=- v + lV (k • v)J (8.9)

q =• -1k 7 -(VT) + -ýj8z0P3

where u and k are the (molecular) viscoscity and thermal conductivity,

respectively, assumed constant; the first term in 8.10 is the thermal

diffusion contribution to q, and 1 the viscous dissipation function,

is given by

(8. 11)+ + +

x) ,

_)2 +tav L



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 molecular diffusion

and dissipation properties are incorporated via lower altitude boundary

conditions, which have not been discussec as yet. For similar reasons

(i.e., the large dimensions of the finite difference mesh, both

vertically and horizontally), it has been argued that the forms 8.9

and 8.10 are not appropriate for the finite difference solution, and

that the dissipation and diffusion effects should rather be expressed

in terms of an assumed random turbulent flow eddy motion occurring at

a sub-grid scale. By analogy with turbulent boundary flao.' theory,

it is assumed that this turbulence can be represented in terms of a

Reynolds stress and an effective eddy viscosity coefficient, usually

with much simplified expressions for F and q as functions of the

velocity or the velocity derivatives.

Whether such a representation is valid physically is not knowv.n,

however, from a computational point of view the introduction of

dissipation can be vital in order to achieve cooputational stability

as will be discussed beloaw:. Apart from -his important contribution,

the effects of the diffusive and dissipative aspects of F and q are

probably not important for short period forecasting. Por loncer time

periods (currently estimated as three days or more', it is not ye

known whether a different representation is necessary, or even whether

a stochastic formulation for the sub-grid scale effects is possible

at al].. This question will be entered into in more detail later in

this section when nonlinear effects are considered.

Finite Difference Formulations and Their Stability

The prcnostic system of Eqs. 8.2 - 8.S appears ar casual in-

spection to be straiahtforward, if lengthy, to solve by fi'ire dif-

ferences. Computation tines, however, are considerable, as can be

seen from the characteristics of presen7-day numnerical programs listed

in Table 8, and result in a oimi;.:*tor of their utility. The difficulty



arises both from the large number of spatial mesh points required by

a global model, and from the restrictioni in the finite difference

representation to a maximum time grid interval, as required for com-

putational stability. In fact, the question of computational stability

is a principal issue in the effective employment of numerical simula-

tion of the atmosphere and a brief description of the nature of the

problem follows.

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, and thIe issipation function ý. Since

there are no known methods of establishing the stability or convergence

properties of finite difference representations of nonlinear equations

of this degree of complexity, the main approach for treating them has

had to be heuristic. Thus, linearized approximations are studied, and

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

is empirically introduced into the system of equations, either with

artificial viscosity terms or by an increase in magnitude of the vos-

cosity that may already be present. As discussed earlier, it is ex-

pected that the frictional effects thus introduced should have little

effect on scales larger 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 pcssibility will be discussed in greater

detail later.

The rationale for assuming that the properties of the linearized

equations can be used to approximate the behavior of the nonlinear

equations is based on the consideration of local behavior. Thus, if

the correct solution is continuous, and we assume that the difference
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equations are solved by a progressive marching method, 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 Motions in the Troposphere" of Volume IV.

Atmospheric wave motions are classifiable into these categories:

1. Acoustic waves

2. Gravity waves (8.12)

3. Inertial waves

Actually acoustic waves have been eliminated in the formulation 8.2

8.7 of the equations, by virtue of the hydrostatic assumption, and

the irrelevance of sound waves to atmospheric circulation is well

established, at least for the troposphere. The main contrioutor 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 of both aravitational and inertial rodes, as in Eqs. 8.2 -

8.7.

It was sho'..)n by Courant, Friedrichs and Levy in 1928 thst a

forw,.'ard differencing schene, i.e., one for which, in one di-rension,
• n+l n

au _ u -U7

n V n n
nd2u. U+1 - 2uj + u,-I

and 2 )2

is stable (and convergent) as lonq as

I>1



where c is -.he wave velocity, 8.14 shows that for a chosen urid length

Ax, stability requires that the time step be chosen to be less than
Ax/c, so that the higher Lhe wave velocities, the shorter is the time

step that has to se useu. The velocities for the three waves in

Eq. 8.12 have -m-aximum values in the troposphere of about 330 r/sec

for the acoustic mode, 1S5 m/sec for the oravity wave and 10 n/sec

for the inertial w..,ave. The corresponding vaxilurn allow...able time steps

given by Eq. 8.14 are 15 min 30 mein, and 8 hr, respectively. The
actual figures for the full linear fluid dynamic equations are reduced

from these values by two-dimensional effects and by advection. The

latter results in 8.14 beino modified to

(IV I + c) i (8.15)

where 1-•I is the magnitude of the flow velocity at the point 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 velocity is

least.

In addition to a stability criterion involving the wave nature

of the equations, a stability criterion can also be formulated for the

diffusive part, i.e., for the viscous and thermal conductivity terms.

The linear stability condition for this case is

c - • i(8.18)
"(X)2

in which c is a diffusion coefficient. The finite difference scheme

is again of the forward type, as described by Eq. 8.13. In applica-

tion 8.16 is usually less severe than S.1', so that diffusive terms

do not control the choice of arid size. An exanple of the use cif 8.16

is considered for the complete atmospheric model 'discussed later),

not lust for the troposphere.

The primitive E•s. S.2 - 3.7 exclude acoustic waves so .that the

controlling factor in determinina the choice of time step is the

-ravity wave speed. The time steps listed in gable S for the current

]:.



atroosp eric :zrcuolticn models have been selected on the basis of a

cpravity wave s= •_l" requirement.

There are fr -,s s-f finite difference appro'irnaoions that can re-

duce or cliin te: in re ar rn.:oacility. Backward and cer!tral differ-

encine :ietcs when applied to wave and diffusisn ecquations fall in

this category. I'o'e..:r, suet. systeo;:s result in implicit rather than

-xpli& t &_fre-cC equations, so that a .mle narchino process for

carrying through the finite difference solutiorn is no longer possible,

end solutiono of of sir:ultnnerusnu:,ons is required. This i5

usually regarded as sufficiently ti-me consur.minro that explicit equations

are preferred, even at the cost of the smaller time ste:. that are j

needed for stability of the latter.

The nu-erica' s"'-..;_at•r-ns 1 -ed in. Table? employ a variety of

differencinc tecnniaques, th-e choices made involvinr ca-nromrses be-

tween stability requirements, truncation error and computation rime

for the problemr of ircerest. All these approaches can be analyzed i n

terms of l. ear approx 7 tm<aa-.ns for stab lity, and r•e sU in criter i a

exemplified here by 2.15 and 8.•16. Nonlinear instabilites can. also
_influenceý tee_ type of, fini..te difference eq-uatons used; see fotors

involved here are strengly linked to th'e sub-crid scale effects of

turbulence discussed earlier, and the next paragraph ldiscuss

these jointly.

Nonlinear Effects and Stab2i-!ty

The first attemipts to solve the primitive equations sno'ea uo

instabilities of an unanticipated variety, not predicted by the

linearized equations. A possible cause for their appearance w.,as

suggested by Phillips (1959), and explained by hiw in terms of a

simple nonlinear mOOl tequation, it beino assumed that a similar

result would apply a!soo to the com,:plete equations. The essence of

Phillips argument is that nonlinear mixing (i'.e., the product) of

tw.o fferent • frequency wave componets or the solution leads to

beat frequencies; -` The wavelen-th of one of these should happen

1o be less than the arid size (so that it is net resolved by the

i ,.2



J. rrenco n.-h, thLs ".!ill be visinterpreted- by the finite

difference e.uata.. as a awve of length greater than the arid znt-erval

nd £11.. .a-'- -uton. Thr ct.. of fjnite differencing on

suc mc -- '.r .'-.. . 4 .... ntroduce specious '.,ave nodes,

and ini ph" r Hr. i,p- e r tl-• 5s introduction of energy

in the u1t r-.1• ...- !, c solv;ec within u--e su3-orod

iz Poth lli LpS ! .ft ,the . sho that the ef.fect could1,e C!Tj-'J.la3tiVe• -, d '_. ~ c A~d t +.. . +t:• ,s - ..

henc clu v•....c to t could be slowod

down, but nut elirnminatau my re'ducino mhe ardC sise.

A P.:ethod emýployed by Phillips, and also by several of the numerical

sche,-es su,.-marizec in Table 8, for controlling this fcrm of computa-

tional instabity is to add smoothinoq to the s\,st. by the introduction

of fr:,ction tc-rms and dissipati-on. The latter a-e represented in the

nonlinear fluid dynamic Eqs. 8.2 - S.5 by the terms F and . As i's-

cussed earlier, the magnitudes assigned to these quantimiis have, in n

many instances of atmospheric modelin,, been hchsen, not by physical

rcuments concernin, the rnature cof the sub-urid scale stress erfects.

but empirically by requirements that nonlinear computational tnstabilcjy

be eImi.-nated6. fortunately, in many cases it h0a5 been di-fficult to

decide which cf the fluctuacicns observed in rhe numerical sol.utions

were a result of nu:merical instabilities, and w..;hich correspcnded to

natural instabilities tr the atmosphere. Since the correct physical

eoresentat-cn or the sub--r_ scale effects 4S no: known w..,ith cer-

tainty, but is of the same form as that required for numerical sta-

bility, the situation can become obscured very rapidily. In particular,

the lonoer- the desired prediction time of the simulacion the more im-

porta:-t. are hc siub-orid scale effects physically, and the greater is

tihe need f-or ma e-iti damping of possible numerical instabilities.

The resolutirn -o this difficult problem requires not just a better

raet-co ot C-1, dealins_ .it 7 'erical instability, but a more adequate de-
n.... ,_of:.' the scale dynamics. T1he iportance of the latter

ror 1on.-term wea-'er predic4ticn is currently a matter of righest 4n-

terest and prýiori 1 s it involves the auest- r, of t•rr ultimate

forcoastinq capobility of the presen-ly envisaged numerical forecasting



schemes. The central question here is the rate at which energy can

be transferred from the smaall (sub-grid) to the large (synoptic)

scale mo.oions. If this ficure is as large as some estimates now

place it_, the currenLt forecasting grid mesh gives a time limit of

about three days for weather forecasting. A resolution of this

particular question is hoped for in the near future from measure-

ments of the energy spectrum of the atmospheric motions. If long-

range forecasting is to become a reality confirmatory evidence for

a "gap"t in the energy spectrum between the meso and synoptic scales

that is be__e•',d tc exist is needed, net just within the atmospheric

bDcind:ry iuyer, where most observations are made, but throughout

the troposphere.

T-hi characteristic or the energy spectrum is also important

".w,,hen considerinc requirements for initial data inputs to the numer-

ical model. Thut, with conventional meteorological sensing instru-

raents, measurements are made at fairly regular tinte intervals, of the

.oroer of an hour, say, but with an output that corresponds to an

average value of the meteorogloica1 quantity oaken over both a small

physical volume and a short-time int-erval (seco-.ds c- minutes). When

such data are interpreteud in terms of much longer dimensions and

longer times, corresponding to the space-time grid net for the com-r

putationj1 
s iwl-atian, aiasing occurs Thus the mathematical model

precludes the aescriptirn of sub-grid - ile wavelength ano frequencies,

tc. 1.-!h the insea trumerts aire clenrl " The

specific effect of the use cf initial data of this variety on the

computer simulation depends on the energy spectrum of the motions

between the hourly and minute scales. If the high frequency content
is low, awiasino is also low, but in fact, as shown in Fig. 37 there

appears to be a peak in the energy spectrum around 1 minute. in an

analysis by Cort and Taylor (L9S9), it is demonstrated that with a

p lower period cut-off cr 2 hours in the frequency response of the data

input to the computer, an error in the 2-hour period energy spectrum

content of the order of a factor of 10 is possible. In terms of the

computer simulation this type of result implies very large errors in

1- L



the higbhest frequency (igiid scale) desc riDtiC.n of the siJnulation, and

a S.ubsoquCr, o rt 4dai- of 1 the prediction accufacy as the pr.edicticn

t 1. io rcrocs. If the at1Uospheric eeLCr.y spectru;7. is irdeed as e-

scr y Van der Haven (IT 7 and Cort and Tavlor i(1969), the only
1~t}D ( .7 tiPl m '.:• t:i±.z c.i ]. ic0.1 , y apart 1T.o, raal..C ih&J _'I tJ,(C

stcop in t .c, siu 1.ni rc chan. e the .thi.<. o takir :toorolc-

ical uaa 5o that a uieasu-e sensitive to the hicihest frnquoyic-s but

,,r.• _u \vor Space and tin-e steps co ~e aocdric aovDaxoxi-•tcly to the

gd '1. c 3 cn o2 cc. mputatin -s oC t5neid
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(see Table 8) was designed specifically to accomplish this. By the

placing of certain integral restraints, not just total energy, but

vorticity and zonal fmonentu.\ are conserved exactly in this model for

a frictionless noiL-dissipative atwcsphcre. The results of nurerical

computations with this system show no evidence of instabilities, even

in the absence of dissipative ta-•_rs.

An analogous approach is taken in the Kasahara-,ashington model

(see Table 8) where a Lax-.ienroff .•ergy-ccnoervin- fiite ifference

scheme is used. The nonlinear stability of this method, however, has

not been demonstrated.

Whichever of the finite ;i t erence schemes is used, there remains

a doubt as to its mathematical convergence and stability properties,

since they are all too complex to allow rigorous mathematical proof,

and basically the test of any one of the;-,. has been made by a trial run

and comparison of tWe results with the actual atmosphere. Unfortunately,

natural irregularities of the atmosphere are so prevalent chat such a

comparison is never perfect and there is alwa th possibility that

some of the variai:ionn predicted by the model are of a mazheratical

an nrot a phys-cal variety. in the final analysis, and in the absence

of mathenatical convergence proof, the only tnst of the numerical solu-

tion that approaches conclusivenes- is a systematic series of trail

calculations in which all _niOWsl and Lcundary conditions are kept the

same while the grid nesh dimensions are changed. The large running

t-imes rof the presentily frn-ulotao atmospheric cir'culation models have
prevented a test of this type fA.,- *eing m.,ade fur any of them.

Boundary Conditions

The system of Eqs. 8,2 - 8.8 or its finite difference represen-

tation has to be supplied with suitable bMundary conditions. The

simulations that are of concern here arc global, so that no lateral

boundary condiutlos need be specified. The upper altitude limit for

tropospheric models is at the tropopausu; it is assuted that there is

no influence of ti-e upper atospirer actiinD at the boundary on the

troposphere. The oer boundary condition is normally applied above

1 , 7



the Ekinan layer, rather than at the earth's surac Hen the

beo'dary conditions have to all for Jte turbulent transports of

heat and I -:,ecr.u:. "htocur n the E c,,r: l a Id Prandtl layers between

the earth ai:d e lowest horontal fiite difference :i-esh surface.

S -:rpirYcal expressions that c-ide these effects are con-

tained in the following lower boundary conditions:

7; 'D + S

av2 2 e-_ : CD vs

FT (Ts - +v1

Here FT is the vertical heat flux, T. the ground te-mperature, CD the

surface friction coefficient, and the subscript s refers to values at

the "surface", i.e., at the outer edge of the lcwer, Prandtl layer.

The boundary layer specification is completed by addiiag the condition

w = 0 to 8.17.

The surface velocities us and vs are usually obtained by linear

extrapolation from the solutior. at higher levels, though Sragorinsky

uses a more sophisticated extraDolation rqethýd that allows for rotation

of the flow through the Ekman layer (cf. Table 8). Additional teros

for the vertical heat flux can arise if humidity and water vaporization

effects are allowed for. Indeed, if they are, their contributions also

must be included in the heat source tern q in Eq. 8.5. Volumae TV dis-

cusses this briefly, and an indication of how the humidity effects are

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

Characteristics of Current Tropospheric Numerical Simulations

Table 8 is a listing of some of the characteristics of the four

primitive global nurmerical circulation sinulatioris for the troposprhere

that have been constructed to date. These mode i are used, irot for

operational forecasting, but for developT ent ci forecasting techniques

for the study of climatic problems. Other le'.. comprehensive models

are used by the Weather 3ureau for daily forecasting in the United

] ,Or-



States; the Air Force and the Navy have co-parable m.Jedes for Service

use. 7 .- se operational e.-.,eatner orediction models are not cilobal in

coversce, 6,d hence cof less interest fcr this report thar the larcer

global s±iulatio:s, since it is probahle that upper atco spheric simu-

atici,s require very lare iI f --:t aloba! ccvera.2c

All the simulations use the prim.,itive equations, 5.2 - B.7, with
empirical or semi-empirical values for the stress terms F7 and Fy, and

, and heat source inputs to q from), raciativs heaino anr fron the

noisture field. The latter contributions car, be treated in great de-

tail and cooplexity; indeed there have been several large-scale numer-

ical simulations of radiative transter zn ohe atmiosphere, in which the

fluid motions are ignored. A brief description of the type of radiative

sources arc sinks taken for the tropospheric circulation moaels is in-

cluded in Table 8; a further gcneral • discussion of this topie is con-

tained in Volume IV.

tlso shown is the table are the principal characteristics of the

finite difference scherses used, their computational properties and

rachine running times. A sample of the sequence of operations run

thrcuch for solving the finite difference ecuations is illustrated

ithP the Leith model.

Extensionr to Upper Atmospheric Circulation

The survey of the tropospheric circulation simulation problem

given above illustrates the considerable magnitude of that task.

From the figures quoted in Table S for machine requirements one miaht

cuess that an extension of the tr - :spheric model to include strato-

spheric circulation would place the computational load outside the

capabilities of present day computers. Besides the increase in volume

coverage implied by increasiig the altitude span of the simulation,

the greater number of molecular constituents above the tropopause and

the ne1,dfr inclusion of thsir variation throujh cherrdcal reactions

as well as their radiative prcperties, lead to an enormous increase

in, coc..puter requirements for si.ulation. Later in this sect ion esti-

mates will bf- r ,ade to iiidicatu the scope cf the problem; thes? indeed
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,-i tion:,; au r~ i eouataoir.s are required for eaclc snec.es2

an" aductýior rate ecuatio' 'i noin them and ohmic loss

equctions for the ionized components. It should particularly be noted
thDaforththat: the:'drastatic ass-u,,tion•-£ is n's isnp.ier applicable for the upper]

at:osphere, sue to the presence of larue vertical winds, so that in

plac e o th , R-hc h -r d .s.. . there -m c appears a fourth oronostic

equation for the vertical . cceler-sticon. In general, the high wind

velocitios are Tho p-rit'sa�ve:;ot 'i on that constitute an

i!kDeuftaolt elr!e!,t: athosphe- re c-.,nar•i"c

In cdt. o t-." ddt -1 features o.' the upper a...-here

, , ' o-'' cn be '--f difficulty in the nuaeruca! r-xthe-

;0.tc4 C C, 'ul' _' stote of knowlec.se of the phys-cs

tre ,,n,"'- t - h erC hs_ t: .e corsidered irn .assessinr, the feasibility

oa -odCel ai' to a' -Dt 100 k it appears that this is suf4i c c],t

ar abI-, Gbout St v C 3, b.'ru L)SI,:,a effects acuzfatf, it Cs td trC e

that the at,'csphm'r! is 3aso suificiently well understood. Hov.:cver

our kno-ledge cf the processes cocurrina in the highly co:rPpIc'- ed

re:•~oi, betweeni 1'0-200 kb , in V:hich an involved series of coupled

chem'ical changes tare place, may not yet be adequate for use in a
nu,:erical siiiuza dt ior.

The poteintial availability ro.oi satellite measure';,ents of data

at- space an, d tir,, intervais suitable for coputational simulation of

the glo1)l atrospiere and its wir:ds is evidenced by the tabulation of
io..e,•u rem:•t accuracies >1 von ii, T-31)10 5.
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O, the positive side, however. competence to address the )problem

is impr ovanq steadily as evidenced U', procress of the next generation
C ,O:-p; ters (T1 1•0 A1 an -', the sTeac Qv tn uncere s a nc innc 01 tie

phys7ics or ohe up per aCmoseh-7ere. Moreover-, for most of the DoD needs,
,hich f--.ve oe, elahoýroted in Volume TI the c snee s for -,anlyis ,"
that is, a descrirt-o, cf the present conoditicn of thn at,.osphere in

:he -t o observations currently made as ooppced to "prediction"
of its conditicn at some future time based or the analysis as an
initial condit9 cn. Analys i. s is easier rt do ,nn prediction.

On the strer:{-th cf the positive argunjents, and '..]inth knowledac
of the nega:ive ar u-r, e!;ts, the scale of con:,putat1ona! e:ffrt recuired
Focr a simulation of the upper atmosphere to an altituae of, say,
200 km is considered. it is first necessary specify in time and in
distance the computation.al arid spacinoj for which - criteria are

given in Table 9. These criteria lead to the co:nolusirn that the
computation should be carried out with a spacirjc waich is vertically
less than about I- kin. horien tally less th-an I,0L0 kr, and at time
steos which are less than ICC sec. A bthan the
o mnimunm ,esorioed above would employ 5 arid sp<-c-fication of lC0o kri,
& vertical specis of 7 kT;,, and a tim.e step of 10 sec.

Shown in Table I- is an estimate of the num.ber ofvars-ame Dints
requirecd cr upper atnosphere simýulation in th:e a!titu de r•,•:eS up to
220 k:m,. The number of points ..,hich would be required in the vertical

rd variies zom one astituce recion to another acorCdirq tu, Nyq.c-ist
criterior, applied to the temperature stratification. By the Nyquist
criterion, at least two data points are required for each cycle of the
variation encountered. In each case, about 800 Poi:nts are required in
the horizontal a-rid for a 100 ]k:m: or 8-deg spacing.

The number ci dependent variables per pCint for each of the
atmospheric reicirLs -s of ccurse different deperdin upo-n tie sionif-
leant variables, i.e. , components of .el.c.ty ve.ctrs, pressure, density I
of principal contituents, and heat absorption by pr:incipal .-otrnnsDher-ic
aosorcbers. The total nur;er of deperdet variables per hznizontal grid

iIJ



TA PLE E . CRITERiA FOR MRID SPECIFICATION

6x x(m) Z (m) 6t(w¢)

TEMPERATURE STRAT (NYQUIST) - 104

HORIZ. GRAv. WAVE (ELIASSEN) > 2(10) 3At

&x > 2 VHAt

VH. 103m 
s ec°

1

VERT. GRAV. WAVE > 20 At

V r 0.01 VH

SPECTRAL DISTRIBUTION < 102

COMPUTATIONAL STABILITY > 2.7(10)-4 t-

a =ifV 3.75 x 10 8 m2 se1

LIMITS FOk At = 10 ,ec >2(10)4 200 AZs 104 10

TRIAL VALUES - COMPLETE SIM. (10)6 7(10)3 10

TRIAL VALUES - MIN. SIM. (10) 6 (10)4 102

TABLE 10. VARIABLE POINTS FOR UPPER ATMIOSPHERE SIMULATION

ALTITUDE RANGE (KM_
0-20 20-50 50-90 90-130 150-200

INDEPENDENT VADIABLES 4 4 4 4 4(F e~, t ' 9 , , H (r,@,X,tl (r,9,X,t) (r,e,x,f)

NUMBER, POINTS IN HORIZ. GRIO 800 800 800 800 800
3 r-'

(10 k. or 9 d.g spocing)

NUMBLR, POINTS IN VERT. GRID 3 4
t 7 kn naciN)

DEPENDENT VARIABLES PER POINT '0 40 40 20 20
(U,V,W,N,p (U,V,W,N,p ( U,%',,/W,N,p (U,V,W,N,p ( U,V,W,N,p

"C02' nH2 "N'nN2' n 1' nN' nN2J MN' nN, nN'

qH20, qCO2' m0 3 pnoIDf nlO3p'n 0 1ID' no3P' nOID' n 3P'NoID'

q2URF) 02'2 03 n02 n02
mOH"nH nOWH, nH' + 3q's + 3 q's

"MH 20 H.0 4 "H20, " HH.O, ÷ K* ) W'5 K'.)

MHO2' "NO, "HO2' "NO'

2 2"NO2  NHO2

S6 9's - 6 q's

+ 13 K's) - 13 K's)

DEPENDEN1 VARIABLES 6(10)1 2A(10)3 128110)3 192(10)3 144(10)3 112( 30)

ii;



point in the altitude range from 0-200 km is approximately 6xl1 5 . On

he Dos's of . the data civen in Table 10, there are shown in Table 11

estimates cf computer requirements for both the col}ete simulation

and for a n-inimur, simulation of a more restricted nature. By coT.-

paris 1 are anaio.,.us estimates scr currernt s5rula'tns (U'AS-HRS

Publication l3•C, 196) iof turbulence, convection, tropospheric

circulation, ant ocean circulation. .On the assumotion that no one

can justify 833 days cf computer time to simulate 10o days of upper

atraosphere circulation, it is plain from Table 11 that current com-

puters, represented by the CDC-6600 which has an operation tine of

600 nsec per operation, are clearly inadequate 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 COYIPJTER REQUIREN4ENITS

UPPER ATMOS. SIMUL. CURRENT SIMULATIONS
COMPLETE I MINIMUM (NAS-NRC PUBL. 1350 1966)

SIMULATION SIMULATION TURBULENCE CONVECTION TROPO. CIRC. OCEAN CIRC.

FILTERINC APPROX FOURIER FOURIER BOUSSINESQ BOUSSINESQ HYDROSTATIC GEOSTROPHIC

DIMENSIONALITY 4 4 4 4 4

DEP. VARIABLES 10- 40 15 4k ,,.w,t) 5(,v,w,T,, 4(u,v,T,f) 4(u,,,T,s)

NUMBER, VERi1CAL LEVELS 30 (7KM) 20 (10 KM 30 100 10 10

NUMBER, HORIZ. POINTS BOO)010
3

KM) 800 (I 103KM! 0 104 I04 10

TIME STEP (sec) 10 102 0.001 5 300 (5 MIN) 1 ( 10)
4
(5 Hr

SIMULATED EXP, TIME (sec) 10 7(100d) 107 L1Od) 1 10 3.6(10)4 10 7(100d) 10 9(30 Y')

(5 H,)

5 5 6 6 5 5
DEP. VER. PER TIME STEP 6(10) 2.4(10) 10 5(10) 4(10) 4(10)

TIME STEP PER EXP. 106 105 104 2(10 )3 3(1 L0)4 6(10)4
10 10 1 0 101

DEP. VAR PER EXP. 6(10)11 2.4(10)1 10 10 1.2(10)1 2.4(10) 2

COMP. OPER. PER EXP. 1.2(10)14 4.8(10)12 2(10)12 2(10)'2 2.4(10)12 4.8(10)1

(200 CPER,,'DEP. VAR)

COMP. TIME-CDC6600 7.2(10) 2.9 01 1.2(10)6 1.2(10) 1 4(10 2.9f.010
(2(10)4 H) (8lOH) (330H) (330H) 0 ) (IOH)

(830d 1 2.4 2.9)

COMP. TIME-ILIAC (Ic) ( .4) 10) 5.8(10) 3 2.4(110)13 2.4(I ) 3 2.9(1013 5.8t 10)3

(1.2 nec PER OER) (39 H (1.,6 H) (40 MiN) (40 MIN) (48 MIN) I.6 Hr)

2 .1~I



-,. - - '. _ip' ,ters ,hoeever, nuh 5! t3-he TLTAC TV,

Y s'? a nt woo ý.sdtet

require o, y i, f o s ulation o n tropospheric

C irf cia oU !3 I~ ..- ,-,o- s would also be capable of simu-

latnc 1 (0day's of uppeýr atr.,p._ere circulation in 3ý hr of computer

toe o....o-atc t., •u' resent-dey allocations to other probl.ems.7.

Smaller scala co',outatio:s than considerec in this estimate are

also poss ible. For example, calculations over a restricted volume,

either vertically or hot 7% .o. ntally, may be of interest in some appli-

cations. in such a case the scope of the computation is reduced,

thouch at the mo...ent, kno.wledae cfr toe enermy transfer rates is i in-

sufficient to enable prediction time to be related to the volume of

the atmosphere that is simulated.

Alternaý.tive numer'cal 'ethods of solving the equations perhaps

should also be considered and a particularly attractive approach

from the point of view or the aliasinc and sub-erid scale energy

spectru•m effects is the use cf .w.,a•,ve number rather than physical

space. In such a m.ethod a large wave number cut-off, corresponding

to the maxi.un resolvability of the rinite difference grid mesh, can

be easily applied, thereby avoiding some of the confusion that results

with the meth-.hds used tc date. Prior to the advent of the fast

Fourier transform technique such a scheme would have implied excessive

computational, time, but this now appears no longer to be the case.

Mention should also be made of 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 observations, in contrast to prediction, with which the prior

discussions iii this section have been concerned. Although common in

da;ily ,teroloiical work , it appears that little thouqht has been

aiver, to dealirng with this question usina nuocrical methods and the

fluid dynamrric equajtions. 'This question apears to be of potential irm•-

porta~cQ l4"cor e upper at;ospherc, in: which for some applications we

may think of currenit satellite inforr.,ation on atmospheric data being

i]1,'



analyzed by ccoputer to give an instantaneous picture of the co.plete

state of the atmosphere, Limitatin to analysis, rather than pre-

diction, eases the problem froi the .- xnt of •i•,.." of coputer capacity

recuirements and eli'.ina.s scpe of the difficult cuesrions of the

propa-aton of sub-orld scale effects inzo tWe sv.solic scales.

is was 2ust stated, litte attention has been civern to this ap-

proach, and here we shall usr p011 cut a gross difference in the

numlerical calculaticn task fro, Mhat for the proqnosuic problem.

Thus in "Typical N<ave Motions" of Volume TV, it was shown that the

equations governin. the spatial domain could be of & hyperboic,

parabolic or elliptic variety, depending on the region of wave motion

involvod (inertial, zravitaticna: arc acoustic). Thus, assu.ing these J

considerations are transferable to the non-linear equaticns, the solu-

tion techniques have to be adjusted accr-dlisri to the domain :of solu- A

tior, and this is ouite different from the forecasti.g problem, in

which a straightforwr•d marchingr tuchr.ioe :i ci-s .'. used. Further

elaboration and study of the use of thi-s type of amlysis need further

attention, since it appears to be of potential significance.

To Summarize:

The implicit determination o winds by cc:putatiuenal oijulation

appears to have potential. The justif-abe degree of oomplication

in such simulation is questionable requiring further inves-igation.

Certainly thi nz-ensive use of computers for the analysis 0f weat.er

data is amply ".tified. The analysis of the entire global atoosphere

up tc an altitude of 200 km seems feasible from the standpoint of the

capability of .ext generation c•mputers wh.ich would require mc

co.puter time than the exercise of current orobles. Accor;plishment

may be slowed by the fact that present knowledge cf the physics of

the upper atmosphere is inco:plete.
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APPEN,:DIX A

1. Introduction

The capability of achieving a refined knowledge of the variations

of atmospheric conditions on a global scale and near real-time is

within the grasp of modern civilization through the use of meteoro-

logical satellites and high speed computers. Such refined knowledge

in the above space and time scales wculd be derived from a process that

involves two phases: (1) i.nrermttet glotal measurements in near

real-time of atmospheric conditions from v.ainly -, _orological satel-

lites,* and (2) subsequent predictions of the variations of the atmos-

pheric parameters in the lower atmosphere (i.e. , the troposphere or

altitudes up to about 8 nmi) during a time t.nac appears to be limited
to about three wcehz(P. " '" Th. ovorall econotrcal reward from a

refined knowledge of atmospheric corndItIons that would allow even a one
week weather oredicrion h.as bon estimrareo in billions of dollars as a

consequence of imoroved m.anagement of aater rj soures, agri culture

surface cransporoacioa, retail markecing, the lumber industry, etc.
(Ret. 3).

The need for global measurements becomes clear from the ratner

straightforward formulation of the air motion within the troposphere,

i.e., the motion of air on a rotating earth r eceivioc shortwave radia-

c-on trom the sun and returning longuave radiation to space. The

dependent variables of the problem are the three components of the air

velocity (i.e., wind), the resoure, temrerer re, air density, and
water vapor. The lodepene.nent variables are g<ýven hv the three space

*"Meteorological satellites can reach otherwise inaccessible areas of
the oceans.



coordinates: longitude, latitude, and altitude and the timne.* The

seven dependent variables are determinable as a function of the four

independent variables from the use of seven equations obtained as

foliows: three momentum equations, the conservation of energy within

a nonadiabatic troposphere, the conservation 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 condiLions** for each of the sevzn variables and

boundary conditions"* that take into account the energy exchange at the

surface of the earth (between the atmosphere and botn the ground and

the oceans), the orographic effects on the air velocity vector, and the

energy exchange at the top of the troposphere. W'ile 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 layers 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 viriables through the hydrostatic equa-
tion.

**As deduced from satellite and other available data.
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nature," puts a limit to the length of time for accurate predictions,

i.e., the predicted behavior of atmospheric parameters as derived from

initial global measurements. The subsequent use of the equat:ions of

motion is estimated to be accurate during a time that is no longer than

about three .eek5 aft-r the 12ea)urementu (-f . ...r .e , the
perishable data for the initial and boundary conditions must be

utilized in the numerical integrations of the equations of motion in

near real-time in order for its utility to be maximized for the pre-

diction of the behavior of the atmospheric parameters during a rather

short subsequent time.

WhLile 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 to the development of

meteorological satellites and sensor subsystems for the remote measure-

ment of the initial and boundary conditions in the global and near

real-time scales; that is to say, m~teorowooical satellites operating

in medium altitude orbits (e.g., in the range from A00 to 800 nmi) and

in geosynchronous orbits at 19,3C0 rn.i.

The subjects of interest here include the follcwing: (a) feasi-
biliry of remote measurements of the initial and boundary conditions

within the required degree of accuracy in a global and real-time scale;

(b) chronologica- developments of U.S. meteorological satellites and

sensor subsystems; (c) current projetitons -or the development of

sensor subsystems for U.S. meteorological satellites during the forth-
coming decade; (d) brief description of the international GARP (Global
Atmospheric Research Program) and V%ý%.W:J (World Weather VWatch) programs,

and (e) conceptual techniques for potential measurements from satel-

lites.

"Errors in the measurement of initial conditions as well as truncation
of the difference equations and rounding off during the numerical
integration.



2. Feasibility ot Remote Measurements Wiith Appropriate Accuracies

The remote measurement of the initial conditions in a global scale

and real-time involve the following variables: geopotential altitude

(h) of a given pressure level (p, ir millibars),* temperature (T),

density (p), water vapor (,), and the three components 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 througo 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

deterinination of the mragnitude of the velocity vector (V), i.e., as

fixed by both the magnitude and the direction of the wind vector. The

accuracy for the measurement of the initial conditions has been speci-

fied by the 1967 GARF study conference as follows (Ref. 11):+

a. h(x, y, t), as fixed by a reference pressure with an r.m.s.

error of 2 percent.

b. T(x, y, p, t), with an r.m.s. error of ± I2C.

c. W(x, y, p, t), with an r.m.s. error of 10 percent.

d. V(x, y, p, t), with an r.m.s. error of ± 3 nm/sec.

where x denotes the latitude, y the longitude, and t the time. The

h,.rizontal resolution of these global measurements was specified at a

typical value of about 400 (.in (ý200 nmi), while the vertical resolution

was set at 200 mb in an altitude range corresponding up to 10 mb. +

The remote 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 and dependent 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 one 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 ft or 16.5 nmi, apprc-xd-
mately.

C2



atmosphere and oceans as well as the glob... r aidior balar, ce (i.e.,

includinc cloud cove.).

It is shown belo... tat ne gtopctential ol'it X (x-) anri t-e dis-

triautior. at t]..o t-••t-t-c'r--n---'- (T, '."d' the tro.osr'evc are *.eter-

n~i-,le to t.e uesji, 2 3. Jiz C:,t CCeV"C o01 2?,i1 am' ::. te 0ollow-

ing two sets or data: (1' rainc .... easus ,-,s h ,.o blob-resolution

inf rare sensors on Io-oumi,3-i cz]lite¾ opere-:ing at medium ,l-

tzd e orbitS, an" (2 on u.ca toc s •tatsta a ...s or n ata tor 'toe

geopotential altitude ac itmpea arplicasie to the local region

of interest. ISimilarly, the ,aistribution o p .apo (w) rrough

the lower troposphere is also determinable r .. .emote riace meas-

uremen:.s in ro. in; rated. Potentiaf cetboiqies for the cetereinaon
of the w.in vector are as followos: (a) C teztirn h acion oa cloud

elements thot 3,eve with :he wino in 3h loe-" tzwpocohecc, i3 obsered

from geosyn.chronLus meteorological sa..l.ite ; an ) a world-
u..l;e netw..ors a or_ n• st~nt-Je--yit, balloonsr, d istrit'.>et-. a: *to±.-.een:

pressure (i.e., altitude) levels in, -c- cpur.clouclass t oP. .: Lee,

coo trarkinu the balloons am meceorolcgical comm- ites

3. R.'.S. Errors in the Geopotential Heiaht

It has beer shcv,.w that the geopotential height or altitude profile

s un1quel,. related to the temperature distribution in the atmosphere

by the following matherratical relarfonshirs (Ref. 12).

a. The hydrostatic equation, which relates the local drop in

pressure with increasing altitude to the local de•znsity;

b. The equation of state for a o.eal gas, w.hich relates the local

pressure to the local density and temoerature:

c. Phe empirical orthoaonal functions (Refs. 13, 14), which

i-dicace that they are statistically stable in that they are
nearly invaricr'r with respect to the latilude, Cngitude,

and tine.

"*Potential techniques to measure the wind vector over the oceans inr

volve determination of the sea svrface=conditns from. either mi.cro-
wave measurement 0 or the solar olitter.
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Thus, subject to the valkdity 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 &s 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-i 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., ce = 102 and ae = 1/4 ergs/cm2 sec-strdn-cm-.* The

standard deviation of the errors of the earth's surface radiance

observations under cloudy conditions ---s assumed to be 2 ergs/cm2-sec-

strdn-cm (Ref. 12). Figure A-1 shows %nat for the most ideal conditions

(i.e., clear conditions, availability of ground pressure data, and the

smaller ae 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 oe 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 requirements of meteorology (Ref. 15).
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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 calculated values (i.e., ge, ergs/cm2 -sec-stdn-
cm-1). The smaller value of 10-2 for clear conditions defines a limit
for the accuracy obtainable from satellite radiance observations, while
the larger value (oe = 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 siectrum
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 absorp-
tion is minimal. These windows become useful for the deter-

mination of surface temperatures and cloud conditions over

129



the local regions of interest. T\•o windows of consequence to

the subsequent description of radiometers are one in the
interval from 3.5 to 4.1u, and another one in the 8.0 to 12.54

range.
b. 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 earthts surface to the mesopause.
c. The molecular absorption bands (i.e., vibration-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
i.iL,, 1.38,, 1.87ýL, 2 . 7u, and 6.3p as well as rotational bands

from 12 to about 65,,L. A second gaseous absorber of importance

is carbon dioxide with strong vibration-rotation bands

centered near 2 .7u, 4 . 3u., and 15•.
d. The sampling of different depths in the atmosphere by using

different absorption bands and different zenith angles, i.e.,

as illustrated in Fig. A-2 for the 15• carbon dioxide interval
for zero and 60 deg zenith angles. This figure shows that as

the frequency increases from 695 cm-1 (i.e., 14.4V) to 747 cm-
(13.4,p) the maximum relative atmospheric contribution to

radiance measurements take place at approximately the 100 mb,
400 mb, 700 mb, and the e&rth's surface. A measurement made

at a frequency for which atmospheric absorption is intense
(e.g., 695 cm- ) 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 radiance 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-) detects radiation coming near or at the surface of

the earth. The data in Pig. A-2 also indicate the following:

(1) a given altitude usually contributes radiation to more
than one frequency; because of this inherent redundancy, it is
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reasonable to expect that there is a limit on the amount of

information that can be obtained from increases in tne spectral
resolution (i.e., the number of frequencies); (2) no informa-
tion can be obtained for altitudes that do not make a reason-
able contribution to the radiance at any frequency; and (3) the
outgoing radiance from a particular frequency is predominantly
from a layer approximately 10 km (_5 nmi) thick, which fixes
the vertical resolution of the deduced temperature distribution

to about this value.

10

600 2 695 cm 14.4g )
.l 60 2 708 cm- (14.1/M )

13 726 cmI ( 13.8u)
0 0 . 4 747 cm0. ( 13.4 1.

30 %% %•
40 '44% %

60 %% 2

% N% % ,
0% %44V %%

100 S •

803# 0 ,,0"

2 0 0. I . ,3 0 4 0. . 0.7 0 . 0, 10

RELATIVE ATMOSPHERIC CONTRIBUTION

FIGURE A-2. Weighting Functions for the Chosen 15•i CO 2 Spectral Intervals
for Two Different Zenith Angles (Ref. 17)
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e. 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 profiles

utilizing data from a High Resolution Infrared R7 3tion

Sounder (HIRS) are as follows: (1) clouds will generally

prohibit accurate profiles to be obtained for the troposphcre

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 intervals:

four in the 15p carbon dioxide band, one in the 6.31 water

vapor band, and one in the ll 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 profiles. 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-
2tively large area (i.e., 150 nmi ), 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 Resolution
Infrared) radiance observations (in units of brightness

1 7~2
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temperature*) obtained over an area of 150 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 (2101K) and clear (3000K) conditions. The

observational frequency peak at 2960 K is associated 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 of this distinct mode is close to the

r.m.s. error of measurement (about 1.5 K for the ýMIR obser-
vations). The amount 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

thin 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 of air in-

volves the solution of a PredhoLm integral equation of the first kind

which may be written as (Ref. 15)

R(m) f K (m,g) f (9) d9

0

where R is the measured radiance, m the parameter of measurement

(either frequency or nadir angle, Fig. A-2), f (2) the atmospheric

parameter to be deduced from the R measurement (e.g., temperature or

water vapor concentration), 9 the altitude, and K a known kernel or

weighing function (e.g., like rig. 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 temperature profiles in terms of infrared radiances from the

earth's atmosphere will yield the most accurate results when using rela-

tively few spectrally independent radiance measurements (e.g., as those

proposed for MiIRS); (2) an inversion method recently developed by

Chahine (Ref. 18), enables the temperature profile to be derived with

c6mparable 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 ft Tig.

A-1. This figure indicates that an accuracy of ± 30C is achievable even

at the high altitudes; (4) typical results of the inversion method are

shown by the solid lines in Figs. A-S and A-5a (Ref. 15), which are also

compared with the dashed lines obtained from radiosonde soundings. The

infrared temperature profiles (solid lines) are based on data obtained

from a high altitude balloon, and measurements made in seven narrow

spectral intervals (six in the 15u band and one in iOu window.. Figure

A-5 indicates mean deviations of 2>K from the radiosonde soundings; but

the errors are mainly near the cropopause, which is systematically

placed too low because of instrument problems. Thus, an important re-

sulz 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 of frequencies used in the measurements.

Figure A-5a shows that infrared inversion 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 increasing 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 15V CO2 spectral region are somewhat insensitive for half-bandwidths
-1

less than 20 cm . This result is apparently due to the high interlevel

autocorreiation of temperature that exists for the earth's atmosphere;

even though the radiances sensed in the narrower spectral regionsL __



originate from slightly smaller vertical layers of the atmosphere, the

high correlation between the temperatures within adjacent layers pre-

vent improvements in the vertical resolution of the temperature pro-

files from increases in the spectral resolution (Ref. 17).

The above considerations have emphasized the infrared region be-

cause such has been the case durina the first decade in the developments

of meteorological satellites. Although the use of microwave techniques

is also promising 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 Heig ht and SatellIi te- i ke
Radiance Measurements. (he temperature deviation is gi-ven for clear and
cloudy conditions, and the RMS difference between radiosonde observed
and radiance calculated values (See Fig. A-1l). The clear conditioni 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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5. F.M... Err3rs in the Water Vapor Distrib.ution

The meteoroloaloa. thao. ,e-t tatý c t-n bz inferr-.e from measure-

ments of the radiation reflected or ervtted •" thy earths atrriosphere



(e.g., F, in the previous equation) are as follows: teemperature pro-

ils i, the atmosphere including sur face temperatures, water vapor

distr'ibct-ovs including surface values,* ozone distributions, and

aerosols as weil as cloud characteristics. Although the required

transmission or kernel functions (Y's) for carbon dioxide are known

with barely adequate precision, those for water vapor need further

attention, while the lack of adequate data for ozone is a major ob-
stacle at present (Ref. l5).

0, A RADtOSONOEJ
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FIGURE A-/. 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 and triangles) (Ref. 15)

For clear or broken cloud conditions.
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Figure A-7 illustrates the water mixing ratio (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 not inferable from radiation measurements

in the infrared. The development of techniques to measure the wind

field from satellites is still in a very early stage of development.

The early CARP prog-ram 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-or the hrzn
F horzntal air motion in a global scale, are tracked

by radio from meteorological satellites operating at medium

altitude orbits.* The proposed system would distribute 600

balloons 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 300 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 balloons at

additional levels in the mid-troposphere is constrained by

*The balloons may also contain temperature and pressure seisors as
well as radio altimeters to measure the altitude. Additional balloons
may be required to correct for a nonuniform distribution of the bal-
loons over the globe during the estimated 3C to 40 days lifetime of
each balloon.
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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 balloon

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)

location of the balloon as well as individual interrogation

and conmmand capability, while the stable transmitter allows

reasonable location accuracies of about 10 to 20 km. Thus,

observations of the balloon displacement 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.

b. 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. 30). 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-I and ATS-3

satellites; it would provide daytime cloud tracking with a

horizontal resolution of 2 to 3 kxci with an accuracy for hori-

zontal displacement of about 1 km; (2) a scanning infrared

radiometer operating ini the 8 to 12p window region; it would

provide the altitude oi 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 5 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 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 not be as good, this system is limited to day-

time and cloudy conditions.

7. Chronological Development of U.S. Meteorol6gical Satellites

A perspective of the current and future potential state-of-the-art
in the remote measurement of atmospheric parameters from satellites can

best be established from a brief review of the chronological develop-

ment of U.S. meteorological satellites and their scnsor subsystems.

The RDT&E phase* of U.S. meteorological satellites has consisted

of three steps TIROS, NIMBUS, and ATS. Ten TIROS (Television Infra-
red Observational Satellites) were launched into medium altitude orbits

between April 1, 1960, and July 2, 1965, ýy NASA (Refs. 31, 32, 33).
This TIROS series was then followed by the TIROS Operational Satellites

(TOS), 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 l.aunched into geo-

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 RDT&E
series as well as the ESSA operational phase is described below.

*The RDT&E 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-I. TIROS AiN NIMHUS RDT&E METEOROLOGICAL SATELLITES*

PRELAUNCH IN ORBI. LAUNCH ORBIT ORBIT
DESIGNATION DESIGNATION DATE INCLINATION ALTITI!DE SUBSYSTL 6 REMARKS

(deg) (nmi)

TIROS A-I TIROS I APR 1 48 400 2 ý" vid First meteor-

'60 (lW÷1IN lens) ological
satellite

TIROS A-2 TIROS II NOV 23 48 400 2 ½" vid first IR
'60 (lW+lN lens)

1 MRIR
I wide-angle

cone rad

TIROS A-3 TIROS III JULY 12 48 400 2 ½" vid (2W lens)
'61 1 MRIR

I wide angle cone
rad

I omnidir. rad

TIROS D TIROS IV FEB 8 48 400 2 ý" vid
'62 (lW+lM lens)

1 MRIR
1 wide angle

cone rad
1 omnidir. rad.

TIROS E TIROS V JUiN E 19 58 400 2 ½" vid
'62 (IW+lM lens)

TIROS F TIRUS VI SEP 18 58 400 2 ½" vid
'62 (lW+lM lens)

TIROS G TIROS VII JUNE 19 58 400 2 ý" vid
'63 (2 W lens)

1 MFIX
I Omnidir. rad

TIROS H TIROS VIII DEC 21 58 400 1 APT First APT
'63 . ý" vid

(W lens)

NIMBUS A NIMBUS I AUG 28 Sun-sync, 600 1 Trimetrogen First HRIR
'64 AVOS

1 APT
1 HRIR (S&LR)

TIROS I TIROS IX JAN 22 Sun-sync. 400/ 2 ½" vii Ist worldwide
'65 1600 (2 W lens) covevage--Isc

cartwheel c,'e-

TIROS (OT-l) TIROS X JULY 2 Sun-sync. 400 2 ½" vid Axial mode
'65 (2 W lens)

NIMBUS C NIMBUS II MAY 15 Sun-sync. b00 1 Trinetrogen AVCS

'66 1 MRIR
1 HRIR (S&LR)

* The TIROS satellitt, is an 18-sided right cylinder, 22½" high, 42" in. dia-n.ýtr,
and weight about 300 lbs (Ref, 34). The NIMBUS satellite is describe'- in Iig. 9
and weighs Jbout 700 lbs.
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one NIMBUS (N) RDT&E Satellites were utilized during the ",(rst
half of the decade, while eight ESSA (E) account for most :)f
the successful launchings so for in the second half of the decade

The TIROS 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 ba~ance, cloud top heights, surface temperatures, tropo-

spheric water vapor, and stratospheric temperatur~e and circulations.

Observations consisted initially of photographing cloud patter~ns with

television cameras in daytime, which were supplemented later by infra-

red radiometers to make cloud observations at night. 'h,L first satel-

lite in this series (TIROS 1) was placed in a circular orbit at an

altitude of 400 rnmi arid inclination of 46 deg to the equator. The

sensor subsystem consisted of two television (1/2 in. vidicon) cameras;

one with a wide angle lenis 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

(MRIR) and one wide-angle cone radiometer. The MKIR provided a 5 deg

field of view, a ground resolution of 30 nmi from 400 nmi orbit alti-

tude, and scanning channels in the following spectral bands: 0.55 to

0.75p, 0.2 to 6p, 6 to 6 .Su, and 8 to 12.,. 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 meteorological 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 earthts 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 VIII were launched in 1963

with the same type of sensor subsystems, except that the two-camera

subsystem of TIROS VIII 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 1965.

The NIMBUS series of six RDT&E 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 NIMBUS 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.
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1969 and described in Fig. A-9),* NIMBUS IV (to be launched in 1970),

NITMBUS 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 acconmodate a maximum number 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 109 to
1012 bits per orbit, and transmit these data to the ground while passing
over Alaska. The missions of NIMB•US I and U.IBUS TI included the
following objectives: (a) demonstrate improvements in making high
resolution daytime cloud observations, (b) demonstrate the feasibility
of high resolution nighttime cloud mapping, (c) transmit both day and
nighttime cloud images to local receivers, and (c) map emitted telluric

radiation as well as reflected solar radiation in various spectral
bands. The three subsystems of NI-MUS I consisted of the following: a
set of three television cameras and a tape recorder called the Advanced
Vidicon Camera System (AVCS) for day t ime cloud photography, an addi-
tional television camera to transmit daytime cloud pictures via the APT
to simple receivers, and the first scanning Hiah 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 cf 5 nmi
in the spectral band from 3.5 to 4.1L. The subsystems on NIMBUS II con-
sisted of the AVCS, the HRIR (S&LR), and a Medium Resolution Infrared
Radiometer (MIPR) with fixed channels to map and image thermal radiation

emitted by (a) atmospheric water vapor or cirrus clouds (6.4 to 6.9p),
(b) carbon dioxide (14 to 16Z), (c) cloud tops or the earth's atmosphere
(5 to 30i), and (e) reflected solar radiation (0.2 to 4.0a). The 9-RIR

demonstrated that cloud formations can be observed globally at night
with a spatial resolution of about 4 nmi, and that their heights are
inferable from the measured cloud top temperatures. Thus, the HRIR
produced at night three dimensional 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 99.9 deg.

1



are unattainable with television cameras. The 10.5 to 11.51 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 ll scanning radiometer for day and night cloud mapping.

Other significant results from NIMBUS I and 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 HEIR 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

SOLAR PADDLE PIC NO.PITCH NOZZLE
PITCH ROLL

HORIZON SCANNER

COARSE SUN SENSOR

.w DIRECTION

SOLAR PADDLE IN ORBIT

YAW NOZZLE

ATTITUDE
CONTROL

CONTRLSOLAR PADDLE
HOUSING

PNEUMATIC TANK

INTERCONNECTING TRUSS

THERMAL CONTROL SHUTTERSI

BEACO)N AND V:. SENSORY RING

TELEMETRY ANTENNA S-BAND ANTENNA

AVCS CAMERAS
HIGH-RESOLUT!ON

INFRARED RADIOMETER AVCS RECORDER

HIGH-RESOLUTION MEDIUM RESOLUTION

INFRARED RECORDER INFRARED RADIOMETER

MEDIUM-RESOLUTION
AUTOMATIC INFRARED ANTENNA

PICTURE-TRANSMISSION
ANTENNA AUTOMATIC PICTURE

TRANSMISSION CAMERA

FIGURE A-9 The NIMBUS III Spacecraft



Besides the vwo main series of RDT&E meteorological satellites

(TIROS and INMBUS) in medium altitude orbit, a third RDT&E phase in-

volves three NASA Application Technology Sateilijues (ATS) for operation

in geosynchronous orbit.* Meteorological satellites in synchronous

altitude will allow nearly continuous observations of the same areas of

the earth, since the meteorological application of the ATS observations

in the form of time lapse movies have already shovn 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

phenomena (e.g., growth of severe storms, the tracking of small cloud

elements for wind measure events, etc.). The first ATS system (ATTS-I)

was launched into geosynchronous orbit on December 7, 1966, the second

one (ATS-III) on November 5, 1967, and a third one (ATS-E) is planned

for launch in August 1969 (Ref. 31).+ The characteristics and perform-

ance of the meteorological sensor subsystem on ATS-I and III are

summarized in Table 2 (Ref. 37). The sensor subsystem of ATS-I con-

sisted of a spin scan cloud camera in b±ack 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 to scan the scene from west to east,

and which tilts the telescope slowly through a small angle to scan the

scene from north to south. The transmission of the pictures was accom-

plished by satellite facsimile or Weather Facsimile (WTEFAY). The ATS-

III utilized a spin scan cloud camera using three in-line pinholes to

generate three color components: red, blue, and green. Fiber optics

are used to carry the color information 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.

"*'kThe time lapse technique speeds up the motion of the weather, i.e.,

one can see what took place in 19 hr of a day (time for the sun to go
from horizon to horizon) in about 3 or 4 sec (Ref. 30).

+T%,o other ATS launch attempts took place on April 6, 1967 (ATS-II),
and August 1', 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 AifD PERFORMANCE

Spacecraft ATS-I ATS-III

Size, in. 7 x ii x 10 7 x ii x 12

Weight, lb <16 23.5
Primary Power -24 vdc, 0.6 A -24 vde, 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 Full earth

Scan Rate 100 lines/min 100 lines/min

Picture Time 20 min 24 min

Retrace Time 2 min 2 min

IFOVa Dwell Time 9.6p sec 9.6p sec

Video Bandwidth .00 KHz 100 KHz/channel

Total Bandwidth 100 -Hz 4 MHz

Spectral Response 0.48-0.63,4 Blue 0 . 3 8- 0 . 4 8u
Green 0.48-0.581
Red 0. 5 5-0.63p

aInstantaneQus Field of View.
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The operation phase to date of meteorological 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

(Table A-3).

8. Current Projections for the Development of Meteorological
Satellite Subsystems

The subsystems on the meteorological satellites flown to date were
designed to 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 fuz-ure use r-pre-

spectral resolution. Some sensors will provide observations in several

spectral bands so as to allow inference rf temoerature distributions
and water vapor profiles through the troposphere. A precise perspec-
tive of the current projections for the development of meteorological
satellite subsystems is best derived from a brief review of the
experiments planned for the research satellites NMBUS III (or NIMBUS
B-2, launched on April 14, 1969) and NIMBUS IV (or YTMBUS D, to be

launched in Irch 1970).*

The experiments on NIMBUS I and II were devoted exclusively to

improving the synoptic mapping of metnorological phenomena or to making

atmospheric measurements of general scientific interest from medium

altitude orbit (600 Mni). The experiments on N1M,MUS III and IV put
emphasis on the development of subsystems for the determination from

medium altitude orbit (600 nmi) of initial and boundary conditions for

the numerical ilitE rarion of the equtiýons of motion, i.e ., the

*The subsystems for the remaining rwTc I'US satellites (i.e., iVMBUS
E and F) are as yet unspecified.

L _ _ __ ____ __ _ ____ ____ ____ ___



rP

E

IQ)

U) o3

E- ) K

_co 3:

=)$ CJ4 04, H44 CN, ,JR

H4 to C)) C) o C

Sr..

Cz 0 C)CD Co C)

94H U) ) L) )UU )

8 0zE-4 E- - o=

S9

H (1) U) U ) U)U )U

U)

CC4 0 U) U- 140) CC)U

, Sý E, %Dr%>W,

U =) f, M, c)a w,,0 aU

~E-4 H~ cc 5

1% Z PCX 52



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

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

The NIMBUS III carried out seven experiments,** three of which

put emphasis on the requirements for the numerical integrations of the

equations of motion, one is for scientific investigations, and three
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 automatic stations. These experiments are

as follows:

a. One spectrometer is a Michelson Interferometer called Infra-
Red Interferometer Spectrometer (IRIS), which operates between

6 and 20Qi at a relative spectral distribution of 1:200. In-
cluded within this spectral interval are the water vapor

absorption band centered at 6.3i,, the 9.6• 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
15% carbon dioxide band. The spectral intervals are 5 cm 1

wide. An eighth channel senses radiation in the atmospheric

window centered at ll.l•.
c. The data relay and balloon tracking experiment consists of a

satellite borne transmitter, receiver, and computer. 7his

experiment is called Interrogation, Recording, 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.

153



ground station, the IRLS can determine the location of a

station within about 1 nmi, 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 IT are as follows: The H-RIR

(S&LR) 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

nmake basic scientific investigations, and the remaining two are for the

mapping 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) profiler in the troposphere, and one

experiment for the tracking of 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 4 0L.

b. The SIRS experiment (as in NIMBUS III) with the addition of

six spectral intervals, mostly itn the rotational water vapor

bands between 18 and 30..

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

6.4p,.
d. A Selective Chopper Radiometer (SCR) operating in the 15p

carbon dioxide band, which is expected to achieve a very high

spectral resolution by filtering the radiation through carbon

dioxide absorption cells.



e. The IRLS experiment (as in NIMBUS III) will be expanded to be

capable of interrogating hundreds of stations instead of 20 on

NIMBUS III. 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 BUV 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 (TffIR) operating in -the

6.3• water vapor and the ii• window bands with a spatial resolution of

the HRIR. The THIR experiment will yield measurements of the horizontal

water vapor and cloud fields.

Besides the main projected RDT&E activities of the N7'MBUS Ii and

NIMBUS III satellites, it is also of interest to review the development

of three radiometers for the new ESSA Improved TIROS Operational System

(ITOS) as well as a proposed very high resolution r'adiometer for

synchronous satellites.* The three radiometers for the ITOS are as

follows:

a. ITOS high resolution radiometer with two channels in the 10.5

to 12.5• and 0.52 to 0.73. intervals. The field of view of

these channels are 0.30 deg and 0.16 deg, respectiveJy, and

yield corresponding ground resolutions from the nominal orbit

*The projected activities for 1969 of the operatiornl ESSA series in-
volve two additional launchings of the current TiS (TIROS Operational
System), and a subsequent shift to the new ITOS. Four projected ITOS
launchings (TIROS M, ITOS A, B, and C) will utilize the following
eight subsystems: two AVCS, two APT, two H-IR (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 D-ev range.
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altit-ude of the ITOS (775 nmi) 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-

taqgs of this radirinecer are: (1) its capability to measure
surface temperlatures in the 20.5 to 12 . 5 ýL interval equally

well duiing day and nqighttii, e conditions, (b) the idenrifica-

tion -of cloud free areas in the daytime by means of the coor-
dinated visible charnel mn:surements. and (c) its adaptation
to the APT system to yield a Direct Readout of InfraRed (DRIR)

system. T'he MIRP system will opet.ate during the entire orbit,
reading, out infrared imagery t) APT stations all over the

world in the daytivne (uhepn the infrared data will be inter-

leaved withl the stalidard APT pictures) as well as in the night-

time.

b. ITOG Vertical Temperature Profile Radiometer (VTPR) with eight

channels, six of which will be in the l; carbon dioxide band,
one in the rotazion. water vapor band, and one in the lli
windov. The spectral, resolution for all channels will be
atout 5 cm-i Th! VTyR is intended solely for the probing of

the tempe amre profile from operational meteorological satel-

lites, und it tak-es 2advantage of tile latest advances in tech-

nology, i.eo., the ',,eight (1G ib) and power (2 watts) are

significaitly smaller than chose of earlier instruments

.Z4 cynd i~vertir'al temperature probincr (e.g., SIRS: 92 lb

and 20 watts; IR1S: 23 Ir. and 12 -.att!ý).

..ITOS Fery Hich Rec3.ut~or diometer '(,NRR) with two channels

ir: 'the 1.0.5 to L2.5p and 0.6 to 0.7p. intervals. The field of

view of each channel is 0.034 deg, which yields a ground reso-

).ut:on of 0.4 rini fromn the nrOninal altitude orbit. Thus, the

grci-nd resoluti.on o': the VHRR represents an order of magnitude
i, .orover.ert o'er that oL- the NIhIUS HRIR and ITOS High Resolu-

tit.an Radiomete'r', and neacly two orders of magnitude improvement
ov,ýc•r that of the TIROS and NIMBUS medium resolution radio-

rnete-os. Ais suzh, the resolution of the VH-RR is comparable to

that of television systeWs currently flown on meteorological

1.56.



satellites. This level of resolution is achieved by using a
mercury-cadmium-telluride detector cooled radiatively to 80°K.
This high resolution will allow the study of smaller scale
phenomena such as the three-dimensional structure of cloud
Datterns 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 Geosynchronous
Altitude (not yet approved) with one channel in the 10.5 to 12.5p
interval has a detector similar to the VHRR. The field of view of this
instrument is 0.023 deg, which yields a ground resolution of 8 nmi 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 location of
the terminator); and (2) unlike the camera system, the radiometer has a
potential for temperature measurements; which can in turn be used to
infer cloud top heights, sea surface temperature variations (in cloud-
free regions), and the altitude of winds deduced from time lapse move-

ments of cloud patterns.

Table A-4 shows a summary of the main characteri:3tics of all the
radiometric instruments that have been developed during the 7ast decade
for the remote probing of the troposphere and stratosphere I-rom meteoro-
logical satellites.* The first 13 instruments in this table have been
either flown or approved for the RDT&E (i.e., TIROS and NII BIUS HASA
series) and operational (TOS and ITOS, ESSA series) programs, while the
last two have been proposed for future RDT&E meteoroloqical satellites

*The mechanical details of the first 14 in5,-ruments are descriLed in
Ref. 32 (and the references thereto), while the proposed hIRS design
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 meteorological 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 temperatvre and water

vapor vertical profiles through the troposphere, including the surface

values for cloudless conditions; 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 brief 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 prediction of the global

variations of atmospheric parameters mainly within the troposphere.

The GARP program is essentially the international RDT&E phase for

an eventual operational VA*1 in a global scale. The CARP program was
proposed in 1967 jointly by relevant committees of the International

Council of Scientific 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

transfer-motions of the tropical troposphere, interactions at the
earthts surface, the dynamics of the boundary layer, etc.) as well as

new methods of observation and data handling. Since the ICbU has no

*Current estimates indicate now that 1975-1976 is a more realistic date
for such effort.



resources to fond 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 RDT&E global

system (Ref. 11), some major experiments compatible with GARP are as

follows: (a) the RDT&E meteorological satellites such as the IIMBUS

and ATS series described above; (b) the U.S. GHOST (Global Horizontal
Sounding Technique) 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 WIeather Watch program was approved in 1967 by the World
Meteorological Organi-ation (a specialized agency of the United Nations).

The main objective of the M,*! program is data collection on a global

scale to be processed in world and regional weather centers. The data
collection Aould 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 comw.ercial aircraft. The data so

obtained would be handled by an augmented meteorological communications

netwcrk, including geosyrchronous satellites with sensor and relay sub-
systems. Again, since Lhe .,IMO cannot fund such programs, the tempo of

activities in the %kW program will be set by the voluntary efforts of

the individual Member States. The significant activities within the
MAV program are: (a) a four year suggested program for 1968-1971 adopted

by the Fifth World Meteorological Congress in 1967 for a Global 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-
tween five and ten additional ocean weather stations (Ref. 41); (b) a
plan for the addition of Regional Meteorological Centers to the World

*The life of the GHOST balloons in the troposphere is coo short to be
useful.
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Centers in Melbourne, Moscow, and Washington; and (c) the role of the -

*A,•. 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
Meteorolcgical Satellites

A potential technique for the global measurement (in near real-time)

of the boundary condition involving the wind field over the oceans con-
sists in the measuring of the thermal radiation emitted by the oceans 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 under 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 two 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 motions in virtually all scales (Ref. 43), (3) LIDAR (Light
Detection and Ranging) to map aerosol distributions (Refs. 44,45), 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 utilizes an electrically

scanning radiometer that consists of the following three elements.
A phased-array antemna accepts radiation in a beam about 2.8 deg wide.

The beam electrically scans in a direction perpendicular to the air-
craft's flight direction and through an angle ± 50 deg from nadir. A

receiver measures the detected radiation with an accuracy correspond-

ing to about ± 10C of the equivalent brightness temperature.
Associated 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 MR[R radiometer in the 10.5 to 1i.5p 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 results 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 condition-. 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 theoretical 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

relationship 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 IaIR radiometer, which measured
higher radiances for the rough sea surface relative to those for the
smooth sea surface. These results then indicate that measurements of
microwave radiation emitted at 1.55 cm can be interpreted in terms of
sea surface roughness. Since 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 earthts surface, and (2) the transparency of the

atmosphere (Ref. 15). Atmospheric emissions in the microwave spectrum
(e.g., the weak resonance of water vapor at 1.35 cm wavelength, and
the strong complex of oxygen resonances at 0.5 cm) can b• 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 profile"
in the nearly opaque regions of the spectrum (in a manner exactly
analogous to that in the infrared spectral region), 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 satellitesat
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) persists at thcse wavelengths.
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II. Concluding Remarks

A review of the RDT&E actfvities over nearly the last decade con-
cerning satellite measurements of atmospheric parameters indicates that,
in general, the use of meteorological satellites operating in medium

altitude (e.g., 400 to 750 rxni) and geosynchronous (13,300 rai) orbits

can provide remote measurements with adequate accuracy in a g1obal and

near real-time scales of the atmospheric parameters that are required

for the numerical, long-range prediction (maximum of about 3 to 5 weeks)
of the global atmospheric circulation within mainly the troposphere (up

to about 7 to 10 nmi).

Some specific results concerning the satellite measurement of

atmospheric parameters are as follows:

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 temperature profile to within 60 meters and 3'K,

respectively, in an altitude range up to about 10 mb, or

approximately 16.5 nmi (Figs. A-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 (Pig. A-4) over most of the

globe. These results are based on (a) 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 iterative method that utilizes

statistical atmospheric temperature profiles.

2. The main emphasis in the RDT&E 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 tov:ard 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 sea level altitude over most of the globe

(Fig. A-4).
3. Radiance measurements in the infrared region of the electro-

magnetic sPec-crum from meteorological satellites operating in
medium altitude orbit can also yield the vertical temperature

profile through the troposphere (Fig. A-7).
4. Potential techniques for measuring the velocity vector of the

air motion or wind within troposphere in a global and near
real-time scales are as follows: (1) microwave measurements

from meteorological satellites operating at medium altitude
orbit of the thermal radiation emitted by the oceans to pro-

--vide data of brightness temperature as a function of the sea
surface condition (Fig. A-10), which is controlled by the
maqnitude 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 correlation 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

clouds.
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