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. INTRODUCTION

On 16 July 1945 , the first atomic bomb was explode d in the Southern New
Mexico desert. From this experience , and others which followed , man
has begun to realize the necessity for protection against the harmful
effects of an atomic explosion . These effects include initial radiation ,
heat and blast effects, shock waves , and contami nation resulting from
the fallout of radioactive particles carri ed into the atmosphere by the
explosion . Protection against fallout is available through both the use
of shelters and from predi ctions of the time and location of hazardous
fallout .

Requi rements for the generation of nuclear fallout predictions on the
battlefield are discussed in several documents [1-4]. The primary mete-
orologi cal input is the wind data obtained by the radio-tracked balloon-
sonde sound ings (usua lly refe rred to as radiosonde or raw insonde
soundings) of the upper atmosphere made by the US A rmy Artillery Meteo-
rological Sections . Soundi ngs to at least 30 km altitude are required
at 6-hour intervals. No other battlefield requirements for meteorological
data extend above 15 km.

The nuc lear fall out prediction cap abili ty has been on readi ne ss standby
status for the past 30 years and has exerted a distinct impact on Army
battlefield meteorologi cal operations as a result of the data collection - •

and analysis necessary for nuclear fallout predictions. The requirement
for balloonsonde data in the 15 to 30 km alti tude range imposes a sub-
stantial increase (over that required for the 0 to 15 km observations)
in meteorol ogi cal equi pment, operations , and man-hours on the battle—

‘I. field. The Meteorological Satellite Techni cal Area of the US Army ’s
Atmospheri c Sc iences Laboratory (ASL) has conducted an acti ve researc h
program to develop appl i cations of meteorological data to upper level
winds (above 15 km) for nuclear fallout prediction. This program is
referred to as SATFAL . This research has demonstrated that meteorologi-
cal satellite measurements can provide the upper leve l winds more effi-
ciently than currently operational balloonsonde systems .

The basic pri nciples and techniques for determining upper level winds
from satellite radiometric measurements are presented in this report.
Results from measurements made by the NOAA-4 satellite are compared wi th
balloonsonde measurements to demonstrate and evaluate the SATFAL capabil—

• ities . •

SAT FAL WIND DETERMINATION THEORY

The advent of vertical temperature soundings from satellites has pro-
vide d a new tool for atmospheric measurements. The thermal sounder is
a passive instrument which senses the outgoing radiances in several
spectral intervals as seen from the top of the atmosphere. The vertical
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Temperature Profile Radiometer (VTPR)* flown on the NOAA satellites is
a thermal sounder which scans perpendicular to the orbital path in order
to obtain data extending approximately 1000 km to either side of the
subsatellite track (Figure 1). The radiances measured by the VTPR are
integrated signatures of the thermal structure in the vertical col umn of
the atmosphere in the field of view of the sounder. The basic physi cal
theory which relates the radiance to the temperature structure is con-
tam ed in the radiative transfer eouation . Algorithms have been devel-

F oped which al l ow one to “invert the radiance measurements and obtai n
the temperature profiles. A temperature profile , if desired , may be
determined at each of the gri d points shown in Figure 1.

The use of satellite measured radiance data to calculate a usable ap-
proximation of the wind field has been discussed by several authors
[5-7]. These observations have been based upon well-known relationships
between atmospheric thermal and dynamic structures with the wind given
by the geostrophic wi nd through the thermal wind equation. The geostrophic

wind , Vg~ is given by (cf Hol ton [8] for a deri vation of this equa-

tion)

—3- 1 —~- —~-

Vg =
~~~~

k X V hP (1)

where k is a unit vector in the vertical di rection, V hP is the hori zontal
pressure gradient, p is density , and f is the Cori olis parameter. The
vertical shear (derivative) of the geostr-ophic wi nd is gi ven by the
thermal wind which may be expressed in finite di fference form by

~g
(P2) - ~~(P 1) = -~- k  x v..~ I ln  (P 1/P2) (2)

I where I is the average temperature between pressure l evels P1 and P2
(P2 < P1), R is the gas coefficient for dry air , and v~T is the hori-

zontal temperature gradient. (NOTE: Pressure and height are related
through the hydrostatic equation.)

T4 detai led discuBBion of the VTPR together with operationa l data p ro-
cess if lg procedure s uced by the National Environmental Satellite Service
(NESS) is given by McMill i~ i et al. [93 (1973).
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Equation (2) shows that determination of the wi nd at P2 requires on ly
knowledge of the wind at P 1 and the hori zontal temperature gradient V hT a

• This procedure can be extended through a sequence of pressure levels
P1 > >— -- >  P~. This is the basic concept used in SATFAL. A bal loon—

• •
~~ sonde measurement is used to provide the “tie—on ” value at the l owest

level (at or near 15 km altitude).
• 

• • The relatively dense gri d of observations shown in Figure 1 provides
• sufficient data for numeri cal estimation of the temperature gradients .

However , as is typica l with n umer ica l dif ferent iation pro blems , con s id-
erable care must be taken in this computation . After much trial and
error , it was determined that sufficient accuracy could be obtained from
a least squares planar fit over a 7 x 7 rectangular array of observations.

Complete details for the fallout predictions are given in TM 3—210 [3]
and FM 3-22 [4]. Relevant physical parameters such as nuclear burst
time , loca tion , and yield are assumed known . (A discussion of the
methods by which this info rmation is obtained is outside the scope of
this report.) The effect of wind drift is calculated from the effective
wind profile which is defined by

~
(z) f~ [~~~)/t(P)]dP/fdP/T(u) (3)

where U(p) is the actual (measured) wind profile and ~(p) is the fal l
rate for a nominal size particle (Figure 2). The principal predictands
(Figure 3) are :

a. The downrange distance , R, which is related to the nuclear yield,
Y , and the effective windspeed, V , by the expression

R = AY 215 V1’2 (4)

where A is a proportionality constant.

b. The right and left radial lines wh i c h are dete rmined from the
effective wind directions at the 2/3 stem height and the cloud top height.

The fallout predi cti on for a specifi ed yiel d becomes a function of the
effective windspeed at the cloud bottom height and the effective wind
direction at the cloud top height and the 2/3 stem height. These three
heights , which are functions of yiel d, are shown in Figure 4 for yields
ranging from 10 kilotons to 10 megatons. (The data for constructing this

5
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, grap h were taken from TM 3-210.) Only the direction of the effective
wind is required ror altitudes above the cloud bottom height , which is

• generally a rather large altitude range.

• SATFAL/RADIOSONDE COMPARISONS

Six radi osonde stations are located on White Sands Missile Range (WSMR),
New Mexico (Figure 5). A special data collecti on was conducted between
February and December 1975 to obtain a data base for SATFAL eva l uation.
Radiosonde balloons were launched (nearly) simultaneously from the three
l ower range stations (WSD , SMR , and HMN) approximately 1 hour prior to
the passover of the NOAA-4 satellite . (The telease time was chosen to

• minimi ze the time vari ability of the wind data.) Eleven abutting pres-
sure l ayers extending from 125 to 10 mb (with corresponding alti tudes
of approximately 15 to 31 km) were selected for thermal wind computations
employing Equation (2). The average of the three measured wind profiles
was used as “truth” data for comparative evaluation . Thirty—three sets

• 
of comparisons were collected .

The total thermal wind from 15 to 30 km is compared wi th the correspond-
ing radiosonde measured wind shear in Figure 6. Dots represent the east-

• 
. west component; crosses represent the north-south component. Except for

a few isolated cases , generally good agreement is obtained. Computed
correlation coefficients were 0.786 for the east-west winds and 0.743
for the north—south winds .

More insight is available from Figure 7 which shows the east-west corn-
ponent of the mean profiles. The total shear for the average radiosonde
winds is 18.9, which compares well with the total thermal wind of 16.3.
However , the thermal wi nd lags the typica l large actual shear in the 15
to 20 km region , is about the same as the actual shear in the 20 to 25
km region , and exceeds the actual shear above 25 km. It should also be
noted that t he t hermal shear for this average is almost cons tant  wi th
altitude . This is probably due to the limited vertica l resolution in
the VTPR measurements.

The observations of the previous paragraph suggest that perhaps better
results are obtainable if the total therma l shear is distributed per—
centagewise in the manner suggeste d by climatol ogy instead of as calcu-
l ated for the indi vi dual pressure layers . The zonal wind component for
WSMR taken from the IRIG reference atmosphere is shown in Figure 8. The
total shear from 15 to 30 km for this profile is 19 rnps . The percentage
of this value occurring in each 1 km thick l ayer is shown in the table
on Figure 8.

Modified SATFAL profiles were computed for each of the 33 samples by corn-
• puting the total thermal wind from 15 to 30 km and then distributing the

9
A _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _  _ _
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• total percentagewise using the values shown in Figure 8. (Through the
remainder of this report the term “modified SATFAL ” will be used to in-
di cate wind obtained in thi s manner while “SATFAL” will be used to indi-
cate profi l es obtained by using the standard thermal wind computations.)
In Figure 9 the modi fied SATFAL results are compared wi th the SATFAL and
radiosonde average profiles . The improvement with the modified SATFAL —

is readily evident. 

-

SATELLITE/R.ADIOSONDE EFFECTIVE WIND COMPARISONS

As discussed above, wind enters the fallout prediction through the effec-
tive velocity . Therefore, it suffices to evaluate the satellite capa-
bility to determine effective wind. The data samples were converted to
effective wind profiles by using Equation (4) with the fall rate shown
in Figure 2. The 33 individual cases are shown and briefly discussed in
the appendix. A compari son of the radiosonde , SATFAL , and modified
SATFAL average effective wi nd profiles is shown in Figure 10 , and statis-
ti cal results are shown in Figures 11 and 12 for effective wind compari -
sons at 22.5 km and 30 km, respectively.

For a fixed yield , Equation (4) shows that the downrange distance is
proportional to the square root of the effect ive windspeed. Logari thmic

• di fferentiation of Equati on (2) gives

i~R/R = 0.5 MI/V (5)

Thus the percent change in R is only 1/2 the percent di fference in the
effective windspeeds. Equation (5) was used to assess the percent di f-
ference in  R r e su l t ing  from the two different  methods of obtaining the
wind profile - SATFAL and radiosonde . Results are shown in Table 1.
For the cloud bottom heights shown , the majority of the differences is
less than 5 percent with only four observations exceeding 10 percent.

TABLE 1

FREQUENCY OF OCCURRENCE OF DOWNRA NGE
DISTANCES TO ZONE 1 DIFFERENCES

~R/RJ%I at 17.5 km at 20 km

<5 27 15

5—10 5 14

10—15 1 4
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Table 2 shows the frequency of occurrence of effective wind shear di rec-
tion di fferences for three di fferent altitudes. Di rection differences
are quite small , usually less than 10 and frequently less than 5 degrees.
Most of the cases where wind direction differences exceeded 15 degrees
were under light windspeed conditions where small changes in the vector
wind can result in large direction differences . Very good agreement to
30 km altitude was found in SATFAL/radiosonde comparisons of effective
wind di rection .

TABLE 2

FREQUENCY OF OCCURRENCE OF EFFECTIVE
WIND DIRECTION DIFFEREN CES

~o (deg) at 20 km at 25 km at 30 km

<5 23 15 14

5-10 7 8 6

10-15 2 4 5

>15 1 6 8

When used in conjunction with Figure 4, the results presented in
Tables 1 and 2 show the difference which mi ght be expected between fall-
out predi ctions computed from SATFAL and radiosonde winds . As an ex-
ample , for an assumed yield of 2.5 megatons (or smaller) : (1) the
radial line corresponding to the 2/3 stem height woul d be the same , (2)
the percent difference in downrange distance would probably be l ess
than 5 percent , and (3) the radial lines corresponding to the cloud top
height shoul d agree to within 5 degrees.

S

CONCL USIONS

The system discussed herein employs the advanced technology provided by
meteorol ogical satellites to provide an efficient means for satisfying —

the Army’s requi rements for uppe r altitude wind data. The procedure
and theory for determination of the wind profile from radiance measure-
ments obtained by vertical temperature sounders on polar orbiting mete-
orological satellites have been presented and discussed .

19 
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An analysis of 33 comparisons of winds obtaine c~ from radiosonde balloons
and satellite radiances measured by the NOAA-4 VTPR shows that the satel-
lite deri ved winds are adequate for nucl ear fallout predicti on . It was
also shown that the thermal shear is significantly less than the actual
shear in the 15 to 20 km level , and this is believed to be a result of
the coarse vertical resolution of the satel l i te sounder. Ilodification

- • of the computed thermal winds by the addition of climatological data
provides improved agreement with the radiosonde measurements . This is
apparent from the average case shown as well as from inspection of the
individual cases presented in the appendix.
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- 1 APPENDIX

INDIVI DUAL DATA COMPARISONS

Compar ison of the effective velocity determ ined from the ba ll oonsonde
- 

a . wind measurements and the deri ved winds from the satellite radiance
• 

• measurements are presented in Figure Al-A33 . The three separate ve-
locity profiles are i denti fied as follows : A cross indi cates radio-
sonde measurements ; a tri angle indi cates SATFAL computations; and a
square i dentifi es the modi fied SATFAL computations .

The data are plotted at 1 km increments between 2 and 30 km MSL (WSMR
MSL is approximately 1.25 km). In some cases the radiosonde data ter-
minates below 30 km; in these cases, usable data were not obtained

• above the altitude shown .
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