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PROCEEDINGS OF THE

WORKSHOP 01, MILLIETER AND SUBMILLIMETER ATMOSPHERIC.

PROPAGATION APPLICABLE TO RADAR AND MISSILE SYSTEMS

20-22 MARCH 1979

INTRODUCTIOh Ideal data would consist of careful systematic

measurements at many near-millimeter wavelengths
The workshop on millimeter and submilli- over a period of several years at numerous geo-

meter wave propagation which was held on 20-22 graphic locations. However, ideal data on prop-
March 1979 at Redstone Arsenal (Alabama) served agation and associated atmospheric conditions
two purposes: are seldom available. But research has pro-

gressed in recent years as the workshop has
(1) To provide a survey of the present proved.

state-of-the-art in a special field which re-
centiv has received increased attention by In the first session personnel from the
MICOM*, the Army, and DoD. Advanced Sensors Directorate, Technology Labor-

atory, discuss MIP ADCOM* needs. They specify
(2) To furnish a forum where szientista the operating regions of interest for tactical

who work in diversified fields with applications applications and explain the rationale for te
to the special topic could come together and ex- selection of these regicns. The Terminal Homing
change informdtion on the latest results$ dis- Measurements Program is described. Propagation
cuss controversial issues or unresolved problems, measurement and modeling needs in the areas of

and stimulate a better cooperation between re- battlefield characterization, atmospheric trans-' searchers in this special but narrow field of mission, turbulence, aerosol backscatter, and a-

work. 
monalous effects are presented.

Thus, these proceedings comprise a mixture Sessions 2 through 6 deal with the present

between old and new results. The survey papers stare of knowledge of millimeter and submilli-

on the state-of-the-art were largely presented meter propagation. Absorption by molecular
by !nvited speakers. Other contributions dealt water vapor causes severe attenuation at near-

with the most recent result- which may not have millimeter wavelengths. Wavelengths must be se-
found their final interpreta-zion at the time of lected to operate in the window regions between
the meeting. The ealtors feel, however, that strong absorption bands, and classical theories
they should be included as an exchange of sci- do not adequately describe the reasured absorp-

entific knowledge --bout ongoing research or ex- tion in window regions. Alternate methods of
periments to stimulate furthez progress and re- explaining the discrepancies are to introduce
duce duplications in the field of research, reasonable modifications to existing models of
Some of the particular topics where solutions line shapes or to consider the effect of water
are urgently needed were discussed by MIRADCOM* vapor dimers. Absorption and scattering by hy-
per.onnel. drometeors such as fog and rain are considered

from both theoretical and experimental points of
Users see some benefits and advantages in view. Other particles such as dust and smoke

systems which operate at millimeter and submilli- are discussed. Additional papers are concerned
meter wavelengths. For example, these wave- with topics such as terrain effects, natural,
lengths provide better re..o-ution than longer atmospheric emissions, refractivity gradients,
wavelengths ind are less sensitive to low r;isi- and a point of view from a system engineer.
bility conditions than sho-:ter wavelengths.

Effective 1 July 1979 the US Army Missile Re-
search & Development Command (MIRADCaM) com,-
bined with the US Army 'fissile Materiel Readi-
ness Command (MIRCG%) to form the US Arm-
Missile Command (MICaM).

I m mm mmm m ~ mm lmm m _ m m mm l



Session 7 includes inforwation about

mo .eling and turbulence. Papers in this ses-
sion contain models of clear zir scintillation
as well as adverse weather conditions.

Sessions 8 and 9 are concerned with in-
strumentation. One paper describes the rela-
tively new method of pulse generation by swept-
gain superradiance. The remaining papers pro-
vide information about research in atmospheric
propagation. Both active and passive systems
of measuring propagation characteristics are
described. Attention is also given to instru-
mentation for characterizing the state of the

. atmosphere.

This collection of papers shcs that the
workshop accomplished the goals. Information
among specialists in diverse fields was ex-
changed. The discussion included ongoing pro-
grams. It is expected that future cooperation
fostered by the meeting will reduce duplication
of effort and increase the effectiveness of fu-
ture research. Thus, these proceedings should
be useful to scientists in the fields of atmos-
pheric science, physics, engineering and chem-
istry.

The publication time for these proceedings
could have been considerably reduced if all au-thors had complied with the editors' requested

time schedule and tha guidelines for manuscripts
which we;re issued.

The editors wish to thank the authors who
put considerable effort into the preparation of
their manuscripts. Mrs. Clara B. Brooks deserves

special thanks for her diligence in the inevi-
table correcting and the necessary retlping of

- the manuscripts.

December 1979.
DDr. Oskar M. Essenwanger

Dr. Dorathy A. Stewart
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MICOM NEEDS N MILLIMETER PROPACATION RESEARCH:

INYRODUCTIO\ TO SESSION 1

Mr. Wi!lin C. PittmanI US Army Missile Comand

Redstone Arsenal, Alabama

The subject of this session deserves cepts for air defense suppression, short range

some explanation. The term HICOM Needs has air defense, and indirect fire. Mr. Hodgens

reference to the Millimeter Propagation :eeds will then close the first part of the session
to allow the orderly evolutionary development with a summary of the propagation needs related
of Army weapon systcms using millimeter guid- to these concepts. Mr. Haraway will then take

" ance sensors. The session is therefore framed these needs for his point of departure to pre-
from the exploratory development perspective, sent the plant, problems and gaps in millimeter
There are ot coarse other sessions of the work- propagation as part of the Terminal Homing

shop. Achieving Army objectives in this area Measurements program. 'r. Anderson will sum-will not only require strong emphasis on the marize the work in optical propagation being

imediate needs for exploratory development, done in his group, and outline the opportunities
but a balanced allocation of resources for fun- for extending the modeling of propagation from
damental research as well, with special atten- the optical to the millimeter and submillimeter
tion to the need to develop Improved meteoro- region.
logical and millimeter instrumentation, and
suitable calibration standards for this instru- Mr. Robert Haraway, who manages MICOM's
mentation. We therefore must not forget that Terminal Homing Measurements program, has been
we owe a note of thanks to those far-sighted a member of the Joint Technical Coordinating
individuals in the universities, private sector Group Subejimmittee on Signatures and Backgrounds,
institutions, and Government who have maintained and is currently a member of the Steering Com-

the research base in millimeter and submilli- mittee on the ',obile Millimeter kave Measure-
meter technology, often in the face of svvere meats Facilit . Mr. Hammond Green's technical
funding constraints, to reach the level of tech- area is Millimeter Terminal Homing Seekers and
nological maturity we have achieved today. he is a member of the ARPA Millimeter Guidance

Steering Committee. Mr. Tony Hodgens is engaged
Mr. Hodgens, the first speaker, will pre- in in-house Lidependent research on beam encoding

sent the rationale for operations at =illizeter techniques for millizzeter beamrider, and has been
wavelengths, propagatio, characterization needs, active in establishing the technical foundation
and three missile guidrnce concepts, one of of our Millimeter Guidance Program. Mr. |luey
which will be described in a film. Mr. Green Anderson iL the technical group lpader for the
will then continue with the presentation of con- Optical Prolagation work at MXTCO.

6 j
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MILLIMETER PROAGATlO0i SEEDS FOR NEXT

GEEMATION G.UIDANCE CON~CEPTS

Augustus HI. Green
RF Guidance Technology

Advanced Sensors Directorate
lechnolog- Laboratory

US Arny Missile Co:=-a'n

ABSTRACT

Ratijonale for operation at millimeter wave - '

interest for tactical applicat~ons are specified. C 1
Battlefield characterization requirements are dis- I .G
cussed and related to the guidance co:ncept devel- !

topment cycle. Based upon present understandine 10
ot vroiected batilefield conditions. a baseline
adverse environment has been established. These to
conditions are oresented and related to the nteed I

for a,. upgraded battlefield characterization.

I presented with current data base prolbiens out-
lined. The need for a propagation data handbook '0_2
is delineated. I.: Ia.: . a ~ i, o

1. iINTRODUCT1UN Figu.re 1. ATIAT ON DUE TO ArhC.SPHERIC GASES

Successful armor deplovment hinstoricallyLue. 98
occurred verv frequently during periods of adverse
weather (fog, rain. snow. etc.). This fact,

con-edwih heevroeen bttefel cntmi hat even for clear air operation, reasonable

nants (smoke arid dust fro= art-lle rv rounds an-- values of attenuation are attained only at wave-
vehicles) as well as the increased propensitv of lengths greater than 1 = or less than 25pi. Eig-

the enenv to use tactical aerosols. 'as led to ure 2 illustrates the incremental attenuation due
an increased emphas is, DOD wide, for weapons to some naturally occurring aerosolt over tte
systems whitc.1 -.ill operate in these environments. sane spectral range. The rain and cloud models

were derived frow Deirmnedjian (1975). The fogI lillimieter wavelenrt'. qensors o-fer tile p- model was derived from Chu and Hogg (1968).
tent iai of im;'rx ved ailverse envirnnn-ont vnre- 1l00 - PAIN
tration while -roviding tnu relati-:elv varrow 500 --- CLOUDOS
beam-idths necessarv for resolution ;nd stppa s - 3)
sion of multipath and clutter effrects. Th~e rapid FOZ01 f 3

development of the state-of-the-art in 50 -te c,1
wave Leciinologv :s also expectea to support the2

0
cevelonpment of weapons sys tems operating n, lo x
these waveleingths. ROO0 mfn104R1

Thspaper is linitel to atmospheric propa- 1 06
gaton ataneeds for sunnort of dev-elopment of MS

:iillieter wave missi le gu-idance -concepts. It
is recognized that propagation factors represent lp lop loop 1vmm Urn loan~

onvon acet of waossvstem--development. WAVELENGTH (XIg398
Othrefec s related to the battlefield igure 2. INCRE.IIAL ATTMAfl 01DET

Thee uation dued R(10 metmsrprsen 25=..

for standard conditions, over tile spectral range tihe large droplet component of a nimbostratlis

I. to1*- 10 cm wavelengt is5iw n~gure i cloud. The fog model approximates a 100 =ever
(Lukes, 1968). From this figure 4tfii9-ldent

I7



U Ivisibility ra~iat.on fog. Fur these. conditions. e:;-ects on syse prrnce. From these
successful operation is limited to wavelengths chaorts additional propagation data recufremzents
greater than I m. -aeidentlfiedt

*dFrom a propagation standpoint alone, it
wudappear that upveration at wavelengths'kgreater than 1 cm would be most desirable; 1-ow- TABLE 2. HILLIMETER VSMIRWVFORMISSILE

ever, other factors must be considered. F-igure Technology, 1978)
3depicts the general trends,- for atE~spheric LAl~

transiso iwaves eazhcr as well as that
for angular res lution. *P~5Otn*! ~5f4.-tA

*- COWGrl - AY C tCK"I [

*rnao-.e-c mnG.n * UYAC"riY.-Ism.tC-fleW
i..Ot'- t! K *2,~~!Pc,~k.~s

* S ( [aFA fSZi AR( Im e .

S4W.fflKe, %so __ I 1 .0l

Figure 3. TRENDS - ANGULAR REN 'LUTIOS N

TRASS!lSSI0% TRADEOFF FOR- 0

-AD-V.,S- Iti

Relatively small beainwiotnr.- aIre recuired for GIAC
resoxetion and the suppression of =ultipath and C jhfI~

cautter effects. From a weapo~ns system stand- o
peOitt, aperture size is alovr Pmortant.IL

The mill1imeter region appears to beth
trede between adverse weather transr-:ssion i,
angular resecluticun. Tablws I an Z IGori
Institute of Technology, 1978) list additional Z10

con-parisons of the millimeter wavwelengths versus -2 ____________________

the optical, IR, and micrcwave vavrelengths. U. io. 0,.i- e it

SNAflEsc.-tH fit

TABLE 1. MIL1LIUMETER VS OT±CAL &. IR Figure A.GUIDANCE THRUST AREAS.
FOR MISSILE GUIDANCE
(Georgia Iztstltnte of t

Technology, 1978) fa"

:t01SY i2ttrscr COS % 11 .su

*-t datahlit aret co! Iected ELte-r-se,

* CEr twave Wrn io aswt *~ rap 11 ad -. ot

four ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ - dto -ei idw h mli~trrgo h atal-l areeolleri..Ctopandtheio
datate base isND04 updte guidan-ceeofpefora

met e wart ptaags eaa terpdl-a- uti n vldatio o rls ..Bot aidais oe neptate

tnrust Trh'ers-e regions, as shn n Figure of contiual refinemt..t. -1h et Lat tlef ieldare the 53 9A. 140. andC 220 ClH= windowsvhrcerztn ill-'"-' rjee
battlef*Ild locale, wreatr ct itiens, and

- 3. BAT-rLFFIELD11 CLARLAcTERIZATIOS cha!ngzes In ene=g tactics. -ne nattlefrie-d
should be- characterized as to the probabilty

5Figure 5cericts a1 tr-seza! guidance coz.ccpt of occurrence of a given con~dition (or ea-ndi-
devlooentcvle. For a g~ven ilier stions) to. inclei-e hours and duration of occur-

dance concept, a rhnaracterlzatlot ef the Dattle- rence. The ca-nditions memerali- fall into
field, tactical cons-iderations, and the existing thrt- areas: natu-al en vironmnts, induced

=Propagation datA base a i al i..ed to estit, environments. znd tact.ical



aierosolIs. Natural environrents Include pairamneters 4. 1 Di rect Fire Ant i-Tank
such is rain, fog, snow, l:-'rndi1tv, etc. The
induced onvironments are those Which are common Figure 6 illustrates thle Operation Of J
to all batt lcCields. These mayv include debris beamrider missile System. Target tracking I s
frcm artil1lery rounds, dust dIispersed into thle establ ished with a prec ision track igiguidance
atmosphere from tracked vehicles, and smoke beam once the radar hias been cued b.- anl adjunct,
from brush fires. Tactical aerosols include acq(uisitionl device. The missile is launched and
smoke and cihaf f itct ona Ilv injected into the imsvediately acquix ed by a bread concentric cap-
a tmlosplie r byI the encmv in anl attempt to defeat ture beam. Ani onbo ird rearward looking receiver
a sensor svstem. intercepits and decodes, thle spatial ly coded beam

1h IlIe all of the required (lataare not road- and processing electronics inte.cprets thle missile
ily available, and1( also are in a state of col i- position wi thin the beaim to generate guidance

nual change, It was nevertheless necessary to commnids. Tlie missile is, guided toward tile radar
establ ish a set of conditions as a starting [ine-of-s ig~it utilI it acquires the prec is ion
point for est imates of system pierformance. trackIng/guidance beam. Thle missil eoe h
These conditions are stated i Table 3 and are prec is ion guidance beam in the same fashiion and
repiresentative of typical central Germany en- flys thle I inc-of--sight. of thle precision beam to
vironments. The clear air characteristics a re thle target. The pointing beam is used to both
based on the definition of a standard atmocs- track the target as Weil azs provide guidance
phere. iniformitIon to thle missile.

TABLE 3. IIASE.I NE I.NV I ONMENTAI CONDITIONS

CONDTIONCHARACTERISTICS

-SMOKE RAIN FOG
TEMPERATURE 150 C

CLEAR AIR WATER VAPOR 6 9/rn3  ~-
SEA LEVEL- . . -

RADIATION ~::::z- - ~ -

VISIBILITY 10Onm
FOG LIQUID WATER 0.1 q9Il3

- IWATER VAPOR 9 g/m' O-

SEA LEVEL

RATE 4 mm/hffr

RAINTEMPERATURE 140C
WATER VAPOR 13 -

SEA LEVEL

__________________-Figure 6. IIEAlRIDE GUIDANCE.

SMOKE CONCL-NTRATION 0.1 gh/m3  Figure 7 depicts a form of command guidance
-DIAMETER 1.1 MICRON referred to as differential guidance. Here the

CONENTATON X -4~ g/m3  radar tracks both tile target and thle missile
DUST COCNRTO 0and determines their angular displacements fromi iDIAMETER 6-60 MICRON the radair boresight. Thle radar miasnres 01 andl

0, (reference Figure 7) and base( on their vector
dlifference letermInes 03, the required correction
for thle miss.ile to fly thle target liloa-of-siglit.

The fog conditions rep esent thick, low visibi- Note that this concept, as opposed to thle beam-'K . hy fogs of thle radiation type. This defini- rider, does, not require that thle radar boresight
tion encompasses over eighty peorcent of morning remain oil the target.
fogs on anl annual basis. The rain conditions
were chosen to include tie 80th percentile sea-
sona I rain and thle 90th percentile annual rain.
It should be noted] that tile maximum seasonal ~ ~ V.\
rain Occurs in Jluly When approximately~. 30 per- ,.

cetof,1tile days w~ith raia are thunderstorm

uponl previous system studies. ,

L 14. MlI~LLINIETER GUIDANCE CONCEP1TS

Ani outl ine of some of thle potentiail appl i- J -__

cations of millimeter wavelengths to missile -- ;..

psntems Fiertire 7.l adverseX environments Is
preentd.A brief description of each Sssem

thle different types of propagat ion paths *and
prohbems that ml ghit be encountere.

Fiur -- -- -- - I)IFFFNIA GUDAC - ------



Both the beamrider and the differential gui- implementation of a fire control system

donce concepts have similar propagation paths, operating within the millimeter spectrum.
i.e., near earth, relatively hori;ouia! paths.

,.2 Indirect Fire ..-

Figure 8 is illustrative Of attacking ar- '

mored vehicles from essentially a vertical -
approach and, because the target may be beyond N ?,
line-of-sight, the missile must operate autono- //'AIN"/HAZEmously. This system concept is called indirect ,• TA-

fire. A missile or missiles can be delivered .-

to some point in srace at which target search rsIMOKE

begins following required maneuvers to staba-

lize the missile and to attain the necessary
velocity for the missile to perform 'ts func-
tions. A radar beam is transmitted to search
a specified ground area for the desired target. ENEMY TARGETS

Upon detection and acquisition, a stable line-
of-sight is generated to provide the necessary
information to maintain track and guide the Figure 9. DUAL MODE RF/RF AIR DEFENSE
missile to impact. In the terminal phase a SUPPRESSION.
radiometric mode may be used to achieve a con-
troid aimpoint. Since the missile must perform HAWTAOS
during conditions of smoke, medium to heavy fog,
rain and haze, propagation phenomena must be
well understood for the near vertical traject-

ories which are not normally encounted for most
system applications. , - * .

DECELERATION MECHANISM -- MWF , A Z.

DECELERATION COMPLETE' ~~BALLISTIC DROP.....

///TARGET SEARCH\1 0

\\ACOUISITION

TRACK TARGET Figure 10. FIRE CONTROL SYSTEM.

For the type of systems shown, the effective-

ness will be limited to ranges of less than ten
Figure 8. INDIRECT FIRE SYSTFM CONCEPT. kilometers because of atmospheric attenuation

effects upon millimeter wavelengths. However,

the advantage of this spectrum is the resolu-
4.3 Dual 'Mode RF/RF Air Defense Suppression. tion gained by the shorter wavelengths and the

F e 9 dpenetrability through adverse environments whan

Figur9 depicts an operational concept for compared with optical systems. The fire con-
a dual mode RF/RF Air Defense Suppression -iqsile, trol system may be either airborne or ground

In this concept an attack helicopter detects based. In the airborne case, the fire control
radiation from an air defense system which is a system may be totally self containcd within the
potential threat. Information is generated weapon system wherein the system provides not
which locates the threat and cues a missile to only target position coordinates but also iden-
the proper coordinates. The missile detects the tifies the target or targets to b- attacked.

radiation from tile threat and after lock is Similarly for the ground based case, the fire
established, is launched toward the target. control radar assumes total control over sepa-

Since most air defense systems operate within the rate launches which receive firing commands
microwave region, the missile performs its from the fire cont:ol radar. As a third option,

search, detect, acquire and initial tracking an airborne and ground based system would be
functions using the target's radiated energy. integiated to provide mo-e flexibility for con-
The missile will transfer to tracking operation trol of the battlefield.
within the millimeter region when accurate termi-

nal tracking is required or when the threat 4.5 Short Range Air Defense
"turns off" its radiation. It is conceivable

that a passive radiometric mode could be used Figure 11 illustrates a short range air

to achieve a centroid aimpoint. This particular defense system using millimeter wavelengths

system concept would utlire propagation for the target acquisition/tracking radar.

paths similar to that for direct fire guidance. During periods of adverse environments on the
tactical battlefield, these wavelengths can

4.4 Missile Fire Control penetrate through obscurants when optical
systems cannot provide the required performance.

Figure 10 is a conceptual drawing for The radar searches, detects, acquires and tracks

10
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these targets which are of a threat to the de- A recent study (Collins, 1978) performed for
fense forces. The fire control system, which MIRADCOMwas inconclusive as to the severity of tur-
may be an integral part of tile radar, deter- bulence effects on a millimeter beamrider system;
mines which targets are most threatening and also the combined effects of turbulence and water
commands missiles to be launched against speci- vapor inhomogenei ties are not presently understood.
fied targets. The propagation paths will
usually be over short ranges (less than 10 kilo-
meters) and fo- depressio-i angles generally Many experimental observations (Liebe, 1978)
less than 45 degrees. have confirmed the existence of anomalous absorption

CiS effects. This term is generally used to describe

absorptitn effects that currently cannot be
explained with the existing oxygen and water
vapor absorption theory. This phenomenon has been
frequently observed under various conditions,

,---l _particularly at high humiditie-, and low tempera-
tures. Currentlv no unified treatment of the

. . . iki I Hl! ZI problem exists that has a physical basis.

'161S SMOKE ..AhTACK HitCOPIR No set of measurements of absorption due to
- water vapor as a function of temperature and com-

position sufficient to constitute a reliable
guide for extrapolation of the values to signi-
ficantl\ different conditions exists. This is

Figure 11. SHORT RANGE AIR DEFENSE. espeuially true near saturation. Thc relative
humidity is greater than "5% during heavy fog
(Middleton, 1963) and is typically 80% or higher
during rain.

5. PROPAGATION DATA NEEDS - MILLIETER GUIDANCE d
_- SYSTEMS. Modeling efforts. to date appear to be very

All of the system concepts discussed in tile specialized, applying only to specific conditions.
Model validations cannot occur until the experi-

previous se tion ntmental data bast, has been expanded.
ments as to atmospheric propagation data
needs. The major differences in the data
requirement.- lie in tile propagation paths for

rious No attempt is nade in Currently, when the system developer requires

to emphasize one set of requirement. as thtv wil particular propagation information, a thorough
be svstem peculiar. literature search must be performed which

requires the expenditure of considerable time.
Table 4 outlines the perceived propagation A suggest ion is there fore made for the preparation

needs from the system developer's standpoint, of a millimeter propagation handbook. The obiec-
For convenience, the requirements have been tive of this handbook would be to compile existing
grouped into five areas: aerosol backscatter, propag-itian data in a manner easily accessible
atmospheric and aerosol attenuation, anomalous by personnel involved in systems analysis, design
absorption phenomena, turbulence effects, and and use. The approach would entail the esta-
atmospheric transmission/scattering models. blishnent of an indexing system for general sub-
For each category, the desired effort is listed jects, each followed by specific categories of
along with a summarv of current data base pro- effects. The handbook should be updated on an
blems. annual basis. F illustrates a table of

contents and a typical page from such a handbook.
The data base deficiencies outlin, d

for each category have several common elements.
Experimental data are limited or nonexistent in
alI azc-as; this is Particularly true at the 0- -1 . I I' ,

higher frequencies of interest. There is a .0 ,Wl
distinct lack of data in Central European type " I

environments. For many of the reported measure- l_.
ments, insufficient recording of meteorological ........... ,,

parameters is a vital fatter which may explain
some of the data variabiIi tv. Aerosol parrice 'A~,14 ~ 15* 1.1

size distribution measurements are also lacking: , ',,' 1'.

these data are necessary as precipitation rates ..,u" ,

alone do not provide adequate data correlation. ,I Few m.easurements have been performed to examine . . .
"I the effects of various depression angles on

millineter wave propagation.

Specific data needs lie in the area of tur-
bulence, anomalous absorption, temperature/ Figure 12. IILLDIETER PROPAGATION HANDBOOK -

humidity effects, and modeling. EXAMPLE.

-. 11



TABLE 4. PROPAGATION DATA NEEDS - MILLINETER GUIDANCE YSTEMS

ITEM DESIRED EFFORT CURRENT DA'A BASE PROBLEMS

0 AEROSOL BACKSCATTER 0 PROVICE ACCURATE DATA 0 LIMITED EXPERIMENTAL

BASE TO DETERMINE DATA

ENERGY RETURN THAT

MAY CAUSE TARGET 0 MUCH OF DATA NOT

MASKING ADEOUATELY
CHARACTERIZED

* ANALYSIS NEEDED AS A

FUNCTION OF PARTICLE 0 I ACK OF DATA IN

SIZE DISTIBUTION. CENTRAL EUROPEAN

PRECIPITATION RATE ENVIRONMENT

POLARIZATION.
DEPRESSION ANGLE AND

METEOROLOGICAL

CONDITIONS

0 ATTENUATION 0 DEVELOP ATMOSPHERIC IRANSMISSION 0 CLEAR AIR LXPERIMENTAL DATA

DATA BASE HIGHER THAN PREDICTED BY
THEORY

M MEASUREMENTS IN CLEAR AIR UNDER
VARIOUS TEMPERATURE HUMIDITY 0 TEMPERATURI"HUMIDITY EFrECTS

CONDITIONS PROVIDE ANALYSIS OF NOT WELL UNDERSTOOD

TEMPERATUREiHUMIDITY EFFECTS FEW MEASUREMENTS

0 MEASUREMENTS IN RAIN FOG. SNOW. 0 LIMITED RAIN. COG. SNOW DATA

SMOKE AND DUSI WITH PARTICLE
SIZE DISTRIBUTIONS CHARACTERIZED 0 AEROSOL PARTICLE SIZE

DISTRIBUTIONS NOT CHARACTERIZED

0 SUPPORTING METEOROLOGICAL DATA

WITH MEASUREMENTS 0 INSUFFICIENT METEOROLOGICAL
DATA

* MEASUREMENTS AT VARIOUS
DEPRESSION ANGLES

* TURBULENCE EFFECTS * DETERMINE EFI ECTS OF * NO EXPERIMENTS PERFORMED

TURBULENCE AS A T0 CHARACTERIZE TURBULENCE

FUNCTION OF FREOUENCY AND ITS EFFECTS ON
MILLIMETER PROPAGATION

* PROVIDE DATA AS A

FUNCTION OF ATMOSPHERIC S RECENT THEORETICAL STUDIES

CONDITIONS INCONCLUSIVE AS TO SEVERITY
OF TURBULENCE EFFECTS

* DETERMINE ATTENUATION
PHASE VARIATION. iADING S COMBINED EFFECTS OF

EFFECTS AND FREQUENCY TURBULENCE AND WATER VAPOR

OF FLUCTUATION INHOMOGENEITIES NOT
UNDERSTOOD

0 PROVIDE CAPABILITY TO

MEASURE FLUCTUATION
RATES AS HIRGH AS 50 H/,

* ANALYZE DATA TO ESTAt ISH

ORIGIN OF FLUCTUATION
EFFECTS

0 ANOMALOUS ABSORPTION 0 ESTABLISH VALIDITY OF ANOMALOUS 0 ABSOr.VTION IN WINDOW REGIONS

EFFTCrTS ABSORPTION EFFECTS OFTtN HIGHER THAN PREDICTED
BY THEORY - ESPECIALLY UNDERi DETFRMINE ATTENUATION TIME IlIGH HUMIDITY CONDITIONS

E.XTENT OF ABSORPTION

ATMOSPHERIC CONDITIONS 0 NO UNIFIED TREATMENT OF THE

FLUCTUATION EFFECTS STATISTICS PROBLEM EXISTS THAT HAS A

I OF OCCURRENCE. SEASONAL PHYSICAL BASIS

OCCURRENCE AND VARIATION AS A

FUNCTION OF TIME OF DAY

* PERFORM BOTH MONOCHROMATIC

AND BROAD BAND MEASUREMENTSI K• PROVIDE ANALYSIS ON SOURCE OF

ANOMALOUS EFFECTS

• ATMOSPHERIC TRANSMISSION 0 TRANSMISSIONtSCATTERING * LIMITED DATA BASE

SCATTERING MODELS MODELING IN MM WINDOW
REGIONS

* CIIARACTERIZATION IN CLEAR

AIR AND IN TH4E PRESENCE
OF AEROSOLS

* ANOMALOUS ABSORPTION
EFFECTS TO BE EMPLOYED
WITH AEROSOL MODELS AND

METEOROLOGICAl PARAMETEES
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TARGET AND ENVIRONMENTAL MEASUREMENTS PROGR.AM: MILLIMETER WAVE
PROPAGATION PLANS, PROBLEMS, AND GAPS

Robert C. HarawayI US Army Missile Command

Redstone Arsenal, Alabama

ABSTRACT Resulting data and analyses from the pro-

gram are issued through tech-iical reports which
Thle following is a brief overview of the are distributed to the R&D communit directly

Measurements Program in Advanced Sensors Direc- and through the Defense Documentation Center,
torate, Technology Laboratory, MICOM, ar it re- and the uidance and Control Information and
lates to the problem of .- essing envlronmental Analysis Center (GACIAC).
effects on sensor guidance systems. 'his pro-
gram is conducted in close coordination with W tIYot

the research and development of guidance sen- FORA

sors and is designed to meet senso- develop- TAGE uICHNIvu CmON~ION
ment requirements for target and environmental DGATUET$

characteristics.

~ACRGROUW4D FIELD DATA
CAA Ties MCAI' ENs ANALYSIS

i. INTRODUCTION DOA1AACTDT'S

.CO AIFFBSOt( * OUNCKOTR ACTORS

This program was established during the SMO . ro . N

Exploratory Development phase of Army laser ,VATKA [CAC" ttS

guidance systems. At that time, there was seri- ov,.ADOD

ous conceri, at all levels of Army R&D manage- AGECIE

ment for the effects of the tac-ical environ- ' AND CONTROL NFORMA710N

ment on laser guided systems. The Measurements AND ANAtYSIS C N ER

Program focused primarily on the laser guidance
problem for the first one to two years. During Figure 1. Measurements program.

that time, the technolhgy for infrared and milli-
meter-wave lind combat guidance sensors was de-
veloping rapidly and it became obvious that these

sensor devclopment programs also required data
on targets and environmental effects. The nro- .,,.,. MY.

gram was therefore expanded to include the char-

acterization of targets and environmental ef- ... L
fects in the infrared and millimeter-wave spec- [ Wh- 

- 
h O4 .... - t.....

tral regions. The program objective is the de- - _

velopment of a data base and the definition of .,--,--, . I
the technology required for development of land ____________ Eew
combat guidance sensors which will maintainacceptable operational capabilities under ad- _______

verse tactical conditions, including smoke, dust, ... -

adverse weather, background clutter and falbe I ,_______
targets.

2. PROGRAM FUNCTIONS

The functions involved in the conduct of Figore 2. Sensor/guidance development-

the program are depicte2 in Figure 1. In gen- measurements interface.
era!, the effort has been about evenly divided

between in-house and contract support. Fypi-

cally, a measurements project or task is de- 3. sENSORS DEVEL".1MENT/-MEASUREM[ENT INTERFACE
fined in-house, and a Measurements Plan and
Scope of Work are prepared. This is followedI From the beginning, the M easurements Pro-
by the selection and installation of instru-
ments in the field, on towers, or aboard a spe- gIm Sen Dloenterrat fit e

'al mcaMIC9.1 Sensor Development Prograr for weaponsc.l measurements helicopter. Data are then
guidance applications, as illustrated in Figurecollected and analyzed on a quick-look basis to 2. As early as possible in the sensor develop-

insure data quality and avoid eyessive data .i
collection and duplication. In-depto data anal- ment process, the requirements of the antici-

pated tactical environment are identified and
ysis may bfield measurements initiated to provide data oncontract. Frequently, contracts are also em-

contact Freuenlycontact areals emthose effects which ultimately determine systemployed to provide technical support for the de- -hs fet hc linaeydtriesse
t sperformance. The program therefore provides a

velopment sensors or seekers used ,r measure- data base for sensor design and development,
ment instruments.
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arl later for modeling and simulation in the Consistent with this approach, in defining ob-
pitdiction of sensor guidance system pertormance. jectives for millireter propagatiun work to be

accomplished, we must bogin with an examination
To further emphasize the close working re- of current guidance systems concepts. Other

lationship between the Measurements and Sensor papers in this session outline these concepts
Development Programs, it s'hojld be pointed out and the related needs for fropagation researchi that developmental sensors are frequently used and analysis. It appears now that the initial
for measurements instrumentation. The use of task is that of defining the various areas of
developmental sensors offers th- advantage that work required, In a priority order directly re-
tht. resulting data represent state-of-the-art lated to the atmospheric effects most likely tc
sensor performance capabilities, limit systems performance. To illustrate, Figure

4 shows the various tactical geometries associ-
4. TACTICAL PROBLEMS AND OBJECTIVES ated with systems under investigation. These

various systems applications involve propagation
The general scope of the program is ii- pathr which vary from the norizontal near-earth,

lustrated in Figure 3. It will be noted tnat to those wit', vertical incidence angles. Asso-
this effcrt is designed to address the broad clated wih these systcms concepts are design ob-
ScienL and Technology G&T) 0l'jectives contained jectivE.. including target detection and acquisi-
in the Army Science & Technology Objectives tion ranges, which are dependent on weather and
Guide. These objectives call for weapons capa- other environmental conditions. Other objectives
bilities in battlefield environments, including include beam pointing, resolution, and tracking
adverse weather, smoke and dust. capability, which may be affected by turbulence,

which in urn may exhibit a dependence on the
Althougl. this chart indicates primary ac- propagation path angle of incidence. Other ex-

tivity at millimeter frequencies up to and in- amples relating propagation effects to guidance
eluding 94 Gllz, there is also major interest in applications could be suggested, but the point
the higher millimeter frequencies, particularl, to be made here is that we need to determine what
for guidance applications such as beam-rider, the rost significant effects on system perform-
where high-resolution antenna beam patterns are ance will be, as early in development programs
required. as possible.

Up to the present time, the program empha- 6. P'ROGRAM PLJ.NNINC
sis has been primarily ;n two areas: the char-
acterization of targets and background, an: the It is known that various atmospheric ef-
measurements of smoke and dust effe-ts on laser fects may degrade millimeter systems perfurmance.
and infrared sensor guiaance. Vith accelerated Preliminary plans include the following:
efforts on development of millimeter guidance a.PRAGATNMEARMENTTHRUGHwARIED
sensors, tie program will include increased em- WEATAER CONDITIONS

mhasis on asseSment or illimeter wave propaga- () MULTIPtE WAVELENGTHS (35414022040 GHI
adverse environments. (2) COMPARATIVE PERFORMANCE

5. D:l IGPOAAINTS BETVS(3' AS A FUNCTION Or- GUJIDANCE GEOMETRY

TASK OBJECTIVES (4) VARIOUS GEOGRAPHIC ENV,HCAMC..S

As noted earlier, the Measurements Program b. SMOKE. DUST iEASUREMENTS
efforts have been based on the anticipated tac--

tical environment for guidance systems under de- c. COMOINEO EFEcTS
velopment, in support of the MICOM R&D m:ssion. d. SVSTEM-RE.ATEO EFFECTS (MUTIPATH. EXHAUST PLUME

GUIDANCE SENSOR , TARGET DETECTION & BATTLEFIELD SMOKES. ADVERSE WEATHER S&T OBJECTIVES
___ _ DISCRIMINATION HAZE. DIJT

* LASER TARGET REFLECTANCE OF SMALL SCALE FIELD NIGHTIFOG
US & FOREIGN ARMOR- EXPERIMENTS ATMOSPHERIC PROPAGATION CLOSE COMBAT

(1.06 MICRONS BACKGROUNDS & FALSE SUPPORT TACTICAL SCALE MFASUREMENTS. CAPABILITIES:
& 106 MICRONS) TARGETS. FIE1O TESTS. ATMOSPHERIC MODELING HELICOPTER BORNE

DESIGNATOR & SEEKER SMOKEIDUST ANALYSIS MISSILES

MEASUREMENTS MODELING ANTI-TANK MISSILES

TARGET SIGNATURES OF SAME - WITH 3-5 & SAME - WITH 3- & B-14

I US & FOREIGN ARMOR 8-14 MICRON MICRON THERMOVISION & FIRE SUPPORT
(3-5 MICRONS BACKGROUNDS & FALSE THERMOVISION & SEEKER SENSORS CAPABILITIES
& 0-14 MICRONS) TARGETS SEE(ER SENSORS INDIRECT FIRE

PRECISION MUNITIONS
SEEKER MEASUREMENTS INDIRECT FIRE MISSILES

MICROWAVE! TARGET SIGNATURES OF SAME - WITH 35 Glz MET. DATA TAKEN ON 35 GHz
MILLIMETER US & FOREIGN ARMOR & 94 GHY SEEKER & 94 GHr TOWER & AIRBORNE
(20 GHr. 36 GHt. BACKGROIIIhOS & FALSE SENSORS. SENSOR EXPERIMENTS

70 GHr. 94 GHt) TARGETS. 35 GHz RADAR DETECTION A
SEEKER MEASUREMENTS DISCRIMINATION EXPERIMENTS

Figure 3. Tactical problems and objectives.
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TERMINALLY 7. PROBLEMS
i GUIDEO

\$U .I IES

(TGSM ) One problem which has severely limited thor-
ACTIVE & iugh investigation of millimeter propagation ef-
PASSIVE tects on guidance systems has been the lack ofHELICOPTER ,

SYSTEPTR availability of millimeter instrumentation for

HAWTAOS) necessary measurements, particularly at the
shorter wavelengths. Propagation measurements
for assessing the effects of varied weather con-
ditions require the commitment of instrumentation
forextended periods of time, and of course require
sensitive, stable equipment. Current millimeter

BEAMRJFR SYSTEMS instrumentation development efforts within the

Army will probably alleviate this problem.

Similarly, there has been a problem in the
availability of meteorological instrumentation
for characterizing weather conditions of parti-

Figure 4. Propagation path geometries. cular concern in tactical systems application,

including fogs and light to moderate rain. Con-

They are e ploratory in nature, and intended to tributing to this problem has been the interest
in collecting data at several stations along ainitially issess the spectral bands indicated
propagation path rather than only at one location.for the various system applications being con-

E sidered. Initial plans call for comparative System-related priorities refers to the
measurements at multiple frequencies over the problem of determining or defining those propaga-
same propagation path, a-d under near simuita- tion effects which are most critical in terms of
neous conditions. Other measurements will deal proposed systems applications. In other words,with the effects of guidance geometry, as sensor we need to k;ow as early as possible of tactical

instrumentation becomes available. The zolec- liIitations imposed on proposed systems by cer-
tion of data in multiple spectral bands, for tain weather conditions, in order to evaluatewidely separated geographic locations has not the pote.lLial usefulness of such systems.
been considered feasible in the past. However,
the current development of an Army mobile meas- The de'elopaent ef useful models for the
urements facility, will offer this capability, various weather conditions of tactical interest,
This facility is covered in more detail by other uhich are needed for realistic systems simulation,
papers in this proceedings, e.g., session 9. is viewed here as a problem. Actually, the de-

velopment of such models will depend on the ac-
Smok. and dust measurements will be con- quisition of an adequate data base representative

ducted at Redstone Arsenal and also in conjunc- of the weather conditions of interest. The prob-
tion with large-scale Army experiments on spe- 1cm anticipated with modeling is that of defining

| cially-instrumented ranges. These normally in- sets of "typical" conditions which are of reason-

ciude a wide range of laser and infrared instru- able size yet co-ier a realistic range of real-
mentation, and nillimeter capabilities will be world situations.
added as available. Combined effects refers,
for example, to the combination of certain The design of experiments is considered
smokes and high humidity, which may be more se- here as a problem, from the viewpoint that effi-
vere than smoke in a dry environment. cient, careful planning of field experiments is

essential in order to achieve an assessment of
Finally, the-e are -;ystem related effects pLnned Army guidance systems capabilities on a

which must be evaluated under carefully control- tintIy basis.
led conditions.

EXTENSION OF ENVIRONMENTAL MODEI..INC FROM THE OPTICAL
THROUGH THE MNI REGIZN

lI. Anderson

US Army Missile Cor-rand

Redstone Arsenal, .labama

Abstract and manuscript not available.
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F A SURVEY OF MILLIMETER RADIO AND SUBMILLIMETERF
RADIO WAVE PROPAGATION

Archie W. Strait,n

Electrical Engineering Research Laboratory

The University of Texas at Austin

Austin, Texas

ABSTRACT 350 microns (0. 35 mm) which was the limit
where heat measuring techniques could still

The transition ii, the use of radio wavelengzhs be used.

longer than a few centimeters to those of milli-
meter and shorter lengths creates additional This defined infrared as the region where
transmission and reflection problems. This it was possible to use incoherent heat mea-
paper will discuss the effects of the length of suring instrumentation while the radio wave
these waves approaching (1) the resenant wave- region was where it was possible to use radio

lengths of atmospheric gases, (2) the size of instrumentation. The mysterious region in
raindrops and other particulate matter, and (3) Table 1 between 109 Hz (30 cm) and 6 x 1011
lengths very small compared to nearly all radar Hz (0. 5 mm) was a region which could not be
targets of interest, studied by either approach.

1. INTRODUCTION The title ol this meeting and the papers
included show that the barrier between radio

It is a pleasure to see the increasng inte-est and infrared waves has seen broken by
in the transmission of millimeter radio wave- approaches from both sides. The develop-
through the atmosphere. Studies in this field have ments of the laser and of the microwave bole-

provided nev. insight into the area of the electro- meter have made obsolete the definitions
magnetic spectrur. basqd on coherent and incoherent systems.

Table 1 appeared in Barrow (1938), L , The advances which have been made in

Photometry and IlItminating Engineering It understanding and using wavelengths betveen
gives a description of the electromagnetic spec- 0. 1 mm and 1. 0 mm have left us in a state of
trum with an undefined gap between '09 Hz and confusion for a simple name for this band.

6 x 101 1 Hz. Such titles as millimeter waves and beyond,
submillimeters, or far-infrared are not very

Form of Energy Hertz specific and add more confusion when we

it wavesWe have about run out of superlatives for
infrared rays 6 x 10 to 4 x 10 radio bands when we call dekameter waves

liht14 14 "high frequency". meter waves "very high| Visible light 4 % 1 to 7. 7 x 1
, 104 10frequency", decimeter wave "ultra high

Ultraviolet light 7.7 x to 3 x 10frequency", centimeter waves "super high

frequency", and the millimeter waves "ex-
F c Etreme high fre4uency". It is hard to top

Table I ultra, super and extreme.

Even in 1961 an encyclopedia defined the There does not seem to be an acceptzo

lower frequency limit of infrared as being inde- word for 10- 4 . My suggestion is that of

finitely defined but extending to approximately dropping to the micron (10 - 6 m) as a base and
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calling the bands above 300 GHz as shown in At veiy low pressures, saturation of the

Table 2. molecules in the higher levels may result in a
___reduction of the energy absorption rate.

Band Frequency Wavelength Charles Tolbert of our laboratory checked this

(terahertz) (meters) effect at 4. 3 millimeters by measuring the
3 atmospheric attenuation during the day using

hectomicron 0.3 to 3 10 - 4 to 10 - 3  solar radiation and during the night using lunar

d4 radiation. H- found no difference within the
dekamicron 3 to 30 10- to 10- accuracy of measurements.
micron 30 to 300 10 to 10

Tier o r Bands wth 30 10 - to 0At pressures near ground level the only
Title for Bands with X <1 m m important so,2 ce of line broadening is the col-

Tab.e 2 lision of molecules. A line width is defined by

the difference between the two frequencies at

The previous comments indicate that the which the absorbed power is reduced to one

spectrum under discussion at this meeting has half of the peak value. This line width is pri-

some of the properties of radio waves and some marily dependent on the pressure, the tem-

of infrared. perature and the gas mixture.

Starting from the lower frequencies three In the laboratory the line width factor,
effects of the reduction in wavelength from those tne resonant frequency and peak attenuation
in more conventional radio use receive the great- can be measured with ,o;ecision. The extra-

est attention and will be reviewed briefly. These platiun of the Iow pressire measurements to
are (1) the interaction of the millimeter and the far wings of the absorption lines has re-
hectomicron waves with the molecular rotation suited in some discrepancy between absorption

energy states of oxygen and water vapor, (2) the as calculated from the line width factor deter-
absorption and scattering by water drops, snow mined at lox pressure and the loss found under

flakes and other solid particles in the atmosphere actual field data.
and (3) a change in the type of interaction with
surfaces inclutding antennas, groind, trees, Fig. 1 shows the center frequencies bet-

buildings, targets, etc. whose dimensions become &een 10 and 300 GHz of gases comm.cnly
very large compared to the wavelength. founc in the atmosphere. T venty-one oxygen

2. INTERACTION WITH ATMOSPhERIC GASES

F Two types of molecules have interaction with r -I

radio waves. Some molec,,Ies including water
vapor have a permanent vloctric dipole and others

including oxygen have magnetic dipoles. A very
simplified model is that of a spinning baton with -

fixed charge separation or fixed magnetic poles. -

3 By quantum theory, each mode of rotation is
associated with a certain energy level. Changes - - s
from lower to higher energy levels occur when an --

electromagnetic frequency associated with the -

energy change falls on the spinning molecule. The
process is reversed when an unbalance in the upper L -

energy population levels causes the spin to revert
to a lower level and the molecule to radiate energy .-

at a frequency near the resonant abs;- rotion I
FAt very low pressures the interaction of a

polar molecule and an electromagnetic field tends
to be limited :o a series of very narrow bands of

frequencies. Some broadening at very low pres - "0
sures is caused by doppler effects of the spinningmolecule and two closely spaced peaks instead of ,

one will appear in the ,resence of a magnetic
field. This later situation is found i. the upper
atmosphere but is of no consequence near the -- s
earth. NG



lines are clustered bet,%een 5 to t ,m and one 3s Many groups have shied ava) frcrn using fre-
at 2. 5 rm. One water vapor line is at 22 GH. quencies near the first water vapor line at 2Z
and one at 173 GHz. Hundreds of other vater GHz but for many purposes such as satellite
vapor lines are in the I to 100U micron region. communication, its gas loss would not be a
Ozone effects are limited to higher elevations and major deterent.
the ozone density is not enough to cause appre-
ciable attenuation. The other gases shown are in The three windows in the millimeter band
small enough amounts so that they are i.ot major between the peaks of the absorption lines pro-
contributors to radio transmission loss undcr vide ranges of frequencies over which the
usual conditions. attenuation has relatively low values. Since

water vapor density ci-anges with time and
Recently our millimeter radio astronomy ou- location, it is fifficult to say that one parti-

servatory at McDonald Observatory in West Texas cular frequency in the window as around 90
%as able to detect a CO layer in the upper atmos- GHz ib optimum without taking into account the

phere at the 230 GHz line. The radiation received mean water vapcr density. The intensity and
from the s'in a_ )und 230 GHz as a function of freq- wvidth of the lines can be studied conveniently
uency is shown in Fig. 2. The receiver used had in the laboratory -&here temperature and pres-

sures may be controlled. Tolbert et al. (1964)

and Schulze and Tolbert (1963) reported studies
made in a 15 cm diameter tube 152 meters long.
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-3.0 -2.0 -1.0 0 1.0 2.0 3.0 Figure 3 from their work shows
the dependence of line width and of the maxi-

AF (I unit . 766 mHz mum attenuation on pressure. Note that the
_ COlinewidth is linearly dependent on pressure

Solar Radiation Absorp~ion by CO and the maximum attenuation factor remains
essentially constant as the pressure is re-

Fig. 2 duced to about 2 mm Hg.

128 filters each with a bandwidth of 100 kilohertz. The precision measurements attained in
From the half tv.-er bandwidth the height of the the laboratory are not possible when the tests
layer was estimated !:) be approximately 50 km. are made through the actual atmosphere. In
The line was also measuod in emission with the the first place, the content of the atmosphere
peak replacing the minimum at the line center.

The ansorption as a function of frequency is
given in most papers on millimeter waves eithcr
in terms of the loss per kilometer at sea level or
the loss on a vertical path from sea level to outer
space. These usually assume a standard atmos-
phcre which may or may not be a good repre-
sentation for a given geographical location and
time. A plot of sea level attenuation has the same
general features but with different units and num-
bers compared to the loss on k vertical path.

I I- 19
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is a variable quantity. Meteorologists did net know 3. INTERACTiON WITH RAIN DROPS

how fast that vapor density and temperature act-

ually fluctuated until the resonant cavit)r atmos- The most damaging factor to millimeter

pheric refractometer was developed. This device wave prooagation is precipitation along the

%,hich measures the refractive index of the air as radio path. Fortunately, unlike polar gases,

determined by water vapor, pressure and tem- rain is present only paYt of the time. The

perature is constantly changing both in time at one interaction of an elect- omagnetic wave and a

location and in space. We are never quite sure sin4le spherical rain drop is well understood.

uhat exact value should be used to associate with If tLe wavelength is many times larger than

radio data particularly for longer ranges. We re- the Irop diameter, the absorption and scat-

sort to models of the atmosphere which may be teri g will be small. The wavelength depen-

| excellent statistical averages but which cannot be dence is well known and agreement between

relied upon for a particular time u, place. Ter- theo.y and measurements for homogeneous

rain. wind directions, weather fronts, and sur- drops has been verified. As the wavelergth
fa.e features can all change the meteorological approaches the drop dimensions, resonance

factors that control the atmospheric gas absorption. effect occurs and the scattering from the
drops increases rapidly. For wavelengths

It is particularly difficult to measure the atten- much shorter than the dimensions, the rain

uation of the 22 GHz water vapor line through the drops act essentially as shields which bl. ck

actual atmosphere. The loss is so small per kilo- out the fraction of the wave falling on t'em.

meter that an extended test range must be used. Millimeter waves over short ranges do well

All of the variables causing erratic data frequently in fogs because the drop sizes are s.nall com-

_ mask the true value of attenuation. Since water pared to the wavelength but optical or micron

vapor density variation is desired, absolute laser beams are obliterated.Ii power levels measured over enough days to be

able to draw a graph of attenuation vs water vapor If the number and size of drops along a

densuityarenecessary. To get the oxygen loss given transmission path were known, the loss

tL.is graph must be extrapolated to zero water could be calculated with considerable reli-

vapor. This process does not lend itself to very ability. Since such information is never known

high accura y because it is difficult to get high accurately, it is necessary to relate the drop

and low water vapor density periods in a reason- distribution to the rain fall rate on the ground.

able time span. The measu-rnent of losses due The Marshall-Palmer and Laws and Parsons
to v.ater vapor and oxygen through actual models are commonly used to relate the num-
atmosphere is easier at frequencies where_ the ber of drops of various sizes to the rain rate.

loss is high becaruse of the short distances re- There are a number of obvious limitations to

quired. 'his orocess. in the first place the models

are -ztatistjcal ones and the actual distribution

The measurement of gas attenuation from will vary both with time and space. The most

earth to space can be made by tracking the sun common metho.d of measuring rain rate is with
or moon as it moves across the sky on relatively tipping bucket gaug s which are step by step
clear days. It is assumed that the atmosphere integrating devices. At low rain rate the inte-

i is horizontally stratified so that the attenuation gration may be over time p riods which hide

will vary in proportion to the secant of the angle te peak loss. An example of tke variability

from the zenith. The usual reference is to the of rain attenuation at Z. 15 mm is shown in

ground level humidity and a "standard" atmo- Fig. 4. This not only shows the scatter in

sphere which relates the total water vapor along the data but also the excess of the loss over

a trans-atmospherit path to the ground level he theoretical values for periods of very light

condition. This is a tough approximation but rains.
must not be relied upon for high precision atten-
uatioe predictions. Extiapolation of radio atten- For short paths with closely spaced
uation data fror- one Wocation to another is risky gauges, the agreement between averaged mea-

as shown by the disagreement in the results ob- surements and theory may be good. However,I otained by .arious exoermenters in different for longer paths the distribution of the rain is
climatological areas, quite variable with the heavy rain limited in

range while lihter rains are commonly more

At the so-cal'ed windows below 4C GHz, and widelv distributed.
around 90, and 140 Gtxz, the atmospheric gases

do not become a serious problem if oaths are For satellite paths a knowledge of the

lenuth limited and "when satellite paths are kept number f drops and their sizes along the path

at 20' or higher above the horizon, is meager. Rain gauges are almost useless for

20



sphere is nearly opaque, the radiometer will
• - I NOV Me see only the nearest part of the sky path and

6 APRIL 1959
- I , not give a correct value of the losses.I S7 A further complication of the rain studies

is that the drops in falling tend to flatten. This
causes greater attenuation for polarization

,5 along the major axis. Wind blown drops be-

fcome canted and the maximm attenuation may

,n •SAD the differences in the re!actions of the two

O O nP polarizations of the radio waves is small com-IZSp rdto uncertainties asto the rain rate and

drop distribution along the path.

e R The greatest unknown in millimeter

and hectomicron radio propagation is the lack

ZN
1  

of adequate meteorological information over
extended links, either between earth points or

ol "from earth to a satellite. We cannot at this
time predict for a long path exactly what will
happen at a particular time. As a result, we

, I need to accumulate statistical data so that we
may predict the probable length of time that

ME jJREO 2:5-^. "7 %V-;Gu I attenuation greater than a certain level will be
%s I ,U* JALL RA:5:E exoerienced. When we consider the translationI of results from one location to another and that

* the propagation data changes with frequency,Swe now have only a minimal , mount of data for

engineering design. The Weather Bureau has
collected rain data for a hundred year- but

,RCIPN-UT- ATE I- I no season fits exactly the long term statistical
U' average.

Rain Attenuatfon vs Rain 
Rate

Fi-. 4

4. INTERACTION WITH SURFACES
a correlation with attenuation.

The third aspect of the reduction of wave
In connection with the ATS-5 satellite a+ 12. 7 length is the effect that this change has on the

C-Hz observed at angle from zenith of 32", it was reaction with surfaces. Variuus arbitrary de-
our experience that very little rain attenuation finitions for a smooth surface have been used
occurs unless a thunderstorm %,as in the vicinity based on the maximum phase difference be-
of the receiv-er. No attenuation in e.ccess of 10 tween the shortest and longest path involved in
dB occurre. unless a thunderhead with i height reflection from a surface area. If we assume
of 10 km or more was present. The height and that a delay of less than 1/8 wavelength will
width of thunderstorms are roughly the same so not cause serious phase interference, we may
that a spaceo diversity system provides a re- calctlate the roughness in a surface as a
duction in the time of a potential outage. The function of the angle of incidence, assuming
probability of the individual receive:s and the no shadowing of one part by another. Such
combination having atteruations exceeding various calculations are shown in Table 3 for wave-
levels were measured. The space diversity re- lengths of 1 cm and I mm.
duced the probability of attenuation in excess of
10 dB by going from a single receiv2r to spaced rig. 5 illustrates this change in forward
receivers for which the spacing was I I kn. reflection with frequenc over a fairly smooth

bare ground surface (Straiton, 1952). This
The attenuation through the total atmosphere figure shows that the forward reflectiot in-

May also be measured by the radiation both creases as the angle approach grazing and de-
from the atmospheric gases and from rain. The creases as the wavelength is decreased.

correlation of the loss calculated from such
antenna temperature data and actual measurements
is good for relatively small losses. If the atmo-I 21
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Allowable Angle from Allowed does not return a signal to the transmitter as
Wavelength Path Differ normal Surface a wall defined shadow in the brightened back-

Variations ground noise,
1 cm 1. 25 mm 90' 0.67 mm

30" 1, 34 mm At millimeter and hectomicron wavelengths
10' 3, 86 mm complex radar targeta respond as individual
2d 1.92 cm facets rather than as a whole, The term glint

I mm 1. 25 pm 90" 62 lkm originally was associated with changes in
300 124 pm phases of returns whose magnitudes remained
10' 386 pm essentially constant. For the wavelengths under
2' 1.92 mm discussion at this conference it is more likely

that "glint" is associated with changes in mag-
cm - Centimeter, mm - Millimeter, nitude. At slightly different angles of nbser-

S- Micrometer vation small changes in angle of incidence

from normal to flat surfaces cause rapid re-
Roughness Criteria for 1 cmn and for 1 mm duction in the backscatter,

Table 3
Passive measurements of surfaces alone

tc) or combined with active measurements may
r provide valuable data. Since radiometry is
'- I based on heat sources, angles of obervatlon

, I and phasing are not as important as with co-
/herent radiation. Since the depth of penetration

,. / of the ground decreases with increasing fro-
" / / va ~quency, the shorter waves appear to come from'/ nearer the surface than do longer ones, This

/ e is illustrated by measuring the radiation from
, / an area on the moon through a lunar cycle.

Of / Curves for such measurements at 35 and 94 GHz
I *"'.- ~ o are shown in Fig. 6. It is noted the 94 GHz

C.. //

/ /

hollection ¢oo.lflicl ' - K

For ward Reflection of Fairly
Snmooth Ground/

Fig. 5

00

-- --c IOf CtI IC I

The decrease in forward scatter is accom. '
pained by an increase In scatter in all directions rrMNrAru#f t')
including return to the transmitting point. Thip Lunar Brightness v Lunar Phase
enhanced backscatter may show an object which Fig, 6
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radiation more nearly follows the illumination of
the moon while 35 GHz radiation is less and re-
mains more nearly constan& ":-icaLing thai the
source is further under the lunar surface. Mea-

surement of the temperature of a smooth lake
shows it to appear very cold when viewed fro-n
nearly normal incidence because the sky reflected
in the lake is in a region of small atmospheric
attenuation. However only a slight amount of wind

roughness of the surface made its temperature
look much warmer because the incoming waves

came from angles further from the zenith.

The point that I would like to emphasize is

that millimeter radio wave propagation "s not an
area in which measurements can be made or

results predicted with a high degree of accuracy.
Perhaps this meeting will dispel some of the
uncertainty that exists.
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RAIN EFFECTS IN THE 10 TO 100 GHz FREQUENCY R\NGF

Robert K. Crane

Environmental Research & Technology, Inc.

696 Virginia Road, Concord, Massachusetts 01742

ABSTRACT estimation of specific attenuation although

he could not find conclusive evidence that

the theory and observations disagreed. Crane
Rain can significantly affect the opera- (1971, 1975) and Waldteufel (1973) reviewed

tion of active or passive sensor systems the available data and reached the conclusion
operating within 10 to 100 GHz or higher that theory and observation do agree and that
frequencies. Reasonable models are available the theoretical relationship between specific
for the estimation of the magnitude of the attenuation and rain rate should be used; they
specific attenuation and backscatter cross found that the difficulties lay in the problems
section per unit volume produced by rain of of measuring the rainfall intensity along a
known intensity. Occurrence prediction models path. Crane (1974) in a carefully controlled
are also available. Model calculations are experiment showed that good agreement existed
presented and combined with observations, between measurements and theory. Joss et al.

(1974) reached a similar conclusion after
1. INTRODUCTION careful analysis of another experiment. Today,

the adequacy of model computations for the
Active or passive observations of targets estimation of specific attenuation for a given

on the surface of the earth at frequencies rainfall rate is generally accepted for
in the 10 to 100 GHz range may be adversely frequencies below 40 GHz.
affected by the presence of rain or cloud along
the observation path, in the vicinity oi the A similar situation exists for the estima-
target, or above the target. The effects of tion of the backscatter cross section per unit
rain or cloud on system performance may be volume (reflectivity) for a given rain rate.
simulated given the characteristics of the At frequencies below 10 GHz, the adequacy
system and models for attenuation and scatter- of the theory for the calculation of reflectivity
ing by the rain. The validity of the simulation is well established. Uncertainties in the
results depends upon the veracity of the rain relationship between reflectivity and
or cloud model. In this brief report, models rain rate are due primarily to uncertainties

for prediction of attenuation and scattering in the drop size distribuLion that should
by rain are reviewed and compared 'ith experi- be used for the rain filled volume. Secondary
mental observations. problems exist associated with the drop shape

distribution to be ubed but the corrections
o Calculations of the scattering properties for shape are ;enerally less than 2 dB. Crane
of rain drops have been made many times over (1978) recently reviewed the calibration proce-the past four decades. The results of these dures for the SPANDAR S-band radar at Wallops

calculations have been used to model attenuation Island, Virginia and found that with a good
effects for radar and communication systems radar calibration procedure, a detailed
and to calibrate weather radar systems for use knowledge of the drop size distribution and
in measuring rainfall. The adequacy of the corrections for drop shape, radar observations
calculations for the estimation of attenu- and cross section estimates based on rain rate

ation over a wide frequency range has received observations agree to within 0.9 dB rms. The
considerable attention. Medhurst (1965) uncertainty in the comparison was primarilyreviewed the results of experiments made prior associate, with diifficulties in estimating the

to 1964 and concluded that the measurements rain rate for comparison with the radar measure-
and theory did not agree. He suggested that ments.
a purely empirical approach should be used for
the estimation of specific attenuation at a In recent years, models have become avail-
given rain rate. deBettencourt'(1974) reviewed able for the statistical prediction of the
the state of the experimental observatioos occurrence and severity of rain effects. Crane
made prior to 1972 and also concluded that (1979) has developed a climatological model
an empirical procedure should be used for the using rain rate climate regions for the world-
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wide analysis of rain effects. Comparisons .

between the global model predictions and Smo A-l n...
observations result in rms deviations of the --.-30-:
observations about model predictions of less
than 30 percent of the value predicted by the
model, for terrestrial paths up to 60 km in
extent at 11 GHz and up to 7 km in extent
at 36.5 GHz.

Thus, it is concluded that models for LAP)
the prediction of rain effects are well
established for use at frequdncies below
40 GIz. At higher frequencies the possibility -
of uncertainties still exists., The uncertainties
are primarily associated with the estimation of
the size distribution of rain and cloud
particles in the region of interest and are not
associated with theoretical problems. L,

Fr y (G4

2. ATTENUATION AND SCATTERING BY RAIN
Figure I One Way Specific Attenuation

2.1 Attenuation vs Frequency for Rain

Model calculations for specific attenuation
and reflectivity have been available for many ,o2
years. Crane (1966) made a series of
calculations using the standard assumptions: R- R& P M-u-10p #&-

spherical rain drops with homogeneous dielectric
properties distributed in space in accordance I
with a Poisson process. He reported the results
of caluculations made for 35, 70, and 94 GHz 2s"03

using both a model drop size distribution and
a number of measured distributions. More
recently, Crane (1977) published an analysis
of the sampling errors associated with drop
size measurements which showed thst a signifi- '- -

cant fraction of the spread of the calculations
for individual drop size distributions about
calculations based on the use of the Laws and

Parsons distributions (Laws and Parsons, 1943)
was caused by sampling effects.

Calculations of specific attenuation and 40 r-Y 'H,)

of the backscatter cross section per unit
volume are presented in Figures 1 and 2 respect- Figure 2 Reflectivity vs Frequency for Rain
ively, for two model distributions, the Laws

and Parsons (L & P) distributions (Laws and
Parsons, 1943) and the Marshall-Palmer (M-P)
distribution (Marshall and Palmer, 1948). The gauges, and (3) observations with known diffi-
essential difference between the two distribu- culties in the interpretation of the rain gauge
tions is in the number of small drops, the data. The summary figure from deBettencourt is
M-P distribution containing significantly more reproduced in Figure 3 together with the recent
-mall drops than L&P. The results of the published measurements of Sander (1975). The
calculations show that the number of small drops questionable data are marked by (X), the
can seriously affect the estimate of attentuaCion acceptable data by (e). The theoretical
at frequencies above 30 GHz and rain rates power law curve was based on a regression of

above 10 mm/h. a large number of calculations based upon
individual drop size distribution measure-

The summary of observations compiled by ments reported by Crane (1971). The
deBettencourt (1974) shows good agreement theoretical data are close to the L&P distri-

between the theoretical estimates and observa- bution results. The k and b coefficients in

i tions when the observations are culled to the power law relationship between specific
remove (1) observations made prior to 1950, attenuation and rain rate show good agree-

(2) observations made with a large separation ment betweea observations and theory at

between the measurement path and the rain frequencies up through 100 Hz.
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Figure 3 Coefficients of Power LawI
Relationships Between Specific LeL.7iwFIeiHAttenuation and Rain Rate

Multiwavelength radar measurements by the

E Ballistic Research Laboratories (BP.L) at 'McCoy

kFB in Florida show a similar good agreement ol
beLween measured and estimated specific 0111010

attenuation values at both 70 and 95 GHz. The R- R.W ~/
raw observations obtained from Richard and

I Kammerer (1975) together with the theoretical

calculations made using both the LUP and M-P b. Observaitions at 95 G0Hz

distributions are presented In Figure 4 for 70

and 95 GHz. With the exception of sorpe

apparently spuriously low values of specific Figure 4 Specific Attenuarion Observations
attenuation. at rain rates between 1 and 10 m~m/h,
the agreument is good. rhe data were obtained
by comparing the cross section of a corner 2.2 Backscatter
reflector observed during rainy conditions with

the cross section expected in the absence of Very little data exist for the verification

rain. Considering chat the rain was not measured of the theory for the estimation of the back-

along the relatively short path (450 m) buL only scatter cross section per unit volume for

at the target and that tile measurements depend frequencies above 20 GHz. However, adequate

upon the radar calibration, the agreement is checks on the theory have been made at lower

excellent. frequencies and no complications exist which
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could invalidate the theory at one frequency 95 Gllz. The measurements displayed in Figure 5

CV after it has been validated at another. The are reproduced from the report by Richard and

multiwavelength data obtained by BRL do provide Kammerer (1975). The measurements displayed

additional evidence and support for the theore- in Figure 6 are reproduced from the companion

tical calculations at higher frequencies. report by Currie et al.(1975). The two sets of

Figures 5 and 6 provide summaries of the cross figures represent two different analyses of the

sectien measurements made by BRL at 35, 70, and same data.

-1 --------

*00-"s == /~*o-~~~'

Sa. Observations at 35 GHz b. Obsevat~ions at 70 GHz c. Observations at 95 Gllz

Figure 5 peak Reflectivity Observations47

I ... ...

I >A .7 A. +

/ /I

a. Average at 35 GIN b. Average at 70 Clz c. Aerage at 95 GHz

Figure 6 Average of tie Logarithm of Reflectivity Obtained by Currie et a.(1975)
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Richard and Kammerer reduced A-scope photo- excess of 10 mn/h) they are considered to be
graph data. They determined the peak rain less reliable than the BRL results and will

reflectivity from the A-scope data using the not be considered further.

radar returns from range intervals in front
of and behind the corner reflector and reported The BRI. measurements (Figure 5) are

the peak backscatter cross section per unic in excellent agreement with the adjusted
volume for the range to the corner reflector. theoretical calculations. At 35 GHz, the

Precise radar calibration and attenuation esti- reported least square fit power law relation-
mation were not necessary since the corner ship for the BRL observatiuns is within 2 dB
reflector cros . section valuz was corrected for of the adjusted theoretical calci:ltions. At
possible rain contamination and the peak rain 95 GHz, the reported least square fit power
cross section value was cal.culated using the la%. lies between the two sets of adjusted
known cross section of the cornet reflector theoretical calculations (L&P and M-P). It is

as reference. Processing ,djuscment should be known that the L&P distributions tend to under-
made to the theoretical calcolations prior to estimate the number of small drops while the
comparison with the observations (as indicated M-P distribution tends to overestimate the

in figure 5) to compensate ror the use of the number of small drops. Based on expeLience,
pcak value instead of the logarithm of the the observations should lie between the two
average reflectivity as assumed in most theore- distributions. However, the precision of the
tical analyses. The unadjusted L&P curves are -XL measurements is not great enough to select
also presented for reference. Frim prior one drop size distribution model over the other.

experience, it is known that the signal return
(pulse to pulse variation) from rain has a A careful examination of the available
Rayleigh distrfbution (Atlas, 1964). The observations is sufficient to reveal the

highest signal value from 50 independent samples veracity of the theoretical calculations.

from a Rayleigh process is 6 dB above the mean Inwufficient data are available to select the

(for a linear receiver, e.g. see Crane, 1973). best drop size distribution for use with the

Since roughly 50 independent pulses were theoretical calculations. Since the drop size
sampled in. the process of detecting the peak distribution may change from one location to
value, a 6 dB adjustment was used for the another depending upon the existence of ice
theoretical calculations plotted in Figure 5. (or snow) aloft in a storm, the relatively
Richard and Kammerer experimentally determined humidity of the environment surrounding the
the adjustment to be 5.9 dB. falling drops, and the presence of low level

clouds or fog, the establishment of the appro-

Th- data reported by Currie et aL (1975) priate dropsize tribution is a meteoro-

were obtained from the same set of measurements logical problem, z a question of the adequacy
on the same radars as the BRL results. They of the theoretical model.

used magnetic tape recorded A/D output from
the logarithmic receiver at a single range 3. PREDICTION OF THE DISTRIBUTION OF
gate which could be moved in range. In post ATTFNUATION OF BACKSCATTER CROSS SECTION

processing analysis, they averaged the recorded
output and converted the values directly to Crone (1979) has developed a global model
cross section per unit volume estimates. In for thu prediction of attenuation. The model

transforming to eflectivity estimates the is briefly reviewed in this section and a
path attenuation had to be estimated and used procedure i. recommended for the estimation of

to correct the radar observations. They used the back scatter cross section. The occurrence

the empirical relationship of deBe,,tencourt of rain is characterized by an expected annual
1974) and the measured surface rain rate values rain rate distribution. The distribution

to make the attenuation estimates. Since depends upon the geographic location as depicted

that relationship tends to overestimate atten- in Figure 7. The expected rain rate distributions

uation (see Figure 3), the correction will are depicted in Figure 8.

produce reflectivity estimates that are too

high at high rain rates. This tendency is The attenuation along a terrestrial path is

evident in their data. The data also were not calculated using rain rate at the desired

adjusted for the difference between the average percentage of the year (from Figure 8),
of power and the average of the logarithm of the path length, D, and the coefficients of the

the power for a Rayleigh process (Atlas, 1964). power law relationship between specific

This last adjustment (2.5 dB) has been included attenuation and rain rate for the frequency of

*1 as a correction to the theoretical calculations interest (k and b of Figure 3; see Olsen

in Figure 6. Since the data reported by Currie

et al. require both precise radar calibration
and precise attenuation correction (the totalf attenuation values are as large as 10 dB two
way for the 450 m path at rain rates inJ2- 2



cd
et al.,1978). The attenuation is given by: u =ln(ve

d

bF b cbdv=
______ _~ cbe c =0.026 - 0.03 in R

d e 3.8 - 0.6 In R
hobOb ubD

+ ,D>d =kR (eu -1) ,<d (1) If D is greater than 22.5 kin, the value 22.5
cb ub kmr should be used in the calculation of attenu-

ation together with an adjusted rain rate, value

where: R', found by entering Figure 8 at an adjusted

Ais attenuation (dB) probability of occurrence P' =P (22.5' where
is point rain rare (from Fig. 8) P is the probability of k DJ

k,b are specific attenuation vs rain rate occurrence of interest.
coef ficients
D is path length
and u,v,c,d are empirical constants

- I depending only on rain rate.

I--

A -~ A

Figure 7 Global Rain Climate Boundaries
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-- __ radar and the scattering volume using equation
1. In using equation 1, D is the range to the
target. If D > 22.5 km, use 22.5 km for D but
do not adjust the rain rate as explained above.

- -_ _4. CONCLUSIONS

I IA model has been presented for the calcu-

! lateen of attenuation and for the calculation
of scattering cross section per unit volume
and the attenuation to be simultaneously expected
along the path to the radar. For frequencies
below 40 G1z, the model predictions are in
agreement with available observations. For
frequencies above 40 GHz agreement is still

evident but some uncertainty exists as to the
best drop size distribution to be used fo

studying either the specific attention or the
o .... ' backscatter cross section unit volume. The
Z- .. model provides estimates which fall within

the scatter of the observations at the higher
frequencies (above 40 GHz) but insufficient

A Figure 8 Point Rain Rate Distributions measurements are available to reduce the
for Climate Regions A to ! scatter enough to select the best drop size

distribution model.
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TF A1 RT iOP 01S AT MITCROWAVE- FPEQU0E-iC'±E-S

FTI ~Znvirornmental Laboratory
U. S. Army; Engineer WtrasEperimet~tto

Vcksburg, issippi

The sensitivity- of icrowave measurenents subhsurface ztructure; and (c) spatial and
to environental conditi ons has been docum,,ented emoral di-tribution ofl th-e properties. In
many tines and ias often been the limiti4:.w con- studies Lat the U.S. A rmy Engineer Waterways
dition, for oneration of variolus rndio eou. - EXoeriviert Ctation 'W2S), enshasi-s was placed

Mn. th e case of early radar- studies, oIn recuirertents, to dei eret relationships
considerabtle work was conducted towards iztetween microwave measuremnents and- terrain
proving detection of military targets and de- properti es that _oulai be furxther exoloited in
- reasing sensitivity to background or- surface noncons:act, nondestroc:tiv.e remote sensing
"clutter." M'ore recently, th-e surface itself surveys. n2ree investiogatifons conducted at

has bee.- canrs;-ered to be an imp7ortant tar't -,;4S wil-e described In this paer 'a) ra-
bccause of ta: a-4Cations o monitoring the car responses to lbocratory-prerared samnples
character of lano , changer in the su..rface of terrain materialsE; 0, sw-ept-frequency ra-ilof the oc-ean, arid various other nuantitier of dar measurements Of teirain materials; and
erioomic sIgnificance. ic) mathematical models for feasibility stu-

ies and for imp~rovement of data analysis
Ai Asurzary is presented of one such- effort procedures.

in einin theability of microwave svs1"t-ns
operating in p'ulsed-- and conti- nous-wave mowies 2 . .A.rLRxRSCDTDES OF RAD-AnRmiO
to rapidly acquire terrain data through :in
contact, measurements;. These st:udies consist3ed Laboratory mecasurerments at WES have been
of analyvsis of both- 2 abo.ratorv and fie-ld :%eas- mace on s~sand vep-etation to determine

urements Of' terr-Iin raterials and includecd the their cec'trial prorerti es at F-, L-, C-, X-,
use of computer models to ext.ran!lte the re- and. *abadfrequencies (297 to 35 Ol-s)
stilts still further. Test results, Usin;~ (Lundien 1966, Lundi en 1972). T-he measure-
swept- frequency radar mcasurwments a:; OxcLISents at F-, C-, X-, and K5a-bant1 were con-
indicate th-at estimat-es can b~e made o' power zzCcted inan outdoor test faciliity shown in
reflections from th-e surface of layered mate- Fixgure 1

ials andtha te anslitude u: tn-e suns :500ac

contributtons can te cetermine-!. Also, int-er-Fference patterns, p-raduced in -.he Dower r-
tik esof each layer of the structure.

L 11. I;CRODUCTIO::

Quantitative terrain nfm.tnisre-
quired in rany map..ao s-u--- e fo the A.~....'
Unealibrated radar cyst ems ;acbe.use_-toj

great av-%e in gathering data that can be I

acsc'-:nti ;o sb-out the earth' serface cond-
tic:..s, witnout cscrre.-,round tigute 1.- P-, - X-, an _-baad

suiip po rt th accur caczy and resz; :i o f Sci: rad'- aect fi
data are norralir. 71C tcrene

Tn Drnlnl oat f tefa_-ilit-' were the
any, nour of1 theO day, ana rev' Ul geoloIc: e- wooden a rch tnctre the aenaca-riage,
tail not osribyviszualk Sensor oytr .zad the innrcc zn cntrol rom. Measurements
generated- conslcera -l-l r-n-'pet1 the us-e f' wit'h the four-ha:, i radQar sw-, Cm .unted on z'-e
active microwave m- sco:,rer entr for coil chasr- back of teantenna carriage -.ere made on test4
acteristics. The s0oil chrceisiswih ae_> ol d vce-ton ositioned i
are usuall slce foinetgation are: the cente- cf the arzob. )'t rewave absorbent

()soil physical p:ropertie- en.tp, us ateriasz were rYtacod o., thIie s--'-'--- eo~ ocer ain
tare content, densi-ty, etc.); t surf ace and the surrc--.oding area to ensure that, radar

32

t~



-aeasure ents were of the test materials a'-ne The result:s of zCzr-utat~ions_ a' P-ban A
(see Fiue2). Th1e data were_ analyzed tt C 'quenxcies .or the rel- ative dife-le-tric con-

ttnt and elec-trieal':-cnducti;vity oCsand,

0 :WC:CtSLTND

z 0SARKtEY CLAY

91

Kigureur 5. meatietieecri

separate procedures: (a) tests In whchmc- cnstant versus oas-
daence angle was vari-ed (signature test, see t ure content. 330

Fi4gure 3z were u..ed t;o deterzine t:he

0 ~ 5 W WO~ a s

Fis-ure 3. Tyrizal radar sIgnature-ME

at -and.ME

tent, of b-are andweeasn-erc o;ax

(e.t='-eertL--tssa-::eFi urrK o

SAMPE WIN,1 tItlS results fo h eai~ di" ctr~
of and, stand aew. so;v f- another

Ob~~ en:~-C-cntra in eraes of lab.,ratory t:ests a,1 *t 3r
tetresults CcsTh--ard and in-terfe r-er-1-3C to !-c Pa-.Bth

.. itueco:.. .. sens oi resu-lts at- the !- a7ALs-

we-reud to mesr swt::etr-tee ce=nui tive deeticos anta,c tnvuso-: water

of th-e wave-s at tlxe various fr-ocis ay sod -tend toez; t-ucIthe curve, the sand so;is 'edto group on the1> -33
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- - PARALLEL POLARIZATION S

1014

o!02 03 04 05 06 07S WATER CONTENT. G/CY 3

h. PERPENDICULAR POLARIZATION Fiur 6 Smplified block diagram
for swept-frequency radar

Fi gUre 7. F ,fect of water content- system.
on reaiedielectric

CC-tn . Sand', sit1:di to th-e target '-r -' decreases sothat the
frlqany sol - ,-7 -nt c mes shorteLr in the arge

freauen -1 !.'7'-ial than it is in air. The signal con-
tSnue to travel int-etrget Material ,n-

tart~~~~ o4 tn 4 .ctt t stie nte nterface between rate-
_.ter~~i-ae.--s fet * -- v be-, Zarti~l 4  rals whose elect rical troserties contrast.iicaused b- h', nneri -z--"- water i--. heln Lt gaiflI reflected ad -aallyI.'q Soils is3tead of tne zo:± tve itself. trL.-sm.itted and conti:.ues en in t-st manner i n-

Soe te at n asof_ Is 4rectlIy oetflitely (touhreal ttenatd) The
on tesurface of tnea soil particles .absorbel- refie~ted wave- from the s-u-rface and subsurface

z.a rbzsical state di ._c'rent from- thrt of - terfacea b i asto~aT they- travel3

Iwater orfree water hel i te srac" tac to the rcuoiving antennra, the sigal is
betw.een the aart c as. ne absorbec, Water h as the n a=-)ifie d in the wide band receiv;-er, anndarezatave ustcrcconstant th at isM-! muhzbautt Ca-. d- iszae jas a Uncino

±sthan that zf free vat .er; thus U ol_ wt fresuencv,. :--te subsurface reflect] ;on com-

small rarticlesi'large surface areas cotherr- One S out of cha±se w 7t'tie surface reflection,
respiondingly larre amounts -of absorbed water). un d- Sliu -s -taton results, and the net
nave relativ.e dielectric c-stants lesz tnan return to the r.ceiv-.er is minimu- i eithr

50-- with large sart.-cles (gma1le. sufc .fe reqzenoy Or ta ne centn is varled3
SIareas with corxesponcinglj -ess am-,unts of ;gty the w.av.e aludscan add and the

absorbed water. ret -;r to the rezeive'- w-zUld be a aaiu.AS IAlth-ouFh tt e test res-ults -idie-ste 5 that 'recie- -O-atvo "-a 'ew h-uncrec
stnadsingle - D . .... .. r manr art --f threlat~ve dcezcurDo con-

not eneall sutabl fo Urctl obtinig zantfor urrain mat.erials is -mal;L hquantitativ.e information ne n ecrc-ios "trefore, a:. estimate for the real t-art of
prorzrt4 -f target, mat erial, thea infor- 0,1 - relative diHelectric cOnstant can bea com-

£tion required fo-r such calculations may be ~ :~from th-e tower reflectance value.j
0. -otai ned f ro ma~sr vzn-.ith uneclally de- r w the s~wert-frequ.ency radar
signed m;cro1JavL xi-t-s'uch as thea oweot- sy-te. in opea ion at WEi-S 'Luncien 19-72). J
frequenlcy radar Fr.urther, the cdee- All t-h ea--e--t necezsa-rv fo" radur_ mea sure-

trclnroe--ve e t -C nd to be strongly Me-ntsdaand ...-=tru_-h mesrmnswas car-

to L*'no of sI.ssis oft---enara's the lar'e anten-
na -,ee se -0transm-it and receive Tile

EELr' frc::uncis-' 5C toc- :mz, dt ~ -

antcnn"- wer used to transmit an~ eciv
A nidolifi c -'- mo a -wnt- th enenc'e of :oCc t6s i--e n-

Of signal o.-lao t'-In Ca t-_ . on t'-.end' -% d. _Ir- The
frezuen-- sgna. ;.irect-t _,-n va -.- a - aoe

Lle. ... ten.a d-. "_0 tae r CE.- oaeZ C*l;-- ; - 0" -4U-tors,
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microwave systems were selected to emphasize
.4 penetration into the layered matecials and

YMPsU .1 ranged from tens of millimeters to hundreds
I of millimeters. Radar systems operating at

these wavelengths and using swept-frequency
I otechniques for processing signals car b2 usea

______ to measure reflectivity and optical thickness
of layered media, thus providing a means for
estimating the dielectric constant and the

physical thickness of the layers. Swept-
frequency radar measurements were also found
to vary with the sx-face roughness of the
ground in a predictable manner and thus may

T offer the means to separate the effects of
target geometry from the measurements of elec-
trical properties.

Figure 12. Comparison of predicted and measurad REFERENCES
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SIMUlATION 0i MILLIMETER WAVE PROPAGATION IN TilE
ATMOSPHERE

Jerry 1lopponen
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Sunnyvale, California

ABSTRACT*

I. INTROPUCTION refractivity of moist air, N is the (complex)
dispersive refractivity due oYoxygen absorpLion,

Holecular resonances of oxygen and water and N is the (complex) water vapor refractivity.
Wvvapor make clear, non-turbulent air a natural The dispersive contributions are calculated by

filter over the EIIF (10-300 Gliz) range with trans- Liebe's formulation (1977) which includes line
fer, shielding, and emission properties not found broadening by foreign gases and also has Zeeman
at lower frequencies. Dispersive absorption and Doppler broadening approximated. The non-
causes attenuation, signal transit time varia- dispersive part is calculated by the formula of
tion, and background noise affecting signal-to- Thayer ( 1974) and has corrections for non-ideal
noise ratios, phase, and direction of ray props- gas behavior.
gation. The application of these effects in ap-
propriate engineering problems is facilitated with Vertical profiles of atmospheric temperature,
the advent of modern digital computers which allow pressure, and water vapor content, as obtained
the latest physical theories to be applied to aid from, for example, standard references or balloon
in the design of EIiF systems, ascent3, are used in conjunction with the formu-

lation for N to obtain profiles of the complax
Computer simulation of atmospheric trans- refractive index. Figure I shows attenuation

fer properties requires an accurate correlation
between the physical state and the electromagnetic . -
characteristics of the medium. One approach, ATTENUATION

employed here, is to translate the pertinent re- D Alltl WA," '*.m

suits of microwave molecular spectroscopy 
into a 

UOw * O (

tractable form which, in turn, is used to calcu- 
A.t .^.1,,.

late attenuation, phase dispersion, and noise for
modeled radio paths in the clear atmosphere. The
complex refractivity N (in parts per million) de- -9

scribes the interaction between millimeter waves 3A./

and atmospheric molecules such as 02 and _20.

nd imsprerte byolebues (1977 and 0osean H 0.
The spectroscopic basis for calculating

o ~ ~~~N is presented by Liebe (1977) and Rosenkranz ,,-,o.,t

(1975). Various trace gases will not be consi-
dered in this general paper. Once N is obtained,
a ray tracing methodology simulates the determi- Filure I. Attenuation Due to Molecular Oxygen
nistic aspects of ElIF signal propagation, and Water Vapor

2. n ETdg ODS (imaginary part of N, Im (N)) at 57, 60, and 63
Gllz through a standard atmosphere. Figure 2

Tt is assumed that ray tracing theory is shows the real part Df N, Re (N), expressed as
applicable to tie simulation of the effects of
clear air onl signals between 10 and 300 GlIz.

PHASE DISPERSION
so no edge diffraction, surface reflections, or oeo.,41,ooIW ANO

hardware effects are included. The frequency S W*,,5VA0

range is restricted since below about 10 Gliz the ,
lower atmosphere has little effect but the iono- 0 -
sphere may cause changes in signal direction, 7
strength, and polarization. Coupling between
environmental conditions and the mathematical I ," I
formalism is through the complex refractivity

N N +N . -o C USSO
0 cxv wv' A 0 OlUN. ..A

where N is the (real) frequency-independett
o Figure 2. Phase Dispersion Due to Oxygen

*ABSTRACT is It the end of the paper. Author and Water ,apor
did not comply w'th lo.,at.
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phase dispersion. Although 60 G0Iz attenuation All integrals may be evaluated numerically by
predominates in the lower atmosphere, the reduced adaptive Romberg integration, which shifts to
pressure above 20 kin causes line collapse, re- higher order methods to accelerate convergence.
suilting in relatively small attenuation. By con- To facilitate computing, special numerical methods
trast, 57 and 63 Glz are close to absorption line can be devised to greatly reduce the time required
centers which entails the continuing attenuation in obtaining both TD and TU . The resulting ray
at these frequencies. This effect offers the pos- trace program proceeds in a surface-to-space
sibility of selective shielding by the atmosphere. fashion and provides information useful to EHF

system design.
In order to blend the complex refractive

index profiles into a ray tracing program, several 3. RESULTS
additional points must be considered. The spher-
ical form of Snell's Law yields an expression for Computer ray tracin with a vertical ray
curved ray path length as path through standard summer and winter atmospheres

( r, reveals the seasonal variation of attenuation
S (*, h)2= d/dh = 1 - En (h ) (r + h ) shown in Fizure 3. The shaded window regions

o2.0" T"h (0 ) exhibit less change than the narrow absorption
cos 0 ] bands where attenuation may vary over 30 dB. The

where 9 is the ray elevation angle at the initial
height i and -6 sliot CLEAR AIR ATTENUATION

0 n (h)- 1 - 10 Re (N(h)). o.' . I
Evaluation of S(O, h) at points between consecu- .tie reporting al~itudes is accomplished by first J ! , .

interpolating the (real) refractive index n (h). ,, \
Although several interpolation methods are widely JI
used (e.g., linear or exponential), a method based I I'
on the gas law and the hydrostatic equation .... '
(Ilopfield, 1969) is adopted since it is derived
from physical principles. Interpolation of tem- Cu S. %".:'t3

perature and attenuation between data po is I,,' " I
done linearly. For small values of 0 (less than ,, Idon li e ry om s
one degree) the expression for S (0 , 0h) becomes . ",L -

numerically unstable but can be approximated oy N o 15 M M.-

a closed-form quadratic expression similar to ict.. ,c .
that given by Blake (196.q).

Figure 3. Ciear Air Attenuation
The interpolation methods above are incor-

porated into a computer program to evaluate such crossover in the 60 Glz band (which is taken to
quantities as include the isolated I line at 118.75 GIz) re-

flects an intricate temperature dependence. TnerS (8 o , 10 dh (ray path length) behavior around 60 Giz is exemplified by the two

inserts, the bottom one showing phase dispersion,

so} n (h) S (0 0 dh (radio range), and but is not calculated owing to the number of addi-
tional computations required.

J o%(h) S (P, h) dh (attenuation), where
The effect of dispersion on ray bendinE and

oC(h) is power attenuationa phase delay is most pronounced at low elevation
angles and is shown in Figure 4 for 00 and 45 ° .

Here 11 Is taken to be 80 km Instead of 00as the
contribution of the atmosphere above this level
is very small. The noise temperature due to radi- L
stion downwelling to the Earth's surface along a MEi
ray of elevation 0 is

CK(h) T (h) TD (h) S (9, h) dh -,

where TD (h) = exp ( O(t) S (9 , dt).
D0 " ."Radiation upwelling to a height K yields a noise

temperature . .

TU=SO~h T() u(h) S (0, ) di.-
Where TI (h0 = xp ( (0h (Po t) dt).:

ir Figure 4. Effect of Dispersion in Refractivity
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Radio range was computed both with and without proportional to ambient air temperature.
dispersion: the difference is plotted as a func- rigures 3, 5 and 6 can be used for a coarse
tion of altitude. As suggested by the lower in- approximation to the effect of the atmosphere
sert of Figure 3, che dispersive effect at 57 and on annual, vertical, earth-to-satellite linkL 63 GHz is much more in evidence than at 60 GHz, performance.

which is approximated by the straight line through
the center of the chart. The wavelengths are 4. CONCLUSIONS
roughly 5 rmn, so the range difference is rela-
tively large. Molecular absorption by atmospheric

gases poses an ever-present constraint on the
!Noise temperature due to atmospheric emLssion design of systems in the 10-300 Glz band.

is a consideration in determining overall signal- Transfer and emission characteristics can be
to-noise ratio of millimeter wave systems oper- predicted from profiles of meterological data.ating through air. Figure 5 shows an extreme sea- Accurate computer calculation's of radio wave

sonal variation of noise temperature due to radia- propagation effects require a sound basis in
tion upwelling along a vertical ground-to-space physical theory, laboratory verification, and

numerical methods. The major uncertainties
for predicting system performance lie in the

1 variable nature of the air mass in general and
.'~ .. also in anomalous water vapor absorption in

p the window regions.
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change, the other bands may show changes exceeding Thayer, G. D., 1974: An improved equation for
70 kelvins. the radio refractive index of air. Radio

Sci., 9, 803-807.IDownwelling radiation yields nearly the same
noise temperature as upwelling radiation, except ABSTRACT
when absorption is strong as shown in Figure 6.

Design of millimeter wave systems is facili-
"'- - -tated by computer simulation of the atmosphere's

contribution to signal attenuation, phase delay,

0 dispersive ray bending, a..- noise temperature.
The discussion begins with the complex refractive
index of air, which couples the mathematical
formalism to the assumed physical environment,
and proceeds to the integral expressions for
curved path length, radio range, cumulative atten-

| 0- uation, and noise temperature due to upwelling
and downwelling atmospheric emission. Numerical

methods pertinent to the evaluation of these in-
tergrals are described. The overall methodology
of the ray tracing computer program permits use

,, .20 , of actual air data as well as standard atmos-
0 0 , o pheric models, and models propagation through in-FRIOUS. NCY •, I

homogeneous clouds. Results are presented on
Figure 6. Noise Temperature for a Winter seasonal variation of attenuation, the effect of

Atmosphere dispersion in refractivity, comparison of upwell-
Ing and downwelling noise temperatures, and the

When atmospheric penetration is limited, the noise effect of climatic extremes on noise temperature
detected by a ground-based antenna is rougbly at several viewing angles.
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120 NEAR MILLIMETER ABSORPTION: THE EFFECTS

OF LINE SHAPE VARIATIONS

Dr. Douglas R. Brown anti Donald E. Snider

US Army Atmospheric Sciences Laboratory

White Sands Missile Range, New Mexico

ABSTRACT purposes as the product of three factors,

The fundamental atmospheric attenuator K(v) = Line Strength x Number Density x

in the NMMW domain is water vapor. The
laboratory 1120 NMMW absorption spectrum Line Profile Mv) (1)

contains an anomalous component variously
ascribed to far line wings, water dimers, = x N x € (v)
or water clusters. Statistical line

where the frequency dependence has been~broadening theory argues for the modifi-
cation of traditional line shapes. We confined to the line profile function
introduce the Super Kinetic line profile (v). In general, the line strength S

to incorDorate the results of statistical depends primarily on the molecular model

line broadening theory, and demonstrate including such quantities as the dipole

a possible resolution of the **1 HZO moment, the energy levels of the line in

spectrum anomaly. question and the wolecular partition
function. The line strength can be

As has been known for some time, the use measured quite accurately and theory and

of standard theoretical techniques to experiment are in good agreement. The
number density, N, depends for the mostcompute near millimeter H20 vapor absorp-

tion gives results which do not agree part on environmental factors such as

with experimental measurements in the temperature and pressure, once the basic

psuedo windows between strong 1120 active constituent has been fixed. The

lines: the measurements art consistently line profile function, ¢(v) is a statis-
higher than the predictions of theory tical quantity describing the average
(Butch, 1968). This discrepancy has distribution in frequency of the photons

been ascribed to poorly known line absorbed by the active gas. As such, it

widths (Frenkel & Woods, 1966), far line is a potentiall) complicated function of

wing contributions ignored in the compu- the molecular model and the collision

tation, dimers (Gebbie et al., 1968), process.

water clusters (Liebe, 1979), and various

induced dipole effects (Waters, 1976). In our review of the H20 vapor

We will briefly present our reasons absorption problem it was the line
for believing a natural modification of profile that we were led to consider as

the standard theoretical approach for a possible source of error in'theoretical
computing water vapor absorption provides computations. The use of different line

marked improvement in comparison to profiles, such as Van Vleck & Weisskopf

experimental data. (Van Vleck & Weisskopf, 1945) or the

Gross (Gross, 1955) line profile, provide

I. GASEOUS ABSORPTION COEFFICIENT different predicted absorption and thus

the theory - measurement discrepancy

The gaseous absorption coefficient also varies. , There further appears to

for a single line can be defined for our be no foundation for either to be
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selected as the "correct" profile for collision physics and is therefore
1120 vapor line shapes. A similar independent of the collision forces.
discrepancy exists in the infrared The impact approximation confineb the
domain in the 8 to 12 micron, and 3.5 Lo primary effects of changes in the

5 micron window where 1120 associated collision environment to the line width

absorption cannot yet be predicted by parameter and the line shif.z. It should
theory. The existence of a similar be noted that quantum mechanical trcat-
discrepancy in two widely separated ment of the collision process made using

domains where theory cannot predict H20 the essumptions of the impact approxi-
vapor band absorption in windows near mation do not change the resulting line
1120 vapor band absorption is at the profile; they do provide a better value

least a remarkable coincidence. We for the line width and line shift

believe that it might be more than that, :,arameters.
rather that a similar mechanism is
responsible, in part, for bori. The Impact Theory domain can be

best summarized by considering the

2. LINE PROFILE DERIVATIONS collision time t versus the radiation
c

time tR . In general, the impact

The two profiles commonly employed approXima ; n requires
in the calculation of molecular milli-

meter abscrption are the Van Vleck & t<<tR (2)
Weisskopf (VVW) profile and the Gross c R

V(henceforth termed the Kinetic) profile.
'he derivations of these profiles are that is, the collision itself occurs
fundamentally an~alogous. Each is based during only a small int-rva! during rihe

upon classical principles of one dimen- radiation of a photon. When this

sional harmonic oscillators, interacting condition is violated, the impact theory

with a spatially uniform time varying will not apply. 3ince t = Av- where
electric field. The differences between Av is the frequen.-y shift from line

the two are primarily due to the assump- center, eventually for AV large enough,

Lions as to which final state the t will be less than t and we must
c

perturbed oscillators are allowed to consider the tire evolution of the

relax, and how that relaxation is allowed .- ollision.
to occur. Gross 4n his derivation

employs a inetic equation to solve for lWhen this situation occurs the statisti-
the absorption, while VanVleck and cal approximation holds. The theory now
Weisskopf solve the oscillato, equation must consider the collision with an

itself. The resulting expressions are ensemble of pertnrbers, occuring over a
then quantized to proviee the actual finite, that is extended interaction

profile functions. Lime. The specific form of the inter-

action potential bec.mcs important in
ImpI. assumptions have been made this description, ns the line profile is

in these derivations ,.hat have become predicted to have potential dependent

clear as collision theory has grown frequency behavior:
(Griem, 1974; Breene, 1961). These

profiles are now included within the
class using the Impact Approximation. n(3)

v n
Within .his approximation the following

Sassumptions are made: a) thor =1 where n is the exponent in the inter-

collisions are instantaneous, and b) action potential, E = r In the
that only binary collisions occur, that present context, n varies from 3 to 6

is the molecule collides with only one spanning from dipole - dipole to dipole -

f perturber at a time. The resuitinig line induced dipole interactions. Thus, the
profile is not sensitive to the detailed proliie frequency dependence varies
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from -2 te -1.5 in the liu- wings Osk(v,() = NOR¢! (v 0
2 -V2 )

(Townes & Schawlcw, 1955). j 2yv
The point at which the transition from lV-vo1<Av

impact to statistical broadening occurs NORM [(V2),
is not well defined, depending on both = X- +

temperature and pressure. Generally, it 2 (

increases with temperature and decreases
wich pressure. Cold, low altitude con- Iv-voI>tv (4)

ditions sholdd maximize the effects of
statistical broadening, where X is defined such that

3. APPLICATION TO THE FAR INFRARED Isk 0 m

In order to incorporate the results lim (h (V-o=+v (5)

of the statistical broadening theory, a 6-0 o
profile function must be selected and

modified. In the context of the deriva- Ask
tions of the Kinetic profile and the
VanVleck&Weisskopf profile, it is not V-Vo=Lv m . NORM is a normalization factor

possible to introduce a modified intcr- defined by
action potential and proceed w"h thei;

respective methods tf solution. First,
because their methods do not allow for d sk<Mv)dv = 1 (6)
more complicated potentials, and second,
because so doing would not change the 0

impact approximation which is a neces-
sary pa,.L ,f their theories, we decided The normalization of the Kinetic LineSto heufistically modify a profile Profile and Super Kinetic Profile was

function to allow, but not force, the computed ni~merically for lines at

inclusicon of statistical broadening iifferent frequencies Vo and was con-

effects inIto thC profile expression. firmed to be in agreement with eq. 6 to
erwithin ±0.1%. Explicitly, NOM' is~def-ined
The Kinetic Profile was chosen for this
modification primarily for esthetic

reasons. there is no reason that the NOW1 = SIN (7)
VanVleck&eisskopf could not also be n.
employed. The modifications to the standard Kinetic

-= IThe modification consists of allowing Profile are the i exponent which no

the far wings of the line profile, longer must have a value 2, but is

beyond some frequency LVm from line limited by normalization constraints to

center, to deviate from the essential
Lorentzian behavior at line center. The l.O<iIo (8)

cores of the 1120 lines have been demon-
strated to be Lorentzian to a high and by the Statistical Broadening Theory

accuracy (Liebe et al., 1;69). The new to the range
profile, which we nave named the Super

Kinetic, is defined as 1.5<n<2 (9)

for potentials of interest here, and the
crossover freuercy AVm from impact to

statistical broa..ening. The range for
Av is not as well determined as that
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The parameter n is contiolled by functional form of the line profiles i.

the relative number densities of perturbers this frequency domain, this must be

with different interaction pctentials expected. Any increase in line attenua-

with respect to the active 2..ecule, in *ion will be reflected in the line wings
this case 112. Thus, ', sho,.d Lhange - :1ow 20 wavenumbers (600 GHz) as a V

with different buffer gases and different oendent term, since all the valid line
relative humidities. The frequency )files go to zero at zero wavenumber

crossover Av should be most sensitive V 2 . For this reason, a fit to experi-

to temperature and pressure changes, in- mental data for one set of physical con-

-reasing for higher temperatures and ditions is not sufficient to test the

lower pressures. hypothesis. Data are required on th,
detailed pressure and temperature depen-

4. ANAL'SIS OF 1120 MILLIMETER ABSORPTION dence.

Water Vapor absorption is :alculated A preliminary confirmation )f the pres-
theoretically using standard high resolu- sure dependence was made by .* ,tbek-,'on

tion line by line techniques where the et al. (Aganbekyan et al., '971) in ie

AFGL line parameters (McClatchy et al., submillimeter windows at 34.5, 27.8, and
1973)) are used for characterizing the 22.2 wavenumbers. They found that in
H20 lines. This tecnnique employing the those windows where wing absorption

usual line profile functions provides a predominates the absorption depends on
fit to general 11iO experimental data pressure as
shown in Fig. 1. The normal recourse in
light of this result is to employ a = 1.9 (10)

"continiuum" contribution, empirically

determined, to force agreement with the for constant relative humidity. This is
experimenta: data. The source of this in agreement with our value of rqzl.88.
continuum is still a point of some
controversy (see this conference proceed- The available tewperature dependence
ings). dataaremore difficult to interpret and

have not been completed.Use of the Super Kinetic profile can 
I

change the result significantly. Because 5. CONCLUSIONS
the application of a rigorous statiszical
broadening theory to the 1120 molecule is The Super Kinetic profile does
beyond the intent of this paper, we have produce a significant improvement between

fit the .I and AVm parameters to the experimental and theoretical H20

data. The result is shown in Fig. 2. millimeter absorption. The degree to

The values found for 760 torr, 298'K, which it explains the discrepancy must

7.5 gm/M
3 1120 alsolute humidity were await a more complete application of the

3 3=1.88, and A% ,x'IO halfwidths. There statistical broadening theory to the 120

now appears to be no need for an N: molecule and a subsequent comparison to
millimeter continuum. experimental data. Tlhe present result

should at least argue for the considera-
Though this result is encouraging, on of more complicated collision
caution must be used. The absorption effects in the 1120 line formation
in the I0p and 411 windows due to 1120 problem.
should also be, if not explained, then

r the size of the discrepancy significantly REERENCES~reduced by this same mechanism. Such a
_ result see..s hopeful.r t heAganbekyan, K. A., A. Yu. Zrazhevskiy, M. A.
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J. Hank Rainwater, J. J.Gallagher, P. B. Reinhart

Georglia Institute of Technol.igy

Engineering Experiment Station

novl ea-wvenuide millimeter radio- La'aoy(H l n~ashington, D.C. Antenna
meter feeding a 10 fotparabolic dish has emrtesothskfrvaiuaro-been used to meas~ire seasonal atmesone, c pheric conditions were recorded and comparedemissions at 94 GH-z. The radiometer incor- with thceki ~ utos bsdon V
which allows Dicke switl.1in5 and cali~ration

Georgia Tech. using a sincle circulariy Uicke swi~.ched radiometer began at Geornia
polarized cavity is used to inJect the LOI into Tech (G-., t Ia ol emtteULlPds

a Schottkv barrier miyer. Tile radiomectric to beopeierated in the prime focus mode.
antenna half-powter :neaawidth is under 0.2g. necause the prime focal length of the
thus these measurements represent atmospheric antenna is approximately V', the radiometer
variations occurring witnin small spatial ften feed must diverge the radiation
elements. Measurements to date have been made over a large angle (with appropriate edge
during high humidity, summertine conditions: ;lumination taper' in order to achieve tne
And during less humid, winter sKy condit-ions: narrow antenna beamwidths desired for
the data show seasonal emission variations atmosoheric otservations. In order te
due to clouds and otner atmosphe-ic conditions. fulfill these requi rements, a novel beam
Ground based mneasurements at the Zenith and wavegulde radio-neter front-end scheme was
celestial equator with varyind4 -ata integra- devised. The q-.;asi-opticai approach dleveloped
tion timexs have -been made. Antenna ten- allows Dicke switching and calibration load
peratures of the solar radiospnere have also 4magmna to be performed behind tile 10. dish
been -easured at a variety of azimuthal anoles feed horn, thus eliminating the problems ef
and atmospheric conditions. Theoretical cal- switchina a Iiiqhlv diverqinq beam.
cul-~tions incorporatina state-of-the-art H.,
0 an~d 0, absnrptIon line shape expiressiobs. Figure 1 shows the Pr portion of the
w~ter vaoor distribution, temrperature a nd radiometer in block f orm. . The bear:
pressure profiles, have oeen performied ana waveguide consists of three lenses equally
exhibit a disparity with experimental measure- suaced at twic.. the focal length o' a Sinale
nents. lens. Goubau ('-1 showtnd that a reiterative

field having linear polarization, a Gaussian
The empirical measurenients have been dlistributed radial amplitude and a uniform

reouced into a variety of formats including vhase front would appear in the center plane Z
potter spectral density pliotS which aid of each lens when the lenses were of finite
understandinu of the nature of atrospheric diamieter and had a varan oloidal surface. f
I"clutter". Tneoreticai calculations are cop.- -The bean waveoulde is excited -by conical C
pared with the experimental -easurcrvents and norns in .;R-10 wavenuide. The complete beamR
differences analyzed. waveguide portion of the radio--eter with

trelenses anJ two horns has a total
1. 1i~T0~JCiOHinsertion loss of 2.8 dB referenced to sne

conical horn waveguide ports (see inset in
The nature Pf clutter in at.mospheric F iure .

emssion. i.e., sh,)rt term fluctuating conpo-
nenn's of eission. is not we'l understood nor
rha-acteriZe4 in the mnllimeter wave reaion.
Inis program was esta-ol ishe- -by DARPA to ne I
establish a d4ata base- of atmspheric enission
statistics wch would allow realistic system *-.his reasurement program is furddb hplanning, especially for duwn looking target *ddbth
diet ertion raioetrs Th ds-!aval Research Laboratory under Contract

radimetrs.Ther~ea'~r-~-s ds- o. N00173-78-C-0'65 to the Georgia 'Inst'tute

_______of Technology.



~~"I

2will!"II' VWNAI-

V. I d L J

49.



Dicke switching is accomplished with a 3. THEOHETICAL STUDY
motor driven "bow-tie" chopper set at 450 to
the beam waveguide between the first pair of 3.1 The Non-fluctuating Atmospheric Model
lenses. The chopper alternately switches the
radiometer beam between an ambient temperature Atmospheric antenna temperatures may be
reference load (black-body) and the beam calculated from model atmospheres based on the
switch reflector, viewed through the second solution to the differential equation of
lens, at a 40 Hz rate. With the beam radiative transfer originally developed by
switcher in the position shown in Figure 1, Chdndrasekhar (1950). According to a mothod
the radiometer Is Dicke switched between the developed by McMillan et al.(1977), if the
reference load and the medium viewed via the atmosphere can be vertically stratified into
third beam waveguide lens and horn. The horizontal slabs, with constant values of
second conical horn feeds a circular pressurn, temperature and water vapor density
waveguide horn which in turn illuminates the the antenna temperature of each slab as
10' parabolic dish (F/D - 0.33) from the measured by a radiometer would be-gveSn
prime focus. TSA • T(1 - e atsecO) + Toe'asec°

Calibration of the radiometer is accom- 
SLAB

plished by rotating the beam switcher to view where TSLAB - antenna temperature of slab
either an ambient temperature calibration of thickness t viewed at
load or a heated calibration load. When the zenith angle 0.
ambient load Is viewed the radiometer yields T physical temperature of
a zero output which can be compared to the slab.
output obtained when the hot load is viewed, a - atmospheric attenuation,
All front end losses have bee,:, accounted for inverse length units.
in the calibration procedure since each T 0 antenna temperature that
calibration load is viewed through a single would be measured above the
lens, while the radiometrically observed slab.
medium is seen through two lenses, a conical
horn and dish feeding horn, with respect to The parameter a is a function of the
the Dicke reference load. contributions of the millimeter and submillimeter

H 0 and 02 absorption line wings in the 94 GHz
The double sideband NF Information is "&indow". In the NRL program, 39 H 0 and 40

down converted to an ir frequency (U.9 to 0 lines up to 1000 GHz were included in the
2.3 GHz) via a single ended Schottky barrier cgmputation of a.
mixer fundamentally pumped by a reflex
klystron at 94.556 GHz. The local The computer program which calculates the
oscillator is injected through a directional antenna temperature of the atmosphere according
waveguide filter designed and built at to summations of equation (1), divides a 50 km
Georgia Tech. This filter differs from the atmosphere into 500 slabs of equal thickness.
conventional two cavity structure in that The temperature, pressure and water vapor
only a single circularly polarized cavity is density of ench slab are obtained from Air
used. Because the cavity is polarized with Force Geophysical Laboratory (formerly AFCRL)
two orthogonal, degenerate TE 2 mode5, standard atmospheric tables. Ideally, radio-
nearly 100 percent of the incideh power is sonde data on the measurement days in question
coupled Into the cavity. This results in a would more accurately model the atmosphere;
relatively low loss, reflection-less filter however, the data obtained from the National
that can be constructed to provide 1.5 dB Weather Service errived too late to be
local oscillator signal loss and 0.5 dB RF incorporated into the current theoretical
signal loss near 100 GHz without difficulty. calculations.

The IF output of the radiometer is 3.2 Studies of the Fluctuating Components in
detected by a tunnel diode, operating in the Emission
square law range, and synchronously amplified
and integrated by a lock-in amplifier. The 3.2.1 Introduction
lock-in amplifier (Ithaco 391A) has adjustable
video gain and low pass filter bandwidth The atmospheiric model di'scussed in the
controls enabling the radiometer to operate previous section is fairly simplistic in its
over a large dynamic range. (For instance approach and thus leads to analytically
antenna temperatures of both the sky and the tractable solutions. For instance, by
solar radiosphere can be measured accurately.) neglecting scattering effects in layers of
The integrated radiometer output voltage cloud and rain the radiative transfer
(proportional to antenna temperature) has equations yield simple integral expressions
been recorded both by chart recorders and which can be Pvaluated numerically as in the
magnetic FM tape recorders, non-fluctuating model. However, in order to

more accurately model the atmosphere, clouds
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and other inhomogeneous regions need to be equations for brightness versus frequency
included in the formulation of sky brightness up to 300 GHz.
temperatures. The authors are currently 2. G. G. Haroules, W. E. Brown, "A 60-GHz
studying and searching the available litera- Multi-Frequency Radiometric Sensor for
ture on atmospheric modeling, especially in Detecting Clear Air Turbulence in the
regard to the effect of inhomogeneous regions Troposphere", IEEE Trans. Aero. Elec.
on short term flutctuations in the sky Sys., Vol. AES-5, No. 5, pp. 712-723,
brightness. Sept. 1969. -- Model turbulence regions

with respect to temperature anomalies.
Section 3.2.2 is an annotated bibliography 3. A. M. Zavody, "Effect of Scattering by

of this on-going study. Most of the Rain on Radiometer Measurements at
referenced literature treats the case of Millimeter Wlavelengths", Proc. IEE,fluctuations at ground level along hor.zontal Vol. 121, No. 4, pp. 257-263, April

paths. The importance of wind velocity in 1974, -- Emission from rain due to
moving inhomogeneous regions through the scattering effects at 37, 72 and 110

- antenna beam is indicated in Reference 9. GHz discussed. Correction term to
One phase of the experiments which are being antenna temperature for rain in beam
performed provides foi observations in the area derived.
direction of the wind by moving the dish with ',. R. S. Lawrence, . W. Strohbeh, "A
and against the wind. This method was Survey of Clear-Air Propagation Effects
suggested by Dr. J. hollinger of NRL. Relevant to Optical Communications",

Proc. IEEE, Vol. 58, No. 10, pp. 1523-
Some papers have treated the effects of 1545, Oct. 1970. -- Sood treatment of

atmospheric radiation variations on the how inhomogeneous regions are modeled
vertical measurement of fluctuations in in the optical region Large and small
antenna temper. ure [o, 15, 21, 22 and 24]. scale refractive variations treated.
Reference 24 repo~ts on calculations of power 5. J. W1. Strohbehn, "Line-of-Sight Wave
spectra in thuo submillime er wavelengqh Propagation Through The Turbulent Atmos-
region in the range 6.5 x 10-t - 1.6 x 10-  phere", Proc. IEEE, Vol. 56, No. 8, pp.
Hz and I - 200 Hz and have indicated that no 1301-1317, August 1968. -- A review of
excess noise has been detected. These were treatments involving random fluctuaTions
reported for one site in the Italian Aips. from optical to ril111iaeter wavelengths.
More recently, fluctuation measurements have Geometrical models of turbulent mediums
been reported by anoLher Italian group, and presented.
their :ork is currently in preparation for 6. A. Ishimaru, "Fluctuations of a Beam
ublic ion. Wave Propagating Through a Locally

Homogeneous Medium", Radio Science,
Reference 15 is primarily concesned with Vol. 4, No. 4, pp. 245-305, April 1969, --

the power spectrum between 4 x 10 Hz and Spectral features of index of refrac-
0.25 Hz of emission and absorption near the tion and its effects on fluctuations.
350 um atmospheric window. Thes. measurements 7. H. J. Liebe, J. D. Hoppenen, "Variability
were also made at a single location, of EHF Air Refractivity with Respect to
Reference 14 deals with the fluctuating Temperature, Pressure, and Frequency",
component in antenna noise temperature IEEE Trans. AP, Vol. SP-25, Ho. 3, pp.
resulting from varying atmospheric absorption 335-345, May 1977. -- Treat 40 to 140
alu:lwg the line-of-sigh,. Even in clear GHz band for simulated atmosphere up to
weather fluctuations have been observed. Th2 40 km. Present graphs of refractivity
frequency range of interest is the 1 - 10- vs. frequency, temperature and pressure.
Hz range. Operating frequencies o.' the Model 0 spectral contributions to
radiometers were S GHz and 3 GHz. Peference refract vity variations.
27 looked for long term fluctuations, but 8. C. B. Hogge, R. R. Butts, "Frequency
found no significant contrikutions for Spectra for the Geometric Representation
integration times up to 160 minutes. of Wavefront Distortions Due to Atmos-

pheric Turbulence", IEEE Trans. AP-24,
3.2.2 Annotated Bibliography No. 2, pp. 144-154, March 1976. --

Frequency spectrum of fluctuations
1. L. Tsanq , et a1.,"lheory fo. irwv versus viind vlct n nenThermal Emission from a Layer of Cloud aperture derived.

or Rain", IEEE Trans. AP, Vol. AP-25, 9. L. Shen, "Remote Probing of Atmosphere
No. 5, pp. 650-657, Sept. - -- and Wind Velocity by Millimeter Waves",
Foimulation of scattering ^rects of IEEE Trans. AP, Vol. AP-18, No. 4, pp.
layers of ciouds and rain on !'own 493-427, July 1970. -- Effect of wind
looking radiometers. Derive radiative on C discussed and modeled. Limita-
transfer equations accounting for polari- tiong concerning knowledge of path wind
zation dependence and drop size distribu- velocities discussed.
tions. Model clouds and solve resulting
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10. M. B. Kanevskii, "The Problem of the 17. R. S. .ole et al., "The Effect of the
influence of Absorption on Amplitude Outer Scale of Turbulrnce and Wavelength
Fluctuations of Submillimeter Radio o n Scintillation Fading at Millimeter
Waves in the Atmosphere", Scientific- Wavelengths", IEEE Trans. AP, Vol. AP-
Research Radio-Physics Institute, Vol. 26, No. 5, pp. 712-715, Sept. 1978. --
1b, No. 12, pp. 1939-1940, Dec. 1972. -- Theoretical treatment of data from
Show intensity dependence of amplitude reference (16). Show how varying outer
fluctuations on wavelength due to large scale of turbulence with respect to
and small scale turbulence. Fresnel zones affect spectral densities.

11. A. 0. Izyumov, "Amplitude and Phase 18. K. L. Ho et al., "Wavelength Dependence
Fluctuations rf a Plane Monochromatic of Scintillation Fading at 110 and 36
Submillimeter Wave in a Near-Ground GHz", Elec. Lett., Vol. 13, No. 7, pp.
Layer of Moisture-Containing Turbulent 181-182, March 1977. -- Original

| Air", Radio Eng. and Elec. Phys., Vol. British publication of work described
13, No. 7, pp. 1009-1013, 1968. -- in references (16) and (17).

F Increase in fluctuations in window 19. N. D. Mavrokoukoulakis et al., "Observa-
regions compared to absorption line tion of Millimeter-Wave Amplitude Scln-
centers discussed. tillations In A Town Environment",

12. A. 0. Izyumov, "Frequency Spectrum of Elect. Lett., Vol. 13, No. 14, pp. 391-
Amplitude Fluctuations of a Plane 392, July 1977. -- Time records of
Electronagmetic Wave in Submillimeter amplitude fluctuations observed over
Range Propagating in a Surface Layer of km London path at 36, 110 GHz.
Turbulant Atmosphere", Radio Eng. and C orrelation of fading with wind and
Elec. Phys., Vol. 14, No. 10, pp. 1609- temperature changes noted.
lil, 1969. -- Presents frequency spectra 20. R. W. Lee, "A Review of Line-of-Sight
for various sizes of inhomogeneities at Propagation Studies of the Small-Scale
300 GHz. Treatment has bearing on 94 Structure of the Atmosphere", StanfordF GHz modeling. Electronics Laboratories, May 19b9. --

13. L. A. Hoffman, et al., "Propagation Describes methods of modeling small-
Observations at 3.2 Millimeters", Proc. scale effects and presents some experi-
IEEE, Vol. 54, No. 4, pp. 449-454, April mental work on refractivity variations.
1966. -- Dry wind atmospheric effects on 21. G. T. Wrixon and R. W. McMillan,
signal scintillation observed and dis- "Measurements of Earth-Space Attenua-
cussed. tion at 230 GHz", IEEE Trans. onii 14. T. o fha,"heEffect of Atmospheric Microwave Theory and Techniques, Vol.
Radiation in the Microwave Region", MTT-26, No. 6, p. 434, 1978. -- This
PubM. of NRAO, Vol. 1, No. 14, pp. 215- paper is concerned mainly with observa-
250, Oct. 1962. -- Causes for fluctuating tions in the 1.3 mm wavelength region
component of antenna temperature discussed. but also describes the continuous
Variation formulated in terms of fluc- fluctuations which have been observed
tuations in absorption coefficient, on days of high overcast. These data

15 T. C. L.G. Sollner, "Frequency Spectrum should be firther analyzed.
of Fluctuation in Submillimetre Sky 22. G. T. Wrixon, "Measurements of Atmos-
Emission and Absorption", Astron. Astro- pheric Attenuation on an Earth-Space Path
phys., Vol. 55, pp. 361-368, 19 -- at 90 GHz, Using a Sun Tracker", Bell
Dual beam astronomy investigation of System Tech. Journal, 50, No. 1, p.
varations in sky emission. Shows power 103, 1971. -- Has also observed the
spectra up to 1 Hz for 350 4 window same effects mentioned in Reference 22.
region. 23. L. Lo, B. M. Fannin and A. W. Straiton,

16. N. D. Mavrokoukoulakis et al, "Temporal "Attenuation of 8.6 and 3.2 mm Radio
Spectra of Atmospheric Amplitude Scin- Waves by clouds", IEEE Transactions on
tillations at 110 GHz and 36 GHz", IEEE Antennas and Propagation, AP-23, 11o. 6,
Trans. AP, Vol. AP-26, No. 6, pp. 875- p. 782, 1975. -- Mainly treats atten-
877, Nov. 1978. -- Results of propagation uation associated with variety of cloud
experiment over 4 km London path. Shows conditions.
spectral density roll-off at 4.5 Hz at 24. S. Corsi et al., "Atmospheric Noise in

110 GHz. Models atmosphere according the Far Infrared (300-3000 um)", IEEE
to Ishimaru [see reference (6)] formulism. Transactions on Microwave Theory and
Good theoretical vs. experimental agree- Techniques, MTT-22, No. 12, p. 1036,
ment. 1974.

I



25. N. A. Armand et al., "Fluctuations of cloudiness. The theoretical atmospheric model
Submillimeter Waves in a Turbulent predicts a solar antenna temperature of
Atmosphere", Radio Engineering and 3663.4K. based on a solar brightness
Electronics Physics, 13, No. 7, p. temperature of 6500 0K, a cloudless sky, and
1009, 1968. -- Basic theory of fluc- the antenna site meteorological conditions.
tuations in an absorbing medium;
calculates the ratio of fluctuation During the morning of September 13th,
variance in absorption to non-absorp- when the sky was completely overcast and the
tion fluctuation variance, winds were calm, ground temperatures were

26. A. S. Gurvich, "Effects of Absorption considerably lower than the previous after-
on the Fluctuation in Signal Level noon. Figures 5 and 6 show atmospheric
During Atmospheric Propagation", Ibid., emissions measured during this morning at

13, No. 11, p. 1687, 1968. -- Paper two zenith angles, zero and at the celestial
covers essentially same ground as equator. Figures 7 and 8 present zenith sky
Reference 25 above from slightly emissions with short integration time
different point of view. periods. A theoretical calculation of the

. 27. F. I. Shimabukuro and E. E. Epstein, zenith sky emission based on the meteorologi-
"Attenuation and Emnission of Atmosphere cal conditions of Figure 8 yielded an
at 3.3 mm", IEEE Transactions on antenna temperature of 100.35K.
Antennas and Propagation, AP-18, rio.
4, p. 485, 1970. -- Looked for The differences between the experimental
fluctuations from atmosphere for long and theoretical values of atmospheric
integration times > 4 sec, observed no antenna temperaturis illustrate the inaccuracy
significant contributions, of an atmospheric model which does not

account for inhomogeneous features and non-
4. EXPERIMENTAL MEASUREMENTS standard variations in temperature, pressure

and water vapor distributions. Table 1 is a
4.1 Summer Measurements summary of the comparisons of theoretical

and experimental antenna temperatures which
During September of 1978 the first were described above. The experimental

atmospheric observations at 94 GHz with the values representing atmospheric emission are
beam waveguide radiometer system were on the average much larger than the
recorded. System installation began on theoretical, indicating that the real
September 8th and focusing of the antenna atm~osphere is slightly more lossy than the

was completed by mid-day of September 12th. atmospheric model predicts. In the case of
The bulk of the atmospheric observations the solar emission comparison, the higher
made during tne September field trip theoretical value indicates that the atnos-
occurred on the 12th and 13th of September; pheric extinction predicted is lower than
unfortunately, a milxer failure during the that actually encountered empirically (assuming
late afternoon of September 13th precluded the 6500'K brightness temperature of the sun
any further measurements. Included in the is reasonable).
experimental records are measurements of TABLE 1. EXPERIFEUTAL VS. IdEORETICAL ANTENNA TEMPE-EATURES
cloud effects on both atmospheric and solar
emissions in addition to zenith and IN DEGREES KELVIN .0°K
celestial equatorial sky emissions. Antenna
temperatures of the zenith sky at 22 and 31
GHz, provided by the dual-frequency NRL
radiometer, are also preserted where appro-
priate, along with the chronologically EXPERIMENTAL
ordered 94 GHz data. TYPE DATA MIN MAX TIIEORE ICAL FIGURE NUMBER

F e a s z hZenith Emission 144 173 142.2 2SFigures 2 and 3 show zenith sky

emissions at 22, 31, and 94 GHz measured Zenith Emission 139 266 147.56 3
during the partly cloudy afternoon of with CioudS
September 12th. Note the effects of clouds Zenith Emission 136 161 100.35 S
in Figure 3 as compared to Figure 2. Theo-
retical predictions of the zen:th antenna solar Emisson 2320 3182 3663 4 4

temperatures (which do not account for 4.2 Winter Measurements
clouds) based on the meteorological conditions
stated in Figures 2 and 3 are 142.2°K and At .his reporting date some of the
147.56'K respectively. Figure 4 shows how March 1979 data have been reduced into both
cloud cover affects the emission received time records and power spectral density
from the sun at 94 GHz on the same day, plots (PSD) of atmospheric antenna tempera-
Seotember 12th. Different solar drift scans tures. Figure 9 shows the radiometer output
from right to left in Figure 4 show the and spectral density for the calibration run
gradual attenuation of the sun by increasing performed prior to the sky emissions
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measured in Figure 10. Comarison of -A-FP14-

the PSO of rigure 9 with 10 shows the

effect of system signal convolution in zo A. 9SKY EH$S:NSs

the frequency domain which must be ac- W~
counted for before any atmospheric 6r
spectral feature can be determined. 140

- The large spikes in the antenna tern-
perature records are a result of in-
terfering electrical noise at the13I 09 888 03 8 0

antenna site. For a more complete ~015*13 ~1 .*13(33

presentation and discussion of the sunP333381803

winter measurement program resul1ts the FOP03 A810L3

reader is referred to Rainwater, et
al. (1979). Lo0988 S5 (t AIR TEuo' ?,to *4 -V ' 9

IF I8383 b8 -03 o !1.$HOVPO 1!%S~ 1'^0 q ) 1.-0 3

5. CONCLUSIONS 1NIC105 00se .P VAAIR 3 5 q,- 4 Jq

To date the scale of atmospher- 88838301 1300- (
ic fluctuations has not been deter-
mined. The data have shown the need
for an atmospheric model which will P 0383 3888 0E00S 81% 183180

account for inhomogeneous regions
such as clouds. Finure b E missions At Zenith On 13 Sept 78
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gested that dimers might account for the
observed excess of absorption in the gaps

between water lines. A dimer is a pair of
ABSTRACT water molecules bound by a weak hydrogen

bond; because of this, dimer concentra-

tions depend on the water vapor density and

A model of the water dimer having a single the temperature. We have made a study of

linear hydrogen bond has been used to predict excess absorption by water vapor in the

the pure rotation apd rotation-vibration band laboratory to find out two things: (l)wheth-

absorption by this species. Using Fourier er present dimer models account for the ex-

spectroscopy, we have looked for :his in the cess over prediction for monomers, and (2)
difference betwepn measured and predicted ab- whether our laboratory findings can account

sorption by wzter molecules in the wavenumber for observed anomalies in atmospheric atten-

ranges 8 to 40 cm
- 

(240 to 1,400 GHz) and 300 eation. A detailed account has been given in

t 600 cm-. However, the present model of the thesis by Bohlander (1979), and further

J.mer absorption does not satisfactorily publications will follow.

account for the observed excess absorption by

water vapor in the laboratory or by the atmos- 2.. THEORETICAL DIMER ABSORPTION

phcre containing water vapor. The nature of

the disagreement is different in laboratory We have made theoretical calculations of

and field studies. When'equilibrium samples the absorption spectrum of dimers from exist-

of water vapor ar2 studied in the laboratory, ing information about their structure. A num-

the temperature dependence aid over-all magni- ber of theoretical chemists have made molec-
tude of observed excess absorption are in rea- ular orbital calculations in order to find

sonable agreement with prediction for dimers, the hydrogen bond energy and the most stable

but the shape of the spectrum is very differ- structure, shown in Figure 1. Dill et al.

ent. This suggests that the average molecular (1975) give a useful review, and more recent
pair structure is different at no-.-al tempera- work is described by Matsuoka et al. (1976).

tures from the ground state structure of dimers These predictions were found to be consistent

found by Dyke and others in 1977 in molecular with high resolution measurements (Dyke et
beam:., it is well-known that excess absorption al., 1977) of the microwave transitions of

will be found in the atmosphere when comparison dimers in molecular beams. Ve have, there-

is made with predictions for known constituents, fore, a fairly clear idea of the structure

Even if laboratory spectra of water vapor are of dimer molecules when they are in the
used to improve the predictions, there is a ground vibrational state.

residual observed. It is characteri7ed mainly Since it can be estimated that only

by more variability than can be attributed to four percent'of the dimer population is in

dimers in equilibrium. the ground vibrational state at normal tem-

peratures, tho question as to whether dimers
retain approximately the lowest energy con-

figuration at these temperatures is an impor-
tant one. To shed light en this question a

comparison has been made of observed excess

1. INTRODUCTION absorption with a theoretical dimer spectrum

. NOcalculated on the assumption that dimers

undergo rigid rotation and small-amplitude
The importance of absorption by water hirmonic vibration. This,is not an unrea-

dimers in the atmosphere at near millimeter sonable model to try since Thomas (1975) has
wavelengths has needed clarification. Viktorova found vibration bands of the hydrogen-

and Zhevakin (1967, 1971, 1975) originally sug- bonded complex II20--HF which were easily
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recognizable despite some anharmonicity. 3. OBSERVATIONS IN THE LABORATORY
It is also necessary to make an assump-

Lion abort dimer concentrations. Although The spectral ranges that are most acces-
molecular bean measurements have given impor- sible to experimental study are in the wings
tant structural information, they tell us of the monomer pure rotation band and include
nothing about equilibrium concentrations. the predicted dimer pure rotation band and tie
These we have estimated in the usual way predicted bands fbr hydrogen bond bending.
(see eg. Bolander et al. 1969) from experi- These wire also perhaps the most interesting
mental values of the second virial coeffi- on theoretical grounds, as will be discussed
cient (Goff and Gratch, 1946). Tynical cal- later. We have studied water vapor without
culated dimcr concentrations are of tha order a foreign broadening gas since this would
of a part in 1000 of the monomer concentra- give the widest possible spectral ranges in
tion. Uncertainties in the theory on which which to search for dimer absorption.
these calculations are based will be dis- Path lengths between 20 and 200 meters
cussed later. wer needed to measure the absorption coeffi-

Figure 2a shows where dimrs are ex- cients of water vapor in the gaps between
pected to come in atmospheric composition. lines; these were obtained chiefly with
Ground level water vapor is shown with a white-type folded-path optics. Wide-band
possible variation iron 2 to 50 parts in ]000. radiation was taken from Mercury lamps or
Dimer concentrations are proportional to the glow bar sources, and Helium-cooled bolome-
square of the water vapor density; their ters or Golay cell detectors were used.
lependence on temperature is determined by Spectra were obtained by Fourier transform
the hydrogen bond energy, estimated to be spectroscopy. Supplerentary measurements of
0.12eV. Although this would give a relatively absorption were made with an HCN maser at a
steep temperature dependence, the variability frequency of 29.7 cm

- I 
(891GHz).

of the equilibrium dimer concentration resul- A selection of observed spectra is given
ting from variations in water vapor density in Figure 4. They represent one minu the
is more important in the atmosphere since wa- ratio of spectra obtained with a sample and
ter vapor density naturally varies by a great- with a vacuum in the absorption cell. The
er percentage than does the temperature. The dashed curves show exnected monomer absorp-
figure shows the range of dimer concentrations tion calculated with the Gross line shape
expected fir the range of water vapor density formula and the line parameters given by
shown, taking temperature to be at the dew point. McClat-chey et al. (..973) and Benedict and

Although water dimers are expected to Kapian (1964). Due to the presence of nu-
come seventh in the list of atmospleric serous strong mononer lines, one can get
constituents, they are expected to rank only a fragmentary picture of the excess
higher in importance as absorbers since they absorption's spectral shape, as shown for the
have a large dipole moment. A crude way to near millimeter region in Figure 5. Horizon-
make a comparison is to look at expected tal bars sho,, intervals of wavenumber in

integrated absorption coefficients for the which excess absorption has been averaged.
range 0 to 30 cm

-1 
(900GHz), as shown in Some results of Burch (1968) and Burroughs

Figure 2b. et al.(1969) which are in good agreement are
The theoretical spectrum of water dimers also shown. Preliminary results for which a

i the far infrared, shown in Figure 3a, is large untuned cavity was used in place of the
overlayed by the monomer pure rotation spec- 'hite cell are also shown in the low frequen-
trum (Figure 3b). The dimer's expected pure cy region, where the use of White-type absorp-
ro'ation band comes at a low frequency tion cells can be triublesome.
because the dipole moment measured by Dyke et The integral of the observed excess ab-
al. (1977) was found to be nearly parallel to sorption is about the same as that predicted

the line between the heavy oxygen atoms. The by the dimer model, but the shape of the
inertial spectral constant for end-over-end spectrum is different. This is also true for

= transitions is about 0.2 cm-
1
, and the peak of the higher wavenumber range studied (Figure

the band is at 16 cm
- 

(480Glz). The rotation- 6). Here observed excess absorption is
al structurc I. ;c ,I ii ii detaii tecause represented by a smooth curve that fits our
the splitting parameters for inversion data and that of Burch et al. (1974) within
tunnelling are not well-known. Smoothed band the experimental uncertainty. As previous-
contours are shown and are all that is needed 1y noted by Roberts et al.(1976), this seems
for an interesting comparison with experiment- to have the form of an exponetial decrease
at data. with frequency in the range 300 to 600 cm

-1
.

The remainder of the pred~cted asorption Further discutsion of the shape of excess
is assigned to six intermolecular vibration absorption will be given, following consid-
mode- invclving the hydrogen bond. We have Lration of the observed temperature depen-

V calculated the normal intermolecular vibration donce.
frequencies for tLhe dimer from recent moleculaT Typical results in the low and high
orbital stidies of intermolecular poeontalol frequency regions .ire given ia Fivure 7.
energy .'atsucka et al., 1976). Most of the The exccss absorption data are plotte, in
modes involve pa-ia! rotation of the ronomers this way to find th- value of the energy E
within the dimer, and, since this causes lain' that characterizes the temperature depen-

dipole moment oscillations, the predicted dence; this in turn can be compared with the
absorption intensity ini large. Intensities estimated dimer energy of formation. The
were calculated with rhe assumption that the dotted !ines show the temperature depen-
charge distribution remaius fixed in the dence of the predicted monomer component of
monomer units dutin,, vibrations, the absorption. This is governed -mainly by

the Bol5zman. distribution of the -ner6y



levels from whid nearby absorption transitions bending in dimers has not been fourd in ob-
arise; the slope therefore switches sign from served excess absorption. The tendency of a
ote side of the monomer pure rotation band to hydrogen bond to remair linear, as shown in
the other. Tile temperature dependence of the Figure 1, is a coanon characteristic of hydro-
excess absorption is more nearly uniform. gen-bonded complexes and is manifested in the
Values of E gi;en in Figure 8 are near the relatively high frequency of the bending motion.
diner energy of formation estimated from the The ahs~nlc of the mode suggests that the asso-
temperature dependence of the second virial ciation of water molecules at normal tempera-
coefficient (Bolander et al. 1969; Bohlander, tures does not usualy involve a linear hydr3-
1979). gen bond. To explain tile observed excess ab-

sorption spectrum, other ways of looking at
I.. DISCUSSION dimer structure might be considered. An error

in the theory of the most stable structure is
There are in general terms two possible ruled out by the molecular bear measi rements

ways of interpreting the discrepancy between Cited earlier. Theoretical calculations have

the shape of observed excess absorption and not identified an: sufficiently stable alter-
that of predicted dimer absorption: native structures with higher energy. Thus

(1) Dimers at normal temperatures it remains Co consider the possible effe'-ts
may have significantly dif- of large amplitude vibrations or of internal
ferent structures than they rotation. Further work is needed, for exam-
have at low temperatures, or ple, on the theoretical barriers to internal

(2) 'Tile contributions by diners to rotation.
the excess absorption may be It is appropriate to end this section by
less important than possible remarking that pairs of molecules bound in
contributions by unbound a weak and floppy way may be difficilt to
molecular pairs' distinguish spectroscopically from pairs

It is widely recognized that there is an which are not quite bound. Prengel and
important weakness in present model. of molec- Gornall (1976) have recently demonstrated
ular absorption--namely, in tbc line shape some similarities in the way photons inter-
formulae, which are based on the assumption with t-nbound pnirq and bouad pairs of
of instantaneous collisions. Water molecules methane niolecules.
interacting in unbound pairs can contribute

absorption to the wings of monomer lines and 5. COMPARISON WITH ATTEN'UATION BY THE
may make a larger contribution than that ATMOSPIERE
predicted by present line shape formulae.
Various authors, for example Z.ev and Fomin Although we do not fully understand the
k1978) and Brown and Snider (1979, in the spectrum of water vapor, it is important to
present proceedlngs), have shown that modif i- ask whether -aboratory measurements give us
cations to line shape formulae cou.d substan- a. better understanding of absorption by the
tially reduce excess absorption for selected -.tmosplere. Figure 9 gives a simplified
conditions. However, the formulae and th, representation of attenuation by the atmos-
values of the free parameters wh'Ich m.e them )ihere as obs-rved by Emery, Zavody and Gebbie
fit observed absorption hace not as yet been (to be pebiished). Transmission was measured
tested to see if they are physicailly meaning- in a folded path in the open atmosphere, and
ful in term.s of molecular interarins. tile path was then dessicated to obtain a cal-

Presc-nt theories, by which diner concen- ibration undcr conditions of low atmospheric

trations are calculated from value- of tile attenuatian. Water vapor is tae only impor-
second virial coefficient, discount the impor- tant known absorber for this wavelength
Lance of unbound pairs at atmospheric temnera- range ana for the path length and clear-air
tures, but there are some simplifications conditions studied. The solid line gives the
made. For molecules with a spherically syn- water vapor absorption which is predicted
metric form of potential energy, Stogryn and for the case of pressure broadening by airSilirschfelder (1959) have shown that diners when the Gross line shape formula is used,
are responsible for nearly all of the second and the dashed line shows ,orrected values
virial coefficient when the diner bindiag of the predicted absorption based on the
energy exceeds kT. In the case o' water, the laboratory measurements described above. The

energy of diner formation is more than 4kT, observations covered a range of temperatureI but it is not known whethaer tile generaliza- (280-290K) anG of absolute humidity (6-11

tion of Stogryn and ilirsclifelder can be ex- gjm
3
), and tile d ta points shown in the fig-

tended to the case of molecules of low sym-" tre are the rcs,,,t of an attnmpt to reducerm +ry, such as water. Calculations of dime- all the observations to attenuation values
butr~ it c is o nWn hhrt he gearll ( .10-e9K osan s abolteuiit (6-1es
cone-trations may also be done from a knowi- repiesentative of the mean conditions. This
edge- -he intermolecular potential energy was done on the assumption that the observed
(Viktorova -nd Zhevakin 1971; Braun and excess absorptio;. depended on water vapor
Seidoeker 197-; Lane 19-5; Bolilander 1979). density .nd on temperature in the same way
While reasonable -igreeTernt with experimental that it aid for laboratory measurements of
valaes of the second viriaii coeflicient have water vanor. Only the value of tile exponent
been obtained thus far. m.ich uncertainty E was left a's a iree parameter to be fit to

reamins about tie reliability of the approx- tile data. it turned out that the excess
imations. Therefore, tile possibility of a attenuation was poorly correlated with values
significant contribution by unbound pairs to of the water vapor density, and the measure
excess absorntion cannot be ruled out. of this variability shown was larger than the

it is significant that the predicted instrumental ioisL. Moreov r. the tempera-
vibration ,and assigned to hydrogen bond ture dependence appeared t. be steeper than
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that found in thle laboratory. For these rea- Dill, J. D., L. C. Allen, W. C. Topp, and j. A.
sons, the large mean excess attenuation found Pople, 1975: A systematic study of the
in the above maasurements of the atmosphere nine hydrogen-bonded dimers involving NH,
, annot be attributed to absorption by water OHadH.3.Ae.Cem o. 7

01 and2H. J mr hm o. 7
vapor in equilibrium.72 -26

Dyke, T. R., K. M. Mack, and J. S. Muentrcr,
r6. CONC.LUIONS 1977: The structure of watet di- r from

IN Athogh xces asorpionobsrve inmolecular bean electric resonance spectros-
Althughexces asorpionobsevedin opy. 3. Chem. Phys., 66, 498-510.

laboratory studies of water vapor in equilib- Emery, R. 3., A. M. Zavody and H. A. Gebbie:
riun is like the absorption expected from to be published.

dines a reard th ove-al aborpionGoff, J. A. and S. Gratch, 1946: Laow-pressure
level and its temperature dependence, present properties of water from -160 to 212 F.

Iknowledge of diner structure does not give a Trans. Amer. Soc. Heat.Vent. Eng.,,52,
good prediccion of the shape of the e~;ce':s9512
spectrum.. Further theoretical atten'-in (.ryvnak, D. A., D. E. Btirch, R. L. Alt, and
should be given to whether internal roLation D. K. Z~onc, 1976: Infrared Absorption
sigpnificantlv affCts the structure and spec- b0fit . and CO?. Air Force Geophysirs
trum of diners at normal temperatures. It --s Laboritorg Report AFGL-TR-76-0246.
not now known whether unbounu. molecular pairs lane, J. G., 1975: Comment on "Study of the

canaecut. fr sinifcat prtof hestructure of molecular complexes. IV. The
excess absorption found in the laboratory. Hartree- Fock potential for the water diner
Finally, an attempt has been madie to under- and its application to the liquid state."t
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meter waves in terms o the absorption byMcathy R.Aws.endt, SA. ou ,
wazer vapor in eq':ilibrium, but it has not D. E. Burc.. R. F. Calfee, K. Fox, L. S.
been Possibld to -explain the mecan level of Rothmann, anc: J. S. Caring, 1973: AFCRL
obser..I attenuation in this way. Perhaps of Atmospheric Absorption Line Parau'eters

greater siefnificance is_ thle unexplained Comp.ilation. Air Force Cambridge Research
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FIGURE 4

ABSORPTION SPECTRUM OF WATER VAPOR
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A RADAR SYSTEM ENGINEER LOOKS AT CURRENT MILLIMETER-SUBMILLIMETER
ATMOSPHERIC PROPAGATION AND RADARS

Stephen L. Johnston

US Army Missile Research and Development Command

Redstone Arsenal, Alabama

ABSTRACT Clear-air turbulence sensor

Remote sensing of the environment

Numerous reviews have been made of theo- Surveillance
retical atmospheric propagation characteristics Target acquisition, recognition,
in the millimeter and submillimeter regions. identification

Additionally, extensive experimental atmospheric Missile guidance
propagation measurements have been made in these Navigation
regions. These have generally been made for pur- Obstacle detection
poses other than radar systems design. It would Clutter suppression
appear that the propagation community may not Fuzes
have a sufficient appreciation for the needs of Harbor surveillance radar
the radar system design engineer. This paper Aiport surface detection radar

will set forth the general atmospheric propaga.- Landing aids
tion r~quirements of a millimeter/submillimeter Air traffic control beaconsI radar system design engineer. These require- Jet engine exhaust and cannon blast

ments include much more than mere atmospheric
absorption/attenuation. 2. RADAR CHARACTERISTICS

I. INTRODUCTION The following are characteristics of a
"typical" mn radar:

The reader should keep in mind the follow-
ing IEEE radar definition: An electrom~agnetic Maximum application range 3 km

device for detecting presence and location of Maximum PRF for unambiguous range 50 kHz (max)

objects. Object presence and distance (range) Single scan correlation time 20 a (min)
determined by transmission and return of electro- Pulse width 20 ns (min)

magnetic energy; also, direction through use of RF bandwidth 50 MHz (max)*

movable or rotating directive antenna pattern. Antenna beamwidth 6-15 mrad
(.5-1 deg)

This paper is brief and consists essen- Conical scan frequency 30-100 Hz

tially of the information from the viewgraphs Angle of arrival measurement time 100 S (KA
used in the presentation at the workshop and a band)

bibliography. It is intended that a full paper Average RF power output .1-IW

which will include a limited review of presently Antenna diameter .25-1m

existing rmm/smm propaghzion data will be pre- Radar size Breadbox up

sented at the IEEE Electronics and AerospacE Power requirements 50 W
Systems Conference (EASCON-79), Arlington, VA.,
Oct 9-11, 1979 and will be published in the 3. PROPAGATION LFFECTS

| EASCON Conference Record.SC eThe following 19 radar features are in-
rhe following are suggested radar appli- fluenced by propagation effects:

cations from Skolnik (1970a,b):
1. Maximum range.

Low-angle tracking* 2. Choice of detection thresholds.
"Secure" military radar* 3. Type of detector.
Interference-free radar* 4. Detection logic.
Cloud sensing radar* 5. Signal processing technique.
High resolution radar* b. qearch scan rate.
Imaging radar 7. Antenna polarization.
Ground mapping 8. Type of angle measurement: monopulse/
Map matching conical scan.

Space object identification 9. Pulse width (RF bandwidth).
Lunar radar astronomy 10. Conical scan frequency choice.
Target characteristics 11. Doppler bandwidth.
Weather radar 12. Number of pulses intergrated.

*Applications in which Skolnik believed that sub- *250 MHZ for spread spectrum or frequency

millimeter waves offer more advantage than micro- agility.
wave frequencies. 67
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13. False alarm rate. Atmospheric backscatter
14. Moving target indicator performance.
15. Receiver automatic gain control

characteristics. Phase variations
16. Angle tracking accuracy. Polarization effects
17. Range tracking accuracy.

18. Range gate width. Surface phenomena:
19. Choice of frequency. Bistatic clutter

Radar functions are also influenced by Forward scatterNature of surface roughness
propagation effects. The function of detection Decorrelation time
is affected by atmospheric attenuation, fluctua-
tion (scintillation), foliage attenuation back- Backsctr (ontet
scatter, polarization variation, fade depths and
durations. Angle measurement is influenced by
angle of arrival variation due to meteorologicalI' causes, ducting, fluctuation (especially for Environmental constraints for a microwave
conical scan), and depolarization. Specialfcionsa sch as imaizdepen pon cac - radar have been given by Barton (1977), where the

items in parentheses refer to references listedistics affecting detection and upon spatial co- nupon in Barton (1977):

herence.
herence.Line of sight:

The following propagation effects on ra- Horizon range
dar/guidance were obtained from D. Howard in afRange-Height-angle charts (Blake)
private communication. Terrain masking (Geodetic Survey Maps)

1. Multipath/forward scatter. Attenuation:

a.' Modeling sea/terrain. Clear atmosphere (Blake)
Rain, clouds,Snow (Gunn and East; Barton;

b. Experimental measurements: Bean, Dutton, and Warner)

- angle eirors
- signal fading

Weather (Gunn and East; Barton; Bean, Dutton,
2. Backscatter (theoretical and experi- and Warner)

mental). Land and sea (Moore; Skolnik; Nathanson; Barton)

a. Rain.
refraction:

b. Sea. Tropospheric bias (Barton)

c. Terrain. Trophospheric fluctuation (Barton and Ward)
lonsophere (Barton)

3. Ducting at mm waves. Ducting (Bean and Dutton)

4. Atmospheric/foliage attenuation. Surface reflection:
Lobing (fading) (Blake)

a. Attenuation in troposphere:
Multipath error (Barton and Ward; Barton;

- rain Blake)

- fog
- hmi aDiffraction:- humid air

b. Near ocean surface moisture layer. Interference (ECM) model (arbitrary selection)

c. Foliage penetration. 5. BIBLIOGRAPHY

P-opagation data requirements for radar Altshuler, E. E., et al., 1968: Atmospheric Effects

design ..re listed in alphabetic order. on propagation at millimeter wavelengths. IEEE
Spectrum, 5, No. 7, 83-90.

~Aerosol (duste, etc.) characteristics: Barton, D. K., 1977: Philosophy of radar de-

Loss tangent sign. In Radar Technology (edited by E. Brookner),

Refractive index ARTECH House Books, Dedham, Massachusetts.

Angle of arrival variations: Barton, D. K., 1978: International Cumulative

Correlation interval Index on Radar Systems. IEEE Publication Cata-

Power spectral density log No. JH 4675-5.
IEEE, 1976: IEEE Standard Letter Designation

Atmospheric attenuation: for "Radar Bands." IEEE Standard 521-1976,

Correlation interval Ncvember 30, 1976.
Fluctuation distribution
Power spectral density IEEE, 1977a: IEEE Standard Radar Definitions.

IEEE Standard 686-1977, November, 1977.

68



IEEE, 1977b: IEEE Standard Dictionary of Elec-
trical and Electronic Terms. IEEE Standard
100-1977, IEEE Press, New York.

Johnston, S. L., 1977: Millimeter radar, Micro-wave J., 20, No. , 16ff.

Johnston, S. L., 1978: Some aspects of milli-
meter radar. Proc. Int. Conf. on Radar, Paris,
4-8 Dei,_mber 1978, 148-159.

Johnston, S. L., 1979: Radar systems for opera-
tion at short millimeter wavelengths. The Radio
and Electron. Engr., 49, No. 8, (in press).

Skolnik, M. I., 1970a: Millimeter and sub-

millimeter wave applications. Proc. Symp. Sub-
millimeter WavesPolytechic Press of the Poly-
technic Inst. of Brooklyn, N. Y., 9-26.

Skolnik, M. I., 1970b: Millimeter and sub-
millimeter wave applications. NRL Memorandum
Rept. 2159, 12 August 1.970, DDC No. AD 732055.

Stndaram, G. S., 1979: Millimeter waves - the
much-awaited technological breakthrough. Int.
Def. Rev., 2, 271-277.

69



F MILLIMETRE WAVELENGTH P.SEARCH AT TH APPLETON LABORATORY

Dr. Christopher J. Gibbins

S.R.C., Appleton Laboratory

Ditton Park, Slough, Berks

ABSTRACT and water vapour. Molecular oxygen has a spec-

trum comprising many rotational (fine struc-
This paper describes various aspects of ture) transitions near 60 GHz, which are

atmospheric research at mlllmetre wavelengths pressre broadened to form. a continuum absorp-
being carried out at the Appleton Laboratory. tion band from about 55 to 65 GHz, together
The work includes studies of rainfall atten- with a single isolated transition at 119 GHz.
uation. probing of strato-cumulus clouds and The water-vapour spectrum is very complox, but
clear-sky measurements of atmospheric atten- in the millimeter wave region it is character-
uation due to resonant absorption by oxygen and ised by a weak absorption line at 22 GHz, a
water vapour. The work spans a frequency range very strong absorption line at 183 GHz, and an
from 12 GHz to 220 GHz. absorption continuum caused by the pressure

broadened wings of these and the many infra-red
1. INTRODUCTION absorption lines. The -esulting attenuation is

variable, both in sace and time due to vari-
The propagation of millimetre wavelength ations in the alstrbution of water vapour

-ad-o waves through the Earth's atmosphere is molecules, and also because the absorption
influenced by two facto:-s, non-resonant absorp- spectrum of water 7apour is not fully under-

tion in condensed water, both in the form of stood.
precipitation and clouds, and resonant absorp-
tion by molecular cxygen and water vapour. in Several groups at the Appleton Laboratory
order, for example, to predict the terformance are currently studying the various nteractons
of a communication link operating at mill-metre between electro-magnetic radiation at milli-
Iavelengths. it is necessary to specify and metre wavel(ngth and the phenomena described

- character-se the effects of both these types of above, usinl both line-of-sight transmission
atenuation. links and passive radiometry, coupled with

measurements of meteorological parameters.
The attenuatton caused by rainfall This -aper describes some of the results

increases monotonically with frequency up to obtained.
about ioO GHz, above which it tends to becore
indefendel t of frequency, except at low rain- 2. ATZNUA:TON DFE TO RAIN
fall rates; it will generally be the major
factor affecting the reliability of practical 2.' Attenuaton -Rainfall Relatonships
communication links operating in the fre'quencyv
range up to 300 GHz. To plan such links, :t 4s The attenuation due to rainfall depends
clearly desirable to have comprehensive infor- primarily on to parameters, the distribution
mation on the relaticnshir between attenuation of size and density of the rain drops, and the
and rainfall characteristics, particularly rsnfall rate. Large variations in drop-size
.hose between atenuataon over a link several d;stributions occur not only for different
kilometres long and rainfall measured at a types of rain, but also during a single rain-
single point, because it is in this form that fa I event. zowever, average distributions
most long-term rainfall records exist. Ztatis- have been found applicable for three different
tical inforration on the distribution of types of rain - drizzle, widespread and
different levels of attenuaton 2s a-so of thunderstorm (Joss at a!., 1968), which relate
great value, the number o: drops pcr un:t volume per unit

d-ameter to the rainfall rate. Simultaneous
Attenuation due to non-precipitating cloud measurements of attenuation and rainfall rate

is also .ortant along slant paths, as. for kll thus provide valuable anf-rmation on the
example, in an arth.-to-satellite co=m-ncation -nteraction between radio waves and rain drops.
link.

Measurement of rainfall rate requires a
At certain frequencies, the attenuation of rapd-response raingauge capable of yieldang

radio waver by the atmosphere is very nigh, due near-instantaneous rainfall rates up to
to resonant absorot;on tn molecules of oxygen 20-0 m h-. Correlations of atten ation with
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rainfall rate measured, for example, with a Using four such raingauges, the atten-
tipping-bucket reiOngauge with a slow response uation over a 220 m path at 36 GHz and 110 GHz
time will produce scattur in the data, as shown has been studied by Zavody and Harden (1976),
in Figure 1, where the attenuation on a 7.5 km in order to develop a model for predicting tho
long 36 GOiz link is plotted against rainfall performance of communication links operating at
rate from raingauges with a response time of millimetre wavelengths, either from theory or
two minutes, spaced 1 km apart. To reduce this by extrapolation from lower frequency data.
scattor, a rapid-response raingauge has been Figures 3 and 4 show measured values of atten-
developed by Norbury and White (1971), with a uation at 36 and 110 GHz, as a function of
response time of 10 seconds. The same data as measured rainfall rates. The theoretical
shown in Figure 1, correlated with rainfall curves have been calculated for drnD-size
rate measured with this type of raingauge, is distributions of Laws and Parsons (1943) and
shown in Figure 2, demonstrating the consider- Joss et al. (1968) for three types of rain,
able reduction in scatter when rfear-instan- assuming vertical polarization, and oblate
taneous rainfall rates are measured. spheroidal drops falling with terminal

velocity. At 36 GHz, the agreement between
ATTENUATION (36GM,) experiment and theory is good, and is better
vs RAINFALL RATE than using theoretical calculations assuming

RAINGAUCE RESPONSE TIME . MINUTES spherical drops. The effects of different

16' drop-size distributions are small, and it is
not possible to distinguish experimentally

14* these differences.

12 22

10 -.

300

- .77
X

XX X

-' Xx X

2 1x 1

10 20 30 40 50 60 70

RAINFALL RATE mmh"

Figure 1 Attenuation at 36 GHz versus rain-
fall rate measured with response
time of 2 minutes. 00

0 20 40 GO so 10cc 2

ATsRTAIN ( RATE Figure 3 : Variations of attenuation at 36 GHz
1 vs RAINFALL RATE

RAINGAE RESPONSE Tim[ zo, with rainfall rate.
,6 Experimental values (10 s averages)

. miscellaneous events
, X warm front event

A leading edge of Thundery shower
7 21 0 trailing edge of thundery shower

I Theoretical values for different
101 drop size distributions:

Laws and Parsons
-...... "thunderstorm")"~ .' "widespread" )

'I 6 '1"drizzle"
4 At 110 GHz, however, the attenuation at a

X.4 given rainfall rate is more dependent on drop
2 sizes, as both experimental and theoretical

d values show in Figure 4. Data from two events
10 20 30 40 N jo jhave been distinguished to indicate -this.

RAINFALL RATE amh-I Points denoted by crosses (X) are from an event
when a weak warm front passed over the links,
containing an unusually high proportion of

Figure 2 Attenuation at 36 GHz versus rain- small drops at rain rates exceeding 15 mm hr - 1 .
fall rate measured with response The triangles (A) are data from the leading
time of 20 seconds. edge of a thundery shower, and the circles (0)
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are from its trailing edge. The reduction in shown in Figure 4, the smoothing time indicated
drop sizes from leading to trailing edges is by the beat fit agreed well with that expected
common, and is confirmed by significantly from the estimated wind speed. The results of
higher attenuation, for a given rainfall rate, such short and long link comparisons indicate
in the l6ading edge compared with the trailing that for cases when the wind direction is along
edge. the 2.65 km path, the structure of rain is

substantially retained during its movement over

40 that distance.
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30 - 30
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i 1 f~..' ' . .-

.00 0, 0
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Figure 4 Variation of attenuation at 110 GHz Figure 5 Comparison of rainfall attenuation

with rainfall rate. Key as in at 110 GHz observed on 2.65 km
Figure 3. path with that derived fromattenuation on 215 m path.

A significant number of the data fall out-
side the limiting curves calculated from For south-east England, where significant
theory. The causes for this are thought to be attenuation is caused by rain from a variety of
that the actual drop-size distributiond weather types Harden, Llewellyn-Jones and
differed from those assumed, the drop Zavody (1975) reasonably good agreement is
velocities diverged from the still-ai, values found using the Laws and Parsons drop size
or the sampling of rain was inadequate. At distribution, assuming spheroidal drops, to
110 GHz, small drops are important in the total predict values of attenuation at low fre-
attenuation, and such drops may be 'af.kected by quencies. Above 100 GHz, however, variations
up-draughts or down-draughts leading to errors are so great from one rain event to another,
in the drop-size distributions assumed. and during individual events, that other

statistical distributions of drop sizes are
Rainfall attenuation at 110 GHz has been needed to estimate the spread in attenuation

studied by Harden, Llewellyn-Jones and Zavody levels from the mean.
(1975) using two simultaneous transmission
links, one with a 2.65 km path, the other with 2.2 Statistical Studies
a path of 215 m. Attenuation on the short link
will often be caused by one part of a rain The reliability of communication links,
cell, and this can be considered to indicate either horizontal or on an Earth-space path, is
"attenuation at a point". For events where the largely determined by the attenuation caused by
rain cell is moving along the link, some esti- rain and cloud, and statistics of this atten-
mate can be made of how far spatial variations uation are important in system planning.
in rainfall intensity are retained as the cell
moves along the path. Studies using the horizontal links des-

cribed in Section 2.1 have shown that the
Figure 5 shows a comparison of atten- probability distribution of attenuation at

uaticn, averaged over 36 seconds, observed on 110 GHz on a 2.65 km path is essentially log-
the 2.65 km path, with the corresponding atten- normal Harden, Llewellyn-Jones and Zavody,
uation derived from the short 215 m path, (1975),except at very high attenuation levels,
obtained by smoothing and shifting in time to where the sample of data becomes small.
obtain the best fit to a 450 straight line. Further, the distribution of the duration of
The smoothing time of the short-link data is fades and the time between fades is also log-
dependent on the speed with which the rain cell normal. Comparisons of measured statistical
is moving along the link, and for the data distributions of attenuation and those derived
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from distributions of rainfall rates covering incidence from various types of cloud. The
the same neriol have shown that dron-size dis- additional attenuation caused by cloud was
tributions are important, but that in general derived from these emission measurements.
good agreement is found. Figure 7 shows an example of data obtained at

22, 95 and 123 GHz. and indicates that the
Attenuation along slant paths at a number attenuation in clouds increases with frequency,

of frcquences ha- been rtudied using massive and that appreciable attenuation can occur a;ove
-ad oe techniques. Satpt:.cal probabllity 100 G1 i. cumulo-nimbus cloud. Other types of
distributions of attenuation at 12, 19, 37 and cloud, however, such as stratocumulus or small

7- Gil- have been obtained using sun-trackang fair-w.eather cumulus, oroduced an add:tional

Dicke-type radiometers Davies (975). Figure 6 attenuation of no more than 1 dB even at
presents a sursnnry of the excess attenuation 150 G1 z.
caused by rain aud cloud over all elevation
angles from 00 to 62° . De 7' Gz data refer -'

mainly to summer months, when.large attenuations
can occur due to thunerstorms. nestated C
distribution for 7 GHz more appropriate to , ,.
longer-term periods is also shown in Figure 6,
obtained using concurrent measurements at 17 and 1 :$
7 GHz, and no.rmalising to the longer term dis-
tr:ibutton at 7 GHz. Al these data were j
obtaned using sun-tracking radiometers, and may h 'r
rhus be subject to any d-urnal effects in rain- 

V  
E

fall distribut-on. However, a study was made of
the meteorological conditions producing the most .

intense fades, and th s showed that the6e events
are equally likely to occur by day or by night.
-ne data are thus regarded as representative of
those which would be obtained by continuous

3 4
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i~ Lntt irare 7 Moazsurerents of ertasston noise
te.-era5--e the .enith, showing

a I the effects of clouds at different

19 oft =frequenctes.

4- 3, has been shown, for example, by
Westwater .1978), that ground-based microwave

radiometry can be used to determine the liquid

0.004 00 0'....water content of clouds. There is considerable
P.M"wf, ,Wit, ,a,,0',t a 0nterest in determining the amount of liquid

Attl-tuation Statistics from Sun-Tracking Rodiomieterm at Slough water in clouds, in order, for example, to

predict in real-time, the transmission of mii11-i re 6metre wavelength and infra-red signals through
:-rure 6 .tatst-.cs of atten.uation obtained the atmosphere, and also for basic meteorologi-

with sun-tracking radzometers. cal stu-dies of the formation and develomment of
clouds.

otat.stical distributions of attenuation as A ground-based radiometer at 95 0Hz has
n0-}z have also been obtained by Gbbins I97z  been used to obtain values for the total liquid

usng a zenithpo inting raCiometer rreasurtn water content of strato-cumulus clouds. Sim-
atmospneric en;ssion to obtan attenuation Cata. ultaneous with these measurements, the Heteoro-
Znose results showed that, in south-east logical Office has measured the size distri-
England. a nenith attenuatto of 10 dB is ex- butaon of water sdroplets in the cloud, using a
ceeded atproxi-atelv 1'% of the tme. Knollenberg insrument rusmended from a tethered

balloon. By integrating this data th-zough the
THE EFFECTS OF CLOUDS clouds, values are obtained for the total licuid

water content. Preliminar'y commarisons between
The additional contribution to attenuation the two techninues indicate good agreement' whch clouds can cause, crtpoared with clear sky between the passive ground-based radometer and

valtes, is of importance, for example. in radio the in-stu measurenents.

astronomy and vosriblv in snace cormunication
systems. To study these effects, ground-based .. CLEAR SKY MISASUTRZNTS OF A7!OSPHERIC
DScke radiometers operating a: several ATTENUATION

frecuencies between 22 and 1n0 Gz nave been
used to measure emission noise at verttcal Absorntion due to Oxvgen
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Multi-frecuency. Etudies of the shane of num:ber of- frequerncies between 22 G-m and
the low-frea..ency win~g of the -9 311z oxyvgen 220 C1 1z, by mee surina atmosmheric emision on
1line were made using Dicke radiometers which' clar-sky ay fo ag fwtr-vapour

could be tu-,nec auaI over the frequency, dens,-ies.Eyvplotti ng the derived values of
range 85 to -8 Giz. ?uldetajs of the attenuat-ion against surface water-vanour
exnez-:mena echniace have been given by density or the total nrecinitable water van.our

FJ-ibb:ns, Cordon-Smith: and Croom -975). obtained; from radiosonde measuIrements, i-t is
nossiblertoseparate tne atzenuatton due to:11 Fgure 3 sho-.s s ome of the res3ults in: the oxygen which 15constanit, from the variable

form of zenith attenu-ation, obtained on clear- comnonen:. wnhicn is normally attributed to
sky days, as a funct:on: of freacuencv. The data wtrvanour. Soeof the rzEsualts have .been

aefor gzrounn-±-eveA water-vaco -r ceA esC reported nreviously Oibbins, "rench and Croom,
between 7and 8 gins. and t-he s olid curves-97)iiare calcula ions asrur.ing an eXnonenttal h-eirht nedtobae t22G.zreswni

d ib--of , water vapour, wilh a zcaleTedaaotedt223zreswnn
e gh*,t of anA cg'oind level values of 7and Figure 9. where tne measured zenith attenuau-on

9Mis -lte against total orecinitable water

________"aznour. 'n.-e factor .i alu*es of prec:-F V nitabl- water varour ar,-sea from the fact that
r ~-

0
the radicsonde nsec to provide this data is#3located absutL 50 miles from the Azncleton

A -aboratory. susoswit- tne aeteoro-
logical C,-fnce inctcat ed this correction factor

~sch - was ecuired toanly the radiosondedaat

j X the Sl o ugh site. ' ne factor 0Zis a
-correction factor for tne s4ce lobes of the

'-or' antenna used in the 22 Hzradiom~eter.
x -

A
4  

A

I -eit- on. B, deduced

-It -- e -dffrerrur eare

conn~tions- agrnilel

H20 ~t 7g' m.-

e) .7 -. m3;Continuous linesNV
aretheret-caca cul-att-ons of IHWIE ~ ~~~~~~attenuation for ground-levelH-0Tur Mesemnsoceakv e"

t d~~~~~~~~ensities7 of A) r~-;atnatna 20za

r Th daa : F~-ur S ovebee usd t toal rec-.nitable wae va-o' r mm.
study th-,e -rhane and w4-6tn of -ne oxygen 1-:eat-,es itt hse

-IZ Tw line snames were ue.that-latsa-sftt hsdt ile
dert-ved by, V'an Vl,'eck and esop (1945) and the satton. for the attenuation in dB at
that der---ed by Gro-s 95 and- Zhevakin and G.
.. aumov cf6z:. 7-~ nalf-wtdt- narameter 'v

:rteovzn ,ne w..as- allowed to vary measurE. d, 0.2 0.02n7 -30 1
cacltin jst tese two line shaper,

witn tne value of for the 60. -:Zoxygen w-ere W the total zrecitable water vanour
lines obtained oy nee-c7. h best fit in cm; the correlation coeffic-e- -.as 3.2
to the data ,as- obtatned with the Gross line
Shame, and a value As 2.20 "z :orr-1 f-or the The exrerimental results have been com-

9nroxygien line --n the atmoashere. comnare(4 pared w.itn cazcu-'ated valuaE of attenuation
w~hearlie labora-ory measur-ements of tc*. baidfrmaom.ter model, us nte

Yi7ii~r Saosoinde data, and nclu,--irr air ding "6 oxygen lines
and 1O wa ter-vanou.-r lines between 22.2 and

- 2 bsorm: nce- .tr-mu OCG 2  At 22 . z, the calcula ted atten-
uaion was

.sheric water vanour has been st.udied at a '(calculated' 0.2 W 0.08. k2)
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Comparison between these two relationships The work encompasses studies of rainfall atten-
indicates that the constant term, due to uation, of particular relevance to the design
oxygen, is in good agreement with theory, and of communication links operating at high fre-
the water-vapour attenuation is about two quencies, remote sensing studies of clouds, and
standard deviations higher than the theoretical measurements of the fundamental absorption by
value. This is not regarded as significant. atmospheric molecules of oxygen and water

vapour, aimed towards a greater understanding of
Similar analyses of data obtained at the physics of the interaction between these

95 GHz, 110 Gi,, 123 (Hz, and 150 GHz all molecules and electromagnetic radiation'. It is
indicated good agreement between experiment and clear from the work already done that there is
theory for the constant oxygen component of still much to learn, in particular, about the
attenuation. Except at 110 GHz, the corre- characteristics of rainfall and also the
lations obtained in least squares fitting were behaviour of the water-vapour molecule.
good, being between 0.85 and 0.91. At 110 GHz,
however, the correlation coefficient was only The work described in this paper has been
0.39, and comparisons between experiment and carried out by several groups at the Appleton
theory are difficult because of the large Laboratory, and the author particularly acknow-
scatter in the data; it is not known if the ledges the contribution of the following:
scatter is a real effect, and further work is Dr. D. L. Croom, Dr. P. G. Davies,
in progress to determine this. Mr. B. N. Harden, Dr. D. T. Llewellyn-Jone8,

Dr. J. A. Lane, Dr. J. R. Norbury,
The measured water-vapour attenuations at Dr. W. J. K. White, Mr. C. L. Wrench and

the other frequencies, however, were all in Mr. A. M. Zavody. This work was carried out as
excess of calculated values. At 95 GHz, the part of the programme of the U.K. Science
excess attenuation amounted to about 40%, and Research Council, Appleton Laboratory, and is
was 5 standard deviations above theory. At published by permission of the Director.
123 GHz, an excess of 63% was measured (5a
difference), at 150 GHz the excess attenuation
was 47% (30 difference) and a limited amount of REFERENCES

data at 220 G{z. indicated an excess of 50 - 61.
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SUBMILLIMETER PROPAGATION THROUGH FOG

Dr. Dorathy Anne Stewart

US Army Missile Fesearch and Development Command

Redstone Arsenal, Alabama

|Ai ~~~~~~ASTRP-ACT - NT -O-.'E

Submillimeter waves propagating thr o V "- IENG -WAR-MAY

fog are attenuated by fog droplets and by water 2 S- SM VL-

vapor. Extinction by fog droplets depends upon

the wavelength of the energy, the complex index
of refraction of the drops for that wavelength,

and the drop-s'ze distribution. A thorough lit-
erature survey of fog drop-size distributions

throughout the world is discussed, and data fro= ugsF F wWSP F wWps F W3s WSF -WS36 references are summarized. A representative =MGAW N!IDELMRG WWJRC HAH SIACH
sam-le of data is used to compare propagation

of 870 and 1250 vm with ihe infrared wavelength

of 10.6 p m. At the submillimeter wavelengths 20

attenuation by water vapor is usually larger

than attenuation by fog droplets, but in the

infrared droplets make the dominant contribution 10

and the attenuation by water vapor is almost
negligible. "

I. INTRODUCTION U*T. OR. FRA. FULDA WRLm

This paper compares attenuation of the Fig. 1. Frequency of Visibility <1km
bubmillimeter wavelength 870 pm with attenua- at 0600 GHT.

tion of 0.55 v m in the visible, 10.6 pm in the

infrared and 1250 um near I mm during fog. Fog
exists when the atmosphere contains a suspended

aggregate of very small water drops which re- COMUTATINAL PROCEDURE

duce the horizontal visibillty to one km or less
near the surface. These conditions of low visi- 'hen electromagnetic energy propagates

bility are important to the Army because they throu.h an atmosphere which contairs particles,

occur frequently in Central Europe (Essenwanger, the extinction coefficient (which is also called

1973). The graph in Fig. I shows the frequency the attenuatico coefficient) is given by the fol-

distribution of fog in the early morning hours lowing formula:

by season for ten stations in German- Fog oc-

curs most frequently during fall and iecond I ext i

most frequently during winter at most stations.

Fulda has fog 25 per cent of the time during where ri is the radius of partIclez which have

early morning hours in fall.
an ~ ~ ~ ~ ~ ~~~~x exicinefcev-fco as

Fog is formed by a variety of neteorolog- called the relative extinction coefficient cr the

ical processes. When the ground loses heat at normalized extinction cross section). (Qext

night by radiational cooling through a clear dimensionless function of drop size, wavelength

atmosphere, radiation fog forms if the air cools onetic energy, and complex index of

enough to become supersaturated. Advectlon fog refraction for the given wavelength and particle

is fog which forms when warm, moist air moves =arsrial. Ni is the number of particles per cubi

across water or land which has a lower tempera-

ture. Frontal fog is associated with a frontal

passage. It may be caused by rain falling into i in dBlkmmay

cooler air or by mixing of different air mas-es by 4343.
near the frontal zone. Some authors call the

former an evaporation fog and the latter a mix- in this paper are based on

ing fog. An upslope fog is formed when air the theory of Me (190S), and the assumption isflows upward over riigtranand cools d-
vrrsing terrain fog consists of spherical pure water

abatically below the dew point. Steam fog, Fig. 2 is a conventional graph of
which is also called evaporation fog, is formed dext

when cold air moves over a warmer body of water for 0.55 pm and 10.6 Um versus the parameter

or when warm rain falls through a laver of 2 r/) where 1 is the wavelength of electro-
colder air. 77
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magnetic energy. This conventional graph does of Yavs (1061) measure=ents were taken from

not illu-trate the effect of fog drop size on the same position at the side of a building on

the relative ext~nction of different waveleng:rh open Salisbury Flain in England, and the same
as well as Fig. 3 where Q is plotted against measuring technique was used. In 9 of the 28

fogs which May studied the -ax--in droplet ra-

t radius. One sees that for droplets with radii dlus was greater than 53 pm, but in 11 fogs
greater than 10 U=, energy of 10.6 jm is at- the maxlmim radiur was less than 28 t:. One
tenuared =re tha n visIble energy. Fog drop- fog had a =ir-i= radius of S u=, and another
lets cause much less attenuation for the sub- had z maxit radius of 7.5 u---. hree distri-
mtilli=eter wavelength of 870 v r. Further de- butons had na -dian radii ess than r.lm whi e

tabuion had thdea radutii less tha 0.5n im whiler
tails of the coputat~on ay be ound in Steart one had a edIan radius of 15 p=. Grunow (1960)

and Godan (1977) shoved that =ch of thevari-
atIon in a given location can be explained by

the origin of the air =ass in which a fog for-s.

Miszaros (1965) and Jiusto (196.1) concluded that
or the average droplet radii in radiation fogs
are smaller than those in advention fogs.

Chishol= and Kruse (197.) =ade =escscsle=easure-
=ents of v'sibIlIty at L . sco= Field In
Massachusetts, and they found that temporal an!

-. spatial variability was much greater in ind!a-
tlon fogs than in advecrton fogs.

The preceding discussion applies to obser-

vatIoas near the surface. Very few observations
exist for hlgher levels, but In one ease Okita

(1962) observed a liquid water content of 1.6g-=n
at a height of 50 . Ro,-rs et al. (1974) abeto
found that average and =xiin liquid water cor-
tent Increased with heisht, but at 42m the

* W largest aeasured liquid water content was only
0.4 g S'. Stalenboef (l97.) found that slant
visibility from- 40 = was normally less than hor-

. |Fig 2.Qex vesusa(-2 rrl fomontal visibility at Z =. Filig et al. (19-5a.

0.55 and 10.f h=- ) discovered tht the broadest drop-sIze dis-i ,: tributions occurred near the surface. Finnick
i ea!.(198)fourd s ican- vertical In

creases in concentratIon of droolets with radii
eater than 4 -= up to an altitude cf 150 m.

Attenuatlons in fogs were rompoited for the
C:.. n wa'velengths 0.55, 10.6. S70. and 1250 um. Drop-

sIz6:e dietributi.ns -were taken fro- the following
six artlczec: Eldridge (1966); Carland (1971);
Carland et al. (1973): !tu=ai (1973); Pedersen
and To-dsen (1960): and PillS et al. (1975b.

The co= lex index of refraction of water for
0.55 i:was taken fr. Hale and Querry (19t3),

" and rhe value for 10.6 = was Interpolated from

&V __ a table in the sa.- article. Daavles et al. (1970)
*de_ measureen ts fr= which the index of re-
fraction of -water for 1250 u= could be com.uted,

FIg. 3. Qext versus radius for and Interpolation fro their data was necessary
0.55, 10.6 and 870 un. to obtain the value for 870 um.

3. DROP SUZES IN R :S Figs. 4-7 illustrate some of the results

of the computatlons. T .ere is a great deal of

Table isuarlzes ar. extensive literature scatter of the data in Fig. 4 whIch sh. .the
survey o: asur~r--ns of drop sizes in fog n.ear relat ti.nshI p between attenuatlon of visible and

the surface of the earth. Limitations of space Infrared energy. An attenuation of 50 dB/k at

prevent a thorough discussion of each set of 10.6 -- can be associated with visibllities
measuremZnts. considerably less than 10 m or over 3 Th . The

correla .on of attenuat ions by feg droplets at

Alrhough so=e of the variations am-ong the 0.55 and 10.6 1= is 0.61. Fig. 5 Illus-

results of different investigators =a be caused trates the relation of visible and 1250-ut
by biases !n different =ethods of ,measure--ent, attenuation, &nd the correlation- between thez two
this cannot explain all the differences. Further- attenuatlons Is only 0.49. Fig. 6 slos that
more, dIfference in geographic locatien does not 10.6-wm attenuation by fog droplets is =oreac_0-. attenttation thamn to

account for all differences. For exa=ple, all closelv rel.ted to 1250-
0.55-;= attentatIon. The correlatlon of the

7S



Table 1. Summary of Measurements of Fog Droplet Radii Near The Surface

Source Typica) Radii Maximum Radius Miscellaneous Information
m) (P m)

Arnulf et al. (1957) 2.5 15 France

Best (1951) 5 to 12 40 From earlier work by Hagemann

Cong and Dessens (1973) 8 to 10 22 Localized near plume from pulp mill
4.5 to 5.2 17 Widespread through valley

Deloncle (1963) <1 10 Urban, near Paris
< 0.75 8 Mountain top, France

Dickson et al. (1975) 3.4 118 Capistrano, California

Donaldson (1955) 10 to 25 100 Massachusetts

Eldridge (1961) < 1 32 Massachusetts

Findeisen (1932) 1 to 4 60 Hamburg, Germany

Garland (1971) < 1 40 Radiation fogs, all water
10 70 Radiation fogs, ice crystals
4 60 Advection fogs

Garland et al. (1971) < 0.6 20 Radiation fogs

Gathman and Larson (1974) 3 to 9 64 Greenland Sea

Goodman (1977) 3.1 San Francisco, CA (2 mete.

Gorcbakov (1972) 5.5 to 19.5 Russia

Grunow (1960) Mt. Hohenpeissevberg, Germany
1.5 7.5 Polar air
4 to 7 12.5 Maritime air
6 to 9 30 Continental air

Houghton and Radford (1938) 4 to 35 65 Typically advection fogs

Jiusto (1964) 5 17.5 hidiation
10 32.5 Auvection

Kozima et al. (1953) 2.5 to 7.5 55 Japan

Kumai (1973) 3.5 to 12.6 65 Point Barrow, Alaska; Advection

Kunkel (1971) 5 to 10 45 Otis Air force Base

Low (1975) 9 to 13 21 Radiation fog; Ft. Rtcker, AL
4 to 13 Mix- radiation, advection; CA

Ludwig et al. (197) 0.1 15 Radiation fog

Mack et al. (1973) 4 to 8 21 At sea

May (1961) <0.5 to 15 160 Salisbury Plain, England

M~szaros (1965) < 0.4 to 10 43.8 Budapest, Hungary: Radiation
2 to 13 101.5 Advection

Okita (1962) 6 to 17 60 Radiation fogs in Japan

Pedersen and Todsen (1960) <2 16 Oslo, Norway: Radiation
2 25 Advection

Pilig et al. (1975) 3 to 12 31 Chemung River Valley, New York

Reinking (1975) 3 7.5 San Joaquin Valley, California

Roberts (1976) 0.2 to 1.1 8 Grafenw~hr, Germany

Rogers er al. (1974) 8 115 California Coast

Rozenberg (1974) 5 hbin

50 Medium

Tag (1976) 8 23 Panama Canal Zone

Tampieri and "i-masi (1976) 8 22 Radiation fog, !tlay

Thompson et al. (1967) 10 34 Otis Air Force Base

Tverskoi (1965) 1.5 60 Radiation fog
2 60 Evaporation fog

Webo (1956) 5 to 19 70 Washington, DC and Virginia
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4data in Fig. 6 is 0.9664. The correlation be- E
tween 10.6-lm and 870-pm attenuations by fog
droplets is 0.9668. Fig. 7 contains a plot of 38
70-um attenuation versus 1250-p m attenuario o
and the corre±ation between these attenuations E
is 0.9873. C 2

1000 P

600 1
0004 *

000 1 2 3 4 5. ATTENUATION (dI/km) OF 870 im RADIATION BY fOG DROPLETS

200 . . Fig. 7. Comparison of Attenuations of 1250-pm

0. and 870-pm Wavelengths by Fog Droplets,>

100 iiThe data in Figs. 4-7 were examined indi-
vidually tc determine which fogs should be clas-

,_ _______ "__ I_____ sfed as radiation and non-radiation fogs.

0 0 0 0 0 1 12 14 100 10 Average drop sizes are typically smaller in ra-
ATTENUATION (d/kn) OF 10.6 m RADIATION BY WATER DROPLETS dia~ion than in non-radiation fogs. Mean atten-

Fig. 4. Plot of Visibility Versus Attenuation uations of 10.6, 870, and 1250 pm by fog drops
were estimated as a function of visibility for
oath type of fog.

4
EI- Unfortunately, climaco]ogical fog observa-

0 3 tions ze not classified according to type of
fog. Therefore, Essenwanger and Stewart (1978)

ES divided fog into categories on the basis of ob-
2 •jective criteria suitable for computerized anal-

. . ysis of large data collections. Observations

-" . for several years from ten stations in Central
Europe were examined. Finally, fog categoriesZ F- were combined so that ea-h fog was classified

o so loo 1o 200 250 30D 350 as a fog ca 3ed primarily by radiational cool-
ATTENUATION(km) OF0.55mmRADIATION BY FOGROPLETS ing or as a ;on-radiation fog. Although an in-

dividual fog may be a borderline case, these
cases should balance out in a statistical sense.

t ~~~~~~~~and 0. 55-)j m Wavelengths by Fog Droplets. Wtrvpri nte oreo xlc

Water vapor is another source of extinc-
E' 4 tion of infrared and near-millimeter wavelengths.

McCoy et al. (1969) gave a formula for computing
attenuation of 10.6-pm radiant energy by water

0vapor. Webster (1973) developed a procedure for
calculating attenuation by water vapor near Imm.

2 * "- 'Attenuation by water vapor depends primarily up-
. on the amount of water vapor, sumewhat upon the

o I _ _ temperature, and slightly on the pressure.

Table 2 from Essenwanger and Stewart (1978)
S- I _________________contains the mean attenuation by water vapor in

0 20 40 00 8 100 120 1 1 German iogs at 0600 GMT as a function of season,
wavelength, and type of fog. Attenuation byATTNUATION (dgfkm} OF 10.6m RADIATION BY WATER DROLET
water vapor is almost negligible for 10.6 p m.

Fig. 6. :mparison of Attenuations of 1250-pm Attenuation of 870 pm by water vapor is much
larger than attenuation of fog drops. The leastand 10.6-pm Wavelengths byFogDroplets. amount of water vapor occurs in winter during

Table 2. Mea Attenuation (dB/km) by Water Vapor 'n German Fogs at 0600 Greenwich Mean Time (from
work with Dr. Oskar M. Essenwanger).

Radiation Fog Non-Radiation Fog

10.6 pm 870 Vm 1250 pm 10.6 pm 870 pm 1250 pm
Winter 0.11 5.61 1.74 0.14 6.63 2.06
-pring 0.21 8.16 2.54 0.25 9.06 2.82Summer 0.50 13.45 4.21 0.64 15.38 4.8^

Fall 0.29 9.82 3.06 0.32 10.26 3.20
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radiation fog, and the mean attenuation of 870 Um Deloncle, M., 1963a: Constitution des brouill-
under these conditions is 2;.61 dB/km. Mean atten- ards urbains. J. Rech. Atmos., 1, 107-111.
uation of 870 Um by water vapor in the summer Deloncle, m., 1963b: etude photoolectrique des
during non-radiation fogs is 15.38 dB/km. Atten- aerosols volatils. Reve 'tiquThe~-
uation of 1250 pim by water vapor is leps than rique et Instrumentle .2157-196.
one-third the attenuation of 870 urn. Dickson, D. H., R. B. Loveland, and W. H.

Hatch, 1975: Atmospheric Waterdrop Size
The mean attenuations by water vapor in Distribution at Capistrano Test Site (CTS)

Table 2 were weighted according to the percentage from 16 April through 11 May 19714, Vol-
of radiation and non-radiation fogs and added to umes I, II, III, IV, V. and VI, Report A
a weighted mean attenuation by fog droplets to ECOM-OR 75-3.
obtain Table 3 which summarizes expected mean Donaldson, R. J., 1955: Drop-si7ze distribu-
attenuation in German fogs in the early morning. tion, liquid water content, optical trans-
One sees tha. 1250 Um penetrates fog better than mission, and radar reflectivity in fog and
10.6 pm and 870 pm in a~ll seasons and for all drizzle. Proc. Fifth Wea. Radar Conf.,
visibilities. Transmission of 870 pim is compar.. 12-15 Sep 1955, Asbury Park, New Jersey,_
abl too.etrta rnmsino 06U 275-280.

excpt n te u r'whn ate vaorcontent is Eldridge, R. G., 1961: A few fog drop-size
high. distributions. J. Meteor., 18, 671-676.

ElHdridge, R. G., 1966 Haze and fog aerosol
Table 3. Expected M ean Attenuation (dB/km) in distribution. J. Atmos. Sci., 23, 605-

German Fogs at 0600 Greenwich Mean 613.M
Time (from work with Dr. 0. Essenwanger). Essenwanger, 0. M., 1973a: On the duration

of widespread fog and low ceiling in Cen-
Season Wavelength Visibility tral Europe and some aspects of predicta-

(p1m) 1000M 400m 200m bility. US Army Missile conmmand, Techni-
cal Report RR-73-9, 58 pp.

Dec-Feb 10.6 10.5 26.1 52.0 Essenwanger, 0.M., 1973b: On spatial distri-
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MICROWAVE EFFECTIVE EARTH RADIUS FACTOR VARIABILITY AT WIESBADEN AND BALBOA

FRobert Rubio

US Army Atmospheric Sciences Laboratory

White Sands Missile Range, New Mexico

Don Hoock
Physical Science Laboratory

New .1exico St.te University

Las Cruces, New Mexieo

ABSTRACT and processed. Processing of the meteorological
data involved the determination of over 4700

This report dcscribes the variability of the refractivity gradients at each station. Sinceiicrowave (3-30 G" ) circuit design parameter, most line of sight (LOS) microwave transmitters,
effective earth radius factor, at two sites repeaters, and receivers employ high-gain direc-
which served as test cases: Balboa, Panama, and tional antennas located within the first 100 m
Wiesbaden, Germany. Median effective earth ra- above ground level, all atmospheric refractivity

dius factors, K, derived from meteorological data gradients derived here are for that interval
for the first 100 m altitude at these two sites, between the earth's surface and 100 m altitude.
were found to be 1.32 for Wiesbaden and 1.68 for Effective earth radius, K, values we e determined
Balboa. K factor variability at Balboa and corresponding to the median value of the refrac-
Wiesbaden is illustrated with s ts of -uiva!ent tivity gradient at each station and to selected

earth 1rofile curves enclosing 68.3, 95.4, 99.7, percentile deviations of the data frtc the
and 100 percent of the data and by K factor cum' median. Cumulative distribution func*ions of K
lative distribution functions bounded by respoc- and the 90 aud 99 percent confidence limits f.r
ive 90 and 99 percent confidence limits. Effec- each K value were also determined.
tive earth radius factors were found to be

highly variable, particularly at Balboa. 2. METEOROLO-1 :CAL AND REFRACTIVITY DATA

1. INTRODUCTION The primary sources of meteorological data,
excluding surface observations, are those mem-

A study designed to examine the variability st.rements of relative humidity, pressure, and
of microwave effective earth radius factors has temperature obtained with standard balloon-borne

been peiformed for the sites of Wiesbaden, rad'osondes in use thr- _ghout the world. Radio-
Germany, and Balboa, Panama, which served as sonde observations of temperature, pressure, and
test cases. Effective earth radius factors relative humidity are reported at fixed atme-

representative of a given geographical location spheric pressure levels termed "mandatory levels"

are conventionally used in path profiling of and at "significant lcvels." Significant levels
microwave comnunication links to account for are those where an appreciable change in temper-
tropospheric -efractivity gradients, which in ature or relative humidity .s a function of alti-
turn are dependent on atmospheric relative hamid- rude occurred before th2 balloon reached the next
ity, temperature, and pressure magnitudes--three mandatory level. Consequently, .-andatory levels
highly variable parameters. The anpredictable differ in altitude because of differences in ter-
variability of these atmospheric parameters rain elevation at each sounding station. Signif-

prompted this effort which presents the statis- icant levels diffet in altitude due to the vant-
tical data that delineate the range of eftective able temperature lapse rates encountered during

earth radius values whi h occur in Wiesbaden and the year. Normally the first mandatory level or
Balboa. significant level above the surface is at an

altitude greater than 100 m. Therefore to calcu-

Specifically, this report describes thL late refractivity at 100 m altitude, and subse-

mathematical procedure used in interpreting mete- quently the refractivity gradient for that
orological data used to derive refractivity gra- in.erval, an interpolation scheme had to be

dieIts. Jhe statistical technique employed to employed which utilizes the calculated refrac-

deriu-e efftctive earth curvature and its varx- tivity values obtained from the meteorolagical
ability, and presents the results obtained. The measurements at the surface and at the lowest
original meteorological data for Wiesbaden and recorded level.

Balboa collected by Samson (1975) were obtained
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Tile expression for radio wave refractivity ND(ho ) = Dry term refractivity at earth's
in the lower troposphere, for frequencies up to D surface, ho,
30 GHz, is well established (Bean and Dutton,
1966) and is of the form: ND(hI) Dry term refractivity at altitude

h for which data is available,
~N -- 77.6 -f+ 3.73 x 10 5 , (I

T2 ' Nw(h ) = Wet term' refractivity at earth's
w 0 surface, h

where P is the total atmospheri, pressure in
millibars, T is absolute temperature in degrees w hi) = Wet term refractivity at altitude
Kelvin, and e is tile partial pressure of water h for which data is available.
vapor in millibars. N is in units of refractiv-
ity, related to the usual index of refraction n
by N = 10 6 (n - 1). In equation 1, t1he quantityEchitroaonyedd efcivy77.6 -ITis norlly referedatio a the qu"dty magnitude at an altitude of 100 m, which when77.6 P/T is normally referred to as the "dry sbrce rmterfatvt antd h

term," while the quantity 3.73 x 10 5 e/T2  subtracted from the refractivity magnitude ob-

called the "wet term." Accordingly, the refrac- taied at the earth's surface, provided thedesired cefractivity gradient, AN/Lh. 'or thetivity may be expressed as locality of Balboa, Panama, 4917 refractivity

gradients were computed with radiosonde measure-
ments of the period from 1951 to 1956. During

ND w  the sunrise atmospheric heating and sunset cool-

ing time periods, refractivity gradients exhibit
maximum variability and definite changes inwhere absolute magnitude. Thus in an analysis of this

type, it is desirable to hate a meteorological
ND 7. / 3 sample of the sunrise and sunset peiiods in-
D  77.6 c/T ,luded. However, of the total data set, only

30 samples were representative of near sunsetIN 3.73 x 105e/T( or sunrise hours; the remainder of the data set3 consists of a balanced mixture of totally night
or daytime meteorological data. For Wiesbaden,

Variations in refractivity as a function Cermany, 4798 refractivity gradients were de-
rived from data rccorded during the period 1951
to 1957. All Wiesbaden meteorological data are(Ban and hayer, 1959) eformr daytime or night radiosonde measure-

ments; no sunrise or sunset samples were avail-
Bi (5 ab. Consequently, the variaility res'ilts to

ND A e Dh  be presented here are inherently conservative.

Ordinal listings of the I(,-m refractivity
N = A e-Bw . (6) radients for Balboa and Wiesbaden were compiled
w w and median refractivities of -64 units/km and

-38 units/kn, respectively, were obtained. Ini-

Since the assembled meteorological data tial attempts to work with average refractivity
allow one to calculate ND and N at the gradients and deviations from the average value
earthts surface and at the first mandatory alti- proved meaningless because the frequency distri-

a bution ef the refractivity gradients was foundsolutions for the parameters to be non-Gaussian. Figures 1 and 2 are refrac-

AD, Aw, BI), and B were obtained and substituted tivity gradient hMstograms which approxirate the
frequency distributions at Balboa and Wiesbaden.

ad6These figures show that the distribution is non-
were summed t yield the following re- Gaussian or at least that the sample was insuf-Iai yn a q n ficient to approximate a Gaussian dist-ibution.

Therefore, a median value and percentile distri-

butions -about the nedi:'n were employed to de-
Ni (h h.iscribe refractivity graoient spread. Annotated
N~h) D [ 0  1 onute histograms are thie edian values andD( o N (h.D (h N Ih percentile deviations from the median obtained

hl~. directly from the ordinal listing. he 34th
and 47.5th percentile deviations denote how 68
and 95 percent of the data are listributed
about the median. For Balboa, 95 percent of the
gradient data is within -202 and -1 units/kin;
while for Wiesbaden, 95 percent of the gradients£ N(h) - Total refrac.ivity at altitude h, have values ranging from -86 to +16 units/km.
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3. EFFECTIVE EARTH CURVATURES

Radio transmission path profiles drawn to
aid in the design uf microwave commuanications

tim links must account for the earth's curvature and
radio beam refractivity. Radio beam refraction

11100 is normally combined with the earth's curvature
to define an effective earth radius uisually des-

we- ignated as Kr, where r is the true earth radius
and K is the atmospheric refraction dependent

so- modification factor. Depiction of the earth
with an effective earth radius of Kr allows the

+24T I'R)E\IIYradio beam to be drawn as a straight line as
shown in figures 3a and 3b. To facilitate path

C9 60-profile plotting, both curves may be transformed
to a flat earth reference frame and a radio wave

~IF~I)Os i ~beam with curvature Kr as shown in figures 3c or
3d. Thus, variations in the K factor, induced
by meteorological changes, may then be depicted

IN by-several-plots representing the range of prob-
*;rn1TH Tt. able Kr magnitudes.

100 It: I

TV r ' t - i (. f ?b7 V

.2 . . 1 1 10 .130 M? I 1111 4.1 )+31 4.70 Kr

N UNIT/KM FOR FIRST 100M ABOVE GROUND LEVEL A 4A TUa1HIH

I,FAT EARTHI '121KEDh (1.F.ARANCK
Figure 1. Balboa. Panama. refractivity gradient himtogram. 10l

ftIq -.t.. ""k.. ,

1100 In this section the equations used to de-
'4F.)IA\-39rive all the K factors,, the median K, percentile

13:IIAm 31 deviations from the median K, and equivalent
earth profile curves like those shown in figure

120H 3d are described. Actual values and graphs for
Balboa, Panama, and Wiesbaden, Germany, are ob-

1100 tained and a brief interpretation of their mean-
ing is presented.

Conversion from refractivity gradients,
AN/Ah, to effective earth radius factors K is
easily accomplished with the standard equation

~11T ,'Ycr.'rn~r(Bean and Dutton, 1966, p. 14),
700

3I'lPVEIL K 157 units (8)
157 + N k

1W which is valid for radio waves originating at

m J small angles with respect to the horizontal and
when the magnitude of the atmosphere's index of

ITIV1ATH refraction is near unity. Ground LOS microwave
tranmision usull meHth abvecrteia

1W 573 TI ,*iti:'rut:Cal~culation of an average K value for all data
at a specific location proved meaningless be-

4)10 cause, .as-can be noted in equation 8, refractiv-
NU2' TAM FRFRS 0% AI1Mm 4.2'N LEVEL ity gradients of magnitudes near -157 yield ex-

~ ItflK~ FO FISTltN~l BOE tROLflLEVl.tremely lar~ge values of K. Consequently, a few

Figure 2. Wiesbaden, Cerrmnny. refractivity gradient histogram. large K's (some equal to infinity) grossly dis-
tort the average K, Nonetheless large K'~s repre-
sent phynically real conditions. in the case of
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K equals infinity, the radio beam is traveling Wiesbaden K value of 1.32 is in agreement with
concentric to the earth's true surface. To over- the K = 4/3 value conventionally used throughout
come the above difficulty and properly include the world; however, the Balboa median differs
large values of K, medians and percentile devia- significantly from 4/3. Percentile deviations
tions of data from the median were employed, from the median equivalent to standard deviation
These quantities were derived from the eorre- percentage ranges commonly used in Gaussiar dis-

spondilng refractivity gradient median and percen- tributions (o, 20, etc.) were identified in the
tile deviations with equation 8 expressed in the refractivity gradient ordinal listing and used
following manner: in equation 10 to compute the corresponding K

values. The median K values and the K's obtained
for the 68.3th, 93.4th, 99.7th, and 100th percen-

I tile regions about the Balboa and Wiesbaden
157 median, respectively, are tabulated in figuresI 157

(9) 4 and 5. Inspection of the K column in figures
157 + 4 and 5 reveals three ranges of the K magnitudes

I). which are of interest: 0 < k < 1, 1 < K <
and K negative.

157 These K data sets indicate, respectively,
157 (10) that the radio beam curves upward away from theP 157 + earth, downward with a curvature less than the

h Pearth's, and downward with a curvature greater

than the earth's. For Balboa, 0 < K < 1 oc-
curred about 2.5 percent of the time, 1 < K <

where occurred about 93 percent of the time, andK
negative occurred the remaining 4.5 percent.

median K, Note that the extreme K factors at Balboa for
this 5-year period were +0.39 and -0.10. At

th Wiesbaden, 0 < K < 1 occurred 4.6 percent of the
K K located at p percentile from time, a < K < occurred 95.2 percent of the-

cent. The extreme K factors for Wiesbaden.
0.36 and -0.73, were not as severe as those
found at Balboa.

k7"-) M edian AN/6h,"

Equivalent earth profile curves for each of
the listed K values for Balboa and Wiesbaden are
also included in figures 4 and 5. These sets of
profiles were constructed with the use of equa--

) th p ntion lI. after the origin was chosen, quite arbi-=Pt" percentile value of A\/Ah
P obtained directly from ordinal trarily, 275 ft above the a|;scissa which was

idesignated as the flat earth surface. The coor-
dinates (d,h) for a selected K of interest, iden-
tify the location of the radio terminals. Since
the plots of figures 4 and 5 represent the per-

qiet ecentile deviations from the median K values,shown in figures 3c and 3d, were constructed bysimpe reatioship(Lenurt these curves identify the expected variability

uEinlteic ple o rof radio beam refraction along the path and par-
Co., Inc., ticularly at the radio terminal. ,he plots

labeled +4 and -4, accordingly, represent the

217 d 2  ximum earth - beam divergence and tmximum down-
3 K ,() ward refractivity which might occur. Figures 4

and 5 show, again, that radio beam dispersion is
where greater at Balboa than at Wiesbaden. For ex-

ample, if a transmission path of 32 miles is
selected, the radio beam axis will remain with-
in approx-Artely +15 ft and -2C ft of the median

K patat 63.3 percent of the time and +60 ft and
= horizontal distance from path center, -55 ft 95.4 percent of the time at Wiesbaden,

K equivalent, earth radius factor. Germany, while at Balboa, Panama, the beam axis
varies about the median K path +20 ft and -35 ft
63.3 percent of the time and +70 ft and -155 ft,Graphs employing relationship show in equa- 95.4 percent of the tine. Radio beam variabil-

tion 11 will display the variability of radio itv for other transmission path distances can be
beam refractivity for expected magnitudes of K. iy ei fthe se pts

" readily estimated from these plots.

Employing equation 9, median K values of
1.68 and 1.32 were calculated for Balboa andf Wiesbaden, respectively. Note here that the
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Fi114 gure an. Pr7,e ond cltob ine th di resfraciom craue ae o einadpretl
the onvntinadev-iation va-lueadrivedt frombe Wieade i~mny mraeor esogicle da. ihi hch wl

lfomteculative distributions itci~l dosdeneth ege
ocuredc te ptaecnagenofte ta ai

tars dre con ofructdi algith he beeined 90th-If nd 9 prcet ~nfdenC iteralforeac fu~- tiee baveld on aInites ate9an 9aple cen
otintrodfactor phymucltv disotibutins. er sllpoaity sstatherudsr-

ordered ~ ~ ~ ~ ~ ~ ~~'i ormtesals oiieKvlet utndferms froth observed dsrbte
infinityK abuly ochcur to igninforin onf hscnieneitrasreebihdt

theta~ ~ ~ ~~~~~~~9 orpe oad h mlls eaie l eerinthi whcpecntil e limitaishl thle

The ie arrangement ss ltedi atecente mraph
of fgur 6 nd 7 an aitoa it iffrs fomereae ot co iien e thiae prcn confidence

theaonin a mlls tv.retn£me uu interva defnires .h e an e rvithi whi Kawil
te disretrbtins rercity oess et the degre ocsur for the fotatedn conid~etlve. w saitcn-

- ot ntodcig hyicl isendgites. er Teouimsgloso lures 6 and 7 are thelliclsv
infiiteK vauesocca ignficat prtio of 90tecqe (Conine liitbonares1hie.h

because the few extreme valued K f,-ctors encoun- tehiu(Cnr.17)
tered called for an unnecessarily large graph.
instead, these K factors and the respective
ctcmulative percentages are listed in table I
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,_______.,__-__,_--.TABLE 1. EXTREME EFFECTIVE EARTH RADIUS
- _K FACTORS

" Cumulative Cumulative

Percent* K Percent* KA

Balboa, Panama

: 0.02 -0.i0 99.87 0.58
0.04 -0.17 99.90 0.55
G.06 -0.18 99.92 0.55

0.08 -0.18 99.94 0.54

0O.0 -0.25 99.96 0.480.12 -0.26 99.18 0.48

mt . ,"MM A 0.14 -0.33 1o.00 o .39
r . U r. ,de"- f- a -F,. 4- i - 0.16 -0.37

0.18 -0.41
0.20 -0.42

l ,0.22 -0.43

S ... . 0.24 -0.57

viesbaden, Germany

0.02 -0.73 99.88 0.55

0.04 -0.75 99.90 0.55

-a 0.06 -2.12 99.92 0.52
0.08 -3.20 99.94 0.50

-M" 0.10 -3.49 99.96 0.43t99.98 0.40

'F I 100.00 0.36

*. 3.*CzLErt& .c.t....gez ate bc.5ed on dte WAMd

r"M"Ul ~ ~ ~ M&%cMzcn 4WI AA Iw d .tlut sIuexn in jiats 5 and 6.

In accordance with the above definitions,

If K K . . . K represent an ordered K and K bound the K confidence interval for a
-1 n s r p

sample of independent random variables with stated 1 - a confidence level.

K << K < . . . < K < . .K Examination of the cumulative distribution
" r- s n curves in figures 6 and 7 again reveals a higher

thnvariability in effective earth radius factor at
and I - r < s < n; then the lower confi- Balboa. At Wiesbaden, 99.86 percent of the
dence limit is given by effective earth radius factors encountered can

be accounted for by considering the region

0.5 < K < plus < K < -2, while at Balboa the
r = np - W Vnp(l - p) ; (12) larger numerical region of 0.55 < K < - plus

X -< K<0.58 must be considered to account for

*99.7 percent of the cases. The Balboa distribu-

and the upper confidence limit is given by tion function is also more widely dispersed to-

a t pwards negative K values. Wiesbaden data contain
only a few negative K magnitudes, which mean.

s = np + V!_2 np(l - p) , (13) that there is an infrequent occurrence of severes np+W pG P

I 2downward radio bean refraction with curvatures

[i greater than the earth's. Upward beam bending
occ.rs approximately 2 percent of the time at

where both Balboa and Wiesbaden; this occurrence is

demonstrated by that section of the cumulative
n = total sample number, distribution function where 0 < K < 1. Table 1

indicates that .ae extreme downward refraction
p = data percentile value for which confi- case for Wiesbaden, Germany, occurred at a 1;

dence interval is being established, value of -0.73 which is less severe than the

extreme Balboa case of K = -0.1. Table 1 also
a level of significance or I - &onfi- shows that extreme upward beam refraction en-

dence coefficient, countered at Wiesbaden was for an effective earth

radius factor of 0.36. while at Balboa the maxi-
W the a/2 or I - -f/2 pecentile of a num upward refraction occurred at a comparable Y

standard normal random variable. 8



value of 0.39. All the extreme K values encoun- gradients over the first 100 m altitude with the

tered represent refractivity conditions vastly use of an interpolation scheme. Thereafter for
different from those represented by the respec- each refractivity gradient, a corresponding ef-
tive medians or the conventionally used K value fective earth radius factor was computed. The
of 4/3. The variability of K is high, particu- median refractivity gradients were determined to
larly at Balboa, Panama. be -38 unitsikm for Wiesbaden and -64 units/km

for Balboa. The refractivity gradient distribu-
The 99 percent confidence intervals ranged tion was found to be non-Gaussian in both cases.

from a LK of less than 0.1 at the median to a K Ninetv-five percent of the Balboa refractivity
of approximately G.6 at K = -0.89 (last interval gradients are contained within -202 units/km and
shown on figure 6 graph) for Balboa, and from a -1 unit/k, while at Wiesbaden 95 percent of the
AK of approximately 0.1 at the mef.ian to a !K of data is within -86 units/km and +16 units/km.
about 4.3 at K = --. 0 for Wiasbalen. Since ef- Median effective earth radius factors were found
fective earth radius factor mediar cnanges less to be 1.32 for Wiesbaden and 1.68 for Balboa.
than 0.1 are considered negligible for present Although the Wiesbaden K median is in general
average microwave communications path lengths, agreement with the current "standard" K = 4/3
a 99 percent level of confidence can be attached magnitude, the Balboa K median is significantly
to the fact that the actual medians, both at different. Derived K factors enclosing 68.3,
-salboa and Wiesbaden, will remain ±0.05 K of the 9S.4, 99.7, and 100 percent of the Balboa and
calculated median. In contrast, the confidence Wiesbaden K data, listed in figures 4 and 5 along
intervals at the fringe K values of -0.89 and with the corresponding equivalent earth profiles
-2.0 can be an apprecial-le percentage of the mea- curves, illustrate the high variability in micro-
sured percentile. At Balboa, the negative sec- wave refraction at these two locations. At
tion of the confidence interval at K = -0.89 is Wiesbaden radio bean upward refraotion was found
the larger one. The magnitude is +0.58 and is to occur 4.6 percent of the time, while downward
35 percent of the absolute value of -0.89. Simi- beam bending occurred 95.4 percent. At Balboa
larly at Wiesbaden the larger section of the con- upward refraction occurred only 2.5 percent of
fidence interval has a magnitude of approxinately the time, while downward refraction occurred the
-3 or 150 percent t -2. The significance of other 97.5 percent of the time. Downward beam
these percentages is dependent on the circuit refraction is found to be more severe at Balboa.
design criteria which define the necessity to K factor cumulative distribution functions, shown
keep the refractivity within certain bounds. in figures 6 and 7, also demonstrate the K vari-
Confidexce intervals for the extreme K values at ability at both locations. Boundaries defining

Wiesbaden are noted to be wider than those at the 90 and 99 percent confidence limits of the
Panama. The relative scarcity or infrequent oc- cumulative distributions established that both
currence of extreme K values at Wiesbaden caused medians can be predicted to occur within K < 0.1
the confidence interval to diverge. Dluations 12 with a 99 percent level of confidence. Confi-
and 13 i-dicate that the width of the interv .1 is dence intervals for extreme K values are consid-
dependent ea the location of K and K per- erably wider than 0.1 K. In genera: K was found

r s
t poi . The o s the K and to be highly variable at both Wiesbaden and

centile poinrq. Th ocations o0 thelboa. r Balboa.
K percentiles are dependent on the number of~s
data points availazle in the K vicinity. REFERECES

Corstquently, at Panama where the higher K var- eu

is rquird t retin he Sme onfienc levls. Bean, B. R., and E. j. Dutyer, 1959: Rdelof

abil ty places more data points at the fringe e.
area, a smaller interval defines the 90 and 99 teorology. US Government Printing Office,
percent limits. At Wiesbaden a larger interval Washington, DC.

• is required to retain the same confidence levels.
Conidece nte,'as or he ffetiv eathBean, B. R., and G. D. Thayer, 1959: Mdels of

SConfidence intervals for the effectie earth the Atmospheric Index of Pefraction. Proc.
radius faztor dat-i liated itable I were not
derived because the liuited data saeple in this IRF)_7, Mo. 5, 740-755.

results. _onr
Statistics. John Wiley & Sons, Inc., New York.

5. CONCUSIONS Lenkurt Electric Co., Inc., 1970: Engineering Cm-

siderations for Microwave Counications
To better understand ano quantitatively Syst r. ,Report, Le7ar lectric Co., Inc.,

predict the degree of effecti.e earth radius San Carlos, California.
factor. K, variability, meteorc-ogical data were Sa.on, C. A., 1975: Refractivity radientsi

acurdfrom two distinct locao~s ind used to thes NotenH shr.Oficea of Aee

der"':e the K factors, which served as test cases. co-tunications Report T5-59, Department of
TWo areas of interest, Gerrzay and Panama, were Co-erce.

chosen as the sample sites. Specifically, atmo-
spheric pressure, temperature, and relative
humidity data from Balboa, Panama, and Wiesbaden,
Germany, were converted to average refractivity
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ATMOSPHERIC PROPAGATION OF SUBMILLIMETER WAVES:
OBSERVED CORRELATIONS WITH FOG CONDITIONS AT 0.890 mm'WAVELENGTH

G. A. Tanton, J. F. Osmundsen, R. L. Morgan, H. C. Meyer, and J. G. Castle, Jr.*

US Army Missile Command

Redstone Arsenal, Alabama

t
ABSTPACT

The present investigation is aimed at char- of atmospheric absorption in the millimeter and

acterizing the propagation of submillimeter wavee SMMW region is the watLr molecule. The labora-
in the atmosphere for possible application in dn tor measurement of absorption due to pure water
all-weather radar. Preliminary experimental re- vapor and H20-N2 mixture in the SMW region is
sults for a 200 meter path close to ground level well documented in a number of recent reviews
are presented. Atmospheric water vapor density, (Bastln (1966); Burch (1968); and Waters (1976)).
p , and dry bulb temperature, T i are corre- It has been pointed out that the standard theo-
lated with the observed transmission ratio, R retical models of rotational line shapes do not
where R is defined as the ratio of received predict the H20 absorption in the window regions.
intensity to the transmitted intensity of the
0.89G mm (330 GHz) radiatior. The C02-pumped This paper reports experimental results
FIR laser source is described in some detail. pertaining to effects of atmospheric water vapor
The collection of data over many days shows an and temperature on propagation at 0.890 am wave-
observed correlaticn of R with o as a lin- length, in the window between the J' = 5 to
ear increase in log R with temperature-dependent J' = 4 line at 10.85 cm- 1 and the J, = 4 to
parameters over tie range from 10 to 25 g/m, " = 3 line at 12.68 cm-1. The data were col-
except for a cluster of some of the points near lected during the sumner of 1978 at rodstone
17 g/m3, where the transmission is significantly Arsenal, Alabama.
higher and essentially temperature-independent
from 77 to 830F. This apparent bimodal behav- 2. EXPERIMENTAL ARRANGEMENT
ior is interpreted as further indication that
the equilibrium values of o and T do not The FIR laser used is a dielectric wave-
predict R . In addition to these observa- guide laser designed and built in-house by W. L.
tions at high visibility, we have observed some Gamble and J. F. Osmundsen. The FIR laser cavi-
reduction in the transmission of 0.890 mm radi- ty consists of two plane mirrors mounted coaxi-ation during conditions of fog with vi.sibility ally with and at opposite ends of the glass

less than 100 meters. tube waveguide, which measures 162.5 ca long,I4.8 cm OD, and 4.4 cm ID. The mirrors must be
1. INTRODUCTION. almost in contact with the wavegulde to mini-

r imize radiation coupling losses from the wave-
Ther is a military reed for an all-~.eather guide to the mirrors and from the mirrors back

target acquisition and recognition system tt.at is into the waveguide.
compatible with requirements of srall transmitt-
inq and receiving apertures and the ability to The output coupler mirror is actually twe
penetrate fogs and other target obscurants. mirrors in one. The substrate of this mirror
Kruse (1974) and Hartman et al. (1976) must be transparent to FIR radiation, and thus
have pointed out the advantages of working in it is a wafer of high resistivity intrinsic
the 0.74 - 1.3 mm atmospheric windows for all- silicon and has a diameter of 50 mm and a thick-
weather radar applications. Wavelengths in ness of 3 run. First a 9S% multilayer dielec-
these atmospheric windows are short enough to tric mirror to reflect the pump laser beam is
,,rovide adequate resolution with small diameter evaporated onto this substrate. Then for re-apertares to recognize combat size targets but flection and output coupling of the FIR radio-
are long enough to be affected only slightly by tion, an optically thick anntriar shaped gold
fogs and aerosols. coating surrounding a central hole (I cm diam-

eter) is evaporated directly on top of the
It is now well known that the chief source multllayer dielectric mirror.

The other mirror in the FIR laser is a
t~Pgold-coated copper mirror having a 3 mm diamet-Permanent address: Physics Department.

iversity of Alabama in Huntsville Huntsvillerct tAL 35807 beam is focused. This copper mirror is trans-:
fated longitudinally for initial cavity tuning.
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The entire FIR laser is supported in a cylindri- 3. EXPERIETAl. RESULTS
cal frame constructed of circular aluminum disk
spacers and three Invar rods for thermal sta- It is apparently well known that the chief
bility. The entire laser and frame fit into a source of atmospheric absorption near one milli-
vacuum chamber constructed from a section of meter and throughout the SMP region is rotat-
industrial glass pipe 6 feet long and ? inches icnai transitions of water molecules. All oth-
in diameter. The end plate at the output end er constituent gases seem not to contribute

has a window of fused quartz which is trans- significantly to the absorption. Both atmos-
parent for the FIR laser beam, and the input pheric water vapor density and temperature
end plate has a NaCt window which is transparent effect propagation.
for the pump laser beam.

Correlation between dry bulb temperature

The pump laser is a flowing gas C02 laser, and water vapor density was usually quite high
Its output is tuned from line to line with a as plotted in Fig. 1 from data taken on a typ4-I Littrow-mounted, gold-coated-on-copper, diff- cal day; therefore, it was not possible to sep-
raction grating blazed for a wavelength of 1C.4 arate with confidence the independent effects
microns. This laser has e cavity length of 180 of temperature and p on propagation on a sin-
cm, and the output frequency is tunable + 50 Miz gle day basis. However, there were many days
from a line center by moving the output coupler in which the relation between p and T was
with a PZT stack. A number of different reflec- not single valued. The time evolution of p
tivity output couplers are used with this laser and T are shown for one such day in Fig. 2,
depending upon the C02 line required. The dis- where the cooling in the late afternoon and in-
charge tube is 160 cm long and has a diameter of to the late evening of Day 229-78 produced the
1 cm. The C02 partial pressure is 3 Torr, and same o at two values of T
the flow rate for the CO2 alone is approximately
100 ml/min at STP. The nitrogen is at approxi-
mately the same pressure, and the helium is at r i
approximately three times the C02 pressure. With I
new optics we have been able to achieve output
powers of 45 Watts on the 10 P22 line and 20 1.
Watts on the 9 P32 line.

In our present mnode of operation, the C02  (I. ~-

laser beam is chopped and then focused into the
FIR laser with one 30-inch focal length lens. W
The effective f-number of the lens is such that I-
the putp beam is able to travel the length of
the FIR laser three or four times before it has to

expanded to the diameter of the waveg'.ide. The
output power of cur FIR laser has not been accu- t]
rately measured, but is approximately 100 micro-
watts average. -_ SS +

The S.M transceiver uses a single transnit-
receive mirror whos- diameter is 35 cm. The FIR
laser beam, after passing a beam splitter for ii 2 13
monitoring output intensity, is expanded to 25 cm
dia.eter by an off-axis collimating mirror system
and is directed out of the laboratory through a WRTER VRPnR DENSITY
2 mil thick Teflon window to a 30 cm copper cor-
ner cube 100 meters downrange. Radiation reflect- Fig. I. Dry bulb temperature and simIltan-
ed from this corner cube is collected by this
same optical system. A fr.,tion of the received eous water vapor density as observed,n the SMV range at Redstone Arse-
themal power is deflected by a second beam he Alabana t
splitter ano detected by a second Golay cell.
Both detectors are coupled to lock-in amplifiers The units along the abscissa are

on on daow the hordiae rees
thac derive a reftrence signal from the rnechani- g/m 3 and along Vie ordinate, degreesF. These data samples of the read-cal chooper positioned between the pump and FIR Fg Taen at1 seo teradslasrsings taken at 100 second intervals
lasers." on one day, show the high corre-

lation (CC = .995 and R.SQ =.991
Propagation data and meteorological data to straight line) usually observed

such as dry bulb temperature, wet bulb tempera- during the daytime in the summer of
ture, barometric pressure, wind speed and wind
direction, and total solar radiation were samplad 1978.
and recorded twice per secord by coputer-control-
led instrumentation. Tyoical printouts list
averages of all of these quantities for 200 con-
secutive readings or 100 second time spp-.
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Fig. 2. Water vapor densities and the simultan- Fig. 3. Transmission loss (R) vs. the corres-

eous dry bulb terpratures (OF) re- ponding water vapor density (glm3) re
corded on Day 229-78 on the SAM1 range corded on Day 229-78 thru sunset toat qedstone Arsenal, Alabama from rnid- late. evening on the SM range at .Red-
afternoon through to late evening, st(-e Arsenal, AL. The symbols repre-

The symbols represent fractional time sent ipproximate time of day as liste
of day as follows: 1 from 0.61 to explicitly in the caption of Fig. 2.
0.624 of 24 hours; 2 for .643 - .68; Each value of R was obtained from
3 for .689 - .705; 4 for .71 - .74; the 100 second average of the Colay
6 for .79 - .825; 7 for .829 - .863" cell outputs. The short term uncer-
8 for .864 - .913; and 9 for .914 - tainty in R is less than the size
.926. The corresonding mean trans- of the sy-4o!s displayed in the graph.mission values are shown in the next

Although one type of behavior appears to
fit a first-order linear equation well, itWe find that the tratisr-ission values at should be pointed out that this way of describ-

0.890 -i do not always reflect the equilibrium ing the data does not take in*o consioeration
o and T values. For exampi, the tire eve- what physically haopens at o - 0, but merely

lution of R , computed as the ratio of the- gives the fits of the measured points to a
average of 200 readings of the 15 Hz coonents straight lire in the region ,F glM.
of the Golay cell output on the same day as in
Fig. 2, is sho;tn in Fig. 3. The scatter in Table 1 sumr-rizes the statistics of
Fig. 3 is typical and appears to be wandering attenuation versus water vapor density at con-
in R related to weather conditions other than stant teteratures for those values of log R
mean o and I which fit linear equations of the fore

daaWe tberefcr scanned the entire s-ir-r's log R Co 0 Co = 0 (
data for values of 10 log R and o that were ob-
served at selected temperatures of 77.0 + .250F, A dependence of R on T was obtained by
79.0 ,250P, and 83.0 + .250F. The valles ob- interpolation of this equation and presented
served at 77OF are plotted in Fig. 4. Similar in Fig. S. The temperature dependence of R
behavior of log R vs. o was observed at the expected from this interpolation is much larg-other two temperatures with the straight line er at high or low values of t-he water vapor

n having temerature dependent paraeters but the density than in the central range, as Fig. 5
lower grcuo at 17 g/m, being temperature-inde- shows. It is in the central range of p that
pendent. A bimodal descrption fits. with one interpolated values of R agree with those
type of behavior composed of log Ro data points obtained from calculations plotted in Fig. 6
that had r2 fit5 > 0.9 to first-order linear based on a Van Vleck/Wei,:skopf line shave.
equations with temperature-dependent coefficients (CUble et al. (1977)).
for 77 < T 83OF andlO < o < 25 g/W.
Te reaining data points consisted of tempera-
ture-independent values of loq R clustered ato 17 o/m3 92



I I I TEMPERATURE (OF) 83 79 77

77. 0 F CORRELATION COEFFICIENT 0.96 0.99 0.99

r FIT 0.92 0.99 0.9

SLOPE 0.37 0.55 0.5

in INTERCEPT -0.25 -3.36 -3.8

-j q TABLE 1. Statistics of Attenuation vs. Water
12 Vapor Density at Constant Tempera-
-- tures.
U,

e n

22

WRTER VRPDR DENSITY
Fig. 4. Transmission loss vs. the corresponding

water vapor density (g/m3) observed at
77.0 + .25OF and 0.890 mm wavelength _ _ _ _ _ _ _ _

durirg the summer of 1978 on the SMMW 76 76 2 8
range at Redstone Arsenal, Alabama.
The straight line through the data
points has no sound theoretical basis. TEMPERATUPE DEE F

Fig. 6. Loss calculated for transmission thru

-j F 6 phere vs. temperature. The loss values

were read from Tables 10-14 of Refer-
ence (Gamble et al. (1977)). The ord-
inate scale corresponds closely to the

S vertical scale in Fig. 5 and the hori-
zontal scales are identical so that
the slope can be compared between Figs.

t 022 5 and 6.

In addition to the clear air data describ-
"n ied above, observatiors were made in fog. An
C3 example is shown in Fig. 7, where transmission

i2 loss is plotted against water vapor density on
.2Day 271-78, a day on which fog with visibility

no more than 300 feet persisted from dawn thru
_ midmorning. The wander in R is much larger

than the short-term fluctuations observed andI Iappears to be due to weather conditions other

than temperature and humidity. No significant
attenuation due to this fog was detected.

TEtIPERHTURE DEG F
Fig. 5. SMMW loss calculated from Eq. (1) vv.

temperature for values of water vapor
density from lO to 25 g/,3. The loss
values correspond to x = 0.890 mm
transmission data taken for the 200
meter round trip on the SMMW range at
Redstone Arsenal, as displayed in Fig.
4.
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I Fig. 7. Observed loss vs. water vapor density from near dawn thru midafternocn on Day 271-78
for transmission of 0.890 mm waves over the 200 meter path at Redstone Arsenal. Th(
uncertainty due to short time fluctuations is represented by the height of the numeri.

- cal symbols plotted. The symbols represent time of day as follows: #l for .278 to
.316 of 24 hours; #2 , .321 - .362; #3, .374 - .400; #4, .404 - .438; #8, .599 - .607;
#9, .618 - .645; #0, .649 - .686. The visibility during 1, 2, 3, and most of 4 was
300 feet although the total solar radiation collected showed a strong increase. The
visibility during periods 8 through 0 was greater than one-hff mile.

4. CONCLUSIONS

In conclusion, there appears to be no signi- Hartran, R. L., W. L. Gamble, B. D. Guenther,
ficant attenuation of 0.89 mm radiation by a fog, and Pal W. Kruse, 1976: Sutinillimeter
even at visibilities of 300 feet. The bimodal System for Imaging Througph-Inlement
values of R are due to parameters not quanti- Weather. The Optical-SubmiiliietrAt-
fled in this paper but are expected to involve mospheric Propagation Conference, Puerto
atmospheric nonequilibrium. Using linear fits Rico, 6-10 December 1976.
of R vs. p at constant temperatures between Kruse, Paul W., 1974: A System Enabling the
770 and 830F leads to a temperature dependence of Amy to See Through Inclement Weather.

R that agrees with expectations based on lit- US Ary Scientific Advisory Panel Report.
erature values except at the low and high ends of Waters, J. W., 1976: Absorption and emission
the water vapor density range (5 - 25 g/m3). by atmospheric gases. Ir Methods of

rmental Physics, Vol If_ trop.s-
More extensive measurements taken over a e es,editedby

wide -:nge of temperatures simultaneously with -.Le s Academic Press, New York,
other parameters affecting atmospheric equilib- 142-176.
rium are clearly needed for an understanding of
attenuation in the 0.74 - 1.2 m atmospheric14 window.
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A SHUTTLE PULSE TECHNIQUE FOR SIMULTANEOUS MEASUREMENT OF ATTENUATION
AND BISTATIC SCATTER DUE TO PARTICULATES AT MIY.LIMETER WAVES

J. W. Mink

U. S. Army Research Office, Research Triangle Park, N. C. 27709

L ABSTRACT angle. The system is calibrated by placing a
known scattering object in the beam.

A shuttle-pulse technique for simultaneons , 0
measurement of the attenuation and bistatic .1 REFLECTOR

scatter cf millimeter waves is described.
_ Measurements were obtain..d using a propagation

path through ain of only a few meters; therefore
the rainfall scatistics can be considered constant
within the sai volume. A "total bistatic scat-
ter coefficien for rain is defined, and the tech- RE ECTOR W'MAfETRr
nique of using a shuttle pulse 1or its measurement 35GHz
is discussed.

1. INTRODUCTION N

A technique f'r simultaneous measurement of -AJN RATE ^TA
the attenuation and bistatic scatter of millimeter RECENG
waves resulting from rainfall over short path RECEIVING

lengths will be described in this paper. Measure- SYSTEM'I

ments were made with a shuttle-pulse technique ATTEQJATION TARECORDER
which utilizes a propagation path through rain of
only a few meters. Absorption data [Medhurst, Figure 1. Overall view of measuring system.
1965; Godard, 1970; Mink, 1973] obtained frommeasurements over relatively long transmission 2. DESIGN OF WAVE BEAM RESONATOR
paths, are in some disagreement with theoretical
expectations. Result6 of this experiment fcr very The reflectors of the resonator have a dia-
short path lengths show a similar disagreement meter of 1 meter and a focal length of 28 meters;
which indicates that the discrepancy between their mutual spacing is 25 meters. At the center
theory and experiment cannot be explained in terms of each reflector, there is a 1 x 1 cm coupling
nf variations in the rainfall-rate and drop-size aperture which is used to inject and withdraw the
distribution along the path. vertically polarized millimeter wave signal. The

E35 GHz magnetron, which was used as the signal
The total bistatic scatter coeffic5eat per- source, supplies 70 ns pulses with a peak power of

unit-length defines an equivalent scatter area for 10 kW. The measured loss of zhe cavity without7 all drops within the millimeter wave beam. From rain is 0.1 dB per-round-trip; the theoretical
this quantity, the scattezed signal level caused diffraction and reflection loss of the reflectors
by rainfall may be detprm-ined. is 0.048 dB per-round-trip [Goubau, 1968]. The

additional loss of 0.052 dB is caused primarily
The experimental setup used for the reported by the coupling apertures.

measurements is st-own in Fig. 1. A short milli-E' I neter wave pulse (35 GHz) is injected into a wave 3. MEASUREMENTS OF ATTENUATION CAUSED BY RAIN
Pr t beam resonator, where it shuttles back-apd-forlh

between the two spherically shaped reflectcrs. The receiving system is a conventional crystal

After many round trips, if the resonator is detector followed by a wideband video amplifier;
properly designed, & Gaussian beam mode is es- the signal processing system, which compensates for

tablis-.ed whose amplitude decpys exponentially power variations of the magnetron, follows theI [Christian and Goubau, 19611. When part of the video amplifier. After the Gaussian mode has been
path is iitercepted by rain, the resulting in- estab-ished (see Figure 2), the pulse train is
crease in pulse attenuation per-round-trip is a gated (using an FET switch) into an integrtoz cir-

Fmeasure of tie rain attenuation. The bistatic cuit starting at time tI . Thiu pulse train is also
scatter coefficient for rain can also be measured gated into a second iategrator circuit, w)ch
with this shuttl-pulse technique by placing a starts at a later time, t 2 . The ratio between the
second receiving system at the desired scatter outputs of these two circuits is then formed and
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the resulting curves plotted by a strip chart re-
corder. This ratio is a function of the attenua- ,o
tion factor of the pulse train since the dif-
ference between the two switching times is con- ii
stant. Calibration of the system is accomplished
with an oscilloscope by measuring the decay of the z
pulse train for various losses. W .

Ill~ RAIN SHIELD , _j .0: "

REFLECTOR REFLECTOR . ::/hi
DETECTO HIIlTRNu )" '

i'll'l I / BbGHZ"":' "

betwhe a l "a

tl 2 , -- > PRECIITT101 RATE (r/hOuti

tIt

: [4" ----1 Figure 3. Comparison of experimental and

ic tmaTrS TI RECORDER well-defned relatonship between rainfall rae and' . L____JI ]millimeter wave absorption. This Indicates that

the rain statistics (I.e., drop size distribution,
index of refraction, and terminal velocity) for a

Figure 2. Rain-attenuation measuring system. certain rainfall rate vary substantially.

Since this measuring technique requires a pathd. MEASURDIENTS OF SIDE-SCATTER CAUSED BY RAIN

length through rain of only 5 meters or less, theremaining part of the beam path between the reflec- Since communication systems are being planned
tors is covered by a roof. Only one rain gauge is to operate in the millimeter wave length bands, a
required for measuring the precipitation rate with- knowiedge of the side-scatter (bistatic) charac-
in this short path. In order to obtain rain data teristics of millimeter wave: caused by rainfall
at suffic.ently short intervals, a special tipping becomes i"portant. One vital aspect of bistatic
bucket gauge was constructed [Mink and For5est, scatter caused by rain, and a reason for this
1974]. This gauge tips after each 5 x 10 mm of study, is that of security. If sufficient engergy
rainfall has collected; each bucket tip I! recorded is acattered by rain, the security of a millimeter
as a hack mark on the strip chart recording. wave relay system can be compromisea by placing a

receiver alongside of the path. Cross coupling
The data obtained during these experiments was between milli.eter wave links is also a serious

evaluated in accordance with the empirical relation problem. Satellite systems are paeticularly sub-
between attenuation and rainfall as proposed by ject to cross-coupling interference. In this sec-
Gunn and East [1954]: tion, the "total scatter coefficient" for rain s

defined, and the shuttle-pulse technique usedL = ARX, () during this investigation for its measurement are

discussed.
where L is the aLtenuation per kilometer and R is
the rainfall rate in millimeters per hour. The The received power scattered by a single drop
parameters A and x were obtained hv fitting the as given by Cleverley [1973] is
curve represented by equation (1) to the measured oxpoints with ninimum aquare error. In order to ob- - A, (2)
tain the most reliable data points, the measure- r r)d ,
ments were evaluated for periods of relativelv con- r~stant rain, i.e., constant attenuation. Data weretaken for an average of 50 minutes during each where

shower. These data arerepresented by the dots in
Fig. 3; the best fit curve to the data is shown P () = IE xT1 at the drop;
in the form of a dashed line. For comparison, the
theoretical attenuation results of Medhurst [19651 ox  = bistatic-scattering cross-section of
are plotted in the form of a solid line. the drop;

On the basis of t e above data, which were ob- d = distance from the drop to the
tained from weasuretaenti of rainfall samples receiver; anduniform rate, one must conclude that there is no tharao e eevnaptu.
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For calculation of the overall effect of raindrops of the shuttle pulse.
on a Gaussian beam, a density function for rain- REFLECTOR -COmNm PEFLECTOR"
fall is defined as follows (Kerr, 1951] ,WEvOLUEI

v ndv, (3) \ 5GHz
v ol. . . .

where r is the number of drops per cubic meter, '-... .. -
and N is the total number of drops within the SCATTERIE.V
scatter volume. Since the drops have a rand.)m ANGLE-A, H M'O fLATOR

distribution within the scattering volume, the HORN
scattered power from each drop [Kerr, 1951] must
be added. The total received power then becomes:

LA I n F(r)ax d, .(4)GT ROER

T 4 d' .rFCIVER+.GT1  vol. d
t r

Since evaluation of equation (4) is in general
rather difficult, the following approximations
will be used. The scatter volume is considered to C
be cylindrical in shape with its axis aloni7 the PULSE
axis of the millimeter wave beam. This scatter Figure 4. Rpin side-scatter measuring system.
volume is considered to be relatively small and
far enough away from the receiver so that .7 and Side-scattered =nergy is collected over an
d can be considered constant. Using these aperture of 33 square centimeters, placed 12

r

unit-length becoaes: positioned at the desired angle relative to the
beam axis. A conventional millimeter wave super-PT A SP (5) heterodyme receiving system was employed for this

L 4 d2  experiment. The receiver consisted of a balanced
r mixer, a 120 'qlz post amplifier, and a video de-

where the total power !ncidenz upon the co=aon tactor. Automatic frequency control was employed
scatter volume is to keep the receiver properly tuned to the magne-

: tron frequency.
P (r)dr (6) Since the receiver gives an output for eachincident

bean passage of the shuttle pulse through the com=Gn
area scatter volume, the receiver output contains in-area formation abc'zt both the forward- and backward-

If one assumes that the path length through scattering angles. To eliminate this ambiguity,
the common scatter volume is short enough so that the cutput of the receiver is gated with a syn-
attenuation may be neglected, the total side- chronous gating circuit sc uhat an output is
scatter coefficient per-unit-length is generated only when the shuttle pulse passes

S = na (7) through the c°--on scattering volume in one direc-
" tion. The pulse train thus generated is gated

Thus, if S is determined by measurements such as (using an FET switch) after the Gaussian mode has
those described below, the side-scatter signal been established (see Fig. 2) into an integrator
level may be determined. Of course, one must take circuit. The ottput of this integrator circult is
into account the attenuation of the signal and the plotted by a strip chart recorder. Calibration of

|- angular sensitivity of the receiver when deter- thL system is accomplished by measuring its re-mining the Lotal reccived side-scatter -ignal for sponse to a known scatter object (i.e., a thin
a long propagation path through the coma-.n scatter wire) placed in the comon srattering volmxne. The
volume, theory of calibration can be fvumd in Appendix A.

The experimental setup used for the rain Results of side-scatter measrements for a
side-scatter measurements is shown in Fig. 4. single scattering angle are indicated by the
Since the resonator setup and the magnetron with circles in Fig. 5. For comparison, theoretical
its modulator are the same as previously des- points, based on Mie's scatter thaorrvwith Laws
cribed, only the equipment used for side-scatter and Parson's drop distribution, are shown as
measurements will be discussed here. Fach time crosses in Fig. 5 !Vogel, 1971]. As can be seen
the shuttle pulse within the resonator passes from this curve, the "total side-scatter co-
through the pcrtion of its path that is inter- efficient" increases at a much faster rate than
-epted by rain, a portion of its energy is scat- does the attenuation by rain. A similar rusult
tered. This scattered energy is detected by the has been reported for radar backscatter as com-z side-scatter receiver. Thus fct each round trip pared to attenuation caused by rain [Brinks, 1973].
of the shuttle pulse, the output of the receiver Uring the results of the neasurements shown in
is two pulses, one for each direction of travel Fig. 5 and equation (5), one finds for a receiving
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aperture of 33 square centimeters placed 12 meters AK(T) SP0
from the co'mmon scatter volume in the plane con- D 2 -exp(-2at 1 ), (A.1)

taining the beam axis and the magnetic field, that 4d r  2a
the power received is 60 db below the beam power
for a moderate rainfall ( 10 mmihr). where

10log S CATTERNG ANGLE X =A = area of the receiving aperture;

20" VERIC K(T) = a constant dependent upon the pulseZ VERTICAL POLARIZATION
tii width and spacing between pulses of
-) the pulse train;

a 1 d= distance from the scattering object

0 to the receiver, and

0 2 4/ 6 8 D i path length through rain.S2 4// 6 8 I0

When a known scattering object is placed in
7 the millimeter wave beam, equation (A.1) becomes:
0--lo- -MEASURED POINTS p

W X - THEORETICAL POINTS A() exp(-2t ) (A.2)

0/4-d 2a 0

x The resulting signal is then used as the reference

IX TRANSMISSION LOSS-db/km level for measurements of side-scatter due to
I rain. When using the same receiving aperture A

Figure 5. Measured data for rain side-scatter. and distanc dr for both calibration and measure-
me-t purposes, one obtains the ratio bet-een

5. CONCLUSIONS AND RECOMMENDATIONS equation (A.1) and (A.2). Thus

A laboratory technique for simultaneously 0 S pt

measuring the attenuation and bistatic -catter of D 1, -- p 2a
)0 1

millimeter waves has been demonstrated. Since
this technique requires a path length through where J/Dfoa, and o are obtained from

rain of only a few meters, the rain statistics measurements of the received side-scatcer energ}

for this path can be considered uniform. Since and the atteauation of the millimeter wave beam.

the quartity of data obtained from each rain A more convenient form of equation %A.3) for

event is substantial, it would be desirable to evaluation purposes is:

incorporate an automatic data processing unit
into the system. This technique would reluce 10 tog S 1 I0 zog - + 10 tog 0 +
the data to usable form on a real-time basis. In

addition, the dynamic range the rain-attenuation 10 tog + 8.448(a-a )t. (A.4i
measuring systems may be increased by employing a 0o

superheterodyne receiver in place 
of the video

detector. To achieve increased dynamic range, the Vhen equation (A.4) is used to dete rmine S,

times at which the pulse train is switched into all parameters are known through measureiments

the integrator circuits should also be under the except a . We will now show how a can be ob-

control of the data processing system and the tamned for a "nown scattering object each as a

ratio of tI to t2 should remain constant. lossless wire. A thin wire was chosen for two
reasons: (1) Its scatter characteristics can be

6. APPZDIX A obtained analytically and (2) In the case of a

THEOR? OF SIZE-SCATTER CALIBRATION vertical wire, no supporting structures intercept
the millimeter wave beam.

In order co calibrate the measuring system,
it is necessary to determine the receiving sys-
tem's response tc ;n :rbitrary lossless scattering lengths, the current is filamentary and its dis-

object pleced in the ' llimeter wave beam. In the tribution is proportional to the electric field
signal processing syawn shown in Fig. 4, the intensity parallel to it (Johnson, 1965]. Since
pulse train detected by Lhe side scatter receiver the wire is placed across a Gaussian beam [Goubau,

is gated (using an FET switch) into an Integiator 1963; 1968], the current distribution in this wire

cirtuit -=azting at time t, after the Gaussian will be of the following form:
mode has been established, and ending after the IA
pulse trai- has decayed. The ouLtu of the inte- = I exp(-(--) 2

grator circuit, which is recorded ,n a strip chart 0

recorder, may be expressed cs-
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where z is the mode parameter of the Gaussian
beam. The radiated field of a current element 10 tog S 3.12 + 10 tog D
along the z-axis is fHarrirgton, 1961]:D o

Js1Ii exp(-Jkr) sinL

()4nTr L dbkm

E/ . ( ~ 2) x ~ k 10 4og L +
0 dblkm

The current 0aiu a edeemndb bk

equating the total scattered power to the measuied
powr lstfrom the millimeter wave beam, one ob- The total side-scatter coefficient can now be

tains dtrie rmmaueet sn h cte
prprisof a know-n scattering object as a

PLt. i2 z reference.

S4 .34 c 4
t'3 2 2 2

Jsn exp(-k z0 Cos G)da (A.7) RFRNE

S
*where P is the beam power and Ld is the less in Brinks, W. J1., 1973: A Discussion of Excessive

db Liused by the scattering wire.b For the para- Rainfall Attenuations at Millimeter Wave-
meters employed, kz - 1; therefore equation(A.?) lengths. Report HOL-TH-'3-14, Harry Diamond
may be solved f or 012. Hence Lab(,ratories, Washington. D. C.

S 0Christian, 3. R. and G. Goubau, 1961: Experi-
2 4Ldb (A) mental studies on a beam waveguide for milli-
0= 4.34 kz meter 6waves. IRE Trans. Antennat, Propagat.,

0- AP-9(3), 256-263.
One may now calculate the power received over Cleverley, M. E., 1973: observation of the small-
an aperture. Thus scale structure of intense rain by the scat-

tering of microwaves. Electron. Lett., 9(22),

m rt h Pol-~c paaetr ere( uose A n milliete waeltengh of ug precipitaat-
r t~es. IEEuart .Roynteoa. Soca.,5P-18,.
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2r/).~wav 7.3 ohas, .. I95:n i ~W ElectromantcTer -r

dPamics. Mrao -ill, Oewfor, 907-918.17 .cm 2 2Gobr, GE. 19: Ber oagin s In Adv adios

Waemic Pcres-s, Ne York, 8-6.
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BATTLEFIELD DUST AT 94 AND 140 GHz*

J. J. Gallagher, R. W. McMillan, and R. C. Rogers

Georgia Institute of Technology
Engineering Experiment Stari-n

Atlanta, Georgia 30332

Donald E. Snider

I; U. S. Arty Atmospheric Sciences Laboratory

White Sands Missile Range, New Mexico

ABSIRACT estimate of weapon system performance under real-

istic battlefield optical conditions. With this
During the fall of 1978, a series of measure- in mind the Dusty Infrared Test - 1 (DIRT I) was

f ments. called DIRT I, of electromagnetic wave conceived as the beginning of a direct contribu-
propagation through simulated battlefield dust tioa toward the solution. The primary object-
were conducted at White Sands Missile Range. ives of DIRT I were to provide a developmental
This paper gives an overview of the entire DIRT ! test of some of the technology which must be
tests as well as detailed results of those tests brought to bear on the problems, such as lidars,
for millimeter wave (94 and 140 'Hz) frequencies. soil analyses, YLIR images, aerosol samplers,

Attenuation easurements were made over an transmissometers, and others together in a co-
instrumented 2 km range. In the center of the ordinated program to produce information of di-
range, explosive charges of different sizes were rect use to the EO sensor and obscuration model-
detonated, and the resulting signal level was ing communities; to characterize the dust cloud
compared to that existing before the explosive produced by various amounts of high Lnergy ex-
event. Measurements were also made of attenua- plosives; and to obtain data for the develop-
tion caused by artillery shells fiied into the ment of scaling laws. A detailed report on DIRT
center of the range, and of that caused by burn- I has been prepared by the Atmospheric Sciences
ing diesel oil and rubber. Laboratory [Lindberg, 1979].i B,ch magnitude and duration of attenuation In order to perfom this first set of experi-
were found to vary 7ith the amount of the explo- ments, ASL assembled investigators from several
sive, sometimes reaching 30 JB and 20 seconds organizations at the "nite Sands Missile Range
respectively. Copies of chart recorder tracings to participate in the observations. Thus, for
showing attenuation of both explosion prodt.cts measuring aerosol particulate sizes, a large in-
and oil smoke are prese..ted. Oil smoke propaga- strumented payload was suspentded from a CH54
tion measurements show scintillations of 3 to "Skycrane" helicopter and flown through the ex-
5 dBl. olosion cloud for direct sensing of the dust

properties. Several measurements of the effects
1. IN-RcDUCTION of the explosin dust on electro-magnetic trans-

missions were made. The Naval Research Labora-
Battlefield obscurants such as dust and smoke tory performed bandpass filtLr and Fourier Trans-

from t-ehicle activity, burning wreckage, or ex- form Spectrometer transmission measurements;
plosion debris from artillery impacts can cause Stanford Research Institute provided lidar mea-
serioms degradation in the performance of elec- surement support; and Georgia Tech perfo-med
tro-optical (Eo) weapon and surveillance systems. millimeter wave transmission measuiements. Ex--- £ Individuals actively involved in the development ceiienL zkppart uas also previded by th-t U. S.

of EO senso-r sstems realize that evaluating the Army Waterways Experizent Station (soil charac-
performante of these systems under degraded at- terizat ion and explosion crater data), the U. S_
mospheric propagation conditions expected on Arme t 3rd Armored Cavalry Rgiment (155 - mm

the battlefield requires solutions Eo scientific howitzer firings), the 14th Aviation Batallion,
and engineering problems of staggering difficul- 273rd Trarsportation Company (CH54 helicopter

ty. The extreve complexities of the natural at- support), the White Sands Missile Range Explo-i mosphere, the differing soil properties through- sive Ordinance Demolition team (planning, in-
out the world, seasonal and meteorological vari- stalling and detonating the explosive arrays),I ations, differe-t types and different applica- and the U. S. Army Test and Evaluatior. Command
tions of military munitions, and the engineer- elements at WSMR (gas sampling data, photography
ing details of EO systems themselves all combine and general range support). The propagation
to produce an endles list of problems to be measurements were performed by transmitting

Ssolved. Some combination ot empirical and theo-

retical investigations rust be made to sort out 'Lindberg %1979)

these problems a,.d to find solutions to the ex-
tnL .:eeded to permit an operationally adequate• " 100

_ _ -___ __ ___ ---- -



through TNT explosions, explosions from static fairly extensive studies and measurement programs
155 - mm rounds and live artillery firings, have led to some understanding of the performance
This presentation discusses the millimeter wave of millimeter systems in rain and fog, although1 ororagacion tests. much work remains to be done in this area, but

little work has been done to characterize milli-
2. DESCRIPTION OF TZST SITE meter propagation through battlefield dust. This

discussion gives the results of a series of ex--
The DIRT I tests 'iere conducted b ASL be- periments conducted during DIRT I by personnel

tween 2 and 14 October 1978 in the southe. of the Georgia Tech Engineering Experiment Sta-
corner of White $snds Missile Range (_SMR), tion in October 1978 which attempt to fill this
New Mexico. Figure 1 shows the orientation of gap in knowledge about millimeter wave propaga-
the DIRT I test area and the locations of the tion.
test area and the major instrumentation and sup- During most of the experiments, simult-aieous
port sites. Figure 2 illustrates the derailed measurements were made at 94 - and 140 - giga-
layout of the DIRT I site and location of exper- Lertz; however, a power supply failure caused
iments and equipment. The distance between the the X40 - giga.aer~z receiver to become inopera-
south site and north site was 2 kilometers. tive. Therefore, only 94 - gigahertz measure-
The test area, 100 by 300 meters was situated ments were obtained during some of the events.
3idway along the path and was the location of The simulated battlefield dust was generated
all detonations and artillery impacts. The path by detonating TNT charges, static detonation of
was cleared of vegetation to a uidth of apprn:i- 155 - millimeter howitzer projectiles, and live
mately 20 meters. firings of 155 - millireter howitzers. In ad-

dition, an event was conducted on the final day
3. DIZT I EVENTS which measured signal degradation caused by sim-

ulated burning vehicles. The aerosols generated
The simulated battlefield dust was generated during most of ihe above events were character-

by detonating TNT charges, static detonation of ized by a helicopter - borne sensor package.
155 mm projectiles and live firings of 155 mm Block diagra-s of che 94 - and 140 - gigahertz
howitzers. The detonation events were perform- transmitter/receiver systems are shown in Figures
ed as indicated in Figures 3 through 8. Each 10 and 11 respectively. Both of these systems
event was designated as A - i. A - 2. etc. usc CW klysLrons that are chopped at a I - kilo-
through E - 10. Events A - 1 through D - 4 were hertz rate for phase sensitive detection. Both
detonations of charges of TNT !aid as shown in also use superheterodyne receivers for good sen-
Figures 3 through 6. The Z - events (Figures 7 sitivity.
and 8) were tatic detonations of 155 - mm The 94 - gigahertz transmitter uses an OKI
howitzer projectiles. The po3itions of the 90V11 klystron which has a power output of about
projectiles for the E - events are illustrated 80 milliwatts. The antenna is a horn/lens com-
in Fig-ire 9- bination which has a beam width of 2 degrees.

The F - events were live howitzer firing Part of the power is picked off with a direct-
events with four 155 - millimeter howitzers ional coupler to monitor transmitter power and
fring at one point in the impact area. Event frequency through a wavereter, detector, and
F I consisted of firing one round from each oscilloscope. The klystron is 100 percent modu-of the four 155 - mm tubes simultp-ieouslN into lated ,ith a 1 - kilohertz square wave applied

the impact area. Events F - 2 and F - 3 were to its reflector from the internal power supply
similar, except each tube delivered 3 rounds in modulator, whose output is also used to modulate
a time interval of about 45 sacoi.ds for a total the 140 - gigahertz tube, so that only one re-
of 12 rounds. Events F - 4 through F - ' were ference signal for phase sensitive detection
similar except that 8 rounds were fired. Three need be transmitted. This signal is transmitt.-4
projectiles were fired for F - 8, to the receiver over twisted pair lines by neans

The last event in DIRT I was a fuel fire. of line drivers and receivers.V P For this test, four 55 - gaolon steel drums were The 94 - gigahertz receiver uses a gallium
cut in half and laid in a trench perpendicular arsenide Schottky barrier oiode mixer pumped by
to the optical axis in the center of the test a Varian VRB - 2113AB klystron local oscillator
area. Thirty-eight liters of diesel fuel, two (LO). Signal and LO power are coupled into te[ liters of motor oil, and one rubber tire were mixer by a cylindrical coupling cavity. For
placed into each container. The mixture was most of the events, two Avantek 1 to 2 me-ignited and produced great volumes oi black gahertz IF amplifiers wers used, but for the
smoke for the duratioi of the test, approxi- first few events one Avantek I to 2 mega-mately 37 minutes. The payload was flown hertz amplifier and one Wazkinq - Johnson 5
through the cloud il times at 7arious heights to 1000 - megahertz amplifier ,7ere used. Each
above the gzound while simultaneous transmission of these amplifiers has a gain of 30 decibels,
measurements were being made by ground-based so that the IF gain was 60 decibels total. An
sensors. identical amplifier arrangement was used on the

140 - gigahertz system; but after a power supply
4. MILLm ER WAVELENGTH TRANSMISSION failure caused this system to be inoperative,

MEASUIDOMboth Avantek amplifiers were used with the 94
glgahertz receiver.

A potentially severe problem in the use of The output of the IF amplifier is fed into a
millimeter waves in battlefield situations is zero-bias tunnel diode detector, which is the
the possible degradation of these systems caus- signal input for a lock-in amplifier. The out-
ed by atmospheric propagation effects. Some put of this amplifier drives a strip chart re-

101 corder which snows the variations in signal as
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a result of the explosions. gigahertz exceeded 35 decibels. No accurate
The 140 - gigahertz transmitter tube is an rate time estimates could be made because of the

OKI KA1390 klystron with an out-put of about 40 equipment difficulties.
milliwatts. A tunable Fabry - Perot interfero- All events showed attenuati'n characteristic
meter was used to measure the frequency of this of the size of the exploston ranging from ap-
tube and a Sharpless wafer mixer-detector with a proximately 6dB maximum atter tation to 35 dB
corrugated horn was used to monitor its pover. maxtmum attenuation. In all cbservations, re-
This tube was modulated with the same signal covery time for events B through E did not ex-
used to modulate the 94 - gigahertz tube. ceed 25 seconds.

The 140 - gigahertz receiver consists of a The F - events are the remote howitzer firings
gallium arsenide Schottky barrier diode harmonic and attenuation is strongly dependent on wheth-
mixer in a crossed waveguide mount. This mixer er oc not the rounds land on the road which is
is pumped by an OKI 73VIIA klystron which oscil- the millimeter wave transmission path. For ex-

t lates at 70 gigahertz. The IF amplifier arrange- ample, the events corresponding to events F-I

ment Is thaL discussed in the paragraph which and F - 4 show no attenuation. However, the
treats the 94 - gigahertz receiver. The second howitzer round did not land in the center of the
detector, lock-in amplifier, and chart recorder test area. Figure 13 shows measurements made
are also used in the same way as discussed during event F - 2 of 12 October 1978. This
earlier for that receiver, firing consisted of three groups of four 155 -

The measurements were calibrated both before millimeter howitzer rounds. These three groups
and after the events. For the 94 - gigahertz occur in the time range of 12 to 45 seconds.
system, a precision attenuator between the trans- The peak at approximately 51 seconds is a single
mitter tube and the antenna was used. Generally, round that should have been included in the
measurements were calibrated at 0 -, 3 -, 6 -, group at 43 seconds.
9 -, and 12 - decibel levels. In comparing the The measurements on 12 October through 14
results of event measurements to these calibra- October 1978 were overdriven and as a result
tions, a curvc was plotted which showed atten- gave nonlinear calibration. This can be seen
uation as a function of chart recorder displace- from Figure 14 where it is evident that the
ment. The tru- attenuations due to the event greater power employed also resulted in a re-
could then be scaled from the curve. This duction of scintillation when explosions were
method corrects for any nonlinearities or de- not accurring. From Figure 14, the 0 - decibel
partures from square law in the superhtterodyne level is the original level; but drift occured

t receiver. A precision attenuator was not avail- during the firing, resulting in a different
able for the 140 - gigahertz sjstee, so it was baseline. This incident occured in several
calibrzted by obtaining output readings for 7ero events during the last 3 days.
and infinite attenuation and scaling measured Note taat o." some rounds positive peaks were
results linearly. This method assumes, of obtained which possibly corresponded to reflec-
course, that the receiver is a true square law tion of transmitter signal into the receiver
detector, antenna. Some of the attenuation peaks were on

the order of 20 decibels. The recovery time
5. DISCUSSION OF EENs cannot be ascertained accurztely because of the

spread of impact tines, but recovery appears to
The results of only a few events will be dis- be complete within 10 to 12 seconds after the

cussed here. The C - eve .ts were the large last inpact. Figure 15 shows the measurements
simulated barrages of 14C charges of 15 pounds of eveit F - 3 of 12 October 1978. The event
each. Figure 12 shows the results obtained dur- was agiin three firings of four howitzer rounis
ing event C - 1. Both 94 - and 140 - gigahertz The fl- group which should have produced at-
channels exhibit attenuations of greater than tenu .ion at 15 to 20 seconds did not record an
28 decibels. R covery time of both systems was eff'xt, possibly as a result ef the firing mis-
determined to be greater than 20 seconds. Note stng the test area. Figure 16 snows two groups
however that the 94 - gigahertz channel recovers at 35 to 40 seconds and 48 to 57 seconds; the

* to within 3 decibes of its original level in amplitude of these groups is significantly ze-
about 8 seconds, while the 140 - gighhertz chan- dbced (3 to 4 decibels) relative to F - 2.
nel requires about twice as long due to a large A second series of F events was run on 13

secondary- minimum at about 12 seconds. Note October 1978. Again during event F - 8 no at-
also that the scintillation amplitude for both tenuation was measured, probably as a result of
channels is smaller for this event. For this the rounds missing the test area. Results ob-
event, the system was operated with zero time tained during event F - 5 are given in *' :ure
constant. The dynamic range of the system amp- 16. This recorder trace corresponds tc -o
lifiers did not allow an exact determination of firings oF four rounds each with peak attenua-
attenuation other than that it was greater than t-ons of 10 decibels and approximately 6 deci-
28 decibels. The large minimum for 140 giga- bels. For Figure 16, the chart recorder speed
hertz in the region of 7 to 11 seconds was ap- was set at 15 centimeters pet minute, too slow
patently a zero shift as the signal did not re- to show very much detail. Recovery is within
turn to the original zero and no corresponding about 4 seconds for the first maximum. The
effects are observed on the 94 - gigahertz second salvo of this event apparently did not
trace. Zquipment Problems prevented accurate land precisely in the line of sight because the
measurements for the similar event, C - 2. it maximum attenuation is 6 decibels and the re-
was estimated that, by changing scales on the coverv time is less than I setond.
lock - in and recorder, the attenuation at 94 Event F - 6 of 13 October is shown in Figure

102 17. The maximum attenuarion obsorved for this



event was approximately 6 decibels with recovsry majority of these fluccuationg result from multi-
in 3 to 4 secoi.ds. The chart recorder speed was path effects.
increased to 1.25 centimeters per second to shod The large beaz vidtns (2 degrees) resulted in
more detail for this test. An interesting phe- effects from vehicles, personnel, moving bushes,
nomenon occurs in both salvos of this event in etc., being observable in the receiver system.
which the attenuation actually goes negative. A more narrow beam antenna system would minimize
This may possibly be caused 1-y multipath scat- these effects. The fluctuations which were ob-
tering from shell fragments. served were of sufficient magnitude to obscure

The results obtained for eient F - 7 are small attenuation effec.ts. Frequency stability
given in Figure 18. Maximum attenuatior for of the transmitter and local oscillator was suf-
both salvos was determined to be 9 and 8 deci- ficient to keep the signal within the amplifier
bels with recovery times of about 4 to 5 seco:tds. bandwidth and thereby cause no fluctuations.
For this event, the absorption did not invert The scintillation during the burning of the

and was stronger than in event F - 6. The diesel oil, motor oi], and rubber was large and
stronger absorptions of F - 7 are copaistent exceeded the expected effect.
with the impacts being more directly in the op- The signals obtained during the howitzer fir-
tical path than F - 6 with a corresponding re- ings varied signiricaitly for each event. The

duction of scatte-ing into the receiver, strength of the absorption depended on the po-
On Saturday, 14 October 1978, a test was sition of the impact relative to the optical

conducted in which diesel fuel, motor oil, and path of the system. The spread in absorption for
rubber, in the approximate ratios expected in a each salvo resulted from the difference in time
burning tank, were .3tilized to simulate a "burn- for the impact of each round. The positive sig-
ing hulk." The paper chart depicting 94 giga- mel response which was observed for some firings
hertz transmission as a function of time (about appeared to result when attenuation was not the
45 minutes) is published in Lindberg (1979). greatest and probably when the impact area was

As mighbt have been expected, the bu~lk average not directly in the optical path. As a result,
atcenuation during this test was relatively scattering of signal into the receiver by the
small--on the order of 1 or 2 decibels. How- fragments blown in the air =y possibly have been
ever, scintillations of up to 5 decibels peak the cause of signal increase.
were observed. The frequency spectrum of these DIRT I has provided a great deal of trannis-
scintillations appears higher than that o-served sion data that were collected along nearly idea-
for purely atmospheric scintillations, and the tical propagation paths. Detailed dota reduction
aeplitude is also greater. from all systems and careful consideration of

Unfortunately, the signal was not recorded possible extenuating circumstances. e. g., de-
on magnetic tape. Thus a power spectrum analy- tector linearity, are not yet complete. However,

I sis cannot be readily performed. Such an analy- quick-look data are sufficient to draw some tent-
sis would be important in quantitatively deter- ative conclusions. An example is shown in Figure
mining the effects of these scintillations on 18. In this figure the results from the 0.55-
millimeter wave systems. and the iO.35 - micrometer Naval Research Lab-

oratory filter transmissometers, measurements of
6. CONCLUSIONS AND RECOMMENDATIONS transu-ission obtained from the Atmospheric

Sciences and Stanford Research Laboratories'
DIRT I has provided an opportunity for ob- lidars, and the Georgia Institute of Technolog"

serving the effects of tactical size explosions 94 - gigahertz tiansrisso=eter are interco=pared
on millimeter wave and electro-optical propaga- for event F - 2. It is clear that for the visi-
tion. in many events, attenuations of 10 to 30 ble and infrared wavelengths an artillery bar-

decibels were observed. Although damage suf- rage can produce attenuation of 15 or 20 decibels
fered by equipment in transit caused some limi- for periods of several minutes and that, at
tations and eventual failure of the 140 - giga- least for a desert soil in New Mexico, the sig-

hertz apparatus, generally significant data nal recovery is not significantly better for any
were obtained. particular visible or infrared wavelength. TheVi Several conclusions can be drawn from the attenuation at 94 - gigahertz was larger than

| I measurements. As indicated, attenuation in most anticipated hit existed for a f .orter period.

cases was large. The reiatively short recovety Nevertheless even at this early stage in data ex-
time of the artenuated signal indicates thzt amination, it is possible to conclude two things
the attenuation was caused by the large pieces from data such as those in Figure 18. One
of soil blown in the air in the early stage -f is that a 155 - millimeter barrage can seriously
each event. The residual dust remaining in the obscure inf-ared propagation for periods of sev-
air after the initial large particles have set- eral minutes, and the second is that even a 94
tled makes no significant contribution to the - gigahertz signal can suffer attenuation great-
attenuation. This result is similar to the re- er than 10 decibels for periods of a few seconds-
sults obtained at millimeter wav~lengths when
propagating through dust raised by vehicles. 7. AWNOW.LEDCGU T
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Figure 12. Messurements made during event C - 1 chart speed 1.25 cm/gec..

time constant zero. fI

Figure 13. Fvent F -2 of 12 October 1978. Three ffinRgs of four 155 cmhoit-crs at 12
to 45 seconds. The spike at 51 seconds is the reaulc of a late round from the
group at 43.2 seconds. Chart speed was 1.25 cm/sec and time constant 40 neec.
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RADAR SCATTERING PROPERTIES OF THE DUST CLOUD LOFTED

BY THE MISERS BLUFF II HIGH EXPLOSIVE TEST

Edward E. Martin

Georgia Institute of Technology

Engineering Experiment Station
Atlanta, Georgia

ABSTRACT transmission and was equipped with a dual mode
coupler so tnat both the horizontally and ver-

An experiment was designed to measure te tically polarized components of the reflected
magnitude and wavelength dependence of the aave c uld be simultaneously received in sep-
scattering cross-section and the total path trate receiver channels.
attenuation of the dust clouds lofted by the
MISERS BLUFF II high explosive test series. The radars operated at frequencies of 9.4

The radar instrumentation used to generate the Cliz, 35 GHz, 70 GHz, and 95 GHz. A functional
data is described. A limited amount of data block diagram sbowing the general configuration

taken at frequencies of 10 CHz, 35 GHz, and 95 of the four radars is showa in Figure 1. In
GHz have been reduced, and the results of a pre- the two higher frequency radars ferrite wave-
liminary analysis covering a time span of 2 to guide receiver protector swiLches replaced the
94 seconds after deronation is presented. TR tubes, klystron local oscillators replaced

:he solid state locql oscillators, and single
1. INTRODUCTION ended Schottky barrier diode mixers %yere used

i,' tead of balanced mixers. Parameterb of the

An experiment was designed to measure the four radars are given in Table I. The radars
electromagnetic scattering and attenuation were sequentially triggered at a 4 kHz rate to
properties, over a frequencN range of 10 GHz allow the eight i.f. signals to be multiplexed

to 100 GHz,of the dust clouds 'ofted by the onto two data lines corresponding to the hori-
MISERS BLUFF I test series. The ioal of the zontal and vertical components of th! reflected
experiment was to supply information needed to signal. Multiplexing was accomplished at the
develop a model which will allow prediction of i.f. level to allow video detection in one set

the performance of millimeter wavelength radar of logarithmic amplifiers.
systems operating through extensive dust cloud

environments. ).2 Data Acquisition System

Under subcont-act to SRI Intecnacion i, The data acquisition system was furnished

the Georgia Institute of Technology, Eigineer- h. SRI and was time shared between the radar ex-
ing Experiment Station modified four instru- periment and a multifrequency laser experiment.

mntation radirsand installed them on a modi- The two channels of radar data were sampled in

fied AN/MPQ-18 antenna pedestal. The antennas two gro,.ps of 40 and 10 range bins. Fmach range
were scaled in size and co-boiesignlteu so that bia correhpnnded to a range resolution of 37.5
each 0.7 degree radar beam iilminated a corn- meters. The flist 40 range bins were set to
mon volume within the dust cloud, begin sampling at a range of b:.! 1= aid were

used to sample the video from the dust cloud.

The MISERS BLUFF II, Phase 2 test series The second set of 10 range bins was set toI was conducted by the Defense Nuclear Agency at sample the video from the biuff and mountain
the Planet Ranch test site located near Lake behind the blast area. The video samples from
Havasu City, AZ. The second event of the test the two groups of range gates were digitized

i j * series tonsisted of the simultaneous detona- and stored in a ouffer accumulator. The accu-
tion of six 120 ton stacks of ammonium nitrate mulator surzn.ed the digitized values from each
and fuel oil (ANFO). A limited amount of data range Lell for 50 consecutive radar pulses be-

taken from this second event have been reduced. fore recording the values on the data tape.

Each record on the data tape contained two sets
2. RADAR AND DATA ACQUISITION SYSTEM of radar data; each set contained 400 words

corresponding to the 50 range cells of sampled
2.1 Radar System video from each of the eight radar channels.

Four IIn addition to the radar and laser dat., each

F n n n s irecord contained 65 header words defining the
developed by the GIT/EES were used to gather time and spatial parameters as well as satus
the experimental data. The radars were re- and antenna command information.
configured both electricall- and mechanically
to meet the weight and size limitations im-I posed by the antenna scanning system. Each
antenna was horizontally polarized during

10917 7 _-___



t7Monitor
Atrenuator:5

[~j~trn 20 o 20 I Circu ator Anea

ArtenuaAntennae
Oscrcto U 2o n

Attcuato Mixer r

to ca Iutpee

Figure i. Functional diagram of instrumentation radars

TABLE I

F~dar Parameters

MISERS BLUFPF 11 - Event II

Parameter ______Radar___________

I_______2_ 1 4_
Frequency (C'.lz) 9.375 35 69.7 9.

Antenna

Size 'ft) Elne 10 3 1.5 1.0

Bc~dhEoae10.78 0700 0.700 .0

Bea--idti. h-pllanc 0.70 610 .650 0.66P

iIsolation II/V (dB) ~40 40 1.0 40

Cain (dB) I47 48 48 46

IPolarization Dual HJ1/V Durl I/V Du,1 II/V Dual H/V

Transrnitter &1ne1 o Magnetron Mlagnetron £10

Type 2j42 "5123 BL246 VlTB 2443

theReplaced

ttri

DeetinLgo o gr' calirtinreeene

3. EPER'METALPROCDURS zro.A trrisinmciddhderal corner re-lco zspae

thed maniirect of the arcsof-u anpdo fler crtaed 22.5lerpe fro thle veralo

duvs Alu auteac ofurthefr nrngeces. te a ras asdar to abrte bo te oazntallo anda

near verticg-l bluff 200 m.±.ers beyond ground vertically polarized chiumnels of the radar prior
110
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to detonation. After the radars were calibra- for attenuation due to the dust cloud and were
ted, samples of 'he signal returned from the computed for a fixed range of 5 km. Figure 4
corner reflectors located on the bluff nnd is a range profile of the 9.4 GHz and 35 GHz
mountain were recorded on the data tape. The rdar signal 10 seconds prior to detonation.
radars were then pointed immediately above Clearly visible are the radar returns from the
ground zero and remained at that position until ridge at 4.2 km and the bluff at 5.2 km. The
8 seconds after detonation. At that time t'ie signals beyond 5.8 km are side lobe returns from
radars were directed to the corner reflector the mountain behind ground zero. Between the
located on the bluff to provide samples of the ridge and the bluff only the radar baseline
radar return for-comparison to the pre-detonation noise is seen. Figure 5 shows the radar signals
values. The locations of the two corner reflec- received two seconds after detonation at fre-
tors are indicated i" Figuie 2. A television quencies of 9.4 CHz and 35 GHz. A summary of
camera co-boresited with the radars was used the maximun radar cross-section values observed
for positioning the center of the scan sector. throughout the rangL extent of the dust cloud
Figure 3 sbs the tclevis~on display 30 sec- is given in Table II. Included in the table are
ends after detonation. Twcnt-s 4 x stnds the antenna pointing angles and the range at
afro- detonation the antenna was com~anded to which the maximum signal occurred.

- start a raster scan ef the dust cloud. BothScomputer controlled raster scanning and manual 4.2 F~equency Dependence

positioning of the radar antennas were used

throughout the remainder of the test. The exponent of the frequency dependent
term describing the radar cross-section must
be determined before an adequate radar perform.-
ance model can be developed. To lessen th-
offset of accumulated errors due to attenuation

E a, ranges deep within the cloud, the freqsency
exponent was calc-lated only over the first six

O range cells. The calculated values of the ex-
ponents determined from the 9.4 Gllz and the 35

0 Gliz measurements are listed in Table 111. From
___ this table it is clear that the frequency ex-

ponent is a function of time in large artiii-
i cialycreated dust clouds such as that gener-

4X, ated by the MISERS BLUFF II test. This is seen
in the model used by Burns and Bentley (1977)
where the model was broken down into early,

Y~ intermediate, and late time periods.

4.3 Attenuation
Figure 2. Television display showing lo-

cation of corner reflectors The corner reflector which was set upon

the bluff as a reference for the attenuation
measurertents was knocked over by the shock wave
resulting fromr the blast. However, ov~r the
time perid of 0 to 6 seconds the antenna point-
ing angle varied less than 0.2 degrees. Based
on the value of the signal returned from the
bluff prior to detouation,the attenuations for

the 9.4 CHz and 35 GHz radars were calculated.
The justif.cation for using the bluff as a
reference is based on the fact that the signal
from this area had previously appeared to be
reasonably stationary in character when viewing
the raw video. In additicn the dnta which werc~recorded bad effectively been smoothed by the

: A |surmation of the signal from 50 consecutive
radar pulses. The two-way attenuation calcu-
lated from these data indicate tlat at X-ba-d
less than 0.5 dB of attenuation would be ex-
pected. At 35 GHz the naximum calculated value

Figure 3. Television display showing the was 12.2 dB. Additional analysis o the avail-
dust cloud 30 seconds after able data hopefully will allow a better defini-
detonation tion of the attenuation finction.

4. EXPERIMENTAL RFSULTS 5. CONCLUSIONS

4.1 Volumetric Radar Cross-Section The data whichhave been analyzed represent
only a small sample of the much larger data base

Selected data over the time interval of 2 which was generated during this experiment. While
to 94 seconds after detonation have been re- some trends may be indicated by the few samples,
duced to plots and tabulations of volumetric a much more thorough investigation of the total
radar cross-section. Values were not corrected data Lase is needed.
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TABLE III

FRiDUFICY DENUD.CY F.-.IT, VV FL' 11

(9.4 G-.z and 35 CFz)

Tm=e Depth Into Cload (range cells)

(sc) 1 2 3 4 5 6 Average

2 .49 1.37 .50 .51 .29 .82 .65

1 ,20 1.20 .82 .77 .81

2.01 1.60 1.37 1.73

W714 2.01 1.69 2.11 2.53 2.97 2.S1 2.28

40 2.72 2.52 3.17 3.02 2.86 2.87 2.86

44 2.09 2.89 2.79 2.66 2.70 2.42 2.58

94 3.01 3.12 2.03 1.L4 1.51 2.92 2.34

i - Burns, A. and P. Bentiey, 1977: SF/E F
Scattering Experiment for MISERS BLUFF.

L Technical Memorandum 1, SRI International,
Project 6462.
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CLOUDS-HOLELS AND PROPAGATION EFFECTS

Dr. James H. Thompson

General Electric-TE PO

Santa Barbara, California
ABSTRA *

1I. INTRODUCTION 2. DUST REGION MODELS

In a nuclear battlefield environment, large Figure 1 shows a sketch of the dust regions

extensive dust clouds are generated by ?ow alti- generated by a surface or near surface nuclear
tude and surface nuclear bursts. In a tactical burst. The dust in the main cloud comes pri-
battlefield environment a great number of small marily from the crater ejecta. Additional dust
dust clouds are produced by munitions impacting can be transported up into the main cloud through
the ground. Millimetcr and suLmillimeter waves the stem by the afterwinds. There is also dust

t propagating through these dust clouds an suf- in the stem and the extensive pedestal region
fer various degrading effects including absorp- surrounding the stem. The dust cloud generated
tion, scattering, decorrelation, and scintilla- by a tacLical munition, such as a mortor or
tions. Under contracts from the U.S. Army artillery shell, impacting the ground will have
Atmospheric Sciences Laboratory and the Defense similar dust regions as the nuclear cloud. The
Nuc±ear Agency, General Electric-TEPO has tactical dust cloud will hrve a main clotd and a
developed models describing the tactical, stem, but the pedestal region will be much

SThompson (22 November 1978), and the nuclear, smaller proportionally in height and extent.
Thompson (I November 1978), dust clouds and the large pedestal region is uniquely a nuclear ef-

. absorption and scattering propagation effects. fect. 1he differences between nuclear and tac-
tical dust clouds are primarily that of scale-

Is there sufficient dust in tactical and sizes in nt-clear clouds arc measured in kilo-
nuclear dust clouds Lo cause significant prop- meters while sizes in tactical clouds are meas-
agation effects for millimeter waves? A rough ured in meters.
rule of thumb is 1 dB of total attenuation for
each gram per square centimeter of path inte-
grated dust mass for a 100-Glz (3 mm) wave.
Some typical pati integrated dust mass values
are 10 to 20 gm cm- 2 for tactical dust clouds
at early times; for nuclear dust clouds the
pedestal region has values of about i to 5 7'
gm cm-2 ; the stem fallback region cnn have 100's
of gm cm-2 or larger; at laze times the main,
cloud can have a few to a few tens of gm cm .

So the answer is yes; there are dust regions
which can produce 5, 10, 20 dB or more attenua-

ton for ma waves. - ~ -.
I would like to give a brief overview of

dust clouds from the systems modeling stand-
point. By systems modeling I am referring to
computer codes which analytically mcdel dust Figura 1. Nuclear dust regions.

V clouds and the propagation through these clouds.
Examples of the system codes are RANC, WEP, 2.1 Nuclear Dust ..odels
and WOE which model propagation effects for~Figure 2 shows the model geometry for the
radar, communications, and optical systems i min dust cloud for the nuclear case. The size
a nuclear dust cloud environment. The Atmos- distribution of the dust particles is divided
pheric Sciences Laboratory at White Sands Mis- into 8 size groups, ranging in diameter from
sile Range is in the process of developing the 0.001 to 10 centimeters. The geometry of each
E-0 SAEL code which will model propagation ef- size group is assund to be cylindrical. Te
fccts in a tactical battlefield dust environ- particles of each size group are assumed to be

iment. Systent models ae by necessity simpli- unlformly distributed within the volume of their
fied representations of the actual physical cylinder. Initially all cylinders are the same
processes. h~e models are verified by comparing size and are contained within the fireball. At
model predictions with experimental data taken late tims each cylinder falls with the char-

int- tests events.erfll i techrin rest events. acteristic velocity of its size particles. Each

*Abstract is at the end of the paper.

Author did not comply with format.
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Figure 2. Model geometry for main nuclear
cloud.

cylinder has the same radius as the fireball

until the cylinder falls free of the fireball, '_

then the cylinder radius rem'ains constant. Fig-Iure 3 shows the model geometry for the nuclear
stem and pedestal dust regions. Again cylin-

drical geometry is assumed. The dust particles

are again divided into a number of size groups.

Here the radii of each size group is taken to

be the same, but the top of each size group
falls with its own characteristic velocity.
Model equations have been developed for the :-n. s~
growth, rise, and fall of each regioi-cloud, By ,.*
s em, and pedestal- as well as for the dust LV_--E 3 rr.tzSi
loading of each region. Interested readers are INVT ::RC
referred to the reports for the detailed
descriptions and equations. Figure 4. Munition dust cloud development.

groups. The geometry of each sire group is taker
to be spheroidal, rather than cylindrical as in
the nuclear case. Also the mass distributionwithin each group is no longer assumed to be

uniform, but is taken to be Gaussian along each
of tne three spbeioidal axes. All size groups
are assumed to occupy the same volume of the
initial cloud ar time zero. We model the rise,
expansion, wind transport, 3nd diffusion of each

I S size group separately. The lightest particles

tpa rise, expand, transport, and difuise at the

fastest rates, while the heavier particles will

lag behind and fall out. Figure 5 shows a
Rag eusketch of the size groups in the dust cloud.

R- Again interes.ed readers are referred to the
reports for details and equations.

L I i SMALLEST SIZE ¢R"

Figure 3. Pedestal and stem geometry for '--...', -nuclear dust. m . ,

2. Munitions Dust Models - -- _

Figure 4 shows a sketch of the munition \..
diist cloud formation and4 development. We ig-

:"nore the extremely fast formation processes LARs M

and assume an initial cloud is formed instan-
taneously at burst time. The dust particle
size distribution is divided into a fairly Figure 5. Size groups in dust cloud.

large number (20 to 50) of individual size

-115
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3. SIZE DISTRIBUJTIONS of dust mass penetrated and the size distribi-ITile two mostL 'common probability distribu- tion of che dust particles. We usq an exact
(wheter dst, Hie calculation to CaIC-alaLe the absorpti.on,

-tionsj used to describe particulates 6dehrds, scatterin1g, and extinction coefficients: for the
hneke, haz-.. fog, rain, or debris) are Vhe power dust particles. our sLaxidard Mte ca'culation

law nd he og-orml ditriutin. or ustfor spherical particles is a new improved ver-
E particles a hybrid distribution is also used;

the ybrd ues lo-noral istibuionforsion; the computer routine is compact, fast
thle smalr uszdptes ajoom iined ton foer running, and accurate for any combination of
lawdsrbto o he larller sized particles iie o oe wavelengths and particle sizes. Since dust

law ~ ~ ~ ~ ~ ~ ~ patce areiuino h are ie prils in general, irregular dnd non-
Under conditions of heavy dust aerosol loading, speia, eerl eercrshv sugtd

and is thoightmtoebe due tophIricreaksngeupl reseacterin ater rugests
there appear to be two distntsemospr- mdifying the standard Mie calculations to cor-
ont, Patterson (1977). The small particle mode rect for the nonspnericity. Chylek (1976) has
is tered mooc A, is lcg-normally distributed, shown that a simple modification to the standard
loose soil aggregates by the sandblast ing pro- for nonspherical particles which are in good
cess due to wind erzasion. For evplosively agreement with experimental data. The nodifkca-

f~rmd couds th blat ad ctatein0  ro-tion eliminates the effects of the surface
cesses can also be expected to break up the soil wvsta r rsn nsatrn yna
aggregates. Thle larger mode, -~ode B. has thespeia pren in cteigby o-

speoilpatcls An option has been pro-
hybrid distribt:tion and i3 deto tile oia&vde intecmur rout'nes to use the
gregate thm lvs Fiue6hoshew- Chylek method. Figure 7 shows an example of
node size probability distributions, some scattering and total (scattering plus ab-

________________________________sorption) cross sections for spherical 2ar-

I I Itidles with a power law size distributici for a
variety of fzequencies and power law exponents.

wC.O

REWtY - 94 Giz

94 TT.-A

7.K ~: -~NV

M. r. MW. EIAT

Fora riven pronacar ioi,. path through a dust
re ic" "~. ~Zs detrmi~ mFugtre~~C Scattering and total cross sections for

a 'dOtoa.dust particles fro-- dry sandy soil-hav-
ing a power law size distribution.
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ABSTRACT

In a nuclear battlefield environ-stit, large
extensive dust clouds are generated by low alti-
tude and surface nuclear tursts. In a tac..ical

II battlefield environment, a great number of small
dust clouds are produccd by munitions impacting
the ground. Millimeter and submillimeter waves
propagating tVrough these dust clouds can suffer
variou,; degr~ing effects in~cluding absorption,

scattering, d.orrelation and scintillations.II Unider contracts from the U. S. Army Atmos-
pheric Sciences Laboratory and the Defense Nu-
clear Agency, General Electric-TEMPO has devel-
oped models describing the tacticfil and nuclear

dust clouds and the absorption and scattering
propagation effects. A new efficient exact HieIcross section code has been developed. This
code calculates the Mie absorption and scatter-
In& cross sections and scattering pattern for
both individual particles and for distribu-
tions of particles. Utilizing the Wie para-
meters, analytic algorithms have been developed
tc calculate the absorption, single and multiple
scattering effects. Sample calculati.-ns of

~ I dust cloud models and propagation effects are
presented and compared with the exact theoreti-
cal or experimental 4ata.
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MILLIMETER WAVE ATTENUAOi IN MOIST AIR*

- A PEVIEW -

Hans J. Liebe

National Telecnunications and Information Administration
I Institute for Telecoomunication Sciences

Boulder, Colorado 80303

ABSIRACT temperature T, and water vapor density a.
Laboratory measurements under well-controlled

Considerable attention is currently being p-T-o conditions have been the most reliable
I given to EHF (30-300 GH) systems, in part due to source for these parameters? The EH range

their ability to penetrate most adverse atmo- (, = 20 to 300 GHfz) requires more than 200
spheric conditions (dust, smoke, clouds, fog, additional spectroscopic parameters to express
light rain). To assess the "all-weather" capabil- the properties of melecular absorption lines
ities of such systems requires accurate predic- in a p-T-c sche-me.'

F tions of the propagation effects under varying The "microwave" refractivity of =oist air
condition: of weather, height, location, etc. is real, frequency independent and given by
This complex task involves molecular absorption
from oxygen, water vapor, and several trace gase N0 = (2.589p + 5.762)t + 0.331c (ppm). (1)

S(03, CO, etc-) and absorption and scattering loss

from particulates - Most applications will oper- Water vapor density u and partial vapor pressure
K ate in the four spectral windows of the EHF region. p. are related ar follows:Observations ii clear air by laboratory:- _ and

field ' " experiments have found in these wi-.dows = 7.219 p t (g 3, (2)
the existence of ..ralous water vapor absorption
(AwA). Anomalous -'i-plies thYat no reliable modei where the temperature parameter is t=3001T(°K)
exists to predict the effects of AA. In parti- and the pressure units (p, Pw) are kPa (10 zb).
cuiar, it was found that AWA increases in a ca-
plicated ranner iLh huid;ty.

This paper reviews the AkA problem oefore the
background of the known molecular absorption M AV
characteristics and discusses possibilities to
gain i better understanding of the underlying IGO
physical ph-nomena.1

I. INTRODUCTIG 101.

Th nmber of millimeter w..ve systems oper- 0- 07a
t I ating through the atmsphere in the EHF band I2"

P- I .0-300 GHz) is growing rapidly. The mostly 4 1 .----
tactical applications are short-range (i-5 ) I=74

for wideband comurications and for sensors with
high spati. -esolution. Active (radar) and

ssive (raiometer) seekers can ook' throu 0.1.
dust. fog, clouds, and light rain thus g W2
hem an advantage over infrared an. eiectro-

optical devices. The performance of these systems
is -st seriously affected by the transparency of
the atmosphere; hence, most of them operate in 30 10 _
f our EF window ranes -ri0 . i) Transparency is
tihtlv couped to the effectb of oist weather. Frequency v, GI-

i ' -~ropagaticn limitations inrange or elevation For .Mlciras'to nara e
" _ev.+o Fgure 1. MolecJlar absorpti;on in '= airat sea

Sangle increase with the amount of wate. vapor level from 10 G-7 to 10 THz. Calculation is
presrnt in the path; i.e. as the coaditions based on the ArFO" and IrS' 7 data bases- Tre
change from clear and dry to cloudy and wet. aproximate variab Iity due t water, vapo

SRefractivity and Proparation Factors (shaded area' i4 shown for the LFF windcw ranges:
V. -.z 0-, dfk=

The refractivity N is a convenient macro-
scopic neasure of the somewhat colicated inter- Mi 24-4 ' <0.1

ctor between mallieter wves and the molecules 11 72-110 <0.4
that cocrise the atmosnhere. Scattering is W3 126-160 <2
neglected since the air -as is 0 ssu-md to b W4 200-260 <5

cai and clear. The suectroscopic base for The
Micrwave :N-valu. (freQuency v < 20 GiZt of Editors' Note: Author did not follow the r_-
air requires o,.iy three parameters to relate quested procedure fur Jotation of refer-

Vle propagation effects of the wedii to three ec. .
mteorological variables: dry air p-essure p,

" ° 118



The "EHF" refractivity N of moist air is 2.1 Molecular Absorption Peaks
complex, highly frequency dependent, and can be
expressed as Predicted results for a when based on

I available range or height profil,s of p, t, p
N N + i(S F')i + N' + j .S F)i Nw (ppm). are in good agreement with observations in the0 L 1 (I) vicinity of the absorption peaks. The spectral

(3) line properties (center frequency v , strength
The molecular spectra are of two kinds: S, shape F) of the major absorbers 82 and H20

have been established by extensive series of
(a) The line spectra of absorption (amplitude dccurate laboratory measurements. The weaker

attenuation) SF" and dispersive refraction water vapor continuum (Eq. 7a) is not critical
(noniinear phase shift) SF' with a strength around " ie center frequencies. Exan'ples for
S in units of kH7 and shape factors F' and the EH spectrum of oxygen are depicted in
F" in units of GHz'1 ; the sums range over Figure 2.
all spectral lines identified to make EHFcontributions. The calculation of (3) takes 2.2 EHF Transmission WindowsIi into account 36 02 lines, 6 H20 lines, and,
if needed, includes a data base for trace Atmospheric windows are the valleys between
gas spectra (>100 03, 2 CO. 64 N20 lines) absorption peaks (see Figure 1) of molecular
which are generally weak."8  resonances at 22 GHz (H20), 60 GHz (02), 119 GHzS "" (02), 183 GHz CH20), 325 GHz (H20). It is gen-

(b) Nonresonant water vapor spectrumr N' and N'w erally accepted that the window transparenciesdue to wing terms of very strong infrared in moist air are determined by a water vaporlines plus additional contributions not continuum spectrum which is, however, the least
fully understood. understood since it is difficult to measure

quantitatively. In almost all cases, measured
The power attenuation and phase delay ra the attenuation values with supportive environmen-
standard prepagation factors, are simply tal data are higher than predictions based upon

known line shape theory. So far, it has not
a = 0.1820v Im N (dB/km) (4) been possible to uniquely identify the absorp-
P = 0.0209v Re N (radians/km) (5) tion mechanism responsible for the AWA contribu-

where Im stands for "imaginary part 
of" and Re

for "real part of", and the frequency v is inI ~ ~ ~~GHz. C----.
2. MOLECULAR ABSORPTION uS sid Atm.76

The molecular absorption (Eqs. 3, 4) of moist r
air has two main contribut3rs in water vapor
and oxygen, 5 [

a = a1 (H20) + 02 (02) (6) f
Water vapor absorption has three siqnificantt , -

terms, E IM
01 = X + (if + xx)  (dB/km) , (7) _ 1o

al~(c~~aX ~05 -
~ H whereby

Ct 22 Ghz and 183 GHz lines; 0 /
02

Uf far wings of lines extending beyond = Iii s300 GHz up to 13 THz; 0
a= anomalous water vapor absorption (AWA).

005

The calculation scheme :or the spectral line r
- contributions, cc and a has been verified by h k

accurate laboratory meadurements.P 52 The 002 '• water vapor continuum absorption,i
' = a + 0C (dB/km) (7a) 00.

- f d 45 50 55 60 65 70 115 120
determines the transparency in the four EHF window Frequency, GHz
ranges (Fig. 1). At present, this contribution
cannot be modeled reliably with the usual p-t-p Figure 2. Peak attenuation rates a due to
scheme for clear air. oxyyen resonances (= X2 ) in the 45 to 122 GHz

range at various altitudes h.40
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The continuum absorption o, af + a is Water vapor is an imperfect gas. From
estimated for predictive modeling by empi~ical calorimetric measurements it is known that
expressions drived from fitting a few available there are slightly more H20 molecules per unitdata points. We adopted a formulation intro- volure than predicted by (15). The gas law is
duced by Gaut and Reifenstein and cast it for corrected to
use in (3) into the form 46

iw =[(I/M i + B(t) 1  (i!cm3) (16)
Nw  ; 2.6.13 - p t2"lp v {ppm) (8)

by introducing the second virial coefficient B.
and Very few values have been reported for atmo-spheric temperatures:" 3

N' 3.6-10 -5 t0.2  0.1 (ppm) (9) t 0.96 1.04 1.18B(ch 3) -2.3 -1.6 -0.93 x 1O 2

It seems that the water vapor density n is the
single, most important parameter in determining Based on these data, even at saturation the
the propagation limitations within the four deviation
EHF windows.

6 = (Mw/M i)  1 %(17)
2.3 Physical Properties of Atmospheric Water w

Vapor turns out tn be small:

To understand and oredict EHF continuum
spectra, one has to kno., more about atmospheric T t B Ps S %water vapor density p than a number. Surface

densities p vary' typically between 0.1 (dry, 333 0.9 -2.8 x 10-21 130 + 1.23

winter, polar) and 40 g/m3 (wet, summer, tropi- 300 1 -1.9 x 10-21 25.5 + 0.16call). The maximum density, the saturation point 2-
Ps is approximated by 250 1.2 -0.9 x 10 0.82 + 0.0025.

(a) (b) Up to this point, moist air was treated as
a molecular p-t-p parameter system in thermo-
dynamic equilibrium. Such simple descriptionPs< P5  17.39 t6 10(0-9

"834t) 25 t 17 (g/m3). reflects the experimentally accessible proper-
ties of molecules and is only valid in calm air

(12) as long as the t-p combinations keep the air
well (RH < 60%) below saturation. The opticalThe saturation density defines relative humidity, property "clkar" is generally associated witaW; the full humidity range, RH < 100% and, in

RH E (p/p) 10;t: 4 Pt% , (13) effect, only implies that any suspended parti-
cles are invisible. The microphysics of clouds s ' "

and limits the partial water vapor pressure tells us that there are many invisible aerosol

roughly (eq. 12b) to particles in natural air. They are smaller in
size than about 0.2 pm dia and are at thdt size
already iade up by 2l08 H20 molecules.

Pw < 3.5 t-18  (kPa) (14) Clarifications for inadequacies in the treat-mont of the EHF continuun. spectrum (Eqs. 7 to 9)
The humidity condition RH = 100% is a delicate lie in understanding the variability of a m~lti-
balance point for phase changes (evaporation, phase atmospheric system consisting of H20 and
condensation, precipitation). The density Ps other molecules, of suspended foreign parti-s,c oand of aerosols that spontaneously reach visi-

e o ble sizes (> f 2 pm dia) when RH exceeds 13017  s(true s(12a) ps(12b) percent.S S s On the macroscopic scale one knows that~ s's

g/m3  (a) Condensation nuclei in the form of foreign
333.3 0.9 6.00 130.35 130.4 150 particles (size < 0.01 pm dia) are amply
300 1 1 25.50 25.5 25 (> 102 cm-3 ) suspended.

*273.16 1.098 0.203 4.850 4.84 5
250 1.2 0.045 0.822 0.822 1 (b) Increase. in RH above 70 percent foster0 1"condensation" 

and, on the other hand,"*Triple Point. +Smithonian Hydrometric Table decreases cause "evaporation" of HA0

molecules fro;- around the nuclei.
Molecular absorption generally is assumed to

be proportional to the molecular number density (c) The smallest stable droplet has a size ofM. The idcal gas law predicts for water vapor of P0.05 pm dia (106 molecules).

M. 3.346 10 6 P (1/cm3) (15)
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(d) The RH varies sharply with temperature On the microscopic scale one suspects

(Eqs. 13, 2, 12b), (mostly based on anomalous behaviors of the
water vapor continuu; spectra at EHF and

RH & 28 Pw t 1 100 () (18) infrared windows):
' 3v2 

1
P24s

6

(k) Water polymers or clusters (H20) are
(e) The condensation process (e.g., aerosol formed and kept together by intermolecularp growth rate) avalanches when RH > 100. hydrogen bonds.*

Visible sizes are reached within milli-
seconds and are noticed as haze (0.1 - 1 I'm (1) The dimer (n=2) is the most prevalent
dia), fog (I - 40 nm), mist (40 - 100 pm), cluster size monotonically decreasing with
drizzle (0.1 - 0.5 nii), or rain (0.5 - 8 mm) higher n.
when t < 1.1.

(m) In case ionization takes place (e.g.,
(f) Suspended droplets are called aerosol and natural radiation, high electric field

distinguished in two classes: permanent, strength, etc.), ion hydrates or ion-
mostly invisible (0.01 to 0.4 pm dia) and induced neutral clusters are generated
temporary, visible (0.4 to 100 pm dia). with sizes ranqinq from n = 2 to 30 andGravity causes droplets to fall out when peaking around n -- !2. A cluster of size

a critical size is exceeded (range of n = 12 has an approximate diameter of l0-
size/fall velocity: 0.1/0.5 to 6/10 11m..m/ms" 2).

In the simple picture sketched by facts and
(g) invisible liquid-like droplets might exhibit hypotheses (a) to (m), one finds various argu-

the dielectric bulk properties of water ments to explain anomalous behavior of water
reduced their mass fraction V, vapor-related absorption. The fundamentals o4

clear, moist air behavior must be expanded

Nit [ f l- )]1 ,2 v(ppm) beyond a simple p-t-p relationship.N"~~LW =- 7.09•lO[( - v0 (ppm

2.4 Anomalous Water Vapor Absorption (AWA)

yielding (Eqs. 19, 4), AWA is defined as the component of absorp-

tion that cannot be attributed to the estab-v K D v a lished molecular spectroscopic data base. lhe

GHz dB/km distinction betweer af ("normal") and a7 1("anomalous"), however, i, not well deffned.30 25 1.2 10 1.4 The line shape choice (V"nVleck-Weisskopf,

300 8 1.0 10-  7.0 Rosenkranz, Gross) for features outside the
frequency range of ir.erest causes substantial

K and D are dielectric constant and loss differences in the tragnitude of tjq EHF contin-
tangent, respectively, of pure water at 2 00 C uLm (Xf)' 7  The ArjL compilation lists 38,350
(for dielectric properties of ice see !120 lines from 20 GHz to 331 THz ordered in
Ref. 4 ). seven bands44 with some line absorption strengths

exceeding the cne at 22 GHz by factors of 10(!).(h) A drop in temperature Dy 10 degr'ees decreases We found that rotational lines of up to 13 THz

the water vapo- dinsity of saturated air by make cintributions (> 0.002 dB/km) to the EHF
50 percent. continuum vnen applying the Gross shape. A fit

to these results (see Fig. 3) yields approxi-
(i) Substantial amounts of energy are released mate ly4

during condensation which were stored in
the random motion of H20 molecules (latent a - b pt2.5 p V2.3  (dB/km) , (20)

7 heat of vaporization is on the order of
0.5 kcal g/g). about, the same functional form adopted for the

I'ormulation J8), except for the scale factor,
(j) As a conseque:ice of (i) the medium is b = 6.0 •10 9.

perturbed in its thermodyiamic equilibrium. Experimental EHF attenuation data obeying
The condensation process provides "fuel" (0) in the window ranges should be considered
for adverse weather. Depending upon the a low frequency-wing-effect of the H20 rota-
suddenness, tne amount of :ooling, ard the tional spectrum. In the wing exercise (model
water vapor supply, more or less vio'-ent 2 in Fig. 3), shape functions are (mis-)used to
updrafts (such as cumulonimbus clouds in calculate intensities on the order of 10- of
thunderstorms) feed a turbultat air motion. the peak value (v occurring several thousand
Small aerosols are lofted onto the upper halfwidths below v0. Line shape theory is
region of a forming cloud while the larger, certainly not ableoto truly describe the real
heavier ones remain suspended at lower microscopic situation to such a degree of
levels. The small aerosols carry a pusitive significance.
charge, the lower levels take on . negative
charge. The charge separation generates *The electron-rich end of Oin the polar mole-
high electric field strengths and lightning cule H20 attracts an electron-poor H end of a
discharges occur when a value of about neighbour HID. The intermolecular bond has only30 lIV/m is reached. 5 to 10 percent the strength of a covalent O-H

bond but accounts for most of water's unique
121 properties.
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Table 2. AWA Hypotheses

AWA is due to References

01w- 3O i'/ " 1) a special height distribu- 29101 ,Po R.- ) BOO tion of p (h)
6 6 3 /" 2) pressure-induced, forbidden 5

0 transiticns

3) far-wing line shape errors 46

/ / 4) a bulk dipole moment 8, 46
T/ (Eq. 19)

< 
~-Theory•

0 *' -G ,.:Shop ,, ./ - 5) a dimer (H20)2 spectrum 9, 13, 20, 23,
X -v'7Sh.op 30, 32

Sx 6) molecular polymer (H20 6, 17, 21, 42
o clusters) spectra

3~0 30 0 , 3. FIELD MEASUREMENTS
190 I0 210

Frequency, GHz EHF window absorption wa mianred over
short horizontal paths ' and to

Figure 3. Example (p = 101, t = 1, p 20) of outer space through the total air mass. Some
EHF continuum water vapor attenuation calculated of the latter results are depicted in Figure 4.
by various methods - As expected, window absorption increases with

Model 1: Empirical fit (aquations 8 and 4). dater vapor density p. A more realistic
Model 2: Best theoretical fit based on the parameter for transparency predictions is the! summation of 1836 strnger H20O linesMde 2 Bsnitioneoeia 1836 strner H nes total precipitable water w in a radio path,

(200 GHz - 31 THz).47  w =!pds 2.5 ( (m) , (21)
Model 3: Empirical fit to ITS laboratory data

Empica 27). 2where ds is the path differential(km). Unit of

w stems from the fact that I g H20 is equivalent

1 cm'. In lieu of in situ height profiles SC
AWA is redefined as the component a that (e.g., radiosonde data) or direct measurements

does not obey the physical deendencies expressed of w, it is common to use the measured surface
in (20). A review of reported data is given in density p0 and to assume for the height profile,Table 1.
T 1 Table 1. AWA Evidence

References p(h) = P0 exp(-h/2 km) (22)
Results Field Data Lab Data

The scatter of the points (10 to 30%) in Figure
agree with theory 31 4 is an indication of the difficulties involved
are larger than 20,21,23,24,25, 1,11.8 with cumulative absorption measurements conducted
theory predicts 28,32,34,36 either directly (using sun emission as the

source) or deduced from sky emission data (eleva-
tion scans). The correlation to surface-based

are proportional 23,24,25,33 meteorological variables is sometimes poor due
to p 37,41,52 to the unspecified wide range of "weather" alongthe path. Another shortcoming is that most of

19,22,29,30, 7,3,10,12, the data are for low humidities (RH < 60%)
ix> 1) 34,36,39 0 3,17 where anomalous absorption behavior is not pro-( x > 1 ) 3 ,3 6 3 9 1 ,1 7n o u n c e d .

exhibit strong ty  21,22,39 5,12.13 Cumulative data obtained through a total
law (y > 2) air mass are difficult to interpret in terms of

underlying physical principles. The water vapor
There is ample evidence of AWA. The dis- continuum speatrum is present when p is prominent;

creparicies are not small; i.e., the ratio say p > 0.1 g/n3 , which restricts the altitude
range to be considered to h = 0 to 8 km. Tropo-

Swas found to be as large as 10. Labora- spheric water vapor is highly variable both in
tory - and field - experiments have contrib- space and time. Simultaneous measurements of
uted to gather AWA evidence and interpret cumulative attenuation
its meaning. 'he work was not limited to the
near millimeter wave range (10-1000 GHz) but A = J
included studies of infrared clear air window (s) ds (dB) (23)
absorption as well.s'C'l7 'I2  Several hypoth-
eses have been brought forward to explain these and p(s), ts), P(s) are diffiLalt to accomplish.
somewhat confusing experimental facts Table 2). The measurement range for A is appreximately

So far, no unified AWA treatment exists that between 0.1 and 25 dB. Reported window data for
has a physical basis. Recommendations have been v = 15 to 230 GHz (see examples in Fig. 4) fit

expressed for research, in particular for hard roughly the expression
data from controlled experin-m.mtdl studies. 122
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- it 36 GHee 9to GHz s  , 95 3Hz2 110 GHz 123 and 150 Gar , 225 GHzty, 230 GHzia.a

Aw  z 0.013 t* (dB) (24) In aeld dta it is diffiult to re o ize suchH deendencies. In several cases 1  :ditons;e n
0 m term improved the otherwise linear p fit towhe p 10g/m. Te reqenc doendnceis measured A - values (Eq. 24). Comparigg measured

0lo68 53 N was assumed. This isato abuttre0tms.h

attenuatios in the 230 CHz range with calculatedAn imortant variable of radio slant paths values based non-site radiosonde observationsis the elebcmation a-gle n. Careful measurementsi
incetoi1.3,cSimilar observations were made for the atten-

an - uation retos e of more homogeneous horizntal

1 2  2 2  paths. For example, a short ( 1 200 m) path oper-
ated at 182.9 GHz exhibited a proounced differ-

wher a5 .0gi.e., (3.9 vs. 4.2)p dB/km, which could be( j" recnciled when a temperature term with y = 10:35I O.6iu Pc 142 0.168 53 was assumed. This is about three times 'he
t-dependence for the 183 GHz line.39 At higher

The dry term A2 follows the secant law, ( water vapor densities, the relationship between
a and a became nonlinear. Dta in the 210 to( A2() = 2(90') /sin e (5 510 GHz range taken for p = 4 to 11 and t = 1.1

! Ito 1.03, clearly showed al AWA contribution with
,jto low (>2') angles; the wet term increases below x = 2 and y = 16 to 30(!.)."

about 10' .Bore rapidy At the onset ot cendensation, part of theiThe AWA contribution is identifed by fitting air's humidity (wolecules,clse ,arol)
an expressiot, of the form transforms into visible droplets that attenuatei_ = x ty  zdifferently from Eq. (6), i.e. via scattering

a x =a 0 V, (26) loss." For example, warm'fog (I0* C, p = 1)
attenuates about 0.4/3 dB/km at 95[300 Gliz; ice

Wher a ,x / > , x 1,and > .5 (q. 0). fog (-30* C, ip = ?) attenuates less (0.02 dB/kmwhr a = Xi ,x ,ady>2. E.2) at 97 GHz). For equal density, droplets
attenuat2 more than ice spheres. W
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4. LABORATORY MEASUREMENTS Eq. 26 Eq. 20 JEq. 27 Ref.13 Ref. 21 DimerAerosol

Laboratory measurements play an important AWA -WingTh. Exp.'Exp. Exp. odel'Modei

role in verifying modeling schemes for EHF prop- a 0 3.3 > 0 1>0 >20 >20
erties of moist air. Generally, all the spectro- x (p) 1 2 2 2 2 2
scopic pardmeters (> 200) entering into equation y (t) 2.5 10 6 + 14116 to 301 6 17
(3) should be deduced from absolute intensity z (v) 2.3 2.6 I 1
measurements under well controlled v-o-t-o condi-
tions. By a judicious choice of the experimental For simplicity's sake, we have reduced the differ-
variables it is possible tu investigate most ent eponent;al temperature functions to a power
parameters separately (e.g., af and C,). law t . This is not based upon any particular

Numerous spectroscopic studie3 oT water theoretical model but is meant to be practical.
vapor have been performed's-5 s'1 7 and H20 The squared (x = 2) pressure dependence identifies
is recognized to be a difficult test gas (ad- and AWA as a density-induced effect. The strong t
de-sorpt*on problems on surfaces). The evidence dependence of AWA Lan 1e absorbed by making RH a
for AWA from hese efforts is summarized in variable. For example, the anomalous ccniR ent
Table 3. Nc systematic study of AWA in the EHF ot reported for moist nitrogen at 213 GHz can
windows (Fig. 1) has be n reported. The evidence be approximated by
was not limited to absc,rption (e.g., Fig. 6), but
also showed in refract on (Fig. 5) and refractive ax ; 0.016 p RH (dB/km) (28)
dispersion.' The results of Figure 6 are
fitted by the expression, The author believes that a systematic EHFstudy of q, (t, p, p, ) under coftrolled labora-
a x + 0. + a p2 t1O 2.6 + b pt '5 V2 (dB/k), tory conditions will provide clues as to theIT (2 number, kinds, and mass fraction (Eq. 19) of H20

clusters in mois' air. Additional variables

component identified by (26) appears clearly and densation nuclei distributions, visibility, etc.
where a l.9-10-8 and b l.l-lO " . The AWA such as air conductivity (ion activity),"2 con-

the far-wing, term somewhat resembles (20). In might have to be considered.
light of other references, AWA looks as ;ollows:

Table 3. Laboratory Studies of Absorption in Moist Air

AWA (Eq. 26) Water Vaipor T Path Length

Frequency a p t
y  

Denslty p Terperature Free Path Resonator 0 Reference

GHz x y g/.3 m X 10
3

1
18-31 3-5 I+2 0-40 38 (Q-box) >000 1

22 >0 0-50 312 45 14
22, 24 >0 1+2 0-20 297 (30) 16 7

30, 60 >0 1+2 12 0-35 280-325 (>100) 200 12117-120 >1 I 0-25 =295 150 3

170-300 >0 2 0-20 =295 10 8
183  0.5-5I 243-323 150 10

180-420 >0 I (0. 18 cm) 293, 328 20-8_ 20
213 >0 2 >0 0-60 270-320 (40) (Q-box) 13

210-300 >0 2 >10 I 3-6 ?73-333 28 , 9

450-960 >0 1 295 2 15
890, 965 >0 I+ -5 23,323 10-609

142 >0 I+2 >0 I 2-20 293-313 , 2

21-38T i >0 12-5.1 14 296-388 11855
75-86T >0 1+ 14 298 71 1 7

W Water Vapor rME2-N o/Pw = 40.6 pmikPa -J/

ti 0.959 the H o - Vaopor 11suGH re.
2(312.8 4

04 C oCuted Vuues

2 [ + 7.34 GHz3
21.5 GHz7 _ ./ X. i

•23.6 Gz 3  0 C: 02 -

0 )- T( --~ Eq. (1) I, --- " -  I !

lo "0 0 2 3 4 5
II Water Vapor Pr Assure Pw I kPa

6 6 .5 7 Ps 7 .2
Water Vapor Pressure pw , kPa Figure 6. Water vapor attenuation measured in the

Figure 5. Deviations from the refractivity coristant laboratory as a function of vapor pressure.,
z

No/Pw when approaching saturation. "'
z ' xidctsoeftt q 2)
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5. RADIO PATH MODELING 6. CONCLUSIONS

Modeling implies that it is possible to pre- The role that water vapor (p. RH, w) plays

dict the mean of EHF propagation effects and the in atmospheric millimeter wave propagation was

limits of their variability (e.g., see examples traced by means of data from field, laboratory,
in Fig. 4) from more readily available variables and modeling studies. In particular, the

(p, t, p). At this point, all molecular absorp- transmissivity of the four EHF window ranges is

tion sp~ctrthge~qeen reduced to a calculation not simply related to the amount of water

scheme, ' which serves as a tool to vapor in the radio path. A continuum spectrum
generate for horizontal paths the rates ( and p of water vapor is mostly responsible For window
(En. 4, 5); for earth-to-space paths, the cumula- absorotion and was found to consist of a normal
tive values A (Eq. 23) and @; and for receiver (Qf) and an anomalous (ax) "AWA" component. The
sites, the atmospheric noise temperature TP.  normal component has a p-t-p dependence (Eq. 26),

A standard example for cumulative values is which is well-established as a low-frequency

the one-way zenith response through the U. S. Std. wing effect of the rotational H20 spectrum. The
Atmosphere 76. Figure 7 gives attenuation results anomalous component is little understood. In a
for three p(h) profiles assuming RH = 5, 50, 100% few available experimental results, AWA displays
in each (f 26 height layers between h = 0 and 8 km. an unexpected magnitude (up to 10 af) and vari-
The compar,,on in Table 4 with measurements yields ability with respect to t and p, which can cause
reasonably good agreement considering the various serious uncertainties in the prediction of EHFassumptions entering the calculation. This is window transmission through clear air under con-

mainly due to the unreasonable, but convenient ditions of high humidity (RH > 90%) and/or low
assumption that water vapor is saturated at all temperatures (< 2800 K).

levels between h=O and 8 km; and that the model (8) A parametric study of absolute attenuation
has a scale factor about three times the value rLtes for moist air in the EHF window ranges
for b in (20). remains a chalienginq research topicespecially

when laboratory simulations of high humid-
ities (RH > 90%) are attempted. The systematic
investigdtion of AWA might reveal the various

Table 4. Comparison of Measured and Predicted stages and time scales which H20 molecules undergo
Zenith Attenuation (see Figure 7) close to saturation utitil they become barely

visible as a molecule ensemble (aerosol) of lO
8.

Some research in this direction nas alreal led
Dry Air Moist Air to the formulation of DIMERs9, 3 2 1* 2 '3* 3  and

Meas. Model Measurement Model CLUSTER 6, 42 hypotheses. The former cannot
v Ref. A2 A(5%) A/f Aw+A 2* A(l00%) explain all measured anomalh1_ 2 land the latter

has not yet been cast intc a form of easy-to-

Gz GIB d3 dB/g/m3  dB dB emeasure additional variables. We conclude that,G~z B dBdB/gm 3  d dBbefore AWA can be elucidated beyond empirical

15 52 0.055 0.05 0.004 0.12 0.11 relationships, further work is needed to
22.235 25 0.11 0.11 0.048 0.83 0.91 support or eliminate conjectures presently
35 18 0.168 0.17 0.010 0.32 0.39 "clouding" the problem.
36 19 0.16 0.181 0.032 0.64 0.41
95 25 0.41 0.30! 0.09 1.76 1.48
150 25 0.3 0.261 0.30 4.8 3.62
225 33 -- 0.45 0.54 8.1 7.64 Work was partially supported by the U. S. Amy

-. Research Office (ARO 30-79).
p - 15, RH 100%

~ 002
' ' ' " 'j

f[ 28WU. S. Std.At.7

I ~ 1 0 20.iS.au
2 T

0 I 0215

Frequency (GHz)

Figure 7. -redicted CHJ zenith attenuation for dry (RH = 5%, mjderate (50%), and humid (100%)
conditions. Reported values are in references se- ,' ', and Figure 4.
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ATMOSPHERIC TURBULENCE EFFECFS ON
MILLIMETER WAVE PROPAGATION*

R. 11. McMillan dnd J. C. Wiltse

Georgia Institute of Technology, Engineering Experiment Station
Atlanta, Georgia 30332

9. E. Snider

Atmospheric Sciences Laboratory, White Sands Missile Range
New Mexico 88002

ABSTRACT More recently, several other Russian workers
have examined the problem of millimeter and

The effects of atmospheric turbulence on submillimeter wave fluctuations; which requires
the propagation of optical signals have been that absorption by atmospheric constituents,
thoroughly analyzed by other workers, and mainly water vapor, be considered. This
good agreement with experiment has generally approach was apparently first taken by Izyumv
teen obtained. in the case of millimeter 15) who solved the wave equation using a
microwiave radiation, however, less work has complex index of refraction to account for
been done, and theory predicts a strong absorption and thus obtained expressions for
dependence of the scintillation amplitude and amplitude and phase fluctuations valid for
angle of arrival variations on the humidity *iIMW propagation. This work was refined by
structure parameter C in addition to the Gurvich (4) and by Armand, izyumov and Sokolov
temperature structure Pparameter C . This [21, who ootained the reasonably tractable
paper extend- the work of several Russian expressions used for calculations in= this
authors to the point of calculating both paper.
intensity and angle of arrival fluctuations
in the atmospheric windows at 94 and 140 GHz. 2. MILLiMETER WAVE TURBULENCE THEORY
The calculated results for intensity are 2.1 Intensity Fluctuatio-s
compared to experiment for both frequencies,
and the angle of arrival calculations for 140 The method used for determining the
GHz are compared to the experimental work of magnitudes of the aupiitude and phase
other authors. Reasonably good agree ient is vaiiations of an electromalnetic wave propaga-
obtained in both cases. tinn through the turbulent atmosphere consist:

of solving the scalar wave equation
1. INiRODUCT!ON 2 2

Scintillation of electromagnetic energy under the conditions

traversing the turbulent atmosphere is caused
by refractive index inhomdgeneities in the n = n +

ft path that zause phase shifts, giving rise to 0 (2)
selective reinforcement or degrcdati6n of the m m + V
energy across the beam. The resulting energy
distribution is lo2 normal (7], characte'rized where is the wave fanction, k is the wave
by a variance a that is a function of the number, and 14 is the index of refraction. To
eegree of atmosheric turbulence. These account for index flictuations, the form of

E inhomogeneities also cause angle of arrival this index is take to-be that of Equation
fluctuations, dep3larization, frequency shift, (2), where n and m are the real and imaginary
and thermal blooming; although the latter parts of the refractive index, n and m are
three effects are thought to be of minor the mean values of titese parts, 2nd P a~d v
importance in the NMMtW spectral region, are the fluctuating parts.

Most of the original work on atmospheric Equation (1) is solved by the method of
turbulence was done in Russia by Cherno" (3] smooth perturbations which is discussed in
and 'atarski (7), who treated mainly optical detail in Tatarski (73. The results of
fluctuations add neglected the effects of solving this equation are the autccorrelation
absortinn on the fluctuation intensity, functions RX and Re nf the fluctuations of
This approach has worked well for optical
wavele:gths, as attested by the large number
of turbulence papers which show reasonable -Editor's Note: Author did not followthe re-
agreement between theory and experiment, quested procedure for quotation of references.
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the amplitude and phase of the wave, as given, The forms of the spectral distributions

below: of fluctuations of temperature and humidity
aT(q) and 4 (q) are taken from Gurvich [43,

R(a.L (qa) ;n -  wh gives 0

*S22/3 11/3 r/6. * L2)1/6-1(/6 C32oq " (I - Q2L02)_1/ (6)

(q ) s , 4:L The factor C may be either C or C which
are the temperature and hunidity sructure

where the ,,-per sign gives amplitude fluctua- parameters, respectively. However, it will be
tions ancl the lower sign gives phase seen that the integrals corresponding to

Equation (3) for angle of arrival calculations
Sudo not converge when Equation (6) is used.
appearing in these equations are: For this reason a Gaussian "tail" of the form

correlation distance
- = transmission path length $ 2 2/3 11/3 (5161z -q'L 0 - (7)
q = wavenumber, the integrations _3T I L0  M M/3 •

are carried out over all was added to ensure convergence. Since

wavenumbers Equation (7) is also a legitimate choice for

J = Bessel function of th first the fluctuation spectrum, no loss of rigor is

0_ kind of order zero inherent in this approach.I po ,,v = spectra of fluctuations Now consider again Equation (3). The log
of real and imaginary amplitude variane of the fluctuations is
parts of index and their related to the autocorrelation function
cross correlation. R a,L) by the equation

Armand et al. [2] state that these spectra 2 x RXiOA)

are related to the spectra of the temperature Sinc- o = 1, the Bessel functions in

and humidity fluctuations by the relations Equation 0(3 vanish an the log amplitude

2 ..,o, ,,ariance may be written as

q) A q) u 44 IQ) .

W M ') (.-4) Vol 0 ,,. (2.A2 - mA 0) 1 C1 (

where p is absolute humidity and T is
absolute temperature. 2 2C3

Values of U and vsuitable for use in
Equation (4) have been given by Gurvich (4), where the I's are the integrals
who states that: w eh a hi gls

-- X31 10 6  1 i d

12 mf7 vj(T2°(9)o

- I where previously undefined parameters are q .
defined belc.i.

T

A /K- a 72*K:c
/

r-I K. 3.7 x 10
5
(*K)

2
/rb (only weakly dependent on and where Equations (3), (4), and (6) are used.

P a atrispnerc pressure in eb These integrations may be performed numericallyusing parameters measured in field experiments
e - partial pressure of water vaporto for comparison. These cto~ obtaint resft trnsite comarionaThieoon

telnh o tralut radat.parisons will be discussed in a later section.y - absorption cOeffici-.t in ne;C.'/km. I ne~er -"4.3-4 48

eo" Po. To Sttionary value-s of e, P. T. It should be noted that these resultsdarg
obtain~ed :ubject to the inequality <<« o/
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where it is inner scale dimension and A is result of the differentiation with respect to
wavelengtf. This criterion may not be well a. These integrals will be evaluated
met for the longer millimetjr waves, but the numerically and comp.red to measured results
results discussed in Section 3 indicate that of other authors in the next section.
this limitation is not severe.

3. COMPARISOIN OF MEASURED AND CALCULATED
2.2 Anale of Arrival Fluctuations RESULTS

The angle of arrival of an electromagnetic In tiL fall .r 1978, millimeter wave
wave may be defined as the normal to the propagation measuretents were made at both 94
wavefront at any point. Fluctuations in and 140 GHz at White Sands Missile Range, New
angle of arrival are caused by cefractive Mexico over a 2 km path. The index oi
index inhomogeneities that cause phase shifts refraction structure parameter Cn was also
resulting in constructie and destructive measured, together with other pertinent
interference across the wavefront of the meteorological parameters. Strong intensity
beam, causing the localized angle of the fluctuations were observed at both frequencies
wavefront normal to change relative to the during these tests. A typical calibration run
line of sight to the transmitter. showing fluctuations at 94 GHz is shown in

Figure 1.
t Using the above definition, Strohbehn

and Clifford (6] have derived an expression Unfortunately, equipment was not available
for the angle of arrival of an electromagnetic during these tests for measurement -of the
wave in turbulence based on the phase absolute humidity structure parameter C
correlation function Ro(a,L) given by the so that it was necessary to assume a v8lue
lower signs of Eouation (3). Consider a for this important quantity before comparisons
wavefront propagating in the direction n between theory and experiment could be made.
which is nominally in the x-direction. The The. ,alue 3 assumed was C = 1.45 x 10-
angles with the x-axis and with the x-y plane m g/m which was ch~sen to give good
are a and 0 respectively. Now consider the agreement with the level of fluctuation
placement of two receivers in the pl;ie x measured during the initial series of
L. The angle a is the angle which t:.e line propagation measurements at 94 GHz. It -till
between these receivers makes with the y- be seen that this choice gives only fair
axis, and a is the distance between them. agreement for the other 94 GHz measurements
Using this geometry, Strohbehn and Clifford but good agreement for the 140 GHz
show in a very straightforward way that the measurements. Table I sumnarizes the para-

correlation functions between these two meters used in calculations of intensity and
eceivers for angle fluctuations of e and angle of arrival fluctuations at both 94 andare, respectively 140 GHz. The values of CT used in these

calculations2 were obtained fTom the measured

R01) _ values of Cn bky using the equationCn
R(aL) Ra)cosa . n--, i JO6 (1)

k-- k2:a 9

where the primes denote diffrentiation with Using the parameters defined aboie, and
respect to a. The only a-dependent term in the approach discussed in the last section,

F the expression for R,(a,L) is the Besse' peak-to-peak intensity fluctuations as a
function J (qz). Using the rules for function of CT were calculated for both 94
differentiation of Bessel runctions and and 140 GHz. These results are shown in
assuming a Doint receiver which implies that Figures 2 and 3 respectively in which thef a = 0 gives circles represent measured data and the solid

R.(QLL.-.2- .L).R(OL)...L R "'(OL) (11) curve shows calculated results. Similarly,
I I: angle of a:rival fluctuations were calculated,

Substituting this result into Equation (,3) and the results are shown in Figure 4. Since
gives these fluctuations were not measured, the

calculations for 140 GHz are compared to thesin al / _ k q)in q,' results of Andreyev et al.[11, who measured
"-1 - 2L f 150 GHz fluctuations over a 5 Km path, andI. .obtained peik-to-peak levels of 0.49 mrae.

1 3 (12) This value compares favorably with the range
" ) -s'n of 0.34 to 0.53 mrae shown in Fioure 4.I q Unfortunately, the conditions under which

Using this result, essentially all that must these measurements were made are not
be done in evaluating the angle of arrival specified' Furthermore, no 94 GHz data are
variance is to perform the intSgrals of available, although Figure 4 shows that the
Eo-.tions (9) with q replaced by q , as a frequency dependence is not st.-)ng.
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tiis Finally, the calculated fluctuation
i nt ens ity results were conipared to the
ineasured results, and the calculated angle of

arval errors we're compared to those measured
by Andreyev, et al. (1]. Based on these
comparisons, it is conrluded that inillime*ter

adsubmillimeter wave turbulence theo'-, is
substantially correct, end is able to ,iye

usflanwsers 'or systems calculations. At
tesame tire, it is conceded that tile lata

bas for these comparisons is small, andLrezults should be used with caut'on until a
broader base is obtained. intensity luctua-
affect are not corsidered likely t-, rreatly

afetmillimeter wave systems except at the
~ Iextreme limits of performance. but angle of

arrival variations are of th~e same order of
sieas the required angul-:r accuracy of many

syflerm,, ana are therefo-t expected to be ef
sone significance.
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-3 dBI' TRANSMITTER BLOCKED
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Figure 1. Fluctuations Measured During a Typical Calibration Run. Note the Absence of

Fluctuations with the Transmitter Blocked.

4z

I, THEORY 7

-THIS POINT ALSO SHOWED A 10dB
I 'J..FLUCTUATION

0 C0OI0 0

Figure 2. Peak-to-Peak Intensity Fluctuations vs. CT 2at

94 GHz. Values of Parameters Used for Calculation

!tAre as Follows: L. =1.5m, T=288.8k, P=8.5g/m an

-- CP=1.45x10 -4m 1 /3g/m3 . Measured Results Are Shown

as Circles.
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Figure 3. Peak-to-Peak Intensity Fluctuations vs C at 140 GHz,

Parameters Used for Calculations are the Same as for
Figure 2. Measured Results are Shown as Circles.
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Figure 4. Ca1culated Angle of Arrival Fluctuations vs. CT2 . The Conditicns are

the same as those used for Figures 2 and 3.
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GAIN DEGRADATION AND AMPLITUDE SCINTILLATION DUE TO

TROPOSPHERIC TURBULENCE

Dr. David M. Theobold

Lockheed Missiles & Space Company, Inc.

Sunnyvale, California

ABSTRACT They result in phenomena such as:

Mean signal levels well below those pre- o Average apparent angle of arrival

dicted by standard techniques on low elevation changes
earth-space microwave links have been observed
and reported previously. Additionally, ampli- o Ducting and atmospheric multipath
tude fluctuations under clear air conditions fading
accompany these reduced signal levels and
increase significantly as elevation angle de- o Diurnal and seasonal propagatio
creases. It is shown that a simple physical variation
model is adequate for the prediction of the
long term statistics of both reduced signal o Changes in average propagation velocity
levels and increased peak-to-peak fluctuations.

Fine scale characteristics of the atmo-
It is hypothesized that a plane wave sphere are considered to be on time scales

propagating through the troposphere is perturbed shorter than a minute and on spatial scales
by the two coupled statistical processes of angle shorter than a kilometer. They result in
3f arrival and amplitude fluctuation. This per- phenomena such as:
turbed plane wave is then received by a finite
aperture antenna having a Gaussian power pattern. o Amplitude fluctuations (scintillation
The average realized gain is then calculated fading)
accounting for the angle of arrival fluctua-
tions. The resulting average gain degradation, o Angle of arrival fluctuations (local
when combined with the usual atmospheric gas fluctuation in wavefront normal)
ebsorption, adequately predicts the reduced
long term signal levels observed at low eleva- o Phase fluctuations
tion angles on earth-space pachs at 2, 7.3,
and 30 GHz. The expected value of the variance o Phase delay variations
of the received signal amplitude fluctuations
is calculated by combining the amplitude and o Gain degradation
angle of arrival statistics of the incident
wave with the receiver characteristics. This The effect of fine scale characterictics
model predicts the average variance of signals on a communications link from the standpoint
observed under clear air conditions at low of received signal amplitude fluctuation and
elevation angles on earth-space paths at 2, gain degradation has been modelled and is
7.3, 20, and 30 GHz. available for link design purposes.

Design curves based on this model foe gain 2. AMPLITUDE FLUCTUATION

degradation, realizable gain, and amplitude
fluctuation as a function of antenna aperture The phenomena of amplitude and angle-of-

size, frequency, and either terrestrial path arrival fluctuations combine to form received
length or earth-space path elevation angle are signal amplitude fluctuations. The theory of

presented. wave propagation and scattering in random
media allows a ccmbination of the turbulence-

1. INTRODUCTION induced effects to be performed in the context
af weak fluctuation along a line-of-sight path.

Millimeter waves propagating through the The work of Akira Ishimaru (1978), which de-

tuirbulent troposphere are subject to cefractive fines coherent and incoherent field components
effects caused by macroscopic and fine scale as a plane wave propagates through a rrndom

characteristics. Macroscopic characteristics medium, provides a method of combining ampli-

of the atmosphere are thought of on time scales tude and angle oc orrival effects into a model

on the order of minutes and longer and cn spatial of received signal amplitude fluctuation.
scales of several kilometers and larger. Energy is transferred from a coherent compo-

nent, which fluctuates in amplitude and is de-
terministic in angle of arrival, into an



incoherent component, which is deterministic in as the satellite underwent 3ynchronous orbit
amplitude and fluctuater in angle of arrival. A transition were used to derive empirical con-
model utilizing this concept of incident plane ctants for this model with an effective turbu-
wave decomposition (Figure 1) has been proposed lence height, h, of 6 la end path length
by Theobold and Hodge (1978). L 2 + 2rh + (r sin r sinO

1 jVARINGINGAPLITUDE1 assumed. The coiEitants are

CONSTANTIN ANGL RECEIVING L = 180 km

FEL.CTU I2 = 2.6 x 1O
7 

f(GHZ) 7/12 11i 6

WAV OF AEPLITUTO f1C2-L LPkmTUA
-6 1.56 -1/3,I (- 2 =5.67 x 10 L(km) d(m)

1
2

I '8A plot of the variance measure S , ex-
-.'FLUCTUATION pressed Ln dB, is shown in Figure 2 for four

"--L representative frepuencies for a 4.6 m dia-
O Xmeter aperture. S is plotted as a function

VARYING IN ANGLE
CONSTANT IN AMPLITUDE I fOUJV.PAIH CKMI

, ... .TURZIULENT

TROPOSPHERE

-10

Figure 1. Decomposition into coherent

and incoherent components.

The assumption of weak turbulence, 
4
.e., S -20

log-amplitude variance 6 x (0.5, is invoked for 0!
a plane wave incident on a region of turbulence,

propagating a distance L (km) and impinging on a
circular aperture of diameter d (meters). The -.0
antenna is assumed to have a Gaussian pattern
function with half-power beamwidth B (degrees).
If V is received signal amplitude, an expression
for signal variance relative to average powcr is -0

S = 10 logl
0

2 cr2+8ln(2)d-l-Bcu 2 11ln(2)0 2+B 2) LNL101

2 2 o o

_S 0 lOgl0-2_2 Figure 2. Amplitude Variance for a 4.6 m

I + 1 l n(2)'. f 
2

where e 2 W of elevation angle and equivalent path length

for a 6 km high region of urbulence. Figure

exp (-LIL 2 represents the averageS as derived from.
o the O.S.U. empirical constants. However,

Ic = (I - I (I + de2 since both(02, and 02 may be represented in
closed form As a fungtion of the atmospheric

structure constant C nstantaneous, diurnal,2 =amplitude variance fn z

or seasonal values or S 2 may be found from
2 ths model given an estimate of the appropriateC2 = angle-ofarrival variance (deg
2  

4n
.

L = path length The empirical constants which were found
from observed data are applicable for the pre-

L0 = a function of density and cross-section diction of average turbulence-induced propaga-
of scattering along the path. tion effects in a temperate climate, during the

warmer seasons of the year, and under non-
Measurements at the Ohio State University precipitating clear-air-bonditions.

(O.S.U.) of the ATS-6 2, 20, and 30 GHz beacons
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3. RECEIVED SIGNAL GAIN DEGRADATION into distribution functions which are of the
form used in link design. They represent the

Wavefront tilt or angle of arrival variation long term average fade statistics due to clear
results in time-averaged gain degradation; and air amplitude and angle of arrival fluctua-
phase incoherence across an aperture results in tions.

instantaneous gain loss, excluding the atmos-
pheric gas loss. For a log-normal distribution of turbu-

lence induced amplitude fading, the long term
The model of Section 2 far received signal median is R (dB) and one standard deviation,

amplitude variance has also been used to derive C'v(dB), from the median may be easily shown
an expression for gain reduction, R, defined by co be=v(dB) = 2 2 / 2 0

R~0 ogbev~B) 20 log 1 0 e x 10
= 0 The effects of amplitude and angle-of-

arrival fluctuation are, of course, most
no angle fluctuation prominent for very long path lengths and/or

2 very narrow beamwidths. One may estimate

I __+__1_____ whether or not gain degradation need be con-
R= 10 4 ln(2)( + B ) sidered in a path design if elevation angleR lg 0  \4 (or equivalent path length) and antenna beam-

I + I. width are known. Figure 4 presents regimes
c L where gain degradation must be considered.

where the constants are the sa~e as those defined
for the variance expression, S . This value for COu,V. PATLtP.GTH (KM)

R may then be combined with atmospheric gas loss 2 -- 0 300 30

in order to obtain an estimate of average received 'I ' I '

signal level for an earth-space path. Figure 3
presents an example of predicted signal levels 30

for 2, 7.3, and 30 GHz for antenna beanwidths KATENNACAotOEGADAON

of 1.80, 0.30, and 0.150, respectively. Also

O<IV. PAT°" ,. -

M~ so~ 2000 I1

-5- --- MODELt FOR R 0.

RED 2 G, OSU A3

a ucosor ,+ 7 3 ", fiMCOnMiCK
.... .... & . i A AR

D

O 30 G:OSU II

40 6 3 2 1.0K.5. X0C0WIn,t *-I L.A. H.od EL92 70
Fadlr% .,...t 1, E:tronle 14tter.,,

-I Vol .8, 807 19,2, pp. 115-136.

Figure 4. Gain Degradation Regimes as a
Function of Beamrdidth and Ele-

, ,, vation Angle.
0 10 20 30 40

Ltv ANGLO(D00 Realized gain, that is, expected gain
less gain degradation, is plotted as a func-Figure 3. Predicted and Measured Signal Lvel ion of antenna beamwidth (for any frequency)

as a Function of Elevation Angle. or equivalent aperture diameter at 30 GHz in

Figure 5. All equivalent -perture diameters
included are measuved signal levels, relative to are presented for an antenna aperture effi-
zenith. From the ATS-6 and 30 GHz and TACSATCOM ciency of 0.6. The curve representing zero
7.3 GHz beacons as the satellites were moving path length L is simply the common gain ap-
in elevation angle. proximacion G = 41253/B2 , where B is in de-

grees. Realized gain curves for path lengthsDESIGN NOof 50 to 300 km are plotted using ,.he previous

model. Equivalent earth-space path elevation
The esti'nates of gain r~duction and signal angles assuming a 6 km high homogeneous atmo-

variance parameters, R and S-, have been"pre- sphere are presented in parentheses. Notice
sentea. These quantities may be Ir.corporated
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that gain degradation due to turbulence-induced

I J0 010 rr001

II PATH tENGTH L

0tEL.IL ANOLI)

600

0

9lp 2 2 4 6 4,1 2 3 4 6a7 a

A~FVI 014 [M'UP0G.

Figure 5. Realized Ca3in.

fluctuation is negligible for beamwidths wider
than about 0.7 0for all path lengths. TDegrada-
tion effects then gradually increase as benm.idth

narrows from 0.70 to 0.050 and at any particular
beamwidth are approximately directly proportional,
in dB, to pgth length. As beamwidth narrows
beyond 0.05 , a saturation effect occurs and the
degradation becomes constant for any one path
length.
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EXPERIMENTAL SUBMILLIME.ER LASER SYSTEM AND ITS APPLICATION TO
ABSORPTION ZIEASUREMENTS IN BATTLEFIELD GASES AND WATER VAPOR

Brent L. Bean* and Kenneth o. White

Atmospheric Sciences Laboratory

White Sands Misjile Range, New Mexico

ABSTRACT
1

A submillitueter laser spectrometer has
been constructed for use i. measuring the . AR

absorption of various atmospheric gases. A /
description is given of the basic laser design, I
its operation, overall stability, and the
frequencies available in the 5 cm " to 100 cm- 1
region. The use of the laser source with- ------
various spectrophones is discussed and evalv- DATA

vOLLECTIO%
ated. In particular, these discussions (UOPER ANDaddress applying this systerr to absorption REAORDD'G

measurement; of water vapor for the dete.mina- DPTECTOR APPARAT1S
tion of temperature and pressure dependencies. L l
line shape information., and dimer/cluster
contributions, as well as the absorption of
battlefield gases iicluding explosion products St1M3 0 EXOPOM

such as formaldehyde and hydrogen cyanide. LAs
Theoretical predictions of the absorption of
typical battlefield gases are pre,:ented.

FIGURE 1. Block diagram of the experimentil
apparatus.

1. INTRODUCTION

The a:mospheric window in the submilli-
meter region of the spectrum has stimulated an collection apparatus. The CO2 laser is a
interest in tne exact nature of the absorption commercial device that produces 25-40 Watts on
there. Several explanations have been proposed most of the pertinent output lines. It is
to account for the difference between the equipped with a piezoelectric drive on one
theoretical and experimental values for the mirror in oider to fine tune the CO2 emission.

continuum absorption of water vapor in that If a detector is placed between the chopper
region, including dimerb, water clusters, and and SUB MM laser, the signal can be used as
far wing line shapes (Burch, 1968; Gebbie et part of a feedback loop to stabilize and

al., 1971). The experiment described here has maximize the CO2 output. However, the SUB MM
been designed to provide useful information in output can often be improved by tuning the C02order to determine the exact nature of the laser away from the emission line center in
water vapor absorntion and also to investigate order to maximi.ze the absorption in the SUB MM
the absorption of other gases that are laser medium. If the signal from the detector
generated in a battlefield environment, monitoring the SUB MM output is directed into

the feedback system, then the CO2 laser is
2S maintained for optimum SUB MM lasing.

2.2 SUB MM Laser
2.1 CO2 Laser
2A drawing representing the SUB MM laser is

The basic experimental apparatus is shown shown in Fiq. 2. It consists of a vacuum
in the diagram in Fig. 1. The CO2 laser output chamber with a NaCl input window set at
is used to optically pump the SUB M-1 laser Brewster's angle and a crystal quartz output
media. The SUB M1 output is directed to a window. The cavity consists of a cylindrical

detector and a 3pectrophone. The signalb £zi.,m metallic or dielectric waveguide with a gold
those two devices are fed into the data coated copper mirror at the input end and a

coated Si mirror for the output coupler. The
Science Applications, Incorporated input mirror has a 3-4 mm diameter hole to pass

White Sands, New Mexico the CO2 .ump b, im and the Si substrate is
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laser lines with the length being proportional
to the output power. The maximum power for

,* ,.the strong " aser lines is fi ourder of
'A,%IKI% several mWatts. These laser i !s are among

__________ jii.the strongest listed for meth..ol, methyl
_ _ _chloride, methyl iodide, formic acid, methyl

W. -" UiIII bromide, l,ldifluoroethylene, and methanol-d
"_ ____ ___ I CH3OD. This figure illustrates thit there is

good spectral coverage with these few lasez
media especially in the low trequency region.

"t IkTZ
IAI IXh(.

3. SPECTROPHONE
FIGURE 2. Diagram of the SUB K11 laser and the

Fabry-Perot interferometer (F-P). Using a spectrophone as the device to

measure the absorption offers some dist.ct
advantages ove r the use of a long, bulky
transmission cell (Kreuzer, 1971). The

coated with a gold annular ring with a 6-8 mm relatively small size of the sp .ct:ophone makes

diameter hole to pass the SUB MM output. The it much easier to change the parameters for

i hole is covered by a dielectric coating which temperature and pressure weasurements. Another

is greater than 98% reflective for the CO2  advantage it that the signal whic .s obtained

radiation. Thus the output coupler is highly from the spectrophone i:. prcportioaal to the

reflective for the pump radiation but only absorption coefficient even for 'eik or strong

partially reflective for the SUB aM over its absorption=, in which crsus measurement! are

central portion. The CO2 beam is focusscd by very difficivlt using transmission cells.

a long focal length lens which enables the
radiation to aake two or more passes before Figure 4 illustrate- the general feature.s

it strikes 'the walls of the waveguide; a of a spectrophone (Bruce, 1976). A collimated

feature which is important for efficient beam enters through the Bxewster's angle

pumping. The output mirror is mounted on a window and propagates along the axis cf the

translation stage in order to tutte the laser spectrophone. The acoustic traps near the ends

to resonance for the desired frequency, (Hodges are to help eliminate noise originating at the

et al., 1977). The Fabry-Perot interferometer windows. The entire volume is filled with the

at the output end is constructed to accept sample gas ,hich, when it absorbs the radiation,

various sets of metal mesh reflector- for decays by non-radiative processes causing an

optimum operation over the SUB MM range (Fenk increase in temperature and, consequently
and Genzel, 1962). It is used to measure the piessure. The pressure increase is sensud by

wavelength of the laser emission and to act as the microphone which produces a signal propor-

a filter when two or more frequencies are tional to the absorption coefficienit. The

emitted simultaneously. spectrophone can be calibrated to yield abso-

lute values by using a nas with known absorp-

Figure 3 shows the water r.por absorption tion coefficients. These devices may be con-

curve with vertical bars along the abscissa structed with enough sensitivity to measure an

indicating the location of reported SUB m absorption coefficient of 10
-3 km-1 per watt

of input radiation.

WISOTED L

U ,FIGURE 4. Diagram of a spectrophone. This
_______. __________.______design uses a cylindrical microphone to

M -- me &A 396 IS sense the pressure change.

FIGURE 3. Water vapor absorption curve. The X
marks on the curve indicate the position Figure 5 is a diagram of anothar type of

of the SUB MM laser lines shown by the spectrophone (Schleusener et al., 1975;. Two

vertical lines, identical chambers are sandwiched between the
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three windows. If an absorbing sample is purposes. A typical barage of explosives could
j.aced in one chamber a differential pressure be expected to yield 9 ppm of CO, 3.7 ppm of
will be detected. This type works well for CH3OH, 3.3 ppm of NCN, and .4 ppm of CH20 con-
absorption measurements of particulates since tained in a 1 km by 1 km by 60 m volume (Leslie,
identical pellets can be made with only one 1979).
containing the samplt,. The pellets are con-
structed from relatively highly transparent
material with the sample deposited on or TABLE I. List of gases generated Under
imbedded into one of them. When these pellets various battlefield conditions. The
are put into the two chambers, only the absorb- explosives are those conmonly used by U.S.
tion due to the particulates contributes to the and foreign military forces when large
signal since all other effects are common to quanities are needed.
both sides. The spectrophone has the desirable
feature of measuring only the absorption of ORIGIN GASES PRODUCED
particulates since the scattering does not
contribute to the signal. Explosives (TNT, Carbon monoxide -CO

RDX, Amatol, and methanol -CH 30HComposition 8) Hydrogen cyanide-HCN

mtFormaldehyde -CH20

BEAM
=77A _Burning Foliage Carbon monoxide -CO

methanol -CH 3 CH

Veaicle Exharst, Carbon monoxide -CO
Artillery Propellants Hydrogen cyanide-HCN

Buring Fuel, etc. Butadiene -C 4 H 6

K fShock Heated Air Ozonc -03
Nitrogen oxides -NOx

Even though there is uncertainty concern-

I. W1NDOW 4. GAS FILLING AND ing the exact amounts of the above gases that
are produced in a typical battlefield environ-

2. BLANK PELLET EVACUATIONPORT ment, it appears that the absorptiot, values
3. SAMPLE PELLET 5. PRESSURE SENSOR PORT are high enough to warrant further studies.

FIGURE 5, Diagram of a spectrophone which
utilizes a differential piessure device TABLE II. List of peak absorptlon coefficients
to measure the signal for several lines in the SUB M! region.

CO CH30H
4. BATTLEFIELD GAS Y(cm- I ) a(km-

1 /ppm) y(cmi ) a(k- 1/ppm)

L 7.69 3.1 X 10
-  

4.84 .04

in addition to water vapor and particu- 15.38 2.1 X 10- 3  5.60 .01
lates in a battlefield situation, there are 23.06 6.1 X 10- 3  5.67 .02
also gases that are generated due to explz- 30.75 1.1 X 10-2 6.10 .i0
sives, burning vegetation, and other causes 34.59 1.3 X 10- 2 6.62 .10
that may affect SUB 151 propagation (Cook, 1958
and Leslie, 1979). Table 1 gives a partial
list of gases produced under various battle- CH20 HCN
field conditions that may have significant
effects on the SUB 1. region either because of y(cm-l) C(m-I/ppm) y(cm- ) m(km.-/pom)
high concentrations or strong absorptions. 4.70 .03 5.91 .076
All of these explosives are made from carbon, 5.02 .04 11.83 .61
oxygen, nitrogen, hydrogen molecules so the 7.29 .46 17.74 2.1
resulting gases are also composed of those 9.39 .68 23.65 4.9
foar elements. 9.72 1.60 32.52 12.7

It is difficult ot determine the value of
the absorption coefficient for the gases REFERENCES
because the amounts produced are not well
known. Table II shows some peak absorption Bruce, C., 1976: Development of Spectrophones
coefficients in km-1 /ppm. These must be for CW and Pulsed Radiation Sources. U. S.
multiplied by parts per million to yield a Army Electronics Command Research and
useful absorption coefficient for calculation Development Technical Report, ECOM-5802.
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ATMOSPHERIC INFLUENCES ON PASSIVE MILLI:IETER-WAVE SEEKERS:

MEASUREHENTS, MODELING, tND SYSTE1S APFLICATIONS

Dr. Kenneth F. Bechis

The Analytic Sciences Corporation

- IReading, assachusettz

ABSTRACT models realize that, no matter how complex the

T e f e f mcoding is. no matter how many naturally-occur-ST he ov e ra l l e ffect iveness o f m illim e ter- ri g-op e i o e u a e o a c 3.L e r
wave radiometry in passive missile guidance ring atospheric olecular resonance lines are
and target detection systems is influenced included (even all 6000 or so H20 lines be-
principally by atmospheric effects on signal tween 1.35 cm and 3 pm), these models will
propagation and in the contrast brightness never predict exactly the propagaton condi-
temperatures between targets and their sur- tiuns on any particular day. The clear-skyroundings. The attenuating effects of clouds, programs model an ideal, static, homogeneous

rain and other aerosols, along witt atmoapher- (in azimuth for a set elevation angle) atmos-
ic molecular resonant absorption lines, must phere. Systems planners should realize that
be considered in predicting the effectiveness at a certain frequency, the exact attentuation

n of both up- or down-looking mm-wave radiometric along one line-cf-sight may be up to 30% dif-
systems. This paper presents measurements of ferent from that along another line of sight,
various sky brightness temperatures and atten- at a different azimuth but the same elevation
uations through clear sky, various cloud angle, even in clear sky and at times when the
covers, and precipitation (made with the Upi- human eye and/or a visible-light transmisso-
versity of Massachusetts 13.7-m ma-wave radio meter would detect no difference between the
telescope). This paper also describes a very two paths. The atmosphere is locally inhomo-
flexible mathematical model and FORTRAN pro- geneous, and there may be, for example, "in-
gram (at The Analytic Sciences Corporation visible clouds" -- volumes of air where the
(TASC)) capable of predicting tl performance water-vapor content is locally enhanced, but
of a passive up- or down-looking radiometer at not so much as to produce a visibly-opaque
any altitude, zenith or nadir angle, in any cloud.
weather environment, and for any postulated
target. A final prefatory note, regarding the

so-called "anomalous absorption" reported by
Possible system applications include air- some observers at -110 GHz in excess of theo-

borne all-weather seekers for passive detec- retical attenuation predictions. This phenom-
tion of ground targets; long-range passive enon, reported to be prominent during-cold
ground or ship-board detection of approaching weather or high humidity, and often varying
low-altitude aircraft ot missiles; or, high- significantly on a day-to-day basis, has beenI altitude all-weather wldr field-of-view pas- attribt:red to an as yet unknown effect of

sive detection of lower-altitude aircraft or water vapor, water dimers, cr some other
missiles. Specific examples will be present- molecules. It should be noted that no one in
ed. the radio astronomy community has ever com-IL mented on, let alone measured, anomalous ab-

I. INTRODUCTION sorption. However, millimeter-wavelength
radio astronomers are acutely aware of the

The first part of this piper describes inho,ogeneities of the atmosphere, particu-
various atmospheric attenuatir. measurements larly in terms of upper air flow (laminar or
and techniques at the University of Massachu- turbulent) and pockets of water vapor, as well
setts (Amherst) Radio Astronomy Observatory. -
Computer codes developed for these measure- as the vicincy of h aoserinments are also described. The second part of waves in the vicinity of the trapopause (inment ar als decribd. he scon par ofpart a creation of the global atmospheric heat

the paper depicts how these computer codes, as
well as additional corroborating Miasurements circulation from the Pquator toward the poles).I made at the University of Massachusetts, have Unintentional placement of the 1l8-GH7 02
been incorporated at TASC into much larger absorption line in the image sideband of a
system-modeling codes for various passive mixer receiver having 110 GHz in the signal
millimeter-wave seeker guidance systems. sideband may result in higher than expected

sky brightness temperatures (and therefore
It is hoped that the users of milli- attenuations)... this may be misinterpreted as

meter-wave atmospheric attenuation computer "anomalous absorption". In addition, the
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common visual problem of-atmospheric seeing -- radio astronomers need to know the concurrent
as manifested in the twinkling of stars, espe- atmospheric opacity at z particular elevation
cially on cold, clear winter nights, has an angle For clear sky observations (auj assum-
analogous effect at millimeter wavelengths as ing azimuthal symmetry for the atmosphere),
well as a common cause -- again, turbulence 'he total atmospheric opacity at any elevation
and non-laminar airflow. One final point is angle above -5O is given by T T 

A ,

that all millimeter-wave radio telescopes use where t is the zenith opacity and A is the

very-high-gain antennas. Many antennas used wh
0er Tf airmasses (= cosecant of elevation

solely for atmospheric ;ttenuaticn mewasure- angle) associated with that elevation angle.

ments have undetermined and possibly 
poor main-

beam-efficiencies, particularly at high fre- The University of Massachusetts Radio
queo.cies. The adoitional effect of ground
radiation entering undesirably large sidelobes Telescope has a completely omputer-controlled
or backlobts could be misinterpreted as --om- proc0dure known as "Skydip" that computes to

alously higher atmospheric abosrption. !ter performing an internal receiver-constant
calibration, taking sky brightness temperature

2. T E UNIVTRSITY OF HASSACHUSETTS RADIO measurements at eight different elevation
TELESCOPE angles (or airmasses) from 12.60 to 65.40, andI fitting a curve through the data points. The
The University of Massachusetts 45-foot antenna temperature observed with the tele-

(13.7-m) millimeter-wave radio telescope is scope pointed at blank sky is made up of con-
located on z peninsula extending into the tributions due to system noise, self-absorbed
million-square-acre Quabbin Reservoir, which radome emission coming into all lobes, ground
is itself in a remote, wooded, restricted area radiation entering sidelobes not vointed at

of Western Massachusetts. The mm-wave antenna t'.e sky, and attenuated by the rademe, and
is enclosed in a 60-foot diameter radome made self-absorbed atmospt:eric emission into side-

of E3SCOLtH, zad having a transmission-loss lobes lcoking at sky, dlso atteuuated by the

n(e-way) of about 1 db. The internal radome radome. Thus, (assuming e;.ual gain in the

temperature is maintained at about 278*K or signal and image sidebands), the basic equa-

the outside ambient air temperature, whichever tion showing the contributions of al'- these
is higher. effects to the observed temperature, Tobs, is:

The millimeter-wave antenna has Categrain
optics, and an azimuth/elevation mounting. Tabs = TSys I+ T rad( - e rad) + (l-q)Tambe rad

T obs sysrrdd

All pointing, as well as data acquisition,
reduction, and radome environment control, is -TA
interfaced through a HODCOHP IV computer. + rl T eradleo) ()

The main reflecting surface consists where

of 72 separate panels, each of which was mold- T = system temperature (DSB)
ed to high tolerances, and mounted and adjust-
ed separately, using panel-mounted targets and T = radome temperature
a high-accuracy theodolite. The rms surface

accuracy is 110 pm, allowing operating fre- I = radome opacity (taking account
quencies up to 300 Glit (though the present of both space frame blockage
radome material is not optimized for trans- and membrane zctenuation)
mission at that frequency). At 115 GHz, the

aperture efficiency is about 50%, the beam =telesccpe efficiency for all
efficiency is about 80%, and thr hall-power sidelobes which look at sky

bea width is about 44" (8 X 10 mrad). ma in beam

T ambient (ground) temperature
3. OPACITIES !LND SKY BRIGIfINESS TEMPERATURE amb

HEASURPEHENrS

In general, the physical processes re-
sponsible for atmospheric attenuation in the
millimeter-wave region are fairly well under- In the astronomical community, txwe term
stood. Worthy of further study, for the "airmass" commonly and unambiguously refers to

clear-sky conditions for example, is the range the totL! distance within the atmosphere of a

of net attenuation values observed at a giver. given lite of sight frou the ground Lo space,
frequency at different times or azimuths for 3s normalired to the atmosphe:ic path length

the same apparent ambient temperature, baro- along a line of sight to the zenith. For ex-
metric pressure, relative humidity, visual ample, for observations at the zenith, the
transmissivity, etc. airmass is 1. Fot observations at an.eleva-

tion angle of 300, the airmass is 2, implying
In calibrating measurements of weak, that twice as much atmosphere is encountered

interstellar molecular spectral-line emission, along that path than along a path through the
zenith.
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T mean atmospheric temperaturz (in- data; a value for T must be assumed in

atm cluding conitribi-tions fron: both

0 and uncondensed H20) order to €'-4 r . In the fit t4 Eq. (3), the
22

cemputer program gives the optAon of trying toi ° = zenith opacity determ:ne Tatm or of choosing to hold it fixed.

A = airmass (= secant of zenith Ii order to determine if cu-vatcre is
angle). present in the data, a quauratic lezst squaies

curve of the form of Eq. (4) is fizst cit to
A number of assumptions must be made in the data-set requested by the operator. The

_ fitting the observed data to this equation. resulting coefficient of the quadratic term,
The radoce opacity Tad and the telescope ef-

ficiency q are both functions .f frequency. = - q r Tatm I,
Since q is , measure of th-e fraction of the
total antenna beam which sees sky rather than is compared with its -tandard deviation (AC);

if C is positive (curvature in thz w:on- di-
ground, it will also be a function of eleva- rection) or IJ[ 5 2 AC, it is ascumed that the
t~an. Even Trad, the effective radome temper- required curvature in the data is not present.

ature, may uct be constant over the radome. A fit holding Tatm fixed at the value input by

The parameters T l. 3 and T are i- the operator ii then attempted. The coeffi-
rad cients determined by both quadratic and expo-

puts to the data-reduction program. The nential fits art- evaluated using the "input"
values Trad = 2781K, .9 = 0.9, Trad = 0.22 are values for Tatm. -, Trad, Trad, and Tamb to

currently being used. Values determined by produce two set- of values for 1 and To,sys
the computer program for Tats (at.d to a lesser which are outp"'1 on the screen. The best fit
degree for t ) are, of course. influenced by for a particular data-set can be determined by
the values assumed for these par-meters. examiring the chi-sqiared parameter for eaciii fit and the plots of the fitted curves with

Treating the radome and ground emission the data.

as independent of airmass produces an equation
3f the form: Figure 1 shows thz raw data plotted for a

S( -T A) Skydip at 86 GHz. TOBS corresponds in Kelvins
T rg+ n e-rad Tat0 - e o , (2) to the sky brightness terperature plus the

obs sr& atm receiver noise temperatut.! (in other words,
where T includes the terms in Eq. (;) for the tota sysren nuise terperature). For tlis

srg aeasdereeoentd the total zenith opacity T wassystem noise, radome emission. and ground

radiation. The Skydip dta-reduction program computed to be 0.112 neper7 or 049 dB. Thir
thus fits the data to an equation of the form: corresponds to a total zenith transmittance of

~ 0.89.
EFY = a + b ec  (3)

V eRadio astronomers, as vell as systew

where planners cons dering passive ma-wave systeSwhg+ T T rad for target detection, must take into arcouit

g ate.not only the variations -n clear-sky al os

b T a Zrd ph,-ric attenoation as a function of tempera-
a tur, pressure. and -elative humidity, but

calso the variacion resulting frog nc:t-precip-
o c 0 itatipg clouds. 'Figure 2 ,i.^ws observed rapid

changes in total attentuation, as indicatci by
Y T Tas the brightness temperature variations caused

X~ A bstrato-cumulus clouds passing through the
beam of the Mfass radio telescope as it track-

ed a celestial source. A periodicity (indi-
.erithe e i cated by hatch mArks along the time axis)can write teec lu

corresponding to the motion of the each cloud
= "wave" across the beam is clearly seen. A

T s =I srg + (r) e'rad T arm 1°0 A (4) ccntrast-temperure-measuring ground-based
p[ssive mmw ;ystem :ould be rendered virtually

- T 2 +useless with such a sky tackground, ut.less
m possibly some kind of polarization-switching

were used.
It is clear that when T A is small, the noise
in the data may make it0 impossible to derive
the coefficient of the quadratic ox higher "guess" of t he T to aid its dta-fittiaig
terms in this expansion. In such cases, T " comput d Ita fti! - =a {ad T ° cannot both lie determined from the "Mn progrm. Anothe9 computer code OhACHP for
and I ce n Ora ity Computation) exists j! U.ass whch can
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predict T0 at a given frequency from meteor- the right half of the figure. At time t=O,
ological information, given a mathematical the target is at a greater range and subtends
description of the atmospheric absorption-line a smaller amount of the antenna beam. Hence
shapes. These predictions have often been the duration of the 3600 scan that it is
identical to those derived later by the Skydip within the beam (the width of the negative-
measurements. going trace) is less than at time t1l, when

its range has decreaFed.
4. MILTIMETER-WAVE SYSTEM MODELING AT TASC

Such a passive-track model has also been
The OPACHP computer code has been expand- computer-coded at TASC. This program, coupled

ed in scope at the TASC facilities, and re- with the RADENS output, has allowed very com-
named RALENS (Radiometer Environmental Cimu- plete predictions of many millimeter-wave
lation). Table 1 summarizes the Input/Output sensing scenarios, in a wide variety of pos-
parameters of RADENS. A typical system- sible adverse weather conditions.
modeling scenario that would use RADENS is
described below. 5. SUMMARY

A low-altitude submunition is guided over The University of Massachusetts Milli-
a battlefield area by a passive millimeter- meter-Wave Radio Telescope has the capability

wave seeker measuring ground contrast temper- of making accurate, rapid measur.'ments of sky
atures. A metallic object such as a tank brightness temperatures and opacities. Exist-
would generally appear cooler than the sur- ing software allows complete data reduction in
rounding terrain (i.e., have a negative con- minutes. The Analytic Sciences Corporation
trast temperature), and would thus be sensed has the capability to construct extensive
as a "target" by the millimeter-wave seeker. models of passive millimeter-wave guidance or
The contrast is reduced, or even eliminated, target detection systems, taking into account
however, by such factors as the propagation not only imaging geometry and scene composi-
loss along the s.ant path from the seeker to tion but also all possible atmospheric propa-
the target, as well as the sky radiation re- gation effects.
flected by the metal target. Additional con-
trast reduction results from the presence of

• 1 any clouds and/or precipitation along the line
of sight to the target.

Using the initial environmental condi-
tions s well as the instantaneous altitude,
range, and depression angle of the radiometer
seeker relative to the ground and the target,
RADENS will compute the attenuation that a
given contrast-temperature on the ground will
experience. In addition, it will also compute
the down-welling sky brightness temperature
(also weathrr-dependent) which is reflected
from the metallic target back up along the
radiometer's line of sight, reducing the neg-
?tivp contrast temperatre due to the target
alone.

in a scenario similar to that presented

V above, the millimeter-wave seeker will ±ikely

use some scanning technique for initial target
acquisition. With a conical-scan antenna,
target position relative to the missile's
flight path is determined ac a function of
phase angle or the antenna scan. In addition,
the angular size subtended by the target in
the beam also must be considered. Thus, a
target possessing the same radiometric con-
trast temperature with the surrounding ground*
will prodace different antenna temperatures,
as sensed by the radiometer, depe-Ai.1 g upon
the amount of the beam solid Anglt it fills.*1 The ccnical scan scenario is shown in

Figure 3. The total power output of a radio-
meter sensing contrast temperatures via a
conical-scan antenna (possessing the indicated
antenna pattern to the 3 dB level) is shown in
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INPUTS "RADENS" OUTPUTS

FREQIJNCY (20. 300 GHz)

RADIOMETER ALTITUDE 1AGL)

GROUND ELEVATION IASLI SEPARATE ATTENUATIONS DUE TO 02

GROUND AIR TEMPERATURE H20-VAPOR

GROUND BAROME1IIhC PRESSURE 1H2 0- CONDENSED

GROUND RELATIVE HUMIDITY TOTAL ATMOSPHERIC ATTENUATION (ZENITH)

PRECIPITATION MODEL
TOTAL PATH LOSS (DB) BETWEEN AIRBORNE RADIOMETER

(CLEAR SKY; CLOUDS/FOG;
CLOUDS AND RAIN) AND GROUND AT ANY DEPRESSION ANGLE

CLOUD BASE ALTITUDE (AGL) TOTAL SKY BRIGHTNESS TEMPERATURE (INCIDENT ON

CLOUD TOP ALTITUDE (AGL) GROUND) FROM ANY ZENITH ANGLE

CLOUD H20 CONTENT

-JRFACE RAIN RATE

Table I Computer-modeling of atmospheric effects:
RADENS Program (Radiometer Environmental
Simulation) J/O parameters

TARGIT

0 " I,.., Art

II tANTENNA BEAM

(
3 

D8 LEVEL t

AT

ANTENNA CONSCAN ANTENNA, LOW ALTITUDE
PATTERIN METALLIC TARGET. GROUND BACKGROUND

Figure 3 Passive-track modeling of contrast-temperature
seeker using a conscan antenna to observe a

rectangular metallic target at decreasing range
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ANOMALOUSLY INTENSE SHORT COHERENT PULSE GENERATION BY SWEPT-GAIN SUPERRADIANCE

C. M. Bowden, 0. W. Howgate, and J. J. Ehrlich

US Amy Missile Research and Development CQmmand

Redstone Arsenal, Alabama 35809

ABSTACT

Short, intense pulses were generated in the If C13H3F is used in the same configuration
FIR and millimeter regions by C02 pulse exci- discussed above, and if the P(32) line at X =
tation of CH3F gas in a long cell configuration 9.63 Uim is selected for the C02 pump pulse,
m *ithout mirrors. The pulse evolution was observed millimeter wavelength pulses are generated at
over the pressure range from 0.05 torr to .3 torr X = 1.222 millimeters. Results of this work
and for cell lengths ranging from 6 m to 10 m. will be published shortly, Ehrlich et al. (toI Using C12H3F as the active material, FIR pulses be published).
at X - 496 um were obtained, whereas the use
of C13H3F produced pulses at X = 1.2 rm. At REFERENCES
the high pressures (homogeneous regime) pulses
of temporal duration less than T2 were observed. Ehrlich, J. J., C. M. Bowden, D. W.

Howgate, S. H. Lehaigk, A. T.
1. EXPERIMENT Rosenberger, and T. A. DeTemple,

1978: Swept-gain superradiance in
The experimental arrangement is shown in CO.-pumped ClEF Coherence and

Figure 1. A TEA C02 laser was operated onI the quintum 2ptic IV, p. 923.
P(20) (X = 9.55 um) line to give a single Ehrlich, J. J., T. A. DeTemple, S. Lee,
longitudinal and transverse mode by using a low C. M. Bowden, and D. W. Howgate, to
pressure CW C02 gain cell. Smooth 200 nsec be published.
pulses are produced of about 150 mJ total energy. Rosenberger, A. T., S. J. Petunhowski,
These pulses are subsequently chopped using an and T. A. DeTemple, 1977: Experi-
optical breakdown switch which utilizes UV- merts in FIR euperradiance. Co-
triggered AC breakdown of clean N2 . The result- operative Effects in Matter an-Co-Ing C02 pulse is about 65 nsec duration and Is R'daNn eie b ; .Bodn

ondiitsothan 0.1 by C, . Bowden,cut off on its trailing side in less than 0.1 D, W,- Hwgate, and H, R. Robl,
nsec. This pulse is passed through a CI2 H3F cell, Plenum Press, New York, pp. 15-35.
6 m in length along the cell axis. The area of Rosenberger, A. T., T. A. DeTemple, C. M.
the IR beam is approximately 2 cm2. The result- Bowden, and C. C. Sung, 19A: Pro-Lng FIR pulses at 496 vm were monitored in both ceedings of the 10th Internationa-

the forward and backward directions by a low uenterence M8,
temperature phosphorous doped silicon detector Atlanta, GA, 29 May - 1 June 1978
which operated near 20 K. At the output end of A
the Cl2H3F cell the IR pump pulse which emerges
and theFIR pulse generated were monitored simul-

taneously by using a beam splitter which reflects
nearly 100% of the IR and transmits about 50% of
the FIR. These pulses were displayed in the same
time frame on an oscilloscope, whereby the rela-

Ltive temporal positicns of the two pulses were
easily determined. Further details of the ex-
perimental apparatus are given in references
Ehrlich et al. (1978) and Rosenberger et al.
(1977). The relevant ettergy level diagram for
03F for the transition involved in the experi-
ment is presented in Figure 2. Since it was
possible to couiple to two k-level transitions
(approximately 45 z apart) by tuning the pump
cavity, we tuned to the one corresponding to the
highest gain, i.e., k = 2. Results of this ex-
periment were reoorted earlier by Ehrlich et al.
(1978) and Rosenberger et al. (1978).
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A MOBILE FACILITY FOR TARGET/BACKGROUND CHARACTERIZATION

AT NEAR-MILLIMETER WAVELENGTHS

Edward Dudley

Harry Diamond Laboratories

Adelphi, Maryland

ABSTRACT Funds were made available to HDL to develop the
Tfacility and a contract was subsequently let for
This paper describes the functions and use detailed deoign and construction of the NMMW/MMF.

of a near-millimeter wave mobile measurement
facility (N11MW/MMF) that will be used to char- The panel also recommended that provisions
acterize targets and backgrounds in clear air be made for simultaneous meteorological measure-
and in degraded environments (fog, rain, snow, ments to characterize the environment during the
smoke, and chaff). The facility will be capa- near-millimeter wave measurements. The responsi-
ble of making simultaneous measurements at 94, bility for this task fell to the Atmospheric Sci-
140, and 220 GHz. ences Laboratory (ASL), which is now developing

INTRODUCTION a separate mobile meteorological facility that
IT Cwill be fully compatible with the MMF.
From time to time, interest in near- Throughout the development period, a coordi-

millimeter wave (90 to 1000 GHz) research and t roup, mae upopent erof thddeveopmnt as rsen ony t wan agin hen nation group, made up of potential users of the
development has risen, only to wane again when data that these two facilities will provide, met
researchers are confronted with the difficulties dcally to aiothe f il design.
of developing high. power sources and low noise
receivers. Recently, however, military interest
has beer, renewed because, in cGntrast to most
electro-optical systems, near-millimeter wave riIETF1
systems are expected to be operational in spite , - - .

of most adverse atmospheric conditions, either <
natural or man induced, that might be encountered

! ~~~on the modern brttlefield. At the some time,//"ne-mlitrwaerdaonsudpove
near-millimeter wave radiation should provide-- -- -

better resolution than one could expect from I -

longer wavelength radiation, such as microwaves.

One concrete result of this military inter-
est is a near-millimeter wave mobile measurement
facility (MMW/MMF) being developed by Harry
Diamond Laboratories (HDL). The facility is be-

ing designed and constructed by the Engineering
Experiment Station of the Georgia Institute of 4
Technology unler contract with HDL. When com-

plete this facility will be capable of measuring
reflections from targets, backscatter from rain
and other hydrometeors, background clutter, and Fig. 1. Block Diagram of the MMF.
attenuation in an environment that contains fog,
rain, snow, smoke or chaff, or combinations of
these. These measurements will be made with 2. SYSTEM DESCRIPTION
monochromatic sources operating at frequencies Fig. 1 is a block diagram of the NMMW/Mf.
of 94, 140, and 220 GHz. The facility is housed in two trailers; one des-

The concept of the NMMW/1-F arose from the ignated as a transmitter trailer, is approxi
rec n ons of tud N el-made f mately 40 by 10 ft, and the second is a receiverrcommendations of a study panel--made up of talr 0b t l riesaehae n
representatives of the government, universities, trailer, 30 by 8 ft. The trailers are heated and
r n t air conditioned. Parts of the facility that are

. and industry--which uonvened in 1977 to assess
the state of N%1W technology and its potential not shown are three 30-kVA generators, one forth tt fNf4 ehnlg n t oeta the receiver trailer and two for the transmitter
for application to military systems. This panel trailer n heaig an ini

recommended a program to complete the NMMW data trail e there lighting, heating, and air condi-

base needed for design of N!DPW systems. One of tioning together will be connected to a separate

their explicit recommendations was for the con- generator. Also shown 4n Fig. 1 is the meteoro-

struction of a mobile measurement facility, to logical van presently under development at ASL.

be used Army wide, for taking near-millimeter It is planned that the meteorological van will
be an integral part of any test on which thewave radar-type datai at various test sites. MF is used.
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The facility, as shown in figure 1, can be All of this equipment will allow measurement3

used for backscatter or target return measure- to be made In clear air, rain, fog, snow, chaff,

ments by means of transmitters and receivers dust, or dirt. Measurements that will be made

in the transmitter trailer, for bistatic with the system Include attenuation and back-

target return measurements by means of scatter from rain or snow or other atmospheric

separate receivers in the receiver trailer, particles. There will be enough height

or one-way measurements with the receiver adjustment of the antennas, approximately 20 cm,

trailer down range. There will be data and to distinguish the effects of multipath. Radar

voice links from receiver to transmitter cross sections of targets and ground clutter,

trailer, and a data link between meteorological and target scintillation can be measured in

van and transmitter rrailer. both the bistatic and monostatic modes.

Table I lists the more important equipmrent Table III shows the system performance

in both trailers. The equipment in the requirements given in terms of the range to

transmitter trailer includes transmitters at 94, target or receiver for which a signal is

140, and 220 Gliz, the receivers at the same required that is clearly discernible above

freqaencles. This trailer vill also contain background noise at 27 C in rain falling at

data acouisition and processing equinment, that 12 rn per hour. Additional performance

is, a minicomputer, which will also be used for specifications for the .!MF are listed in Table

optimum positioning of the antennas by means of IV. A data sampling rate of I kllz will provide

electrically controlled gimbals, for rapid update of any measurements that are
nmade. For backscatter measurements, there wil.

The receiver trailer will have receivers 1.e 10 contiguous range gates of approximately

that operate at 94, 140, and 220 Ciz. The 2-ft 15 m each, posltlonable as a unit anywhere
diameter dish-type antennas will also be alang a 1-km path. The antennas will be

computer controlled by means of gimbals rotatable .hrough 90 deg for measuring polarl-
identical tc those in the transmitter van. The zation effects. Altogether, the measurement
receiver trailer will contain a data collection apparatus will have a 60-dB dynamic range; that
and transmission system. Each of the trailers is, the facility will he able to measure a signai

will have storage space, and space will be teat is 60 dB down from the signal received under

provided in the receiver trailer for paperwork -minal best-case conditions.

and mechanical and electrical repairs.

Table II lists the functions of the data

acquisition, processing, and control system in 
Table III. PERFORMANCE SPECIFICATIONS

more detail. Provision is made for real-time 27 C Rain at 12 mm/hr

data acquisition, analog readouts and recordinps,. gNE (kn) .

and near real-time CRT display. Data will be

recorded on nire-track tape. In addition, hard Freuency One-way Backcatter Target M2 )return

copy can he produced. The system can receive 94 0lhz 1.5 1.0 1.0

and process data from the receiver trailer ane 140 1.5 1.0 1.0

transmitter trailer, and also from ASL's 220 1.5 o.5 0.5

meteorological van. The latter will have adat2

processing system that will be fully compatible

with the system on the MKF; the twc systems will

be able to interchange data and serve as backups Table IV. rERFORM&aCE SPECIFICATIONS

for each other.

Table I. MOBILE MEASUREMENT FACILITY EQUIPMENT 1. Height adjustment for multipath

A. "Transmitter" trailer B. "Receiver" trailer 3. 10 range gates
1. Transmitters (94, 140, 1. Receivers (94, 140, 4. Polarization rotaton of 90 deg

220 GHz) 220 GHz) 5. 60-dB dynamic range
2. Receivers 2. Data collection and

3. Data acquisition, proc- transmission 3. SCIIEDIULE
essing and control 3. Controlled antenna

4. Controlled antenna mounts The tine table for the project completion

mounts follows. At this writing, the desipn isH;C. Three power generators enmnlete, except for minor changes that will be
made as the construction progresses. The

trailers hrve been refurbished: heating and air

Table II. DATA ACQUISITION, PROCESSING AND conditioning have been checked and repaired, as

CONTROL SYSTEM have the generators: and all equipment that
Crenulres a long lead time for delivery has been

1. Real-time data acquisition ordered. We expect tie '.4F to be fully

2. Analog readouts and recordings operational by O)ctober, 1980. follow,,-on

3, "lear real-time CRT display additions and improvements will include a

4, Nine-track data file Fourier transform spectrometer for broadband

5, Hard copy measurements from 94 to 40r GlHz, equipment to

6. Data communications (Transmitter to receiver, render the sources coherent for more sophisti-

transmitter to meteorological facility) cated measurements, and equipment to convert

electrical pover requirements from 60 to 50 flz
for European operation.
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NEAR MILLIMETER WAVE MOBILE MEASUREMENT FACILITY (NMMW/MMF)

James J. Gallagher, Wayne M. Penn and Lucien C. Bomar

Georgia Institute of Technology
Engineering Experiment Station

Atlanta, Georgia 30332

ABSTRACT interest or during planned smoke tests, an
enormous investment in experimental apparatus

The Near Millimeter Wave Mobile Measure- is required. The alternative approach is to
meiit Facility (NMMW/MMF) will provide the instrument a near millimeter wave Mobile
means for performing measurements in the near Measurement Facility (Mr4F) which will enable
millimeter wavelength region at various the measurements to be made at various
locations where there are weather conditions locations where there are weather conditions
of interest or where smoke tests may be of interest or where smoke tests may be
conducted. The MMF will consist of two vans conducted. During the first period of this
and will contain transmitters, backscatter program, the design plan has been established,
receivers and one-way video link receivers at calculations performed on transmitter power
3.2 mm, 2.1 mm, and 1.3 mm wavelengths. In requirements, costing of apparatus obtained to
addition, broadband coverage (. 3 mm-O.7 mm) provide an overall budget estimate, milestones
will be simultaneously performed with a and schedules have been set. In order to
Fourier Transform Spectrometer (FTS). The MMF design the facility properly, the measurements
will be accompanied by the ASL meteorological capability of the apparatus has been planned.
van and its data collection and processing
system will interface with that of the ASL In this paper, a discussion of the
van. utilization and capability of the rt4F will be

given. The goals and several characteristics
The design of the entire MF has been of the system were presented in the previous

established, the performance of the NMMW paper (Dudley,1979).
systems analyzed, and the measurement capabi-
lity of the facility determined. The The MMF will consist of two vans and
capabilities of the MMF include attenuation will,contain transmitters, backscatter super-
measurements (one-way transmission and temporal heterodyne receivers and one-way video link
fluctuations - short term at - 200 Hz or receivers at 3.2 mm, 2.1 mm, and 1.3 mm
greater rate), backscaIter from rain/other wavelengths. In addition, broadband coveragehydrometeors, multipath effects, clutter, (,3 mm - 0.7 mm) will be simultaneously

target scintillation, doppler spectral charac- performed with a Fourier Transform Spectrometer
teristics and bistatic operation. The data (FTS). The hMMW/04F will be accompanied by
processing system will permit on-site calcula- the ASL meteorological van and its data
tion of effects on the near millimeter wave collection and processing system will interface
signals. This paper will present a discussion with that of the ASL van (Snider, 1979).
of the project status, provisions made for
additions to the MMF and the schedule for 2. RANGE CALCULATIONS
completion and availability of the facility
for measurements. The power requirements for the transmitter

sources are determined by the range capability
1. INTRODUCTION under severe atmospheric conditions. Calcula-

tions have been performed assuming performance
Recent investig3tions indicate that the parameters for the systems to be employed.

f near-millimeter wavelength (NM4W) region offers Estimates of required transmitter power are
considerable military advantage over the micro- given for the near-millimeter wavelength
wave and optical spectral regions during regions which will be covered in the initial
periods of heavy fog or employment of smokes measurements, i.e. 94 GHz, 140 GHz and 220
by the enemy. The particular regions of in- GHz.
terest lie in the transmission windows at
wavelengths 3.2 mm, 2.2 mm, 1.3 mm and 880 um. 2.1 One-Way Transmission Link
No facility exists for the comparison of
atmospheric propagation measurements at these For propagation between the two vans,
wavelengths with measurements at optical and the transmitter power and receiver sensitivity
microwave wavelengths. It is necessary that requirements are relatively easy to meet.
the measurements be performed simultaneously The one-way link equatio 'governing this
at several wavelengths. In order to perform operation for a heterodyne system is
such measurements at several locations of

PT =  2KTBF LR A. 3=R4 (1)
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and for a video system is in Table 2 for rain rates of 4 ni/hr and 12.5
mm/hr. It is seen from Table 2 that, for P =

pT ;7 .- ' (HEr B -LR 4'.3 (2) 1 kin, at all frequencies, the video system:
A are sufficiently sensitive to detect, on a

single pulse bisis, transmitter power well
where below the available puwer at each frequency.

Actually, if the NMMW/.F were to be employed
PT = REQUIRED TRANSMITTER POWER (WATTS) for one-way transmission only, IMPATTS would

= SIGNAL-TO-NOISE RATIO, TYPICAL provide sufficiept power as transmitters.
i Further sensitivity can be obtained by

R = RANGE IN K"i integration. Thus, for a single pulse
A= OF ONE ANTENNA (ANTENAS ASSUMED observation or for integrated operation,

GA = BAJ1 E SAME SIZE) sufficient power is available with Extended

= WAVELENGTH IN KM ( MA = 3X105 N' , Interaction Oscillators (EIO's) to perform

V - FREGUENCY) one-way transmission at rain rates in excess
= 1-21 of 12.5 nm/r. at 1 km range. The interest

KT = .14 x 10"  JOULES FOR 3000K in signal fluctuations requires S/N >10, and

= BA10JIDTH, TYPICALLY 197HZ it is observed from Table 2 that sufficient
dynamic range exists for single pulse or

NF = NOISE FIGURE, EXPRESSED AS A FACTOR, short term signal averaging. The output

I.E. 3DB = 2 power quoted by Varian for EIO's is shown in
Table 3. For one-way operation at 1.5 km,

LRF = RF SYSTEM LOSSES, AS A FACTOR > 1 Table 4 shows the required power for video

0< = ABSORPTION COEFFICIENT IN DB/KM operation at 12.5 mm/hr and includes 340 GHz
for 1 : parameti6 s of Table 1 but with NEP
(W/Hz ) = 10-  and LR = 10. One-way

NEP - 10"11 WATTS, THE NOISE EQUIVALENT POWER transmission does not prAWen a problem at
ASSUMED FOR A SCHOTTKY BARRIER DIODE ranges to 1.5 km for all NMRW frequencies to

B - 3162.28 Hz be included in the facility.

2.2 Rain Backscatter

The calculations have been performed
for both heterodyne and video receiver systems. For the case of rain backscatter, the
The values for the parameters used are problem becomes more severe. In this case,
gi'en in Table 1. The factor L for the only heterodyne operation is applicable and
RI- system loss, appears in the numeator as a the range under severe weather conditions will
factor >1 so that if the system has an be limited to 0.5 - 1 km.
internal loss of 3 dB, then L = Z For -he transmitter power required for rain~~~~all the calculations, the bandyT~th B ;f the htrnmtepwrreuedfr ai

system is assumed to be 10 Hz with the backscatter is given by
understanding that the pulse width will be on
the order of 100 ns. The NEP 111noise p ' \--NK TB)4TT)3R4 L
equivaleph power, is assumed to be 10 k2 2 Cy-
watts/Hz f a Schott 2 Barrie diode. 2)3 GA2 B
Values of 10 watts/Hz have been obtaiped
for point,/contact diodes, so that 10"
watts/Hz is a reasonable value for a Eq. (4) gives thebackscatter cross-section
Schottky Barrier diode, which is expected to as expressed in terms of the backscatter coef-
be more sensitive (video case as well as ficient which can be thought of as the cross-
heterodyne case) than a silicon point contact section/unit scattering volume (m2/m3):
diode. The values listed in Table 1 for RF
losses, L have been achieved in thelaoatory %;t will quite probably exceed = T -- 2 eB2 Cp (4)

these values in the field. Circulators and B P
switching devices will contribute signifi-
cantly to losses at the higher frequencies. where

The antenna gains which are employed in
the calculations are for an aittenna diameter BEAN DIAMETER IN RADIANS
of 0.6 m and an antenna efficiency of 50%.
If difficulty is encountered in the pointing C = VELOCITY OF LIGHT (3 x 105 Kr sEc)
and alignment of the antennas at high = PULSE WIDTH (SEC)
frequency, a smaller receiver antenia could P
be employed. An antenna of only 0.3 m
diameter would increase the power required The remaining parameters in (3) and (4) are de-
for the transmitter by a factor of 4. The fined in section 2.1. As in section 2.1, noIresults of the one-way propagation are given integration is included. Table 5 gives para-

meter values for backscatter calculation at 94,
140, and 220 GHz. Power requirements for rain
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TABLE 5.

PARAMETER VALUES FOR BACKSCATTER CALCULATICI

PARA-eZTER 94 6Hz 140 6Hiz 220 6Hz

MF10 20 60
LF2 3.3 4

XU t'ju , 3.2 2.14 1.3E
GA(105) 1.78 3.88 9.6

12.5 I'll/fiR 7.61236.

V5EASloRY - -3E0YE EETO

TABGLE P6L.

FRECUEI:CY RAIN RATE POWiER REQUIRED (VAT.TS)

944 0.2 1.96
12.5 0.22 5.13

140 4 1.28 27.46
12.5 2.'-' 144.04

220 430-36 1641.05
L2.5 48.04 8218.05

TABLE 7.

REQUIRED lRAhlSH'ITTER MIER FOR.
TARGET RETUPRN, a- 1~2 SINGLE PULSE

HETERODYIF RECEP' MH

FREQUEN1CY RAIN RATE REQUIRED PCXiER (WATTS)

S.44 3.09 x 103 0.15

12.5 9.12 x 10-3 0.84
1404 132x 10- 1.14

LE12.5 4.18 x 102 il4

220 4 4.118 x 10-2 10.6

12.5 1.56 x 10-1 1305.7
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backscatter measurements at the three frequen- the cost) of met gear. The ranges over which

cies of primary interest are shown in Table 6. observations will be made are:
At R = l km, the required power for 220 GHz ex-
ceeds the quoted power listed in Table 3, and Point-to-Point: 0.5 - 1.5 km
would require coherent integration or incoherent Signal Return; 0.5 - 1.0 km

integration of approximately 1000 and 2 x lC4
pulses respectively for 4 mm/hr and 12.5 nn/hr. The monochromatic systems to be employed
In addition, integration would be required at will be capable of operating to approximately
340 GHz to observe rain backscatter. 3 km for the one-way link but will not have

meteorological control over the entire path-

2.3 Target Return length. The FTS apparatus will be limited to
approximately 0.5 - 0.75 km range.

The NMMW/PMF will have tlie capability of
measuring not only atmospheric effects but 3.3 Operating Environmental Conditions

target and terrain effects. Target return for
a target cross-section a 

=  1 m2 has been The NMMW/MMF will be employed for

calculated for the thre1 frequencies of major operation during rain, fog, snow and smoke

interest. The relation for single pulse conditions. The expected conditions will
target return is given by include temperature extremes from approximately

-20*F to +120'F and exterior conditions of
PT (,!T) 3 ~ B e(/l3 ~high humidity, rain, dust, and sun load

T KI•.~ typical of summertime desert environment.
Rain rates will include 4 mm/hr and 12.5

2 GA 2 C mm/hr. It is expected that rates >12.5 mm/hr
will occur for shorter periods of time during
operation. The severity Gf conditions during

where all parameters are given in section 2.1 fog or snow will not exceed the system
and aT is the target cross-section (in), ;s- capability.
sumed to be 1 m2 for calculations. Table 7
gives the results for the required power. 3.4 Measurement Capabiliti

m tThe NMMW/KMF will have 1he capability
Fro. the calculations of this section, not only for atmospheric measurements but

it is seen that the transmitter power
required for the NIMW/MMF dictates the use of also for the important function of determining

E10s and, at the higher frequencies (220 GHz target and terrain characteristics in the

Eand 40 z), sustath i al ne gaion i spectral regions of interest. At frequencies
and 340 GHz), substantial integration is above 100 GHz, practically no information
necessary. At 35 Glz, a frequency of exists on the characteristics of targets and
secondary interest, the power requirements terrain. Table 8 lists the measurement
can be met by IMPATT or amplified Gunn capability of the facility in order of

oscillators. priority. Attenuation measurements under all
environmental conditions are listed as the3. MMF CHIiCTEkISTICS items of highest priority. In addition to

Spectral Range for MMF the straight attenuation effects, temporal
fluctuations of signals as a function of

On the basis of projected military environmental conditions provide information
appli-:ations, the frequencies or spectral important to military systems. At BRL, short° term fluctuations have been observed in

regions of interest are the following: 94 m ementat 94 G en 14 sHrTe iT
SGHz, 140 GH7 and 220 GHz emiloying measurements at 94 GHz and 140 Gliz. The FTS

monchz omatic 140 rces and 30 Gz (0 measurerc-ts at Appleton Laboratory indicate
monochromatic sources, and 3-13 cm (90- large spectral fluctuations in fog, varying
390 0Hz) continuous coverage 'vith a Fourier in time with fog intensity. Correlation of

Transform Spectrometer (FTS). these two effects is important, and aii'.. (capability for measuring temporal fluctuations
in addition, the MF will be capable of at a rate of at least 200 Hz must be built

operation at other wavelengths if a user into the monochromatic systems. Actually
wishes to provide the propagation apparatus. single pulse measuring capability is being
Thus, space would be available to include 8 provided. The terrain/target characteristics
imn, 0.88 mm, 10.6 pm or 1.06 pm for are accounted for by the other measurements.

comparative proebagatuon measurements.
Sct3.5 Mobile Measurement Units

3.2 Operational Range
The 14MW/MMF will consist of three vans

The operational range for the NTW/MMF is capable of being moved to a location for
set by the requirements of observing the measurements of interest. One van, to be
atmospheric, target and terrain characteristics provided by ASL, will provide meteorological
under severe atmospheric conditions and by the support. Two large vans will serve as a
limitations imposed by the availability of transmit van and a receive van. The larger of
meteorological apparatus. The greater the the two will serve as the Transmit Van and
range, the greater the amount (and therefore will contain the facilities shown in Figure 1.
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Table 8. Model 45 provides the high precision
processing speeds needed for the MMF. The

MEASUREMENT CAPABILITY OF NMMW/MMF computer has a disk operating system with a
graphics console. The input data is derived

1. Attenuation from three microwave sources (94 GHz, 140 GHz,

and 220 GHz) plus a fast scan Fourier
(a) One-way transmission Transform Spectrometer. Each microwave system
(b) Temporal fluctuations - short term produces three types of information. Initially

at - 200 Hz rate the transmitted pulse is sampled, then the
one-way link propagation information is

2. Backscatter - rain/other hydrometeors provided, and finally a backscatter gated
3. Multipath effects receiver generates a possible 128 range cells

of data per pulse. The one way link data is4. Target cross-sections brought back real time by a multiplexed
5. Clutter digital wire or microwave (X-band) link.

Antenna control is also provided over the two
6. Target scintillation way data link along with a voice channel. The
7. Doppler spectrum - clutter, targets three microwe e data sources are digitized and
8e crecorded in real time during the experiment.
8. Bistatic operation capability Analog data handling is also provided

simultaneously with the experiment along with
The smaller van will serve as the Receive Van real time data presentations to personnel.i with the apparatus also shown in Figure 1. Typical data rates are on the order of 37
The large van has three eoors on one side, two Kbytes a second using ten range gates per
of which will be employed as. propagation wavelength. The final data file is stored on
ports. The smaller van hais a rear double door 9-track tape.
and a side wall door.

Figure 3 shows an outline of the manner
An artist concept (Figure 2) shows the in which the computer data acquisition system

two vans with the configuration in which the is employed, and Figure 4 presents a diagram
01A.W apparatus will be operdted. The of the 140 GHz NMMW system with transmitter,transmitter van will have transmitter and video receiver and backscatter receiver. The

backscatter receiver for the three frequencies, data processor requirements are given in Table
94 GHz, 140 GHz and 220 GHz, and, at the rear 9. The range gating capabilities have been
of the van, a Fourier Transform Spectrometer designed to provide at least ten contiguous
and its source. The FTS will be operated with gates, approximately 30 meters in length,
a roof retroreflector so that source and positionable as a unit anywhere up to the

kspectrometer can be controlled from the one maximum range of interest. Actually, up to
van. The transmitter and backscatter receiver 128 gates can be provided with this system for
for each frequency have individual antennas each pulse.

and can be separated for bistatic operation.

The transmitters are, as indicated above, 4. CONCLUSIONS
Extended Interaction Oscillators. Hard tube The system described in this paper will
modulators are being .onstructed rather than provide a capability to perform important
line ;modulators for im.proved pulse shape. It measurements at any sites of military
is planned to use these sources eventually in interest. In addition to the systems
coherent operation. described above, provision has been made to

be able to include any additional systems ofThe interiors of the vans are shown in interest. The Mobile Measurement Facility is
the diagram of Figure 1. The position of the scheduled to be completed by September, 1980.
FTS, Antenna Bays and computer are shown in
the transmitter van. The NMMW monochromatic REFERENCES
systems are mounted in bays with the Dudley, E. P., 1979: A mobile facility for)apparatus adjustable in height for multipath target/background characteristics at near

I measurements. Each NMMW system is mounted in millimeter wavelengths. Session 9, Work-
a gimbal mount for vertical/horizontal shop on Millimeter and Submillimeter
angular adj,|stments. The gimbals will be Atmospheric Pronagation Applicable to
computer controlled for periodic checks on Radar and Missile Systems, 20-22 March
antenna alignment. 1979, Huntsville, Alabama.

Snider, D. E. and D. R. Brown, 1979: The
Th: receiver van has the NKMMW equipment transportable atmospheric characterization

bay at the rear of the van. A small station. Session 9, Workshop on Milli-
electronic shop and a machine shop are meter and Sub.illimeter Atmospheric Prop-
located in the receiver van for repairs in agation Applicable to Radar and Missile
the field. Systems, 20-22 March 1379, Huntsville, AL.

3.6 KMF Data Acquisition System Acknowledgment: This work is supported by The
U. S. Army Harry Diamond Laboratories under

The MMF data acquisition system will be Contract No. OAAG39-78-C-0044,
based upon an H-P 1000 Model 45 computer. The
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THE TRANSPORTABLE ATMOSPHMRIC CHAPACTERIZATION STATION

Dr. Donald E. Snider and Douglas R. Brown

US Army Atmospheric Sciences Laboratory

White Sands Missile Pange, New 11exico

ABSTRACT The interaction with the atmosphere,
generally negligible at lower radio fre-I' lhe Atmospheric Sciences Laboratory, quencies, becomes of major significance as

US Aroay, is developing a Transportable frequencies rise Above 35 Gigahertz.
Atmospaeri Characterization Station Besides tne everpresent absorption effecrs
(TACS) in cooperation with Harry Diamond of gaseous oxygen and water vapor, various

Laboratory to characterize the atmospheric aerosols sucl, as raiii, fog, snow and
propagation path during operation of the particulates buch as dust and smoke, make
Mobile Measurement Facility (WF). The increasing contributions to the total
system will consist of two van~s containing atmospheric extinction at these frequen-
a computerized data acqaisition system, cies. System operntior parameters there-
repair facilities ind rudimentary living fore bacome sensitive to the detailed
quarters, two tr .ors carrying p.rticle atmospheric conditions and such conditions
size probes on servo mount, a 32 meter must be known if the extinction measure-
tower, dicsel generator, and thrL or more ments are to be truly useftil.
remote stations deployed along the propa-
gation path. TLe system is designed to The TACS has been designed to provide
measure the particle size distribution of path characterization. la tn~s report we
rain, dust, or fog from 0.3 l to 1'.4 mm, wili describe the physical and operational
and provide as complete a meteorological characteristics of the syst ... as it is
characterizatia. of the test site as is being const.ructed. The TACS is not
oortably possible. envisioned as a static system, however, a

program to improve its sensing capabili-
1 . INTRODUCTION ties, in sensitivity, in area coverage,

and parameters measured, is an integral
The Atmospheric Sciences Laoo-atory, part of its operating plan.i WSMR, is developing a Transportab',2

Atmospheric Characterization Station 2. PHYSICAL DESCRIPTION
JTACS) in association with the Harry

Diamcnd Laboratory 'Mobile Measurement The TACS system will be based upon
Facility (MMF). Its puzpose is to provide rll09 Shop Vans. These are air trans-
a detailed characterization of the near portable (C-241), 3 axle drive all terrain
millimeter wave atmospheric propagation vehicles. Ywo such vans will be avail-
path. Many previous millineter p'opaa- able. One unit will house the data
tion measurement; have been of 1mited use acquisitiun sytem and perform experiment
to the systemL designer and atmospheiic control, data compilation and storage, and
scientist because the measurements were tow ')e trailor. The other will provide
not accompanied by adequate data on the the maintenance and repair facilities,
physical State of the propagation r~th. rvjiuentary living space, and wil tow the
Without ths data it is toessisle to ei v i g on the test

other trailor. Deneneigontees
rclate the diverse measurements and requirements either one or both vans would
compile a well defined millimeter waie be used.
data base.
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The two trailors will be employed to Tempera- "75%C to ±0.2*C
-ransport and deploy a 32 meter meteoro- ture 500C
.ogical tower, diesel generator and
pedestal mount servo-controlled by the Pressure 488 torr to ±0.5 torr

wind speed and direction. The tower and 800 torr

pedestal mount will be equipped with Wind Speed >0.6 mph ±0.15 mph
various sensors as described in Section 3. Wind 0-360o ±20

The millimeter wave propagation path Direction

will be instrumented at regular intervals Sun/Sky O-..5gmcal/ ±5%
by ground based remote stations. These Radiation cm2min
stations will be self-contained battery
powered units and will communicate with Visible 0-100% ±5%
the data acquisition van via radio or Contrast

hardwire link. Again, thclr met equipment Visibility 60 meters ±5%
is discubzed in the next section. (Forward to 6 km

ME Scatter Meter)

k3. METEOROLOGICAL EQUIPMENT

The wind sensor zan be either a 3 axis
Experiment control, data sequencing, (UVW) sensor or a standard cup anemometer

manipulation, storage and reduction will and vane.
be performed by a minicomputer based data
acqtkisition -tem. This computer will The particle size measuring probes
poll the var. -remote sensors on thc will be mounted on the servo controlled
tower, the proe~gation path, and the pedestal mount. This unit will be con-
servo mount; the data will then be cul- trolled to always face in azimuth i!;to the
lated by the computer and stored on wind, and in elevation to point along the
magnetic tape. The data system has been rain vector. While the true rain vector
designed to interface with the MMF com- is drop size dependent, the orientation of
puter to form a distributed proces.sing the probes.will be such that the size mea-
system capable of total txperiment control surement will not be biased by drops not
of both the TACS and MMF from either fallirg along the probe axis. When there
Lc'mputer. Also, this will allow rapid is no wind, the probes measuring sizes
data transfers between machines to permit from 0.2p to 1600V will be aspirated to
backup data srocage. collect samples.

The most accurate met data will be The tower instruments will be deployed at
collected by sensors based with the data the 2, 4, 8, 16 and 32 meter levels.
van due to their general use of 110 volt Table 2 is a compilation of their para-
60 Hertz po-zer. These instruments will meters, ranges and accuracies.
also be useu to calibrate the remote sen-
so-s which usually are less precise in !ABLE 2 Tower Equipment
operation. Table I describes the sensor
measurement, range and accuracy for the PARAMETER &NGE ACCURACY
van associated sensors.

Relative 0 to 100% ±2.0%

TABL I Van Equipment Humidity

PARAMETER RAPA!E ACCURACY Tempera- -400 C to ±O.80C
ture 600C

?article 0.3p to Varies ±O.ip to
Size 12.4mm ±10011 Wind Speed 0.5mph to ±0.2mph

(3 axis) 45mph
Rain Rate >0.25mm/hr ±5% typical

-?*Ct ±.2CDown/Up 0 to 2.5 2/5%
Dewpoint/ -?5

0
C to ±0.2

0
C Welling gmcal/cm/

Frostpoint 500 C Radiation mmn
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The tower data collection will be con- gauges must be relied on to give rain rate
trolled by a local data'logger and trans- at other points. As the atmospherLc
mitred to the data van on command. propagation path will be characteristically

1 km in length, and rain cell eizes are
There will be initially 3 propagation generally below lOOm, at loast 10 remote

path remote stations, the number to be stations with rain gauges would be
expauded as funding permits. These units required to minimally Lample the path. To
will also employ a data logger, to collect avoid the fine spacing of senscrs, ASL IG
the data described in Table 3. investil;iting the use of ) Path Integrat-

ing Rain Gauge in development at NOAA
TABLE 3 Propagation Path Equipment (Wang et al., 1977). A few such instru-

nents could piovide an aver;,,e rain rate
PARAMETER RANGE ACCURACY over the entire propagation path.

Rain Rate ;O.25mm/hr =5% Traditiozal rain gauges also find
difficulty in measuring low rainfall ratesRelative <15% to ±3%Reaive <15%to 3 accurately. The tipping buckeu variety
has unaece:,tably long integration times

Tempera- -450 C to ±0.6°C for rain rates below about 5 mm/hr. Since
ture 65C thi I.; an important doldain for MW

Sun/Sky 0 to 2.5 ±5% ayetem5, .-La sensors sensitive to low

Radiation gmcal/cm
2 / rain rates would be a valuable addition to

min TACS.

During tests, the TALS system will be Further improvements ahd additions to

operating generally on sample repetition TACS will be Identified as the result of
field testin6 and data reducLion require-

rate of better than I Hertz. These data
will be stored in the data van as well as ments.
being transmitted to the HMF for co!a- REFEMPE
tion with the millimeter wave data. At

Stha test location, but 4hile mm data sr ang, T. and R. S. Lawrence, 1977: Measurements
not being taken, we plan to sample the of raia parwters by optical scintillation:
general meteorological sensors tnce every o p ter by otie crelation

15 minutes to provide a synoptic record o" computer smulatio of the orrelatio metod.

the test site weather.

Field tests of the TACS system will begin
in the summer 1979. The sy.tem is planned
to be fully coerational with all senors
by December 1980.

4. FUTURE PLANS

Humidity measurements from the TACS
will provide an adequate determination of
water vapor content for the prediction of
H2O absorption. In adverse weather con-
ditions, particularly rain, acrosol scat-
tering becomes the dominant attenuators
The pacticle size measuring probes will
provide an excellent determination of rain
drop size distributions, but only at one
point. This distribution can be integra •

ted to give rain rate at this point; rain
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A METEOROLOGICAL MEASUREMENT SYSTEM FOR SUPPORT

OF ATMOSPHERIC PROPAGATION STUDIES

John Hines

US Army Atmospheric Sciences Laboratory
Iffite Sands Missile Range, NM 88002

Gail Bingham

Lwrence Livermore Laboratory

Livermore, California 94550

ABSTRACT System Test Facility (HELSTF) at U3aK. This
support consisted of two phases: (1) develop-

In support of luser system design and test- ment of a data bdse dt the HELSTF and (2) direct
ing, the Atmospheric Sciences Laboratory (ASL) operational suport. The research system is
at White Sands Missile Range (WSMR), New Mexice, currently providing the data base at the HELSTF.
has designed, developed, and implemented a sys- However, in deference to project requirements
tem for meteorological data acquisition, trans- for atmospheric data during operational support
mission, and processing. The SySLefa coveis and in realization of the maintenance-intensive
optical turbulence, wind, gases, and partic- nature of the research system, it was recognized
ulates. The system has been in operation for that a somewhat less sophisticaLed, but at the
2 years and is currently being used to charac- same time more flexible, system would be
terize the atmosphere at a high energy laser required for direct operational support. The
facility at WSMR. development of the support system would then

free the research system for other field

Optical turbulence instrumentation includes studies of laser propagation
point measurements with a spatial temperature
probe, integrated measurements over a 180-m The primary purposes of this paper are:
horizontal path with an optical scintillom- (I) to present a general description of the
eter, and vertical profiles up to 600 m with research field measurement system, (2) to
an acoustic sounder. Wind speed and direction describe the operational system for HEL support

are monitored with a UVW anemometer system. in detail, and (3) to comment on remote sensors

Gases currently being monitored for con- currently under evaluation.

centration include water vapor, ozone, total 2. FIELD MEASUREMENT SYSTEM
hydrocarbons, methane, nitrous oxide, and

carbon dioxide. Particulate measurements 2.1 Research
include those of size distribution, mass con-

centration, and scattering coefficient. 2.1.1 Design

Stations at each data acquisition site Development of the field research system
acquire, preprocess, convert, transmit, and/or began in 1971 with the requirement to provide

store data. The stations are linked to a measurements of atmospheric conditions in sup-

central computer through bidirectional com- port of field testing of EO and laser systems.
puter-controlled data links. The central -Me primary atmospheric effects requiring char-
computer handles the data collection, archiv- acterization were optical turbulence, cross-

| I ing, and formatting. wind, and extinction coefficient (due to both

gases and particulates). The research system,
1. INTRODUCTION designated the Meteorological Optical Measuring

System (MOMS Ii), was designed initially as a
The ASL at WSNR has been active in the mcbile data collection system with limited on-

study of atmospheric effects on eleccro- board processing capability.1 optical (EO) and laser systems for a number of
years. Adequate characterization of the The MOMS III system contains three major
atmosphere for these systems required develop- subsystems: (1) sensors, (2) data acquisition
ment of a specialized field research measure- and transmission, and (3) data processing. The
ment system. Such a measurement system was primary interface between the sensors and the

initially developed in 1971 and first fielded data pr: essing is a data input/patch network
in 1972. where any individual channel or group of

channels can be routed as necessary. Sensor/
In 1976 the ASL was requested to provide signal calibration-attenuation and analog

meteorological support at the High Energy Laser monitoring are accomplished before digital

conversion. Raw and/or averaged data are then
164
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recorded on magnetic tape; semireal-time eval- lo-threshold propellers. The system is cali-
uation requires computer manipulatic.. with brated through spinning a component at 1800 rpm
results displayed either graphically or numeri- for a calibration value of 9.6 m sec 1 .
cally. Since this system was designed to pro-
vide research grade measurements, it has been 2.1.2.3 Water Vapor (H20). The General
used extensively to assist in the evaluation
of Eastern 1200 AP Dan Point/Temperature System

fspecialized crosswind and optical turbulence measures the dewpoint via the cooled mirror/
point and remote sensors, platinum thermometer method. Internal system
2.1./ Sersors calibration is provided. One unit has been

calibrated at the National Bureau of Standards

The MOMS III system is currently used to (NBS) and all other units are checked and com-

provide a detailed data base at the HELSTF at pared to the NBS calibrated units.

WSMR. The near-surface data base for the 2.1.2.4 Ozone (03). Ozone is monitored by a
natural background at this facility encompasses 3
optical turbulence, crosswind, gases, and Dasibi ultraviolet (uv) absorption type
particulates. The instrumentation (primarily analyzer. This analyzer ratios the signal
point sensors) used to provide the measurements from the source through the sample gas with
is summarized in table 1. ozone scrubbed (to set the 100 percent level)

to the signal from the source through the
2.1.2.1 Spatial Temperature Probe. This sample gas with ozone. All sampling lines
device was developed in-house at the ASL and are teflon. Calibration is by generating ozone
measures temperature difference between from a stable uv source.
vertically separated (20 cm) probes. The
amplitude difference is converted to an rms 2.1.2.5 Total Hydrocarbons/Methane (THC/C!4.
signal calibrated at 1.0 V DC = IC. Spe- Total hydrocarbons and methane are measured
cii rcsigyed h pia ub-with a Horiba Flame Ionization Detector (FID)cific processing yields thle optical turbu-

2

lence (C N ) value. type analyzer. This instrument ionizes any
N_ carbin atoms in the sample in a flame and mea-

2.1.2.2 Wind Speed and Direction. The R. M. sures the resulting current flow. The current
Young U1.W orthogonal anemometer system measures flow is then converted to a display in ppm as
winds between 0.2 and 23 m sec- I with standard carbon. To determine the methane content of

the sample, the sample is first passed through

TABLE 1. ATMOSPHERIC POINT MEASUREMENTS

Element Unit

Optical Turbulence Spatial temperature probe (in-house)

Crosswind R.M. Young UVW
AN/GMQ-ll or WS-101

Cases (concentration)

H20 General Eastern Dewpoint 1200 AP

03 Dasibi 1003 AM

THC/Methane Horiba FIA-21

N20 Miran I!

C2
10 [O 2  Horiba AIA-23

Particulates
Size distribution Particle Measuring Systems

DAS-64 w/CSASP-100 and ASASP-300 probes
Mass concentration GCA Mass Monitor APM-1
Scattering coefficient Meteorology Research Inc.
e aIntegrating Nephelometer 1550-B

, Cases and/or Particulate

Absorption coefficient CO2 and DF laser spectrophone (in-house)
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a heated catalyst which oxidizes the higher 2.1.4 Data Processing
hydrocarbons. This unit is calibrated through
use of sample gases in known concentrations. The heart of the MOM III system is a

Hewlett Packard 2100S minicomputer and asso-
2.1.2.6 Nitrous Oxide (N20). Nitrous oxide is ciated peripherals. This system processes the

monitored by a Wilks Miran II analyzer, a data from the sensors.

straight infrared absorption photometer which
has a spike filter in the absorption path to
isolate the N 0 band. This instrument utilizes sampled at a frequency of I Hz. These values

2 are arithmetically averaged ove;" 10 sec and
a white cell to obtain the necessary absorption the 10-sec averages are recorded on magnetic
path length. The instrument is not, however, tape. Subsequently, the 10-sec samples are
completely species specific and appears to arithmetically averaged over 15 min. Measure-
suffer from some, as yet indeterminate, inter- ments of particulate size distribution are
ferences. The unit is calibrated through use cumulative over periods of 10 to 15 min. Theof specific gas concentrations, processed data may be graphically displayed

(CRT and/or hard copy) and tabulated.
2.1.2.7 Carbon Dioxide (C02 ). Carbon dioxide

is measured with a Horiba nondispersive 2.2 Operational

infrared analyzer; but this analyzer, unlike
the simple absorption cell type like the MIRAN, 2.2.1 Design

utilizes a compensating or correlation cell For direct operational supp rt, the
and an acoustic detector to greatly increase meteorological support system depicted inspecies specificity. In addition, a spikemeorogclsprtytedpcedi
specers aspeceicit. In itio n a pikr figure I was conceived. The system, designated
filter is also used to isolate a particularthHihEegLar-MtooliclDaabsoptin ad. he uit s caibrtedthe High Energy Laser - Meteorological Data
absorption Land. The unit is calibrated AlssSse HLMA) st efbi
through use of specific gas concentrations. Ara!ysis System (HEL-MDAS), is to be fabri-

cated, tested, and installed at the HELSTF by

2.1.2.8 Particulates. Measurements of the the summer of 1982. Measurements are made atfixed. siteslaes Meaureent pofr alntecetrln

size distribution of atmospheric particulates fixed sites (firm power) along the centerline
are made with a Particle Measuring Systems of the HEL firing corridor and from a network

light-scattering aerosol counter (see table 1). of mobile sites (battery/solar power). The

By coupling these measurements with realistic former measurements are made at four locations:
assumptions abobt the complex refractive index (1) O-m test cell complex, (2) 500-m receiver/

and the shape of the particulates, Mie theory target site, (3) 1-km site, and (4) 2-km site.
computations may be used to estimate the A 16-m bulwark sensor platform and a 32-m

tower are located at the O-m test cell complex.particulate extinction coefficient. The

instruments to measure mass concentration and A gas/ae-osol van and a 32-n tower are located

scattering coefficient have not been field at the 500-n receiver/target site. A single

tested.

2.1.2.Q Spectrophone. The laser spectrophone
system was developed in-house at the ASL and
provides relatively direct in situ field
measurements of both the gas and particulate
absorption coefficients. The basic approach :, . . ..

was to measure the gaseous absorption with one
spectrophone and the gaseous plus particulate P-11
contribution with another. The electrical
difference between signals is the particulate

t contribuzion.

2.1.3 Data Acquisition - "

The system utilizes high maintenance,
medium-life sensors requiring a large resource
investment of time and manpower to set up,
calibrate, and operate even over relatively
short test periods, i.e., 24 to 72 hours. The .

-j system must be manned continuously to provide
for quick response and minimum data loss dur-.1 ing sensor/system fa4 lure.

Optical turbulence and crosswind are
measured at selected tower levels. Gases
and particulates are usually measured within

few meters of the ground. Figure 1. Conceptual HELMET support system
for the HELSTF at White Sands
Missile Range, New Mexico
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32-m tower is located at each of the 1-km transmit data to the HEL-HDAS on command. The

and 2-km sites. Measurements from the fixed tower and gas/aerosol van stations com-
surrounding area are made from six portable muncate with the HEL-MDAS via a flexible RS-
16-m towers. Data stations at eacn of the 232-C compatible hardwire/fiber optic link; the
12 sites electronically transfer information link oetween the mobile tower stations and the
to the HEL-MDAS in the Laser Systems Test !IEL-MDAS is via an RS-232-C compatible radio
Center (LSTC). The IIEL-MDAS handles the final link.
data managing, archiving, and modeling.

2.2.3.2 Equipment. In general, standaid
2.2.2 Sensors commercial or in-house modified standard com-

mercial equipment is used. in e -her case,
The overall sensor configuration is documentation is available. Hardware has been

illustraced in figure 2. made as universal as possible by using the full
power of the microprocessor to adapt with

2.2.2.1 Fixed 32-in Towers sensors and to allow meximum flexibility in
data gathering and processing. Scaled versions

a. Point Measurements. Standard sensor of the same hardware and operation program
packages are located at the 8-, 16- and 12-m instructions are employed for all towers and
levels. The standard sensor package consists the van.
of wind speed and direction (WDS), temperature
(T), barometric pressure (P) and, cptimally, The initial controlling software has been
water vapor. Wind is measured by a cup and developed to provide for flexibility in check-
vane system, temperature by a shielded platinum out and system testing. More advanced programs
sensor, pressure by a pressure transducer, and are developed as operational usage dictates.
water vapor by an aspirated mirror-dewpoint/ The remote stations are battery operated and
temperature systeu. Specialized sensors for use QMOS circuitry and pcwer reduction tech-
gases and aerosols similar to those utilized niques wherever possible. Data stations for
in the research system are located at the the towers and van use id 'tical cards with
500-m site. the multiplex board of the remote stations

being only partially loaded, i.e., 8 channels.
b. Path Measurements. Remote sersors Figure 3 is a block diagram of the basic data

for optical turbulence and crosswind are also station. Neither unit contains the EPROM
located at certain levels, data-storage system, but provision is made for

future addition. The stations operate without
2.2.2.2 Bulwark Sensor Platform. This site the need for air conditioning, but will not
consists of a 16-m (approximately) meteoro- have to operate in the direct sun. Each
logical tower rigidly affixed to the northeast station is enclosed in a weatherproof con-
face of the protectiv, bulwark for test cell 1 tainer with some degree of air circulation.
at the O-m test cell complex. Fixed point
sensors located at the 16-m level provide near a. Modems. The system is modem limited;
field effect measurements of wind speed and i.e., it transmits data as accurately and
direction, optical turbulence, air temperature, rapidly as the link allows. Commercial modems
and prebsure. Additional point, integrated are used for phone (hardwire) and/or fiber
path, and/or path profile sensors may be optic link. The radio modem was developed
incorporated in the future, internally. Each remote station answers to

its own Identification Address with query and
2.2.2.3 Mobile 16-m Towers. A 16-m crank-up reporting occurring on different frequencies.
tower with a sensor package of wind speed, wind
direction, and temperature at the 3- and 16-m b. Recording. The individual data
levels is located at each of six remote sites collection/processor units do not currently
which are located at distances up to 8 km from provide any nonvolatile data storage capa-
the LSTC. The data are used as a basis for a bility. The processor systems are capable
15- to 30-min predi-rive capability. Sensors, of expansion to include EPROM storage capa-
data acquisitlun, and relay link are battery/ bility. In addition, an R9-232 compatible
solar powered: read/write cassette deck is available commer-

cially and could be purchased for use with the
2.2.3 Data Acquisition, Preprocessing, and system when a stand-alone mode is required.

Transmission
2.2.3.3 Programming. The data collection

2.2.3.1 General. Data stations are located systems are programmable at two levels.
.*t each data acquisition site to acquire,
p-eprocess, convert, transmit, and/or store a. Operational PROM Resident Program.
data. Multiple 8-channel data stations are The basic operational program with default
installed at the bulwark sensor platform, values controlling chinnels to be scanned,
each of the four fixed 32-m towers, and at gain setting, and integration time are stored
the gas/aerosol van. Single 8-channel data in PROM and are autimatically executed unless
stations are located at each of the six different valuen are set from keyboard or datamobile 16-m towers. All data statior.s slave link. The basic PROM resideat executive pro-

to the HEL-,A$ via an appropriate bidirec- gram can be changed to allow the hardware to
tional computer-controlled data link and
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operate in any other desirable mode. Program- The fifth section is used to flag impor-
ming at this level, however, requires con- tant meteorologically related events such as
siderable knowledge of the system and the an approaching air mass discontinuity, plume
microprocessor language, drift into the beam path, or sensor failure.

b. RAM Programming. Changes entered 3. REMOTE SENSORS
via keyboard or data link change operational
program default values that control channels The basic instrumentation currently
scanned, gain setting, integration time, aver- us-d either in-the research or the operational
age time, output processing subroutine uaed, support system is primarily point type, ie.,
clockset, and conversion factors. When the capable of sensing data at a single pcint or
pLwer to the unit is removed and then small volume. However, whereas point measure-
restored, these factors are lost and the PROM ments may be adequate for characterizing the
resident default values are executed, conditions al ig a fixed horizontal path near

the ground, their utility for moving path
2.2.4 Final Data Processina scenarios (horizontal and slant) is certainly

questionable. This led to the consideration,
The HEL-MOAS handles the long-term development (as required), and utilization of

meteorological data storage and final data advanced or remote sensors. Table 2 summarizes
t processing for HELSTF. The final data pro- the candidate sensors/systems. These sensors

cessing system is block diagrammed in would -cvide either integrated path* or path
figure 2. There are two Central Processing profiiet measurements. To date, two remote
Units (CPU): The Data Controller/Processor sensors, both developed by National Oceanic
(DCP) and the Data Reduction/Reporting (DRR). and Atmospheric Administration, have been
The DCP handles data collection, archiving, evaluated and incorporated in the HEL-MDASSand formatting for efficient transfer to the system: (1) optical tirbulence scintillometer

in n processing CPU. Model calcula- and (2) acoustic sounder.
tions and information display occupy the full
capability of the DRR. The dual CPU concept The horizontal integrated path sensor for
also allows for backup operation (albeit at ortical turbulence is an optical scintillometer.
a reduced level) if one CPU should fail The scintillometer device uses a new optical
before or during a test. technique to measure the refractive index

The most accurate information is of no structure parameter, CN, over an integrated
value if not available to the test director path through the use of large receiving optics
when needed. For long-range predictions, test and an extendeJ incoherent transmitter. This
personnel come to the LSTC Meteorological technique av;ids problems arising from the
Center; but during the test, information is saturation of scintillation, thus allowing adisplayed in the HELSTF control rooms via C 

2 
measurement range from 10 

- 16 
to10-12 m

-2 /3

video switch link. Graphical summary informa- N
tion is available real time on a CRT, and over a usable path longth of 150 to 500 m. The
jetailed information is available in hard copy scintillometer has been validated for ranges of
from the line printer following a test. The 3- to 32-m above ground at WSMR.CRT is divided into four graphical sections

and a fifth section for flashing reverse format The vertical path profile sensor for
messages. The four graphical sections of the optical turbulence is an acoustic sounder. TheCRT contain: sounder utilizes an acoustic echo return tech-

nique to determine inversion levels and associ-
Current meteorological conditions along ated optical turbulence values derived from
anticipated beam path. these inversion/temperature gradients. TheIscunder provides usable data to a height of

Short-term prediction of meteorological 150 to 300 m with severe noise limitations at
conditions along anticipated beam path. greater altitudes. The sounder has been

validated for these ranges at WSMR.
Current trajectory and density of laser
plume. The othex remote sensors/systems listed

in table 2 capable of providing wind and
Predicted contour intensity plots of on- extinction coefficients due to gases and par-

- target irradiation calculated by using ticulates are being evaluated.
current meteorological conditions in a
simple propagation code.

*Integrated path - an averaged, but

usually weighted, value measured between two
points.

"Path profile - average values for each
of several segments between two points.
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4. SUM!ARY An operational measurement system with

one fixed tower site, one mobile site and a gas!

The ASL has developed two systems, one aerosol van would cost $440K to duplicate at
designed for research applications and the the present time:
other for specific operational support, to
study atmospheric effects on laser propagatioa. Mobile site $ 20K
The research system utilizes maintenance- Fixed tower site 30K
intensive, medium-life sensors with a large Gas/aerosol van 190K
resource invesLment in time and manpower for Data transmission and processing 200K
development, test preparation, and real-time
data qual'ty checks. The operational system Thc optical scintillometer and the
is designed to utilize low maintenance, long- acoustic sounder remote sensors are currently
life sensors with a large initial resource being used in data base evaluation. Other
investment but lower operational costs, candidate remote sensors are being ev.luated.

I TABLE 2. ADVANCED SENSORS/SYSTEIAS

Point (P) Horizontal (H)
Integrated Path (IP) Vertical (V)

Element Sensor Path Profile (PP) Slant (S)

Optical Turbulence Scintillometer IP (H)

Acoustic Sounder PP (V)

Wind FM-CW Radar PP (S)

Pulsed Doppler Radar PP (V)

Saturation Resistant Anemometer IP (H)

Optical Crosswind Profiler PP (H)

High Resolution Scanning Lidar PP (S)

Laser Doppler Velocimeter PP (S)

Tethered Aerodynamically Lifting P (V)

Anemometer

Gases (concentration) Fourier Transform Spectrometer IP (H)

Differential Absorption Lidar PP (S)
SParticulates High Resolution Scanning Lidar PP (S)

Optical Turbulence, Crosswind, Remotely Piloted Vehicle PP (S)
Gases, Particulates
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NEAR MILLIMETER WAVE BROADBAND ATMOSPHERIC PROP tGATION MEASUREMENTS

G. Wijntjes, N. Johnson and T. Quinn*

Block Engineering, Cambridge, MA 02139

and

R. G. Buser and R. S. Rohde

Department of the Army
Army Night Vision and Electro-Optics Laboratory

Fort Monmouth, NJ 07703

ABSTRACT countered are reviewed. Future modifications to
enhance and extend system performance are also

Broadband near-millimeter wave measurements described.
to verify engineering aspects and to demonstrate
radiometric performance of a Fourier transform- 1. INTRODUCTION
based propagation measurement system were per-
formi at Block Engineering, (ambridgu, MA To assess the potential of the near-
facility. millimeter wave spectral region for the active

and passive sensing of military targets, a
The measurement system consisted of a rapid knowledge of atmospheric propagation under a

scan Michelson interferometer directly modulat- wide variety of conditions is required. The
ing the output of a high pressure mercury arc goal of this work was to demonstrate that opti-
lamp. The modulated radiation was collimated by cal or direct detection techniques can be ef-
a 12-inch transmitter telescope and collected by fective for the study of atmospheric propagation
a receiver consisting of an 8-inch telescope over significant pathlengths and also have ade-
equipped with liquid helium cooled composite quate spectral and temporal resolution for sea
germanium bolometer detector. Measurements were level conditions. This goal has been achieved
made outdoors over a folded path. Spectral with the instrumentation described.
coverage was 9 to 100 cm- 1 ana all measurements
have an unapodized spectral resolution better 2. MEASUREMENT CONFIGURATION
than 0.1 cm- 1 . Data were collected on-line and
processed by a Digilab Model DL-100 data system. A sketch showing the measurement configura-
A small amount of meteorological data were tion is given in Figure 1. It shows a trans-
simultaneously recorded. Relative spectral mitter consisting of a telescope and a source
transmission data having generally excellent modulated by a rapid scan Michelson interfero-
signal to noise were obtained over distances of meter, a field mirror that can be moved to give

12.5, 25, 50 and 100 m. These data are discussed different propagation paths, and a receiver con-
and data handling procedures and problems en- sisting of a telescope and cryogenic derector.

Ii -

Figure 1. High Resolution Submillimeter Wave Atmospheric Transmission Measurement Configuration.

* Now at Honeywell Radiation Center, Lexington, MA.
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It is probably worth reiterating the ad- 3. SPSULTS
vantaget, of using an interferometer in this
fashion. Thede are: Data presented were obtained over the

period from 9 -ece-mber to 15 De-cmber 1978. The
* High efficiency, since only one step of data shown _'n Figuteq 2a - 2d are final measure-I modulation is used. No additional chop- ments which resulte1 in relative transmission

-pers or other forms of modulation are data over four different pathlengths. Meeasntre-
Finvolved. sent conditions at the time of the measurement

are listed for each 3pectral plot. the relative
* High source chopping frequencies, which datavere obtained by ratloing against 3 "fudged"

result in complete elimination of sig- response obtained by a measuretaant with the
nals due to background and foreground transmitter and receiver head-to-head. The
radiation. "fudging" involved approximate elimination of

the renaining "zero ranga' absorption bands to
0 High scan rate, giving virtually total avoid divisijn by zero in ratioing. To the ex-

immunity to atmospheric scintillation tent that he tzawnmission in the window regions
adsurce instabilities. a ecniee nt the data can be con-

sidered absolute. The effects of nonuniform
* Broadband spectral response limited by wavelength response due to diffraction between

detector and beamslitter response, a close-up measurement and a distant measurement
have not been included. In general, the spec-

* Low dynamic range in each high speed tral data obtained are of high quality end show
interfer.)gram scan%, allowing recording good agreement -iith previous data and with
by simple analog recording tecnniqaes modeled results with several notable exceptions.
without loss of significance in typical Of s.pecial interest in a lint- at 11.9 ctf1

long tern- data reco~rding sequences. (obse;rved D-y others;* and sometimes erroneously
assigned to CO) and a feature at 13.6 omi-

A list of technical specifications is shown (possibly due to an anomolous absorption vari-

_Table 1. ously assigned to dimers, clusters, and other

Table 1. Measuremnent St-dy--Technical Specifications.

Spectral Range 100 to 1100 micrometer
Spectral Resolution -.0.06 cm1 unapodized
spectral Precision <-.C. -- I
Retardation Rate 103.12 cm/second

Scan Rate (Nominal) 1.0 scan/scond
~ ISampling Intervjl1 43.4992 ricrometers (64:x)

Transmitter

Aperture 12 inches dizaeter Cassegrain
iedof View I1E milliradians full angle

Source High pressure mercury arc lamp
Source Mdulator Yodel 496 interferometer

Bearsplitter lewlar film (50 micrometers)
Otical Efficiency 3.1, including beamsplitter

Rece-iver

Aperture 9 Inches diameter Newtonian
Field af View 7milliradians full angle
Detector Co=osite Ge:Ga bolometer (cold filtered)

NEP 5.5x 10-12 wattsA/?

Temerature 4.2*K, liquid heliem
Siz=e 0.3 c:- diameter

Optical Efficiency 0.5

Data System

On-Line Processor Digilab DL-300 (in-house)

Computer NOVA 1200
Memory W"ore) 32K words
Menmoty -Diski 512K wordn
AI/D Converter 12 bit, 100 kH=
Accessories Video termi:.al, tape, plotter
Software Emission package (Blick'

TGebbie, H1. A. and Bohlander, it., Private Communication.
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4. CONCUS lON -AD SYS'TEH~E~tT radiometers., ex -le. mypacal micro-
wave da!'7i :zdve- been obtained At 220Of

T1he results obtained Show that optical ~. ,7. 1 tm) ~G (2 -, 5 cm-1 )
techniques can b- productive for studying and 94 -Az (3.2 zi, i.l r'.This
properties of sea level atmosphetes. it fact, deficienyi o ucnna n ti

the inherent broad spectral coverage in conbin- expected that the response can be exte-nded
ation with a spectral resoluti-on adecquate to to at least -- =a vossibly to.
fully resolve the existing molecular line (30 QWz by a n~'ber of changes. The re-

m'structure makes the opzizal or direct detection quired changes will also lead Wo a general
approach preferable over microwave techuniques, improvenent in signal to noise c'er the
not only in terms of results out also from a whole srectra: recoa, which would allow
cost viewpoint. an i .:crease -:m opierating range.

System icrovements that will be insti- 3~. Imrove--5nts i~z system- caiibrat-ion. T1hesei1tuted before future measurem-ents will be riade wil3le1.ad to, a capability to c-iv.e absolute
are in two areas: tranzmissicn dat-a in conjzaiction with local

bulk dt=3cheric data, providing a comlete

1. Improved -C'ng wavelength response. Teand detaile-3 ;rmderstanding of the relation-
present sybtem has insufficient signal to ship between these para--eters an well as
noise at -davelengths longer than approxi- accurate ni-ar-millkimeter wave extinction
mately 1 (9 =-I) preclueisiq a direct coefficients.
comapariSon with data obtained by microwave

AT

=6 C uN.,%I MC- W-Ui iur a -2.5 Aee to. 46s RH, 3*0 C. Figure Zd. 250 v_-er Ra-;O, 46 .H., 3W0C.

R
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ATMOSPHERIC ATTENbATION OF MILLIMETER AND SUBMILLIMETER WAVES

Vincent J. Falcone, Jr.

Air Force Geophysics Laboratory (AFSC)

Hanscom Air Force Base, MA

f ABSTRACT typical of midlatitude conditions is addended to
the FASCODE-I molecular absorption model. The

A computer model of atmcspheric attenua- hydrometeor models include 4 f)g models (both
tian of millimeter and submillimeter waves for radiative and advective) with liquid water con-
frequencies of 1-1000 GHz has been developed tents of 0.02-0.37 gm- 3. 8 cloud types with liq-

E for clear, foggy, cloudy and precipitating (rain) uid water contents of 0.01 - 4.0 gm-3 and rainfall

t atmospheres. The olecular absorption spectra rates of 10, 20, 50, 100, 150 mmhr-1 . The mod-
of water vapor, c.-ygen, ozone, carbon monoxide, els can accommodate h~drometeor temperatures of

W dnd nitrous oxide are calculated under clear - 400 C. Thp operational computer programs of
conditions by an efficient computer algorithm FASCODE-l with aerosol extinctioi. e its added
of the AFGL HITRAN Code, named FASCOL -3. The permit calculation of worldwide atk 2heric at-
hydrometeor attenuation of fog, eloudA and rain tenuation of microwave and millimeter radiation

for an arbitrary input atmospheric model and
geometry.

II Manuscript not available

THE U:; ARMY METROLOGY AND CALIBRATION CENTERI MILLIMETER AND SUBMILLIMETER WAVE PROGRAM

M. H. Shelcon

US Army Metr & Calbr Center

ii Redstone Arsenal, Alabama

SABSTRACT which is expected to be in operation USAMCC in
-early 1979. Subsequent guides-wavc systems will

The US Army Metrology and Calibration Cen- take advantage of integrated six-port network
ter (USAMCC) of the US Army Missile Materiel techniques evolved at lower frsquencies now be-
Readiness Command (M -COM) has instituted a pro- ing applied to 94-95 GHz by efforts involving
gram of calibration standards support for milli- NBS and subcontractors, supp rted by the Cali-

meter and submillimeter wave activities of the bration C,ordinator Group (CCG) of the Army,
Army. Our effort involves in-house programs as Navy, and Air Force.
well as work at the National Bureau of Standards
(NBS), other government agencies, ond industry We will also deszribe our efforts to es-
contractors. tablish reliable (free-field) power/energy .,eas-

jurement standaras for the far infrared/submilii-
l1e will describe our initial in-house meter spectral region (10 micrometers to about

94-95 GHz (guided wave) calibration system one millimeter).

Manuscript not available
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