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‘Errata

Rosenkranz, Staelin, -and Grody, -J. Geophys. Res._g;
(1978): change "in press" to "pp. 1857-1868".

Line 2: change "17" to "18".
Line 5: change "five" to "six"

Line 15-, change‘"Scanned" to "Scannlng“

Line l. change "Atmospherlc" to "Aeronautlcs"
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Table 6.1: at end of caption add " (NEMS or SCAMS
' channels)"

~~~~~

. Crutzen, Isaksen, and’ McAfee, 3." Geor hys. Ragl s

change "in press, 1977" to "83, 345-363, 1978".

Wofsy, S C.. change “preprlnt draft /dated. February

1977 to "I Geophys. Res. 83 364 378,
1978" SRS

Yecnnay Foonel i oy b L e s e T I AT o .y»,-_-.._...«v: RO N S ML P SR R
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(CHAPTER .1
INTRODUCTION AND SUMMARY*

1.1 Introduction and Overview

The technology and demonstrated utility of passive
‘microwave sensor systems has mnow advanced such that it' is
appropriate to invest in larger more poWerful satellite
systems serving -an expanded community of users. Because

" such investments must be made‘carefully,'a panel-was.assem- . -
. bled by. NASA o rev1ew and authorltatlvely document user
;”Mneeds for 1mproved pa551ve mlcrowave systems 1n space.. The-~
dfpanel flrSt met in January, 1975‘f553 thlS report documents
the results of those and subsequent dellberatlons. _We ‘be-
lieve that development of an expanded microwave observatory

”Vcapablllty 18 well” 3ust1f1ed “ehe - relatlve ‘merits~of varmous

systems alternatives are described in this report.

The report is divided into chapters, each authored by
two’or more panel members representlng mlcrowave technology
and the assoc1ated user communlty, “user areas 1nclude severe
storms, sea - .and land - ice, synoptic: meteorology and. cllmatol—
-0gy, oceanology, 5011 condltlons, and the hlgh atmosphere.

A'lEach chapter contalns a survey of what has been, can be,’and
~needs-to- be: monltored w1th pass¢ve mlcrowave technlques in..
order to best serve users and. the public. Recommendatlons

concernlng both systems and technology development are pres-

ented for each chapter, and the last chapter integrates the

various opportunities into distinct and representative systems .

Zoptlons. e e e e L e

P B S I S T S

The panel assigns the hlghest prlorlty to development of
a microwave '‘observatory which achieves global coveragelln
6-12 hours‘with n 5-25 km resolution at several wavelengths
in the 1.4-185 GHz region; the priority is high because of
the wide range of users that would be uniquely and impor-

tantly” served by such a’ novel system._g'g*f{*iAﬁ_ﬁy;v%y}ige;fj‘w

Prepared by D. H. Staéelin. "




‘1.2 Executive Summary = ' v

1.2.1 Systems

‘More than 12 passive,microwave.spectrometers.and.imaging
systems will have flown in space before 1979, and current
instrument technology 'is adequate to support most contem- \
plated future missions. Selected areas for further develop-
ment include low-noise millimeter and sub-millimeter wave- -
length recelvers and the de51gn of large mult1 frequency
antennas.

The experlments now 1n space, together w1th alrcraft and

other research programs, have clearly demonstrated the compe*
tence and utlllty of pa551ve microwave systems, and with the h
advent of a shuttle- launch capablllty, it is approprlate to
,}:capltallze on. that expanded payload, capablllty for .the, na-..=.;r ok
tional welfare. In partlcular,'lt will be practlcal to

"launch larger antennas that can achieve spatial resolution

much more appropriate to user requirements than was possible

with the first small experimental satellltes.‘f '

Because of the w1de range of 1mportant documented appll-
catlons, hlghest prlorlty 1s ass1gned to development of an’ R
1maglng multl—frequency observatory .system. coverlng theuupuju,uvfxu5
reglon ~ 1.4-185 GHz with ' 5-25 km resolutlon on most_;n
channels, full earth covef55é”1ﬁ n 6 12 hours, and.a. o
" 3 4 meter mechanlcally scanned’ antenna.

Several 1mportant spec¢ial purpose systems also have hlgh
priority. A 1imb- -scanning spectrometer for precise mapping
of trace atmospherlc constltuents ‘and temperature at 12-120
‘km altitude has’ very hlgh prlorlty ‘because of the extensive
and unique abllltles of microwave sensors and the growing
importance of understanding this atmospheric region. High
priority is also accorded: 1) a large phased array (Y 10 m)
‘operating near 1.4 GHz for sensing soil moisture, 2) a
100 200 GHz 1maglng spectrometer for, monltorlng ‘severe, . . ..
storms through hlgh clouds at ~'1 hr ' intervals from geo- R
statlonary'orblt, and_‘3)_studyjand_development:oflant'




e Ll e

exoerimental'multi—channelv5—mm radar transmissometer for
measuring atmospheric pressure over ocean.

Of less immediate priority is the study and possible
development of a wide-swath low-resolution synthetic
aperture radar to provide a "zoem" capability for a,passive
microwave observatory. Low priority was accorded ‘to devel-
opment of ~ 100 m antenna systems‘because of their present
‘high cost; development should follow conceptual designs with

“hope for 31gn1f1cant ¢ost ‘reduction.” - - "*#““**7:“”’*"1”5'

1.2.2 Sea and Land Ice

Sea‘ice concentratlon can be measured w1th a few percent

accuracy, and several types of 1ce can be dlstlngulshed..
Resolution of ~ 1-5 km every 6- 12 hours would be qulte useful

*f 1) offshore fac111t1es developers, 2) polar marlne

nav1gators (microwave data has been used operatlonally.for
over 2 years in this work), and 3) climatologists and '

modelers of ocean and atmosphere dynamlcs. The land ice data

1s useful’ prlmarlly for cllmatology. .
The greatest. future'needs are for 'l) continued operar“
tional availability of microwave sea ice coverage maps,

2) contlnued spectral observatlons ‘of sea and* land ice w1th

ground truth support,, 3) development of A means_for;g anr
tative determlnatlon of the water equlvalent in a snowApack
and 4) development of an 1mproved operatlonal hlgh resolu-
" tion system for sea ice monitoring for navigation and

climatological purposes.

'“w31§2:3-~Soil-Moisture,aSnow,CoverrrandaFrozenQGroundm”wwu%\wa

mforv l) crop yleld forecasts,f 2) watershed runoff estlmates,l.:wr o

-

Soil moisture has been measured with modest precision if

the vegetation is not too thick, and snow cover and frozen
ground can be classified at least approximately. Resolution
of n 3-25 km at intervals of a 12-72 hours should be useful

" 3) cllmatology, and “4) land’ trafflcablllty analyses. "None-

-of these applications has been”demonstrated_operat;onally, L




but they appear promising on the hasls:of'aircraft, space¥
craft, and ground-based experiments.

The greatest future needs are for additional tests and
validation of 1) soil moisture measurement techniques and
the effects of vecetation, soil type-and roughness, and
penetration depth, '2) methods for utilizing such data in
crop yield forecasts, general circulation models, watershed
management, etc., and 3) signature measurement techniques
~ for snow and frozen soil: - Lahd meaSurement ‘objectives should
‘certainly be 1ncorporated 1n any general mlcrowave observa-

;.tory system, such an experlment 1s necessary 1n order to o
vdevelop the statlstlcal confldence de51rable before maklng

operatlonal ‘commitments. A spec1al-purpose large antenna for

low frequenc1es has utlllty for the SOll moisture objectlves. o

e -_~, ..-.g' foa e .. B RIS S et e RN T I
e ,» . .._z RN - -;‘._-.. _“/.. LT L ‘?,..' ,‘_._’,__,‘.

1 2 4 Oceans and Other Aguator1es'

Demonstrated measurement accuracies over ocean are be-
lieved to be approximately 1) 2-5 ms -1 for surface wind,
2) 0.5-2. K for- 'surface temperature,_and 3) | ppt for
';”surface salinity. In open ocean, r esolutlon of m 10 50 km at
Y 12 hour 1ntervals would be useful to the Fleet Numerlcal

*7Weather Fac111ty and to ‘the" Natlonal Meteorologlcal Center in-

Vthelr preparatlon of operatlonal analyses and forecasts.f The
fishing and shlpplng 1ndustr1es would be 1mportant benefl-
.c1ar1es.- In coastal zones, fresh water areas, or oil spills,
much higher resolutions of ~ 1 km would require antennas of
N 100 m diameter. :
L Future needs are for 1) 51mulated or actual operatlonal
.tests of SMMR data for oceanographlc.purposes,'r2) further |
theoretical and experimental studies and validation of sea
temperature, wind speed, salinity, and pollution measure-
ments, 3) incorporation of ocean measurement objectives in
any microwave observatory system, and 4) incorporation of a
~;passlve~microwave‘system—in~anysoceanOgraphicgobservatory;.
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‘1.2.5 Severe Storms

Over oceans it has been demonstrated that precipitation,
humidity, and oceanic parameters can each be measured ‘and
mapped with useful accuracy ‘that .illuminates ‘the dynamic
structure and behavior ‘of severe 'storms; this ‘would be very
useful in supporting NMC, GWC, and FNWC'operational services,
particularly in remote locations. There is some ewvidence
such storms over land .can alsoabe'mapped-fbut'much~morel-~~ c
crudely, and prlmarlly by v1rtue of . thelr prec1p1tatlon pat- ’

terns and assoc1ated temperature anomalles. Resolutlon of

satellltes in low earth orblt to obtaln the spatlal resolu-..:

tion, and a’ synohronous satellite to obtaln the time resolu-
tlon - _v_x..: ~, ,v.-;l,“.; L R ,Z._::;:'. iy i :.»'.-;. IR :

The greatest future needs are for l) 51mulated opera-
tlonal use of satelllte data for severe storms, 2) hlgh '
resolution microwave data over severe storms; aircraft and
'spacecraft'are‘the'appropriatevplatformsy' 3) inclusion.of. A
severe storm objectlves ln any mlcrowave observatory system, ‘
and 4) 1nclu51on of a cloud-penetratlng m1crowave imaging )

spectrometer 4n’ any severe storm observatory

meoli2.6 Synoptlc Meteorology and Cllmatology

'Satellites and other- systems have .demonstrated. the
ablllty ‘'of microwaves to penetrate most clouds and to yleld
1) atmospheric temperature proflle estimates with N 1-5 K
accuracy, 2) precipitable water vapor over ocean w1th ‘

Fa0N 140047 8m Ems accurdey , 3Y- Tiguidr water-over” ‘odeah’ with'" P
v 0.01 cm rms accuracy, and 4) preclpltatlon rate, surface
wind over ocean, and oceanic surface temperature with accura-
cies sufficient to define the character of meteorologicali
situations.

Resolutlon of 15-50 km . and 6-12 hour revisit tlmes are.

suff1c1ent to resolve most meteorologlcal phenomena of_¥~




_ purpose mlcrowave observatory component for 2. future_'#wg

interest and are guite feasible to achieve. Such'ausystem
would support improved NMC, GWC, and FNWC operational prod-
ucts and would support the collection of uniform global
climatological data. .Most .unique and valuable for - cllmatol-
ogy would be StatlSthS concerning. atmospherlc water ‘trans-
port, sea ice canopy, snow coverage, and temperatures of the

air and ocean in remote regions; the considerable potential

of pass1ve mlcrowaves to monltor the hlgh atmosphere 1s dlS- L

W0

Cussed separately below. . .
The greatest future needs ‘are: for 1) tr1a1 and Opera-f;'

Jj.tlonal use. of mlcrowave satelllte data for~synoptic and xnxki51

cllmatologlcal purposes, 2) more hlgh resolutlon data from‘
aircraft to support (1) above, 3) development of a multi-

synoptlc or cllmatologlcal observatory, and 4) inclusion of
synoptic meteorology and climate objectives in any general

microwave observatory program.

1.2.7 4Stratosphere,'MesoSphere,'and“Lower*Thermosphere~”*

- Atmospheric temperature can befmeasuredﬂatialtitudes of i

n~vo10- llO km and varlables such as w1nd pressure reference

”"level magnetlc fleld and the abundances of. O 02, 3, CO,
- NO,-C1l0O,- OH HZO B

£057 N30 “NOS - HNOZ CHy
be measured over portions of this range; the accuracies‘ R
generally exceed those avallable using other remote sen51ng
technlques, partly because of a somewhat greater insensitiv-
ity to aerosols and non-equilibrium excitations. Such
uniquely .accurate .data..could increase:very.significantly: .
man's understanding of the chemistry and dynamics of this
atmospheric region, and synoptic monitoring with microwaves
should provide a sensitive indicator for man-induced influ-
ences.

" The greatest future needs are for 1) a modular limb-

‘scannlng mlcrowave observatory w1th a m 1 2 m antenna and

‘and* others ‘can & i




spectrdmeters'for'several molecular resonances; basic satel-
lite research data would be ‘very helpful, even from brief
shuttle missions, 2) improved space—qualified detectors for

100-3000 GHz having noise temperatures of one "to ten times

the frequency in GHz, and 3) laboratory spectrum measure-

ments of important atmospheric molecules that are not yet

well studied.




CHAPTER 2
MONITORING OF SEAAND LAND ICE*

2.1 Executive Summary

2.1.1 Summary -of Measurement Capability

A, Nominal
Desired y Achievable
, Spatial Sensi- Measurement
Priorities Resolution| Frequencies | tivities |Accuracy
RIS cow o tkm) s s (GHZ) - (PKCXmS ) fen e .
* ’ -
'Sea~:'Ice‘-'Con—', e 1_5 - ‘~‘_6"'~'100. < l A 2~3% coefe e T
feentration - et T 0T R T B s LT e :
Ice Type:; | 1-5 i'” _16—100“8:, <1 | :Several -
Sea and . o - (3 freq.) : o .Types
Land ' : o .
[ et sy I e s_, LR HR et e e s e e S T

Zoom capability to 100 m resolution would be desirable.

B. The operational viewing interval should be n l2b,
although 6h intervals would facilitate sea ice‘navigation;-
‘The best v1ew1ng angle would be constant near 50° zenlth
w1th vertical and horlzontal polarlzatlons belng measured o

»separately, although cross-track scannlng (w1th varylng

' 1nc1dence angle) could be employed w1th degraded performance.:

i I TR <

C. ) Pr1nc1pal users would be l) marlne nav1gators and off-
shore facility developers at reglonal centers [ESMR data
from the Nimbus-5 Satelllte has been used over 2 years’
operationally in this work], and 2) climatologists and

.. other. modelers (ocean and atmosohere dynamlcs)

D. The operational use of Nlmbus 5 ESMR microwave data
(v 25 km resolution) for ice-pack monitoring and ship
navigation‘haslbeen quite successful, and it appears that
higher resolution data would be even more so. High-
resolution land ice monltorlng has not been demonstrated

'”operatlonally, cllmatolog1cal appllcatlons appear €0 be

‘the most important.

" *prepared by P. Gloersen, H.fj, Zwally, and W. b{'Campbell.,.
2-1




2.1.2 Future Needs

A. :Support of continued operational .use of passive micro-
‘'wave data for ship navigation, e.g. the use of Nimbus-5 ESMR
“data by the Navy. @A substitute data .source w1ll be required

‘when ESMR data ceases.

B. Continue support for multi-wavelength microwave air-
craft flights over 'sea and land ice to study ‘ice 51gnatures

“with high spatlal resolutlon and approprlate ground “truth:”

.'C;; Commence development of an lmproved pa551ve mlcrowave ;L;3JLJ'
.system:to: meet the contlnued and*addltlonal needs of seaalcem,sﬁuﬁlﬁf
monltorlng for nav1gatlon and cllmatologlcal purposes. T

D. Develop a means for quantltatlve determlnatlon of the

_Watextequ;valentﬁ;n;agsnowgpack,;;qy,g:nv
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2.2 DPresent important'observabies'

In the cryosphere there .are three parameters which can be
inferred from microwave brightness temperatures which at this
‘time appear to be .of particular importance: temporal and.spa-
‘tial ‘variations of 'sea ice concentration, and type, horizontal
and vertical temperature distributions and snow accumulation
rates on the ice sheets of Greenland and Antarctica,'and
water equlvalent 1n 1arge scale Snow packs over terraln.:“'
of these, the flrst two appear to’ be tractable, the third

Twill; require. addltlonal workfln the future to establlsh 1tsfff'ﬁ'

“ﬂv1ab111ty.ﬂ““+ff‘qw%k*ﬁﬁh g : -
There are a number of ba51c electromagnetlc propertlesh
of the ice in the cryosphere which are common to ‘the re--
'itrleval -of . all of these parameters.w .The phys1ca1 processes. .
lnvolved 1nclude reflectlon at the atmosphere ice boundary
and ice-substrate boundary, and emission, absorptlon and
volume scattering of the radiation within the volume of the
ice.. .. . Modeling of these processes makesxuse-of the complex
index of refract10n° the real part of the andex of refrac-
tion for surface reflectlon (except in extreme cases of" hlgh

~ imaginary component),,and.the;lmaglnary-part for;explalnlngjdgnﬂv

volume em1ss1on and absorptlon w1th1n the 1ce layer, hence

.these phenomena may be’ understood on a’ macroscoplc ba51s.
A macroscoplc apprOach.also can be used for volume scatter-~'
ing by arbitrarily invoking a scattering albedo without any
_supporting physics. The.scattering albedo, however, can be
'derlved from various mlcroscoplc models which include taklng

“into acdcdunt deRsity’ fluctuatlons WiERiAthe 186 TAay&f =t e sttt

(Stogryn, 1970), Tsang and Kong (1976), Fisher (1977) or
Mie scattering (Chang et al., 1976).

2.2.1 8Sea ice concentration

The ablllty to determlne sea lce concentratlon from

:fmlcrowave prightness. temperatures is derlved ‘from the e

large dlfferences in em1ss1v1ty-of open water whlch is.
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approximately 0.5 and completely -consolidated sea -ice which
is approximately .0.9. At the present time, it is .possible
to infer sea ice concentration from .a single frequency
measurement to.a.reasonably:goodiapproximation,:aboutALS
tpercentage1points,-at'a'wavelength'ofilWSS~cm (Nimbus 5
Electrically Scanned Microwave Radiometer [ESMR-5]) by
utilizing the fact that the brightness temperature of open
_water -at this wavelength 1s 130 K (1nclud1ng an average .
atmospherlc term) and u51ng a prlorl seasonal values of the
'=:1ce surface temperature at a glven locatlon._ These two A 'f.
';“‘p01nts deflne ‘zero 1ce concentratlon and 100% 1ce concentra~?$é»ﬁfﬁ¥§“
tion, respectlvely., Thus, 1nstantaneous flelds of view ' o
(IFOV) containing mixtures of open water ‘and ice floes which
-are. not resolved by the 1nstrument w111 result 1n lnter?;wn”,pu,an,
medlate values of the brlghtness temperature. The present .
| spatlal resolution capability of the Nimbus 5 ESMR is ap~
proximately 35 km, which is useful for determining sea ice
concentration both for. applications'to climate.modeling~and
to passage of spec1a1 marlne transport systems. In connectlon

w1th the 1atter appllcatlon, such relatlvely coarse spatlal
-* resolution mlght at - first seem 1nadequate, ‘but by observ1ng
. the temporal varlatlon of the 1ce concentratlon 1t is. pos—;f
51ble to determlne whether the ice pack is in a state of e
compre551on or divergence, ‘an essentlal ‘and- probably the
primary elemernt in determlnlng nav1gab111ty within the pack.
Converglng ice is dlfflcult or impossible to negotlate even
w1th an 1ce breaker, whereas dlverglng ice presents little
1mped1ment to ‘a’ properly de51gned Tessel, o
During the U.S./U.S.S.R. BESEX experiment in April

1973, the "Galileo I" aircraft obtained four mesoscale

microwave images (10,000 kmz) of parts of the Bering Sea
ice pack near the time of its maximum extent. ~The pack ice
~..in_this. reglon is. all flrst-year Ace,. with. thlcknesses e
'ranglng from d few" centlmeters to & meter. In addltlon,

thlS 1ce is subject to rapld dynamic cnanges because it is,
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unbounded on its southern edge. Figure 2.1 shows the
19 GHz image for 20 February 1973 with a N-S orientation
of polynyas that had formed as the pack drifted rapidly
" southward during the preceding six days. The amount of
open water indicated by this image‘isrlG%l
The uncertainty within each IFOV in determining sea ice

concentration is ~ 15% for low spatial resolution, single-
channel spacecraft data _when uSLng a prlorl values of the
*surface brlghtness temperature.: ThlS uncertalnty may be
~reduced sllghtly by obserV1ng the tlme varlatlon of brlghtness »
temperature andg- assumlng that the maxrmum brxghtness temperae'tygfrlt'
ture at a glven locatlon observed over relatlvely long tlme o
periods represents the brlghtness temperature of fully
onsolldated .sea 1ce at that locatlon.F ThlS partlcular

R PR

method is under 1nvest1gatlon at the Dresent time and results

of the 1mprovement in accuracy are not yet ‘available.

2.2.2 Sea ice type,

) If 51gn1f1cantly 1mproved values for sea 1ce concen—
tratlon are requlred as is the case for cllmate studles,_
“it.will: be-necessary‘tomtake_intOJaccount certainwcomplicaf§¢3};,»‘
tlons that occur in the-1ce(pack.; There are at. least threeA T
dlStlnCt sea 1ce types, radlometrlcally speaklng, that A ‘
occur: flrst year (FY) sea ice, which is on the average
half a meter to two'metensthick with-Snowfcover;‘multiyear'
(MY) sea ice, which is generally thicker than first year

ice, and flrst year thln (FT) sea 1ce whlch is substan-
) t1ally less than half a meter 1n thlckness and "has no snow"
cover. These three ice types each have a characteristic
emissivity. These emissivity differences arise from differ-
ences in the surface properties of these various ice types
as well as from internal differences. In first year ice,

oAt

the mlcrowave radlatlon emanates largely from the brlne-

“‘laden ‘sea ‘idé and the ‘snow 1ayer.' The 1mag1nary part of thei
‘lndex of refractlon 1s suff1c1ently large for FY sea ice.

that the optlcal thlckness is. the order of ‘a wavelength at
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BERING SEA ICE
20.FEBRUARY 1973 ... . . . . -

© CENTER AT 61°23'N 176°23'W

-
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Figure 2.1. False-color ESMR image collected on 20 February

1973 on NASA CV-900 aircraft over the BESEX area, Bering Sea.
~ ~ - The' image’is’centered fiear 61°-24'N;:-1762 24 'Wi .. (Original-din- - . =
7 ecoloer.)y T




a température of about -10°C. The Optical ‘thickness varies
‘by an order of magnitude over the ‘temperature interval -5

to -30°C. This radiation is modified principally by reflec-
tions and absorption at the -snow/air interface which give
rise to the polarization properties observed at the lonoer
wavelengths. At a wavelength of 0.8 cm, 'surface roughness
apparently causes depolarization. The difference between

FY and FT emissivities can also be accounted for entirely

on the basis of surface properties: ' :Due to‘thé absence:of .- -
. . .Snow on FT the exposed surface has a. 31gn1f1cant1y hlgher_q.

._»real part of the 1ndex of refractlon than FY due to.the N

ipresence of'liquld brlne throughout the freeboard 15§ér ofﬁwx&A”.‘.“

the FT. This higher real ‘part of the- index results in’

hlgher surface reflect1v1ty and lower emlss1v1ty

‘higher. surface temperature-than the . two thlckerbtypesadue
to significant conduction of heat through the FT layer.
FT ice occurs in hlghly dynamlc reglons of the 1ce canopy
'through formatlon and refree21ng ‘of 1eads. Durlng the '
Arctic. Ice Dynamlcs J01nt-Exper1ment (AIDJEX),wsuch ice .

types were found to comprlse approx1mately 30% of the total

'area w1th1n the AIDJEX trlangle on some occa51ons.

. In MY, . ‘the” freeboard portion’ of “the “iceis 1arge1y
devoid of brine due.to its drainage in prev1ous,summers,to
below sea level.’ Thus,,the index of;refraction is nearly
that of fresh water ice in the freeboard layer. As a
resuit, the optical thickness of the freeboard layer is on

the hrine concentration increases to approximately 0.1%, which
markedly increases the imaginary part of the index, and
hence the optical thickness in the submarine portion of MY

oA IR e s SE et d s S TR RS A TER e AR AR Y e TR m e s S rmbee T R - AT R T T Y T T T
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».~the order- of-tens- of wavelengths. - -At.-or.near:-the.sea.level,. .. . «ir -
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is the order of a wavelength. Thus, the radiation emanating

from multiyear sea ice originates mostly near sea level in a
layer of ice about one wavelength thick. In. the freeboard
portion of the ice itself, the emanating radiation is

' modified both by reflection at the snow/air interface and
by volume scattering resulting from the presence of air

' pockets in ‘the MY that were left behind as .a result of

brine. dralnage in .previous _summers.. . The wavelongth depen-
dence of ‘the MY emlSSlVlty arlses from both the varlatlon

r'w1th wavelength of the scatterlng cross sectlon and the..'

:'flnlte thlckness of the freeboard portion of*the 1ce (the """ l-nibﬁﬂﬁa

order of 30 cm)

Figure 2.2 (right) shows a 19 GHz mlcrowave 1mage
" depicting” the observed’ ‘emissivities: of “a large ice area- e
(10,000 km? ) of the eastern Beaufort Sea. The mult;year
floes, having an average thlckness of 3-4 m, have cold
(blue) brlghtness temperatures while the warm (yellow)
'temperatures are’ assoc1ated w1th flrst-year floes hav1ng
.average.thlcknesses_of less than 2 M., Flgure,Z.Z (left) ...
'shows a mlcrowave 1mage ‘of the 1972 AIDJEX area 1n the
western Beaufort Sea. A comparlson of thlS 1mage w1th ‘one’
.. obtained .a year: earller in- the- -eastern. Beaufort Sea reveals\.guf,xrr
a markedly dlfferent morphologlcal makeup of the 1ce in that :
no large multlyear floes were present. Campbell et al.
, (l975a) noted that numerous small multiyear floes, smaller
than the radiometer footprint of 500 m, were observed in the
. .. .area, and by matching. and averaging.radiometer.signatures of
' the various ice types they found that the 1972 AIDJEX‘area
~was made up of approximately equal amounts of multiyear and

first-year ice.

Separation of the contributions by the various compo-
nents and recognltlon of the role of atmospherlc effects
‘are” necessary “in’ order to lmprove substantlally on the 15
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percentage points .accuracy presently available. This
requires the use of multispectral microwave observation
techniques (Gloersen and Barath, 1977; Gloersen et al.,
1977). A number -of different .algorithm forms are presently
under consideration but will not be listed here due to their

preliminary nature.

. A, tlme sequence, of mlcrowave mosalc 1mages of the -sea
che extendlng from Harrlson Bay,_on the north of Alaska,

L north 1nto the Beaufort Sea for 350 km 1s shown 1n Flgure

3*2.3. The seven 1mages cover the tlme from 4 “to: 23‘Aprll
1972. Three dlstlnct zones of ‘sea 1ce can be observed 1n f
each image: (1) a shore-fast zone made up, of undlsturbed

PEASSALLS SOARE. = 2l

[

.;gflrst-year lce hav;ng a unlformly hlgh brlghtness tempera—k#amagﬂf

ture; (2) a shear zone composed of three dlstlnct ice’

types -- multlyear floes with cold brlghtness temperatures,'
refrozen polynyas with brlghtness temperatures slmllarvto
those'of'shore—fast ice and a mixture of'first-year=and~A~
unresolvable chunks of multlyear‘lce hav1ng a brlghtness
temperature between those of the:two ice types, and 3

- mixed- zone~of~frrst-year-lce andhunresolvablexﬁloes.of_

,multlyear 1ce w1th many refrozenlpolynyas. ‘ he extremely
'dynamlc nature of the shear zoneﬁls clearly seen, ‘with 1ts
w1dth doubllng in 19 days.. ‘ S '

' The Electronlcally Scanninngicrowave-Radiometer“
(ESMR) on Nimbus-5 has provided the first large-scale
d”synoptlc v1ews of the polar sea 1ce packs. These have been
' 1nterpreted in llght of the AIDJEX “NASA “and’ BESEX flndlngs -
‘revealing that both the morphology and dynamics of these
major ice masses are more complex than had hitherto been
assumed. Since its launch on 11 December 1973,Nimbus-5 has

provided a wealth of data on the variations of these packs

»L_at tlme scales. ranglng from several days to seasons.u-p

Flgure 2. 4 shows a’ palr of" ESMR 1mages of the Arctlc at
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different seasons. The minter image.of li4danuarv 1973
shows the ice canopy to be composed of two general types

of ice: the principally multiyear ice covering the main
portion of the Arctic Ocean, with brightness temperatures
ranging from 209 to 223 K, and either first-year or first-
year/multiyear mixtures with higher brightness temperatures
covering the southern portion of the marginal seas (i.e.'
the Beaufort Chukchl, East Slberlan, Laptev, Kara and

" Barents Seas) " 'Note that the multiyear ice extends T L T

“south” ‘into- the” eastern Beaufort Sea. "By u51ng a comblna-'f

" tion. of . ESMR and, LANDSAT ‘1 lmages comblned w1th the AIDJEX- «b;;%hihz

NASA data, Campbell et al. (1973) have showh that the
Beaufort Sea 1ce cover is made up of 1arge multlyear floes

"“1n 1ts eastern sector whlle 1ts western sector: con51sts of

'small fragmented flrst—year and multlyear floes.

‘,‘o B T S N AR
E 3 R

" By the end of the summer melt season the ESMR image . - - - -

- for 8 September 1973 (Figure 2. 4) shows that most of the
“ice that covered the marglnal seas had melted.4 The area of
the end-of -summer pack is approx1mately half of that of the

- winter pack. " Analysis of these and’ other ESMR lmages by
- Gloersen et al.‘(1974) reveals that not all of the flrst-

year/multlyear ice mlxture melted._ Flgure 2 5 shows an
ahalysis ‘of the near—max1mum ice extent (10" February 1973)
and near-minimum ice. extent (9 September 1973) based on . the
ESMR images.. The areas .of the pack lnawhlch,the first-year/
multiyear icevmixture survived the.summer melt'are source
areas for multiyear ice which is advected into the multi-
'year ‘pack.- - This -process - thereby -allows- thes ice- pack +t0:
maintain a steady-state mass by balancing the volume of ice
that is advected out of the Arctic Ocean by the East
Greenland current. The analysis also shows that the summer
pack extended closer to Svalbard than did the winter pack,

suggestlng a strong summer ocean surface current flow1ng

T southward. in- thls reglon.. Note that the ESMR 1mage for thefff“'““"“”

Arctic in the winter of 1973 (Figure 2.4)Tshows-that the“ -

2213
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lice cover of the Bering Sea, which was made up of first-year
and younger ice, has a cold radiometric signature similar ‘to
that of the multiyear ice of the Arctic Ocean. The reason
for this is that ‘the large (35 km) footprint of ESMR is
covering a .mixture -of ice and open water, and the average
brightness temperature appears cold because theywater sdgna—
ture is much colder than that of the first-year ‘ice. |

The . ESMR. images, of-.the Antarctlc are: equally useful as. ...
K_thcse of the Arctlc for studylng large scale 1ce morphology
and dynamlcs. Flgure 2.6 shows both a. w1nter and summer 1mage1.

'w“of ‘the” Antarct1c.~ The w1nter 1mage 1ndlcates that the 1ce:“”

cover is made up largely of" flrst—year 1ce, except in the
Weddell Sea. By late in the follow1ng melt season (10 Feb—

siruary-. 1973), “the " ESMR image:’; lndlcates that approx1mately 80%

of the ice cover has melted. Thls_ls_shown in the anaLy51s
given in Figure 2.7 in which the near-minimum (10 February
1973) and near-maximum (16 July 1973) ice extents are de- '
lineated. - The“observatioﬂs at7firSt”seem'tociﬁdioate'the"'
formation of multiyear iceiwhere'ioe remains at, the .end. of"
the melt'season. Analy81s of ESMR 1mages in Austral Spring
1972 and Austral Wlnter 1973 by Gloersen et al. (1974) indi=

.. cate. that no multlyear 1ce was . present, thus the reglons where}£4”_;;

ice remalns at the end of the melt season are accumulatlon
Areglons in a system of steady depletlon and replenlshment.
An alternate explanatlon may be that some of ‘the remaining"

. ice never undergoes a surface melt during summer, causing a

_retention of brine in the freeboard portion from one year to = =

the next.:

While there is utility in the spatial resolution pres-
ently available from sateilites, there would be significant
improvement in the utility of the parameter retrievals for
the purposes both of maritime operations and climate studies

‘ *1f ‘the - spatlal resolutlon were to be lmproved For marltlme

operatlons;.locatlon of spec1f1c large leads 1n the ice pack"'”"“b
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"”effects on sea 1eve1 and global c11mate.3 Pa551ve ‘Multi-

... distinctly -evidentiin: the "‘Nimbus=5 NEMS -data- (Kun21 et al.,“*'z'“”"'

-

would be particularly useful for offshore surface transport

in the Arctic Basin by conventional barges. For climate
studies, more accurate ice concentration measurements are
required. The multispectral parameter retrieval -processes

are inherently non-linear, but linear approximations .are .
required to determine the ice concentration and other param-
eters. If the three basic ice types can be partiy-separated
by ut11121ng hlgher spatlal resolutlon, the llnear approx1ma—

’ tlon becomes valld over a larger 1nterval._‘ .

. e '
5 L

L 2. 2 3 Contlnental 1ce sheet propertlesff

Srre Ll "." .

The contlnental 1ce sheets of Greenland and Antarctlca'
represent 85% of the total fresh water on the’ earth Sub-
stantial: varlatlons 1n thls stored water can have profound

-spectral microwave techniques promise to permit‘monitoring
changes and important characteristics of these continental
ice sheets. - Important parameters that can be 1nferred from
mlcrowave brlghtness temperatures are the horlzontal and
vertical distributions of physical’teémperature” and the:‘“*””""'““
_average snow accumulatlon rates, wh1ch are requlred for .
studies of the growth -of the ice sheets. - To date, the 51ng1e
”wavelength observatlons such ‘as” those’ shown in’ Flgures R
and 2.6 made using the Nimbus 5 ESMR have glven 1nd1catlonsv'
of the variability of snow accumulatlon rates on both
Greenland and Antarctica (Chang et al., 1976; 2Zwally and
Gloersen, 1976). 1In addition, spectral signatures are

1976). .

_ _ Snow accumulation rates are inferred from the average
" snow particle size in the snow layer covering the ice sheet
and the average temperature within the snow layer (Chang et :
al., l976~ Zwally, 1977 Zwally and Gloersen,‘1976) Agaln,_ ' : N:?




required in order to determine simultaneously the physical
temperature distribution. Such multispectral techniques are
presently under investigation at Goddard Space Flight Center
in connection with the NASA -climate program .and .the .ocean

dynamics program.

2.2.4 Snow-covered terrain

Extent of the winter snow pack in the northern'hemi-
sphere -is currentlywa standard product provided by ‘NOAA,« ... .-
.and_ is based on. v1Sual .and. lnfrared observatlons .from Space-,u”
craft in addltlon to surface and alrborne observatlon. Such
'ﬁobseruatlons can be made suff1c1ent1y systematlcally through
breaks in the cloud cover. -However, the extent of the snow
'pack glves llttle 1ndlcatlon of 1ts water content. 'Itvis here
- that . the- m1crowave technlques show promlse.u CAt thls p01nt Ancl
tlme,_a_conv1nc1ng_demonstratlon_that quantitative determ;na-
tion of the water equivalent in the snow pack can be obtained
by us1ng microwave brlghtness temperatures obtalned from -
space has’ not yet been carried out. Model calculatlons of
the sensitivity of the technlque are :in progress.‘.Aﬂvery

limited number of multlspectral mlcrowave observatlons of

et R e ) L A L e B L el DL AN hd. B BAL AL T FSY ¢ T e —emmeemme s woe s S

“snow pack u51ng alrborne Sensors have been made and the data'”' .

-are presently under analy51s.. Some prellmlnary 1nd1catlons

“of this potentlal have been dlscussed (Chang and Gloersen,
1975; Schmugge et al., 1974 Edgerton et al., 1971). ‘
' The physical sltuatlon in such a snow pack is somewhat

analogous to the case of multiyear ice in which the snow pack

:bearseaArough_analogy;to,thegfreeboardhportibnny;MY;and,the.W,uLJW_,4a

substrate for the snow cover is analogous to the portion of
the MY below .sea level. 1In order to determine the:water
equivalent of such a snow pack, observations must be made when
the internal temperature of the snow pack is well below freez-
ing. Otherw1se, the imaginary part of ‘the index is suffi-
*7c1ently large to restrlct 51gn1f1cantly the penetratlon of

rd




microwave radiation through the snow cover. The physical
state of the substrate is also important in interpreting
brightness temperatures, since frozen substrate would result
in relatively high emissivity, end a moist substrate some-
what lower emissivity. Again multispectral observations are
essential for separation of the various components that
contribute to the brightness temperature.v A concerted
effort is being made_to develop the-appropriate algorithms e
for these determlnatlons‘;n connectlon w1th the Scannlng
'nMultlchannel Mlcrowave Realometer (SMMR) scheduled to be DUTRE R
"flown on’ both the Nlmbus G and the SEASAT*A satellltes 1nfff*”””*'“;:
1978. L L R

-t
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2.3 'Competitive and complementary techniques

Here we will briefly discuss the capabilities of.a num-
ber of satellite systems that are either currently opera-
tional or presumably will be so in the near future. The
characteristics of the sensors are summarized in Table 2.1,
reproduced from Campbell et al. (1975b).

2.3.1 Visible_and;near infrared. - .:..
/2.3.1.1  LANDSAT. S T

LANDSAT (fcrmerly known as. ERTS) Amagery is. of carto

graphlc quallty on- a scale of 1: 106 Each’ 1mage 1s 185 km

on a side. . The Multl-Spectral Scanner (MSS) sensor system

i'tcollects 1nformat10n 1n 4 spectral bands ranglng from .visual

" (0.5" {m) to near IR (l 1 um) with a stated‘surface resolu-flﬂﬁy'“

tion of 100 m. Experience has, however, shown that high
contrast linear features such as leads with widths signifi-
cantly smaller than thlS are commonly visible .in the 1magery.
Because of its scale, resolutlon, and. map-llke accuracy,_
LANDSAT imagery is ideally suited for" studylng Tead patterns,
_1ce drlft and deformatlon._f‘ et e e S
The drawbacks of the ﬁANDSAT 1magery are that the MSS
is limited by cloud: cover.» It is ‘2186 Timited” by darkness,
although present indications are that highly usefuludata can
be obtained at much lower-light levels (sunnangles) than
those at which the satellite is normally operated. Another
major drawback inherent in LANDSAT imagery is its lack of

'“fcontinuity.ffAt-thewequatorfLANDSATﬁimages*exact;y%the%samevﬂw%”fw““w

area once every 18 days. In the polar regions the orbital
overlap permits coverage of the same site during 3 to 5

consecutive days (depending on the latitude) followed by a
13 to 15 day "holiday" before the satellite returns to the
study area. When the days';cst because of cloﬁdvcover'are. y'




Table

2.1. Characteristics of present or planned sensors
particularly useful in sea ice studies and “their vehicles.

. Surface Repetitive  -Maximum Features-of  Status as of
Vehicie .Sensor -Wavelength Resolution Coverage Latitude Restricted by -Note Sept. -1975
LANDSAT Multi-spectral  "0.5-1.lum 80 m Daily for 2 81° N .Clouds/ Darkness  High resol- Operationl
Scanning o 5 days, ution
System (MSS) followed by cartographic
al3tolb . -quality
holiday
NOAA Scanning 0.5-0.7um 3.5 km 2 X datly Near Polar  Clouds/Darkness =~ _— Operational
Radiometer 10.5-12. 5um 8 km 2 X daily Orbit Clouds Thermal IR
Very High 0.5-0.7am 1 km . Daily Clouds/ Darkness -
‘Resolution  * 10.5-12%m 1 km Daily Clouds Thermal IR
. Radiometer . Wete, s S T T A Lt
~ DMSP Lite-scan 0.4-Llgm 0.6 0 3.7km 4 Xdaly  Near Pola_r cuouds/oamness. - Operational
- '.'Radiometer‘ wrg13em T - 0.6 6037 kn 4x daﬂy - Orbtt " Clouds O Thernal IR . ot
. Nimbus 5_ . . Electronically ... 1.55.cm ... 32.km .. 2 X daily "+ Nea Polat S .. .Operational- .,
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. ..so that many 1nterest1ng and 1mportant 1ce features are, lost

added to these “"holiday" periods;'LANDSATZCOVerage"haS[‘in"
fact, proven to be gquite spotty. To obtain the optimum use

of LANDSAT, identifiable ice features must be located on
sequential images. The long-holiday periods make this iden-
tification difficult except during periods of exceptional
weather which, of course, are not periods of storm passage
when most interesting changes occur in the ice oack Never-
theless, even with these drawbacks, LANDSAT imagery has,
ﬂbecause of its- cartographlc quallty and .good: resolution,. -
-proven: to.be. the. satelllte system . that is presently most e
~huseful for quantltatlve studles of 1ce drlft and deformatlontx”

A-"“‘ RPN .‘2‘ P et .-‘ L I "". it ir e »‘."S'.."'/"-"'y'.'. *"~".';-i"'»-.,-w,‘~ ol
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The NOAA satellite series has'also produced'a large

--amount of: 1magery that 1s useful 1n the,study of -sea., lce'%ui?=%;;.:»
These satellltes operate ‘at apprec1ably hlgher altltudes R
than do satellltes in the LANDSAT series (1465 km above the -
earth' s surface as compared with 900 km). The prime sensor
involved for sea'ice"studies is-a.dual- channel. very high .
resolutlon radlometer (VHRR) Whlch obtalns 1nformatlon 1n
Hboth the v131ble (0 5= 0 7 um) and ‘the 1nfrared (10 12 5" um)
reglons.u~The 1mage5»produced areu2000 km-on,a-51de and.have
.a surface resolutlon of 1 km. In the polar reglons a glven _
area is usually’ 1maged once dally.“ These satellites also’ RS
'»carry a ‘scanning radlometer that_glves a twice daily 1mage ‘ B
" of any location on the éarth's surface. in both the visible -
and IR but at a reduced resolution (8 km).

' _ The advantages of NOAA 1magery are that durlng both

.Allght and dark perlods,xlt prov1des regular ‘broad 'scalé”

coverage of the polar regions on a scale at which many use-

ful large ice features can still be distinguished. ‘The dis-
advantages are that images cannot be obtained through a

cloud' cover, the resolution .and . scale are sufficiently large

" ‘and flnally ‘the prOJectlon 6f thé 1mage is’ such that quantl_ i'“A.W Ll

_ntatlve drlft and deformatlon measurements are dlfflcult

“




2;3“1.3' DMSP 'kDefense'Meteoreiogicalisatellite Pregram)'“'

This satellite series which was formerly called DAPP
(Data Acquisition and Processing Program) is operated by the
U.S8.. Air Force for the U.S. Department of Defense. The
‘Principal purpose of the .satellites is the :observation of
cloud patterns. The imagery is collected by both high
resolution and very high resolution .2 channel radiometers
_roperatlng 1n both the v1sual (0 4 to 1.1 um) and the IR o
.(8 to 13 um) ranges. The satellltes orblt at a sllghtly

 "1ower altltude (833 km) than satellltes ln the LANDSAT _ _
“ogaries and’ 51gn1f1cantly lower than those 1n the NOAA serles.

Usually two DMSP. satellltes are 1n orblt at the same time

which prov1des coverage of any spot on the earth s surface

A%four tlmes dally.L The VHRR system Wthh 1s of prlmary
Llnterest here has‘a spatlal resolutlon of 0.6 km ‘at nadlr.

DMSP 1magery prov1des a view of sea ‘ice on a scale that is =~

intermediate between that of LANDSAT and of NOAA. Several
. images are obtained each day,‘darkness is not a limitatien;
and ‘the map format whlle not as convenlent as LANDSAT,‘ls
_eas1er to use than NOAA In addltlon there are a varlety

i. of optlonSnavallablevforwspec1ally processing both. the - .. - ...
\v1sua1 and the IR data,.so that the lmagery has a hlgher_“_ N

" apparent resolutlon and ‘the temperature (or 'albedo) scaled”:”
1s‘expanded relative to some arbltrarlly set base value such
as the freezing temperature of sea water. ' ‘The principal.

limitations of the sensing system are that it does not pene-

trate clouds and does not possess as hlgh a spat1a1 resolu-

“tion“as hight be’ de51red.'

2.3.2 Thermal infrared

As discussed in the preVious sections both the NOAA
(and its predecessor ITOS) and the DMSP satellites have
thermal IR systems operatlng respectlvely 1n the ranges of

'3”310 512 ‘5’ um .and 8-13 um and w1th resolutlons of 1 0 and

0.6 km. Other_satellltes.WLth.IR systems-pf»1nterest are .' '
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"in the Nimbus series. - The'THIR"system‘haS”aAground-resolur'
tion of 7 km for the temperature channel. Nimbus G will
also fly a scanning radiometer operating in a similar range
(10.5 to 12.5 im) with a resolution of 0.8 km.

The first IR sensors were useful only at night and had
a low resolution, while. the moreﬁrecentiversions operate
successfully either during the day or night with increasing
resolution. Because of their resolution limitations the IR
systems»on-the'early-satellites'were primarily useful»for e e
.. the. mapping of gross 1ce boundarles such as the edge”of the.“
pack or the. locatlon of large polynyas. Even as-theiresolu-i'
ktlon of the IR systems 1mproved to- values of l “km- or”less3~
so that detailed observations of features w1th1n the pack-
became possible, little was done with the IR 1magery.except
use’ 1t durlng'dark perlods as’a- replacement for: v15ual trad T e e e
imagery wh1ch was usually of an even better resolutlon. -

This was done by simply notlng that open water or thin 1ce"
areas that appeared dark on visual imagery (low albedo) also

‘appeared warm on the IR 1magery.' However,: ‘these . studles
indicated that the large reflectance changes that made the
water-ice tran51t10n so clear in the visual range often
'corresponded to much 1éss obvious: thermal contrasts as - ‘re-
corded by the. IR system.j ThlS was partlcularly true when N
the IR image was dlsplayed by dlstrlbutlng the dlstlngulsh-.”l.
able gray shades over the 100 C of 1nterest for meteoro-

logical purposes.

2.3.3 Active microwave sensors

The microwave scatterometer is emerging as a powerful

tool for determining ice type. The scatterometer is a cali-
brated down;looking radar which can be used to measure the
backscatter coefficient o, as a function of aspect angle
: along a strlp of terraln under an alrcraft or. spacecraft.‘w,“-5n.r5g;q+
‘The proposed scatterometer for SEASAT w1ll undoubtedly yleld

g




Useful information conderning ice type distribution on’ £he
mesoscale in the Arctic Ocean.

The scatterometer forms a very powerful tool for use in
determination of sea ice type in combination with passive
microwave radiometer data. There is about a 60° difference
in brightneSS'temperature between first;year‘ice and multi-
vyear ice and about 20 dB difference in backscattering cross-

section as observed by the scatterometer.

12.3.3.2 'R'a'aar' ‘alfiiiié'té‘r""‘""""'

Thls sensor whlch 1s scheduled to be operated on i S
T'-SEASAT-A‘wz.ll determlne the dlstance between thevspacecraft*ﬁgwéf‘ff
and the ice-ocean’ surface to an. rms precision of'roughly

* 10 cm. Inasmuch as the footprlnt of the radar is‘a 2.x 7

km spot, .the results wlll not; resolve 1nd1v1duallrouﬁhness;,#:m

elements in the sea 1ce such as rldges and leads as is pos-
sible via an aircraft-borne laser profllometer.' Neverthe-
less it may be possible to discern both spatial and temporal
variations in the .average (2 x. 7. km) elevation of - the ‘sur-.

face of ice covered seas. These varlatlons would presumably .
correlate w1th the 1nten51ty of ice deformatlon which has

. been shown to-vary 51gn1flcantlysbetween:dlfferent provinces ...
zln the Arctlc Ocean (Hlbler, 1975) Other 1nterest1ng o
studles that w1ll be p0551ble once SEASAT is' launched con-"ﬁw%ﬂ
cern the inter- -relations between the results of .the radar
altimeter, the scatterometer, and the synthetic: aperture

radar.

R}

. 2.3.3.3 .SAR (Synthetic Aperture Radar) . . .- .. .. .

A number of countries (U.S.A., Canada,'and4countriesx
of the European Space Agency) are carrying out programs
with the aim of putting SAR's into space. The U.S. SEASAT-A
program is aiméd at 1aunching a SAR, complemented by a
scatterometer, radar altlmeter multl-frequency mlcrowave
'.radlometer and’ a v151b1e/IR ‘radiometer 1n early l978.~:f’
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. 2.,4.1.1  Sea.ice '&@ngww“@lama_yw_.ﬂshm,

Canada plans to put a SAR with complementary -sensors (payload
not defined yet) into space by spring 1984.

The SEASAT-SAR will operate in the L-band range and is
expected to have a resoclution as low as 25 m and a swath '
width of 100 km. At the present time the proposed circular
orbit at an altitude of 800 km will allow SAR imagery to. be
obtained as far north as 75° N with repeat coverage every

36 hours. If current -orbit proposals are not altered, a-

A.,nlarge part of the Arctlc Ocean w111 not be . lmaged by the
S rom the work accompllshed S0 far and 1nc1ud1ng the IS

k .: uv,-.

forthcoming results of the main AIDJEX experlment, some-
._pro;ectlons can be made. of the kind of SAR product one may
- expect from “SEASAT=A% "\ Leads; 1ce ‘bouhdaries, ~as We1l~as a

variety of ice.features such as, ridges and rubble,flelds
should be readily identifiable. Major.ridging of first-
year 1ce should be clearly seen, but multlyear ice- rldges
will not be as dlstlngulshable.’ What would be ‘difficult to -
determine. are 1ceVtypes,upartlcularlynthe dlfference.between.glﬂ
flrst-year and multlyear 1ce. The success1ve tracklng of

the identifiable features will, however, permlt quantltatlve AR
rlnformatlon -on 1ce drlft and deformatlon 0.~ be obtalned -On:

an all-weather bas1s.i'u.

2.4 Requlrements

2.4.1 Frequency.of observations

—— ————

, Frequency of operations required on the sea ice canopy
depends to some degree on the spatial resolution at hand.
Based on present day knowledge, translations of the ice pack
the order of 10 km per day are not unusual in the Arctic

._Ba51n. In the ice packs surroundlng Antarctlca, ESMR-5
1mages used. in connectlon w1th produc1ng a. tlme lapse motlon

' study of the sea 1ce have 1nd1ca ed that three-day averages ‘

2-27
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in some cases,result'in"signifioant Jumps in the position..
of the pack. Thus, it -seems that a reasonable observation
frequency for sea ice packs is once per day for most cases.
In certain unusual circumstances, e.g. during and imme-

diately .after the passage of a severe storm, more frequent

"coverage would be desirable, say, two or three times a day.

2.4.1.2 ‘Continental ice sheet

-There‘are-a.number'ofdtime:soales“of?interestwforeob-.
.serving properties of continental .ice sheets ;in. Greenland..
) and Antarctica.:. Observations of the snow accumulation_rate :
“and’ temperature distribution probably ‘would’ not. require more
than one or two observations per*month For following the
melt 1ine during the spring, summer, and fall seasons there
are periods ‘of rapid :¢hange ‘where" weekly ‘or- bi-weekly obser-~--ﬁ#JFi'

vations should be made.

'

2.4.1.3 Snow-covered terrain

Generally speaking, one~t0“two-observations per.week ... .
should suffice for most purposes of weather, climate, and
hydrology In ‘the meltlng season, however; for potent1a1
flood control, it would berimportant to.make .the. observa-:. - ... -."
tlons on a'nore frequent ba51s 51nce the onset of. meltlng o
‘can be quite sudden under certain comditions, | ¥ EnIEIE

This hlgher-frequency of observation would dlso be
desired in water resource management for power generation
in the,vicinities of glaciers used for this purpose (e.g..

1n Norway)

Ve e * I I R T T R O I T P R PR NPT N

2 4, 2 Required radiometer characteristics

Generally speaking, for the cryospheric observables
it is desirable to use a constant angle scan to avoid un-
wanted variation of the emissivity with angle. The nature
of thlS variation depends on the particular target observed
'and therefore ‘would ‘have. to be separated from the variationsf.??iﬁ“

-of -greater interest when applyinglalgopithms to retrieve
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geophvsical oarameters: "Mai5t5£hiﬂg'a constant <incidence
angle during the scan simplifies the task of geophysical
parameter retrieval from the data.

. In general, the brightness temperatures display a
polarization effect when observing smooth surfaces. For all
of the cryospheric applications except sea ice, the vertical
polarization channels would be the most desirable since the
surface effects are relatively constant for all forms of ice

in ‘the ‘wavelength region iinder ‘consideration.” This ‘chéice

“of polarization minlmizes the effect of surface reflection~

'qupen water from sea ice 51nce the real part of the index
“of refraction is'an order of magnitude higher for liquid

-and . malelzeS the ability to observe rad;ation from the ;'V3”

volume of the snow layer. In ‘the case of sea ice, the ob—‘

servation of both polarizations enhances ‘the distinction of

water than it is for ice and hence the polarization is con-
siderably greater.

In terms of the appropriate wavelengths for making such
observations, the present techniques have- concentrated. on
the use of a wavelength of" 1.55cm- (the~N1mbus.5 'ESMRY)-. ‘

'ThlS wavelength lS _hear . ideal for 51ngle-channel determina—.

tion of sea ice concentration and variations in the emis-.

"’51v1ty:of thescontlnental.iceusheetSzofaGreenland-and~

“basis. utilizing -the Nimbus:6 ESMR, ‘which is-dual-polarized::.:-: -

Antarctica. . On the other hand, no convincing evidence'has
been obtained to date that would indicate that this wave-'
length is useful for observing snow cover over. terrain. In

the latter case, investigations carried out on a limited

and operates at a wavelength of 0.8 cm, have indicated that
this shorter wavelength can consistently detect snow cover
on terrain. Since there are several contributions to the
variation of brightness temperature in all observations in
the cryosphere, lt 1s clear that a multispectral dual— '

"polarization approach i required for more preCise retrieval

of geophysical parameters.v The Scanning”Multrchannel,

coE, et et PO L PR N L.
- R B R
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Microwave.Radioﬁeter'kSMMRf’to be:flown'on'theuﬁiﬁbusvc and
SEASAT-A satellites (Table 2.1) is a step in the direction
of such multispectral retrievals (Gloersen and Barath, 1977L
In terms of future instruments, the question arises as
to whether the wavelength range of the observations should
be extended at either end of the spectrum. There is little
doubt that shorter wavelengths, say-in the 0.3 cm window,
would be very useful in increasing the sensitivity of the

observations'of*snow‘cover’ovérfterraint*“The“atmospheric”*"“"~*”“*'.

finterference is cons1derab1y greater at this wavelength in 5

,E%the presence of cloud cover, however which may llmlt the

utility of such determinations. In the case of sea 1ce,_
~ shorter wavelength observations'would also be advantageous,“'
.since the spatial resolution for a. given aperture size. would

" 'be greater due to’ thé ‘shortér wavelength ~ Again;” however,~-7"?*“

the greater sensitivity to the presence of.clouds might
nullify this potential advantage. This shorter wavelength'
would offer limited additional advantage for observation of
the continental ice ‘sheets 51nce it 1s the subsurface
features that ‘are of -interest.:.:--

At the other end of the spectrum, g01ng to longer-
\ wavelengths,'e g. 21 cm, would be advantageous in all of

the~cryospherLCnareas_1f~1t¢would;be possible-to;ach1eve:lO;&~$gwﬂaww‘

to 20 km spatial resolution.. Such spatial resolution is -
achievable‘by utilizing the larger payload capabilities of
the shuttle free-fliers.to be launc¢hed into polar orbit.
Observations on the continental ice sheet at this wavelength

-vWOuld.permit«determinationwof;thenso=calledolormatemperar@¢.wgmﬁ.ﬁyﬁg

ture, which is independent of seasonal variations and is an.
important parameter to be determined both for climatological
and glaciological purposes. Over sea ice, there would be an
1ncreased sensitivity to FT due to the greater optical depth

at longer wavelengths.




.::.the varlous phenomena when data are- obta;ned in thlS manner.
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2.4.3 Ancillary data

In principle, all of the geophysical parameter re-
trievals can be made without the use of ancillary data once
the techniques have been validated. Of course, in the‘vali—
dation of the technigques, ancillarv data are essential.
These can be provided both by underflights of an‘instru—
mented aircraft and certain field measurements. The
.instrumented aircraft should include.-radiometers:which.i: .« ... .- -
'51mulate those on board the spacecraft as is the. case for .
'the SMMR 51mulator on board the NASA CV-990 at the present i.’
“time. “In’ addltlon, obtalnlng 51mu1taneous data at much ";:'
higher spatlal resolutlon with airborne instruments. permlts

ea51er retrlevals, 51nce there tends..to be less m1x1ng -of .

The airborne 1nstruments should also 1nc1ude a thermal '

1nfrared radlometer (11 um band) for determlnatlons of sur-

face temperature, and various observatlons of the surface -
conditions at visual wavelengths.- o ' ' SO

A Field measurements generally con51st of . determlnlng the_;,
prec1se nature of the targets that are observed from both

" the aircraft and ‘the’ spacecraft. In “the case of" sea 1ce,”it:fﬁ”l

bcon51sts of determlnlng 1ce types and thlckness for spot—7“¢fippyt:¢,z,

checklng the alrcraft determlnatlons. On contlnental ice
sheets and snow-covered terraln, measurements of the partl—‘
cle size variation both in the vertlcal and horizontal
directions in the snow cover, and the temperature variation

with depth, are required.
2.5 Users
2.5.1 Sea 1ce

The U.S. Navy Fleet Weather Facility has been using
Nimbus 5 ESMR:mlcrowave data 1n,prepar1ng their weekly
.;charts on.an. operatlonal ‘basis. 51nce 1973. These charts

are used by both m111tary, commerc1al and overseas marltlme




intereststto'facilitate shipping iﬁ'iéé-ihfésééa areas.
Such operational use is expected to increase with the advent
of more advanced microwave systems and with improved tech-
nigues for extracting the ice concentration .appearing on
these charts. Also contributing to the increased interest
in this area is the recent extension of the offshore.limit
to 200 miles and the increasing incentive for developing
offshore resources in the cryospherlc environment. Present_
activities w1th1n thHis" 200 mile Timit 1nclude ‘fisheries’ 1n‘z
the Arctlc reglon, resupply of mllLtary bases u51ng com—
..;Mmerc1al vessels, resupply of the Prudhoe Bay 011 complexbl;g;k?@i-n;;~
resupply of Indlan settlements along the Alaskan coastllne,'"' .
and commerical support of research activities on the contl-A
nental shelf by the U S.G. S. The most’ 1mmed1ate 1ncrease 1n
:3act1v1ty in thls ‘area w111 result from “the’ extractlon of
continental shelf oil utlllzlng offshore platforms in re-

gions which become covered with sea ice. The operational

.."1 [

~aspects of monltorlng sea ice w1th1n the .200 mlle llmlt fall
'under the purv1ew of the Marlne Weather Serv1ces Branch of
‘the Ocean Services Division of the:National Weather Service;-

In terms of non-commerc1al usage, the sea ice parame—

‘ters" are=essentlalrlngredlentSTfcrﬁcllmate-and-global;-#;“"“““"
weather models. In addition there is effort in the area of .
modeling sea ice dynamics, -which requires-such'input for 
both operational interests and_studies of climate processes.

__2.§¢g uContinentalhiceﬁsheetquH

LT R PSP T It L I SRR S N e N

There are no known commercial users of the physical
parameters derived from the continental ice sheets. However,
such data are of great importance for understanding global

limate; as has been outlined in the NASA Climate Plan
dated April 22, 1977 and Understandlng Climatic Change, a
A“*iprogram plan publlshed by the Natlonal Academy of Sc1ences
(1975) L ©




;,__cover as descrlbed 1n sectlon 2 2.4

2.5.3 'Snow cover over terrain

Knowledge of the volume of water within the snow pack
on terrain is essential for management of the global water
supply.. .Some ‘success has been achieved to date predicting
runoff characteristics by observing simply the .spatial
extent of the snow cover on LANDSAT images (Gloersen and
Salomonson, 1975). Such a technique, however, requires
}careful callbratlon of the spec1f1c characterlstlcs of the
“area whlch relate snow‘depth to elevatlon, extent and tlme
-.fof occurrence of" the snow cover.‘ ‘A potentlally more accu-'f;,
-‘rate- technlque and one more readlly adaptable to larger L
areas of snow cover would be ‘the utlllzatlon of microwave ".

techniques for determlnlng the water equlvalent of the snow . .

‘Purther into the future, ‘additional’ appllcatlons thatﬁﬁbwww:”mlhhh

would become practlcal when hlgher‘spatlal resolution (the -
order of 1 km) becomes available would include the manage—
ment of water resources for hydroelectrlc power generatlondl.
from glac1a1 runoff |

2;6 Requlred future work h

26l 1 Sc1ence

" The general principlés tequitred to retriéve’ geophy§igal ==l iw

' parameters from microwave brightness temperatures' in the
cryospheric environment are at hand. . However, additional
work in determining more precisely the microwave properties

of snow and ice are certainly justified in terms of improv-

" ing the acecuracy of “the parameter ‘retrievil: » For ‘instance; "

the complex index of refraction of pure water ice has not
been determined‘over all the wavelengths of interest. How-
ever, Vant (1976) reports new measurements at a wavelength
of 3 cm and over a wavelength range from 7 to 3000 cm. In
the limited data avallable 1n thls reference, there are.:
;1nd1catlons that both the 1mag1nary and the real part of




;the index of iéffaction?aféﬁfdnctioﬁé“bf‘fféqﬁéﬁéy'ésﬂwéii’”
as ‘physical temperature. Thus, extensive -additional
measurements are regquired to cover the entire wavelength
range of interest in order to permit more precise parameter
retrievals.

Other areas where additional basic research iS‘required'
include the modeling and testing of surface roughness ef-
fects and various volume scatterlng mechanisms. More pre—
-~ Cise’ knowledge in‘ ‘these areas would certalnly permlt et AT
lncrea51ng the prec151on of retrleval of geophy31ca1
parameters. : ' Lo

e
‘< 2

2.6.2 'Instrument development

The clearest 1mmed1ate need in 1nstrument development is
the desxgn and lmplementatlon of: multlspectral radlometer sys-«fié;
tems with increased spatial resolutlon which could eventually '
be flown on free—fliers launched by the Shuttle.‘ Further into
the future, larger systems of this sort could be assembled
in orbit by man 1n-space technlques.‘ In terms of radlome—f
try, the. present-dayysen51t1v1ty flgures,are adequate for

many purposes. However, 1mprovement in this area can always

be utlllzed for ‘improved retrleval accuracy.V In order to be i
<useful such 1mprovement must be accompanled by 1mprovementsﬁlprgw;

‘in 1nstrument stab111ty, partlcularly w1th regard to varylng,‘

temperatures in the components ahead of the radlometer. 4
Perhaps a more 1moortant area of concern at this time is the'

development of techniques: to av01d RFI from surface-based’
.sources, such as telecommunlcatlon llnks and survelllance

radars. - _ . , : ,

2.6.3 Real-time applications

Present multispectral microwave radiometer systems and
those contemplated for the near future assume the use of ,
_ground statlons for. analyz1ng the data prlor to dlstrlbutlon _;f
"t6 the' user” communlty. “Once a* geophy81ca1 parameter ‘M
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':retrievel>ai§ofi£hm seﬁ is éhf%iéiaﬁfi?"aééelégéa;“i£-QSuia”‘”"'
be relatively simple to implement an inexpensive micro-
oomputer receiver system which could receive spacecraft data
directly and provide geophysical parameters of a nearby area
on an immediate basis. This could conceivably be of use in
certain maritime operations requiring passage through sea
ice or warning of impending high dynamic activity within the
ice pack (for instance in the case of oil platforms in the -

200 mile zone off the Alaskan” north slope), ‘or'of useé in” *
warnlng of floods due- to sudden meltlng of snow packs.n‘How—w
hever, such usage mlght requlre more tralnlng of locali;féfu

observers in 1nterpretatlon technlques than would be

practical.
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 CHAPTER .3

APPLICATIONS OF MICROWAVE RADIOMETRY T0O LAND PARAMETERS:
SOIL MOISTURE, SNOW COVER AND FROZEN GROUND*

3.1 Executive Summary

3.1.1 Summary of Measurement Capability

A. -
—— Nominal Desired Frequencies |(Sensitivities
©  Priorities | Spatial Resolution (km)| ..:(GHz)... | .(PK-TIms). . |..
' * ' *ok
, »Soil'Moisture”,- N ,253“_ o ..J.l.él B U
A (Water Equivalent v . (-4 channels)| s . B
and Ripeness) : - [ N

_ 3 km for watersheds.j

C et * R P AR " JRETAEN IR SO .

Ki Ceafe :
Multiple wavelengths 5 cm and longer are highly des1rab1e.

.".-'

B. The operational viewing interval can be n 2—3 days. _However, diurnal

observations would be useful for soil moisture purposes ‘and’ for snow"
condition monitoring especially during thawing.- View angles less
than 35°-40° are not critical and the horizontal polarization is
desired. ' Both polarizations would ‘yield increased information over:
. this angular range.? A conically scanning system receiv1ng dual usf;;ﬁﬂfw;f:@lﬁ'
‘polarization at constant incidence angle would yield superior B “

performance but at a sacrifice in spatial resolutlon.

C. Principal operational uses would be for crop yleld.forecasts,.wateri
shed runoff estimates, climatology, and land trafficability analyses.
... None .of these applications have. been demonstrated .operationally, but.. . .:.;: ...
they appear plausible based on demonstrated satellite measurement

capabilities.

3.1.2 Recommendations

The review of passive microwave sensing of land parameters as

... presented 49Aﬁhis‘Gh?PF%25¥%ad$¢ﬂ$sE9uPﬁksuth%rfpllpwing::egpmmenQations;b.frgxﬂuggru

*prepared: by Ti J.. Schmugge, R: W Newton, D. McGinnis; and'E::G¥ Njoku..
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-A. Continue support of efforts to test .and validate .microwave soil
moisture estimates, and to better -ascertain the effects of

vegetation, soil type, soil roughness, and depth of penetration.

JInitiate an investigation to.determine techniques of incorporating
.microwave .data into .crop yield forecasts and general circulation
models. Continue to support efforts to develop techniques of

utilizing microwave data for watershed management.

: g'B...Continue support. of efforts .to.monitor:snow signatures -at-multiple-

wavelengths under conditions of good ground truth .

AQ:_:Incorporate land parameter objectives in any high—resolution passive

" microwave satellite system developed for purposes such as those .
recommended. elsewhere in this’ report.~ There is general agreement

that soil moisture information can be obtained for.-a spaceborne

'*microwave system. However, the relationship between this’ soil
‘moisture information and the soil moisture parameters needed for
management decisions is not fully understood. The understanding
and documentation of thlS relationship cannot be obtained without
spaceborne data. The need for average soil moisture values over. .
large -areas for crop yield .and general circulation models which: has - -

‘not been satisfied by ex1sting ‘means Justifies proceeding with an

experimental space system

327
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3.2 Application .areas

3.2.1 Water resoureces

2.1.1 General
An increasing world population impuses g8reater demands . on available
water supplies. Variations in climate leading to floods or drought create

havoc withlthe;prpper.allogationAuf4water_inumaintaining_the.present:u

quality uf 11fe. Reasonable estimates of future water use and demand indicate

K

e 3-5 times 1ncrease by the year ZOOOmU To meet this increased demand _“hhﬁ.
ex1st1ng water supplies fur a given regiun w1ll have tu be managed mure

efficiently with intelligent transfers uf water from regiuns having excess

suppliss £ ek o sanete
A system that can effectivelv-mbnitnrﬂand inventbry_water supplies
would be attractive for many guvernment agencies at all levels in meeting
.prierity needs wherelmandated respunsibilitles‘exist..:Theae needs for water_lu
‘reseurce 1nformat10n w111 include asses51nglfluod putential and watershed

yield, crup yield prediCtion 1rr1gat10n efflciency 1mprovement nowpack

monitoring, reservoir management;" wa'téfs't{‘ed“:ﬁlé’ﬁr‘ii"ng;‘-’aha "‘w‘.’altéfviéfks* e

design, In most cases these data are necessary as;input.intu models used
by agencies,asAtheir ma jor management decision-mahing mechanisms. Althongh
these watershed models are limited by the accuracy and timeliness ef their
'iﬁﬁdi‘&éiér’che§”;£e the mAJor mechanisms'used”for watershed management such
as in decisions 'on water release and storage, andAwater allocation policies,
Therefere, improvements are needed in acquiring the input data for these

models .

j‘Sinee1196Q“satelliteséhave:provedwtheirprrth@byweOneribﬁting:data.£9r;- et




water resources management, 'The early visible camera systems were

later supplemented with infrared and near-infrared sensuors, Unfortunately
these sensors are restricted by clouds from viewing the'Earth and limited

in the number of hydrologic parameters they can adequately observe, |
Variables such as soil moisture, snowpack density, snow wetness, precipitation

- distribution, and timely- observations of ‘fluods-are-not:-amenable to-these. -

'shorter wavelength sensurs. e

‘,x

'w$3 2.1:2: 8011 moiscure : rh“ffﬁm

The microwave purtion of the electromagnetic spectrum offers potential

P PP . - o ek R .. e \._..‘”. T, .',, - n‘"“';"_»."

fur mon1tor1ng several of these parameters whlch are inputs to the models.‘i

3 Lot

Mlcrowave observatlons are less dependent on atmospheric condltlons,'

penetrate soil profiles and vegetation, and are very responsive to changes in

the dielectric properties of var1ous medla such _as_snow and soil caused by

changes in the water CUntent. One of the most needed observatlons for a broad

. RN FEESRE

range of appllcatlons is that of soll molsture. Hydrologlsts are particularly-

.','¢ FE 'x~ e

1nterested in 8011 m01sture data because 1t deflnes the antecedent.

'.,.‘,.

A S S

condltlons needed for partltlonlng rainfall 1nto 1ts runoff and infiltratlon e
components. There is a substant1a1 amuUnt of results from 1nvest1gations

of passive microwave observatiouns showing that microwave responses

are sens1t1ve to soil mouisture varlatlons at depths of a few centlmeters.

of, s et

. AR ., B

Although th1s approach is st111 in the developmental stage, the results ,
are sufficiently encouraging to visualize microwave sensors on board operational

satellites of the near future collecting data that would provide responsible
estimates of souil moisture conditions for watersheds in excess of 12,000 km™,

‘The ‘availability of siich ‘data to varidus .governmental agéncies would supply . " 7"
‘vital information that had previously been crudely,estimatedior_inferred -
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from point precipitation measurements.

3.2.1.3 Snow water equivalent

Accurate data pertaining to the water equivalent of snowpacks is a
highly critical parameter in the western United States. As in‘other
parts of the world, such as Scandinavia and Switzerland, meltwater from
mountainous snowpacks provides much needed water for hvdropower_generation
and irrigation, ‘As great as370,percent-ofvtheflliwesternrstates’water-supply_v

_ is directly derived from the spring runoff of snowpacks. -As demonstrated

"*‘by two consecutive years of record or near~record Iight snowpacks,

determination of the water volume in the snuwpack in. advance of the runoff

. period is necessary to 1mp1ement a program for proper management of the

‘“expected runoff A-Such knowledge can permit an equitable allocatiun and o

distribution of the meager water supply available to the multipurpose

reservoir systems.

SRS

of 1mportance also is the protection from excessive CUld and drying

w1nds prov1ded by snowcover in the Plains of the United States and Canada.

s : g k3 T T e T e

Russ1a and China have large wheat growing regions that 11kewise depend on
‘the‘protection of the snOWCUver._ The meltwater prov1ded in the spring A
recharges_thé‘upper soilzmantle for'spring wheatland:other”grains planted
in the spring, Information on the water.content of these non-mduntainuus

snowpacks could 1nd1cate areas of potential moisture deficienc1es and the

. ) L By .. .. e ., o S T .

el . R R TIPS PO S o B e I A , T L TR U SR S L SRS

susceptibility to the hazard of w1nd erosion endangering newly emerged crops.
Sensors on board present operatiunal satellites scan the Earth in only

the visible, near infrared and thermal infrared portions of the spectrum.

None of these sensors can monitor the water equivalent of snow.. The

o mi'c*rawa'\‘;é-*par't'-ianf-: a’-“f' ‘t’ﬁé'- "éléc' ffo:'nagné-"c ic'- spec ffua‘_h@a—s' : s‘hawh éaﬁ's"ia-éfémé T

,potential for monitoring snowpack denSiﬁy (or water equivalent) ‘and wetness :

[Rango, 1977]
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3.2.1.4 User agencies and requirements

Some documented federal agency needs are given below in Table 3.1.

Table 3.1: Documented Federal .Agency Needs for Water Resources

Land National _
Parameters Agency Needs
NOAA/Off. of Observe and model soil moisture for river stage
. |- Hydr./RFC's .. .| forecasts, . -including. flood - forecasts..,fnfuu
;NOAA/Agricul—- S0il moisture levels for formulating agricultural:
| ture. : . weather adv1sories and for modeling crop—weather ok
+ SOIL:- -0 20 Weas Service ----- jrelationships.s'ﬂﬁfw4¢~:;v¢->ﬂxn:§w: SRAAAS T e
MOISTURE Bureau of © } Soil moisture values for irrigation drainage : «
Reclamation investigation planning : :
MUSDA/Soil .:\Soil moisture content ‘on’ plowed or fallow areas

Conserv. Serv to indicate susceptibility to wind' erosion.

USDA/Forest Soil m01sture in plant zone for predicting bio-
Service mass product1v1ty

US Army Corp | Snow-and ice monitoring for trafficability inm:~

" of Engineers polar regions and detection of permafrost.
SNOW, ICE, NOAA/Off- Of v Snow cover monltoring for contributions to runoff
S or Hydrolggy/RFCs for river .stage forecasting.. . ... . . oo
FROZEN ' _ '
_ ._.,,,J\'Bureau of .NH.,Snowfield mapping for runoff prediction, river
GROUND = | Reclamation - w“ice for*ice jams ‘for- flooding -
USGS/Wafer A Seasonal snowcover monitoring, glacier monitoring
Resources Div. | for hazardous behavior.
USDA/SCS ' Snow surveys.
e n i s.| USDA/Forest, .. -|.Snowpack.monitoring for.avalanche prediction.and : ... ..
Service flood forecasting.
LAND/ Bureau of . Watershed surface drainage characteristics.
WATER Reclamation
INTERFACE | USGS/Water Identification of water surfaces to delineate
' Resources Div. flood hazard area.
| uspa7So11 | Flood ‘aelineatibn durig peak Flow. !
Conservation 7| ' o o

| Service. - A .
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In addition to these federal agencies, state agencies such as the

Texas Water Development Board, the California Department of Water, Resources
and the Colorado Division of Water_Resources:also;need basic hydrologic
data for watersheds within their jurisdiction. Not only do state agencies
require basic hydrologic data that can be converted to water supply/control
_information,;but'oonnty, municipal_and special water related:diStricts-also

.need such information._ A recent report by the Landsat Follow-on Applicatlons

. Survey, Group (1976) estimated that $27 580 QOO are being expended annually by:,ﬂéb;if;E

such local governments solely for inventory and parameter estimate studies

assoc1ated w1th water development prOJects.. ThlS figure was based on the

(SMSA). Within these SMSA's there were 174 county governments, 2,902
munlcipal governments, 1, 470 township governments, 3, 844 spec1a1 dlStrlCtS

and an additional 2 486 special water related districts.

.. For water resources applications there is no. sharp cutoff on the

required spatial resclution of a satellité sensor since watershed _

dimensions range’from-iess than 1 km toihundreds of kilometers.A _Resolution

of 3 to 5 km is highly des1rab1e with greater than 10 km resolution

being of marginal ut111ty. Proper monitoring of soil moisture requires

observations at least weekly,; but preferably every .3 to.4 days. Information . . .. -

on snowpack conditions is necessary bi-weekly in winter and every week

during the spring melt season,




3.2.2 Climateé

3.22.1 General
-One-of the most important variables which-affects:agriculture;and‘
“hence :man, "is ‘climate. Subtle -variations from normal of*vatious climatic
parameters can wreak havoc with crop produqtion. Precipitation, whether
vin the form of snow whpse.mel;iwgggrs_may_fill.:e§¢ryqir$,”perq;t§igg~ e

e

irrigation during periods of scarce rainfall; or in the form of showers

*  to maintain soil moisture at adequate.levels to supply continued.growth,.
S et el oEnle S e R 'A.-.'...::__'. R - Ph e s '-"-"’.' cer ..’.';'I-f:« RE ST ..t,“ Rt e ‘N . ‘. xe R AR

can cause years of tremendous surpluses or deficiﬁé'by‘smaligdeViafibds:3

from normal patterns.

'3}:3~Duiingﬁchéffgso‘;.3ggégogfa§£é£§.workiﬁgﬂwiih;thékseé;anai~chaﬁgé§*:&;
in the heights of sea levels concluded that a vast qﬁantity of water, some’
5.0 x 1018 g, was removed from the oceans between fall and spring each

“yea; and re;urﬁéd;7of-ébhf§é;}to'fﬁé-oéééﬁéxbefﬁééﬂjséfiﬁéAéﬁd_féii:{'This.
fesulted in an“annuél variaﬁion‘in”meén sea’leﬁel’éf“abbdf 1.4 ¢m when

- spread evenly over-allithéfdceanSPOf'théUWOrld.ﬂ”Iittlefoflthiszmbisfufé”r:'”

.;s s;éreduin“;hegaphqsgheré}atiaﬁy;fiméighdlihézéhaﬁéeginigtmquhéric;z"ﬂﬁgmw
storage from winter to éummef‘(considéring'both hémispheres together) is
quite nééligiblé. Storage_in~fivers, lakes, and other ;ufface water
reservoirs does not change significantly through the year. Therefore, the

o

“ only piace*WHEfé“this“ambuﬁtfof'whtef'caﬁ*béiﬁéld5is“iﬁ:ﬁﬁé'ééii*iﬁserf;ﬁv:ffq;m+

(Mather, 1974).

‘This exchange of moisture from the soil to the oceans and back through

the atmosphere will have a large effect on the climate. At the present

..time the climate:models treat the interaction.of the atmosphere.with.. ... ... .. .=

'undéflyihg lénd of,oéeaﬁ surfaées:relativély Efudeiy (Schnéider; 19745; f‘




LAY dliaiian Skt

It is clear that the moisture content of the upper few centimeters

of the soil has a strong effect on the soil thermal properties,

on evapotranspiration rates from the soil, and thus on the resulting

heat and moisture ‘transport at the -atmosphere-earth boundary. For example,
studies of severe thunderstorms indicate that the inflow air source

reglon is from the near surface layer of the atmosphere (Dav1es Jones, 1974)

£2s TEICL2A T ¢ ke et - i S Caba b STl @ Nl P e W VR Al i < B0eTa e CMARE b UL b e e o e et

The addltlon of e1ther heat or m01sture to the 1nflow alr adds energy to the

storm,- It has been found that ithe tornado frequency maxima in the Texas g

XA ll .'

panhandle mere'centered in.the reglon of intense lrrigation and.the"v
maxima attributed to the lncrease ‘water vapor content of.the 1ooer‘atmos-
'phere;as;aQresult:ofgevapotranspiration_from}the;;gffgateq;fielosn{ﬁééb§$gg i
1974). This‘particular effect'needs to<be verified with more-studies

that would be possible with remotely sensed soil moisture data, Recent
‘sen31t1vity studiés’ w1th general circulation models (Charney, 1977) have.:5
shown that - the local evaporative flux 1nc1uded in- the model was -a major

factor. in influencing%the-precipltation.amounts'predicted;;éu;--

3 2 2 2 Agency roles and requirements
Three maJor agenc1es are 1nvolved in the development of the U, S
climate plan. (See Table 3.2). The elements of the climate program

involve: (1) establlshlng a cllmatlc 1mpact warnlng system, (2) 1mprov1ng

e A e et g2 o ..~- LXPa: | _'?.x" LAY M R R AR 1 _w't', Cur ol L - -,, Vs

o .'A,

ex1st1ng c11mate predlctlon, (3) computer simulation and predlctlons

of climate and (4) &eveloping a global monitoring system for climate.




Table 3.2: Major Agency Roles in U.S. Climate ‘Plan

Agency Development Role
: NSF Physics of climate dynamics.
NOAA . . Cllmate impact warnlng system ‘

Operational cllmate forecastlng. .

T Lo - .?'T—\- H _x . t .- kR
NASA . ' Development of satellite instruments.
: + and systems for climate observations,

. Sen51t1v1ty studles. LT e e

Cllmate data sets.

For ‘climate and meteorological studies the surface resolution of
a spaceborne soil moisture sensor'should.be comparahle'to the spatial

’scale of the 3011 m01sture varlatlon. In areas where the dominant

. P s . e e
E . S, eI in ey o .-..»,- .\ ool

form of ra1n is convectlve storms, 1t is not ‘uncommon . for there to be

T W .-., HEETE .,.n . N

SLgnlflcant dlfferences in the ralnfall measurements of gages separated
by'as little as lOkm. .Therefore, to accurately observe soil moisture
variations caused by storms of this type resolutions of the order of

0 20 km are necessary. Monthly averages of such resolution cells

St Loenie S FURRER xS metirte - : ot "';':"-,‘:‘.“-:--:. R R TT R T I AR

; over areas of up to 100km can be cons1dered to be a minimal requlrement

' '
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3.2.3 Agriculture

3.2.3.1 General

Agricultural resource and regulatory agencies in.all levels of

government from federal to lucal as weLl as private urganizat;ons
require information on crup type, acreage, status and expected p;oduction
throughout the growing seasun. . Much of the required agricultural
inﬁqrnation is,amenable to remute sensing.: The use of infrared and
.v131b1e sensurs .on. Landsat for such nurpeses ls.dlscussed in Blllingsley
et al (1976), and the potential of actlve mlcruwave sensots for crop .

:

v dlscrlmlnatlon and plant molsture estlmation 1s dlscussed in a series of
‘publlcations produced by “the University of Kansas (e g., Bush and '“{Jij
‘Ulaby, 1976). The role of passive microwave sensors is discussed

below:

3.2.3.2 iACiE‘progfan

Atlarge test pfdgfam’invbising"N6AA's”céﬁ€er fef-biinatic'an&;“ﬁf'““
Environmental Assessments (CCEA), NASA and the USDA 1s currently
'underway to develop technlques of . 1mproving glubal wheat™ produetion A'fii
forecasts. The test program'utilizes remute sensing technology ‘and is
called the Large Area Crop Inventor§ Experiment (LACfE): Thisjis a
project utilizing renste‘sensingftechnulugy that will result in an
“operational” system in which a usey ‘Agerncy is’ providing & portida of the
suppourting funds, This fact demonstrates the nser agency interest and
the need for remote'sensing technology. In the discussion below, the

LACIE program is used as the framewurk within which the requirements for

-3011 mulsture 1nformat1un .are. deplcted

The prlmary obJectlves of LACIE are to develop technlques of

'1dent1fy1ng wheat determlne the acreage, determlne 1ts status thrOughout

3-11
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the growing season and estimate its productivity. Soil muisture data

‘are -vital to ‘the accurate estimation of crop yield., Passive microwave

sensors undoubtedly have the potential for providing soil moisture informatiun

that would be of mure ‘benefit ‘than the weather/climate information ‘that is .

currently used as a substitute for soil moisture. .

The current technlque ut111zed in the LACIE prugram is to CUnstruct
computerlzed models by comparing years of hlsturlcal data on weather and

v

y1e1d and estab11sh a statlstical linkage between them. :These models are

ey -'. : S
.|,_,‘,. oy _.__,, (PR ._‘..‘ . ':.' .

area dependent and they allow for a trend to high yields resultlng

from impruved farming practlces, new graln varieties and variation in

.

‘:fertilizer.applications, Weather data for ‘the- current year are collected :;;.f=w

by crop district,_county or equivalent crop area and are used with the
regression model tu predict yields for the coming harvest, . .
' Temperature and water available td?the crop are'cnrrently}ohtained
-through the-dependence.of-these parameters~on current.weather lnformation.:
The_primary_parameter,is_precipitatlon.which3is£obtained from,theﬂpoint;:m
observatluns of the WMO gr1d and from estlmates made from satelllte cluud
obeervatluns; As a result, the m01stdre‘1npnt tor yield. mudels is.

:

unsatisfactory for regions from which only limitedVprecipitationfdata‘is

available,. . .

--..The . only method of.providing.a reliable and.direct-estimate. of .soil- .c:.. i o

'

moisture is with microwave sensors. 1In fact, there is evidence that

microwave sensors have the potential of providing an estimate of soil

matric potential which is a direct measurement of the water available

to the plant Although 1t does not appear fea31b1e to estlmate the soil

m01sture in the root zone ‘as 1s des1red “a multlfrequency sensor could
- .provide- 1nformat1un on. the soil mo1sture gradlent in the near surface

3-12
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soil layers, Repeated measurements of this gradient could be used without
other precipitation or runoff information to estimate the soil moisture in
the root zone.

The utilization of microwave data for the remote measurement of soil
moisture in the root zone will require the development of a water budget

model that uses as 1ts 1nput only surface 3011 moisture profrle gradlent

PO

1nformatlon and 3011 texture 1nformat10n. Even w1thout such a water budget

* .

G- :\'.--. -_,~-1..~ R s‘:‘-...m-

in the near surface layer, if acqu1red often enough would provide

.. .\ L

correlations to wheat y1e1d that are superlor to the gross precipltatlon

o

3.2.3.3 User agencies and requirements’

f

The number of agrlcultural resource and regulatory agenc1es and

et

pr1vate organlzatlons requlring agricultural 1nformatlon is 1arge, and
is descrlbed in the TERSSE report (1974) and in the Landsat Follow-on

Appllcatlon burvey Group report (1976) Most of these agenc1es w111

-beneflt from the 1mproved crOp 1nformat10n through 1ncorporation of

8011 moisture measurements from space into the y1e1d models.p Most
yield forecasting is done on a regional rather than farm by farm basis,

thus the 20 to 30 km resolutlon available with a 10m L-band antenna from

. R L A R e B N L PCE FRCRTCUPIDP RN J..’ Lma ety l,-“"' e

space would prov1de much useful data for these appllcatlons.

3-13
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3.3 Parameters tg'bg;measured

3.3.1 Soil moisture

3.3.1.1 Physical -basis

-

A-microwave radiometer ‘measures ‘the .thermal emission from the surface,
and at these wavelengths the intensity of the observed emission is proportional
to its brightness temperature (Rayleigh-Jeans approximation). . The brightness .

temperature IB ubserved by a radiometer:frum a.heightzabove the surface is: ..

Ry
v
L

The term in brackets 1nc1udes the reflected component of the downwelling

.vsky brlghtness temperature (cosmic background plus atmospheric contributiOn)
and the brightness temnerature.of the radiation enitted'by'the earth's
surface. These arevmodifled by the transmittance T of the layer of -

-.atmosphere between-the_surfaceAandfthe'radioheter; lhe final term”lnfthe
eknression is”the;contributdon ofuthls.layer;bf at&osnhere#to“the”upwelling.

"~radiatiOnireachinghthe radfometer: At the longer wavelengths, g, e those"t‘ﬁ

R

best suited for so11 ‘moisture’ sensing, “the’ atmospherlc effects are minimal
and will be neglected in this discussion. .

Thermal microwave emission’from soils is generated within the soil
volume. The amount of energy generated at‘any puint within the volume is
“dépendént on'the ‘soil dTiTectiid properties "(of Soil moisture) snd the =
soil temperature at that point. As energy propagates upward through the
soil volume from its point of origin, it is affected by the dielectric
(soil noisture) gradients along_the path of.propagatlon. In addition, as

‘,the energy crosses the surface boundary it 1s reduced by the effect1ve E;Z-E;J;;

transm1581on caeff1c1ent wh1ch 1s determlned by.the d1electr1c characterlstlcs

close to the surface.
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. The -brightness .temperature-of -the .surface .can.be written.in.terms.-, . . ...

of an integral over the half-space (Njoku and Kong, 1977)

. o _
: ST = \KT(z\ F[Er(-“;\] &E
8 ) A
-l
whereerQ is the subsurface temperature profile and €,/(2) is the
A_dlelectrlc constant proflle. inif(%i] is, in the form of a welghtlng
function whlch 1nc1udes the effects of the. surface reflectiv1ty. The'

_;deptthrom which the emitted radlation originates and its radlation ;

e T e oL e B
SRS LT e e gl

temperatures are governed by the relatlve shape of the weighting functlon

Wthh in turn depends prlmarlly on, the dlelectrlc loss proflle. The

: €fmagn1tude of ‘the weightlng-functlon 1s dependent on the” surface reflectivrty,'

which in most cases is gouerned by the'dieiectric properties in a region

close to the surface, The depth of this region and the subsurface extent

of the welghting functlon are frequency dependent thus lower frequenciesp -

uare serisitive to d1e1ectr1c propertles ‘at’ greater depths in the soil

Further theoreticaluand‘ekperimehtal7work"iS“needed*to“determine”theaf*rh“‘

“dependencevof the<"sensing:depth“-on*frequencyrandlmofsturemprofrlea_tw&y»e;;;_%
: When 'TT?) is unlform, ‘the welghtlng function integral can be"

evaluated to give the emissivity, .@ , wh1ch is -related to the surface

reflectivity, v . The brightness temperature can then be written as:

PR e Bt et O .

or rT& = e = (]" “) I
For a smooth surface the emissivity can be approximated,to a high

degreéfbf“accuraejuuS}ngfnumericafftechﬁiquesffor*a.1ayeredimedium%vrfﬂ?f“"*“'*~*-‘“
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"This-expréssion for brightness temperature is widely used and is

*Jroughness and vegetation cover also have signifieant'effects, generally

' the report by Clhlar and Ulaby (1974) Figure 3.1 shbws the'dependenoed

sufficiently accurate for most applications. In areas where a large
subsurface increase or decrease of temperature occurs over the region
defined hy the weighting function an average temperature must be used
for T rather than the surface temperature.

The presence of soil moisture causes a marked change in soil

dielectriczproperties,Lresulting-in a.decrease-in;emiSSivity.over;thatz

. of a dry soil. In addition to the presence of moisture surface

tending to increase the surface emissivity.'

3.3.1.2 Soil dielectric:properties.

DRI UL TN : L e -l

A numher of soil dielectric constant.measurements.have.been made
in recent years as functions of moisture'content frequency and soil type
-(e;g. Leschanskii et-al-,‘ 19713 Lundlen, 1971; Wiebe, 1971y Hlpp, 1974'

Hoekstra and Delaney, 1974 Newton and McClellan, 1975; -Njoku. and Kong,

1977). A oompllation of some of the earlier. measurements is found in. ...

of the real and 1mag1nary parts of the d1e1ectr1c constant as functlons of

moisture content at'wavelengths of 1.55 and. 21 cm. There is some difference

between the dielectric constants measured for different soil types when

_ plotted against moisture percent by weight especially.at the lOMBET.. .. i.w -t

wavelengths (Figure 3.1). This is due to.the different strengths by
which water molecules adhere to the soil particles. Thus when plotted

against soil water matric potential the dielectric constant becomes

essentlally 1ndependent of 8011 type (Newton, 1976) For thlS reason .

.~ ~” .',.

SR K - r d i

’ brlghtness temperature data are often plotted as a functlon of percentage'

B LT L L LI NS S A A Lot et
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DIELECTRIC CQNSTANT

—o— A=21CM (Lundien, 1971) °©

—-0~-—A=155CM

".]:6 SRR LT Reghe N e

‘..'-Figure 3 1.

SOIL MOISTURE, WEIGHT PERCENT

Representative soil:dielectric constant: measurements

functions of moisture content at wavelengths o0f 1,55 and 21-cm-

(Schmugge

W Lo
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field capacrty (Wthh is dlrectly relatec to.scli water matrlc potentlai)ix
(Schmugge, 1976). This is further desirable because matric potential
(and percentage field capacity) are parameters that describe the water
availability to plants and the degree of soil saturation, which are
of primary importance to agriculturalists and hydrologists,

The range of dielectric constants presented in Figure'3.1 produces a
change infemissinity'fromigreater“than3019‘for'a”dritsdilfto51eSS"than R

0 6 for a wet 5011 assumlng an’ 1sotrop1c 5011 w1th a. smooth surface.'“

"’“?v&;%qi'Thls ‘¢hange* “h em1ssiv1ty For” a soil has been observed by truck mountedﬂhﬁﬁ"
radiometers in field experlments (Poe, 1971; Newton, 1976), and by radiometers

in aircraft- (Schmugge 1974) and satellltes (Eagleman, 1976) In no case

-, .--,,_'~

. gt T LW

A'nere.em1551n1t1es as 1ow as 0 6 observed for real surfaces. It 1s be11eved
that thisvis primarily due to theleffects of surface roughness.
-As can be seen in,Figure 3.1 there;isha.greater range#of:dielectric;
constant for soils at the 21 cm wavelengths.'»This'fact combined wrth

a larger 5011 m01sture sampllng depth and better ab111ty to penetrate

Sy .

a vegetatlve canopy make the longer wavelength sensors - better su1ted

e .. ..' e el e SET L L :_.._. e g R SR E

*'for SOll moisture sens1ng.

3.3.1.3 Ground based eXperiments'

Measurement programs utilizing ground-based radiometers have been
‘performed for~a- ‘humber o8 yedrs < ThHe mote” comprehen31ve ‘méasiiremént’”
programs -have been executed by Aerojet-General Corporation (Poe, et al.,
l1971), det Propulsion Laboratory (Blinn and Quade, 1972; Blinn et al.,’
1972; Njoku; 1977) and Texas A & M University (Newton, 1976; Newton and

:_Tesch .1976;. Newton et al., 1974)

In Flgures 3 2(a) and (b) the f1e1d measurements of Newton (1976)

. DA . P . X3 '»"'-.
-_, o .. A W e .. R - -

" are nlotted versus angle'of“observation forAvarious~moistnre‘COntents>and"
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for three levels of surface roughness. The'horizontal’polarization is that

for which the electric field of the wave is parallel to the surface and

the vertical polarization-is perpendicular to it. These results indicate
the effect of moisture content on the observed values of TB and the effect
of surface roughness, which is to increase the effective emissivity at all

angles and to decrease the difference in T, for the two polarizations

B

at the larger angles.: Thus by making thé polarization measurements”it may "

be poss1b1e to separate the effects of surface roughness and s011 m01sture.

“When the br1ghtness temperatures for a single roughneSS are plotted
versus soil moisture in the 0 - 2 cm layer there is an-approximately

11near decrease of T ) Flgure 3 2(c) As the thlckness of the layer

. ,-.'v.

-».M FEPRETE b4 . "‘: e n 0 - A

increases both the slope and the 1ntercept of the 11near regre531on

[

result also increase. This is because the moisture content for the high
TB cases increases, Whileuit remains -essentially the same for the low. .

TB or wet cases. "This type of_behavior was'also seen in'the results'

obtalned from a1rcraft platforms and has led to the be11ef that the so11 f

s

m01sture sampllng depthls in the 2 - 5 cm range for the 21 cm wavelength R

Thls is in agreement w1th the predlctlons of theoret1ca1 results for

radiative transfer in soils (Wilheit, 1975 Burke and Par1s - 1975).

3.3rl.4 Ajircraft and satellite experiments

.- Significant ‘improvements ‘in~the Gnderstanding E ‘the effects g " i i s

individual 'scene parameters on the relationship of brightness temperature
to soil moisture have been achieved using ground-based measurements acquired
during controlled experiments. However, demonstration of the potential of

passive microwave. sensors. for estimating.soil moisture on_an, operatiomal. ... .. .-

- - s

basis must be performed with aircraft and spacecraft sensors that integrate -
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‘large ‘areas-of-natural,:non-idealized-terrain. wA«-series..of-aircraft. - .. ... . . e

experiments performed - over the last several years by a number of invest-
igators demonstrates the sensitivity of microwave radiometers to soil
moisture in agricultural terrain. ‘Skylab 'and Nimbus satellites have
also provided significant results for very large.areas of inteération.
The results from aircraft experiments are summarized in Figure 3.3
. where results fromuaircraft flights:in;February 1973 (Elgure.B.S(a))and
March 1975 (Flgure 3 3(b))over Phoenlx Arlzona are presented (Schmugge,,
h'wl976) The values are plotted versus soll moisture-eapressed as a; percent
of field capac1ty totrmuﬂlize the effect of 8011,texture d1fferences.
The agreement of the slopes for the three regre551ons 1ndicates that the -
V resultsrare repeatable. " The differences {5 the" 1ntercepts are due tofV;”“ﬁffﬁb-

differences in soil temperature between the 1975 a.m. and p.m. results.

' The effect of a vegetatlve canopy will be that of an absorblng layer
vthat depends on the amount of the vegetatlon and'the wavelength ot.observatlons.
In Flgure 3 3(c) the results fromvvegetated flelds tor the two years‘are‘
lvpresented,A'The vegetatlon was e1ther alfalfa orlwheat w1th wheat belng
© 7200730 om hlgh in-1973 and 507< 60 ‘em hlgh “for- théf1975-data;ffThe’SIOpe'h
of the curve ‘is in good agreement w1th those for the bare fieldsgllThe' |

intercept is laver due to the cooler soil temperatures, Thus sensitivity

to soil moisture is malntalned through the moderate vegetative canopies

.. WIS . . I’ .
3 e e ,l PR " S
“ R L LI P

conszdered here.n ThlS result is supported by the fleld measurements
of Newton (1976) who found the sensitivity maintained through 125 cm of
a closely planted Sorghum field.

Studies of the Nimbus-SAsatellite_ESMR'data at 1.55 cm wavelength

" “have shown that it has limited “applicability. f'or"-*‘soi’lv ‘mois turenséﬁsiﬁg S
(Meneely, 1977). The 11m1tat~on 1s;r1m rlly caused by a vegetatlve canopy

3-21
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‘over the soil. For situations where "there"is ‘a'significant.amount . .-, : . -
of bare ground the ESMR brightness temperature has shown significant
correlations with soil moisture (McFarland and Blanchard, 1977; Schmugge
et al., 1977). These situations arise in agricultural areas berore'the
crops are planted and during the earlyvstages of growth.

Studies using the 21 cm data obtained by the S-194 instrument
on board Skylab have shown s1gnificant correlations w1th s011 m01sture

variations. The 1atter were determined either by. m01sture budget models,

1(Eag1eman and Lin;. 1976) or. by using the antecedent preqipltation index_fﬁ-

EYCER A

(McFarland, 1976) This was a 11m1ted data set and 1tS'1nterpretation .
" was hampered by the coarse spatial resolution (~115km) of the sensor..a
‘However the results are encouraging for the‘potential use of 3 serisor
. operating at this-wavelength for soil moisture sensing.
3.3.2 Snow co#er |

The use of microwaves for the remote.sensing ofvsnow“parametersg

is st111 at an early stage. Early field experlments by Edgerton et a1

(1970) at a wavelength of about 1 cm observed anomalously low brightnessiyx”x”"'"

o .

temperatures for dry snow compared to what would be: expected 6nthe basis -~ .

of the dielectric properties of the.snow. They-also noted a sharp rise
in brightness temperature when thé snow began to melt due to the presence

of llquld water in the snow. The lowerlng of T has been explained as

1
3

R Syrtaie G e e e T et e A e e an,.\-_ - s

being due to volume scattering by the snow grains (England 1974 Chang
et al,, 1976; Tsang and Kong, 1976).
The potential of microwave sensors for the remote sensing of snow

depends on the observations of the lowered T for a sufficiently thick

"fsﬁéwpééi The required thickness will depend On the wavelength Figure REE-X

.. 3.4 shows_the_decrease.innbrightness.temperature.asAsnow.mass per.unit.

area increases above a frozen ground surface. The 1nd1cation is that
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‘cover parameters.

'

multispectral observations‘at“centimeter'navelengths‘may‘yieldrinforma— B
tion on snow depth or water equivalent. When ‘the nature of the under-
lying surface is unknown a long wavelength channel in the decimeter
range will be desirable to infer the characteristics of underlying'

media. This is illustrated in figure 3.5 which shows the multispectral

response obtained during aircraft flights over three different types of

substrata,underlying“the snow targets; wet soil, a-frozen:lake and 2 . ... .- .

continental glacier‘ The 11 and 21 cm - radiometer show the greatest
change as. they respond to the different,dielectric properties of the
underlying media. The 0.8 and l 55 cm results showed least variation

indicating a response to the dry snow surface layer.

B

._.'L

“The increase of TB as the Snow’ melts is" caused by’ the‘increased

absorption of water on the snow grains producing a rise in the emissivity

(figure 3 6) The ability to detect the presence of liquid water in

.

snow: makes it poss1b1e to determine the onset of melt in . the snowpack

which is 1mportant for determining when the snow w111 contribute to

runoff.‘ Field experiments currently in. progress should substantially

improye.the'capahilitiesioffmicfonaye”radiohetryfin monitoring*SHOWf7f7f

%

Satellite data from Nimbus 5 and 6 have provided snow cover

information on a global scale (Kunzi et al., 1976).- Much work needs to

LR I S

be done before quantitative measurements “of snow parameters such as depth

and water equivalent can be made from space.

'

3.3.3 Frozen ground

Work performed by England.and Johnson (1975) has shown that frozen

.. of different dielectric-properties, viz. frozen soil ‘from non-frozen soil.

FR R T,
PO S S A N S
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Such information can be of assistance 1in locating a path of

..

non-permafrost in an area where patches of the frozen earth exist.

Construction projects such as the location of oil pipelines (e.g. trans-

Alaskan line) and even housing units could benefit from a rapid check

of .an area for small pockets of permafrost. Military maneuvers would

also benefit from knowledge of frozen-non frozen terrain. Very little

'

work has been done so far on this application of microwave radiometry,
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- CHAPTER 4 |
MONITORING OF THE OCEAN_AND. OTHER AQUATORIES®

4.1 Executive Summary

. -

4.1.1 Summary of Measurement Capability

A. A Nominal Desired {Radiometer]| Radiometer|{ Achiev-
Spatial Resolution| Frequen- Sensi- able
(km) cies tivities | Measure-
‘ ' ~ (GHz) (°K rms) ment
Priorities | Open :|Coastal ... ..7 - ~|.+.,: . :: ) Accuracy. |- ", . ..
Ocean Zones " (rms) '

'

.

Surface . .. | 20-50| - 235. - | 1.4220--| .10 | 2-5.ms™h )
v WANA - ] e e i e A (3N Epeg  )e ] T e AT e ] e

~Surface - | 20-50) :t'1--- | 1.4-10 .| 0.3 . ]0.5-2°K
temperature S (3 freq.) ‘ al '

Surface.... |7 5=10]- 0521 b1 4510 ] H 023 L PP ] e
sallnlty o : 1 (3 freq ) ‘ B o

Surface and - 0.5 1.4—10 0.3-2 -
volume . (3 freq.)
pollution . D +19, 37 .

Fresh ‘ ' clooes | 1. e o2 1. -
ice ' '

*(Plus severaiunarrowAband closely spaced channels for
thickness measurement ) : :
B. Depending-upcn the parameter to be measured, the viewing
interval ranées from 12 hours to weekly.- The choice of
ivieWing angle is driven by the measurement of ocean surface
... roughness.-~~-Dual-linear: polarlzatlon at-:aniangle-of Anci= . it sl e e
dence near 55° w1ll prov1de a unigue measurement of and
‘approx1mate correction for, roughness at any frequency. A
nadir measurement (0° incidence angle) at circular polariza-
tion would greatly lmprove the spatial resolution, but would

requlre several frequenc1es to correct for roughness.f

JfC.~ Surface W1nd and temperature data would be useful to the t -
;Fleet Numerlcal Weather Fac111ty and to the Natlonal .

Prepared by C T, Sw1ft and F Y Sorrell
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Meteorclogical .Center in’ preparation ‘6f operational: analyses” =" 7
and .forecasts. Salinity.and pollution information appear to
be of interest to the EPA .and the States (Departments of

National Resources, Fisheries, and@ Pollution Control).

D. The complementary and unique roles of microwave sensors

of the ocean and other aquatories are summarized below:

Surface Wind - The competing technique is the radar

'scatterometer. However, radar ‘may have an upper llmlt of |
n 25 m/sec because the radar responds to the rms helght
:-of caplllary waves, whlch do not grow; w1thout llmlt., On
A gheés other hand the radlometer 1nfers w1nds alse thrOugh £ -

'1ncreased em1551on from surface foam coverage,_whlch

monotonlcally increases for wind speeds up to at least

70 m/sec. i e e S T

Surface Temperature —'The_COmpeting techniQue here is

the infrared radiometer. ‘The obvious advantage of the
microwave radiometer 1s 1ts ablllty to penetrate clouds.
Indeed, the atmosphere is so transparent at the’ lower -
‘microwave frequen01es, that . correctlons are small except
Adurlng extreme weather condltlons.

v -

urface Sallnlty - Thus far, a ‘microwave radlometer has

provided“the”only ‘démonstrated:remote sen51ng-technlque;-f”ﬁd““
for synoptically measuring_salinity inicoastal=zones.‘
" Optical. techniques, such as Raman scattering of a laser

beam, have been proposed, but not yet demonstrated.

Surface and Volume Pollutlon - The Coast Guard has

BRG]

Edemonstrated operatlonal ‘Use ofa’ radar 1mag1ng scat-'
terometer to detect oil spills (the radar cross section
is reduced due to damping of capillary waves by the oil).
In addition to the detection of oil‘spills, microwave

- radiometers offer demonstrated capability for measuring.
oil: slick thlckness.{ ‘There. is_also experlmental s
’ev1dence that mlcrowave radlometers can detect concen-i‘

-trated volume pollutants, such as.acid dumps. .. .. .

. e P T A

Va2




Optical systems compete; ‘however, microwaves offer near

all-weather and night-time operation. Microwave radiom-
eters also respond to.changes in the dielectric ‘constant,
and therefore offer the possibility of measuring "color-
less" pollutants.

'

Fresh Water Ice - Imaging scatterometers can detect ice

boundaries, and short-pulse altimeters have been proposed
as a technlque to ‘measure thlckness at nadlr.u Mlcrowave

radlometers offer the p0551b111ty of measurlng thlckness
over a swath _ Optlcal technlques can measure 1ce bounda-_

=vr1es, but not,lce thlcknessmr:"

The economic 51gn1f1cance of ‘the radlometrlc monltorlng
of ocean surface temperature and wind flelds has been
';:well documented 1n several NASA workshops datlng back to
1967 (Woods Hole, Wllllams College, Houston) These
studles have shown that the remotely sensed data would,
' for example (a) impact the four billion dollar fishing
industry, (b) contrlbute toward 1 to 2 week- forecasts,;
whlch 1f p0351b1e, mlght have as much as a one bllllonff._
cost benefit to agrlculture, forestry, mun1c1pal water .
Supplles'and“construction“industry;~to*name*aﬁfew,“and‘5
. (c). perhaps save, the shlpplng 1ndustry hundreds of ":
mllllons of dollars per year through knowledge of sea

.state.
It is important to note that remote sensors collect
synoptic data in a very short period of time. Equivalent

data.obtained by any- other-method.would. require .enormous .. ..., :.

expenditures. Thus it is very difficult to precisely
determine the economic benefits of remote sensors. The
alternate cost is just so high that the data simply
would not be obtained.

4.1.2 Recommendatlons

''A. Support contlnued efforts &6 demonstrate mlcrowave

,.4;'3, .




‘achieve.a l-km. spatlal resolutlon.‘ Such a. system ‘would.

- o~

capabilities for ocean'surface measurements; especially'
use of the Nimbus-G and SeaSat data for simulated

or actual operational purposes.

Support continued theoretical and experimental studies

to determine ultimate capabilities of passive microwave
sensors for oceanic observations including observations,
from aircraft or other appropriate platforms; of the .
fine spatial structure of the observed~surface parameters.&

Study the fea51b111ty of a radlometer 1mag1ng -system to ..

2.t

.”requlre 4 100-300" m’ antenna "in space to’ prov1de'usab1e"jff“””

geophysical data in the coastal zones. An alternative .

approach would be to use hlgh-altltude aircraft for

coastal zone remote sen51ng.»¢qﬁﬁgmyq;aji;nmgqaa;yﬁi%

Continue to support the development of an analytical
model of emission from foam and heavy seas in order to

quantlfy the measurement of surface w1nd speed._

Develop a better understandlng of the effect of pollutants
on the dlelectrlc constant of sea water. '

'Verify, thréugh"fiéld’eXperimentSi“the 5biiity“bf““
.,radlometers to measure fresh water ice: thlckness and

other layered medla. These measurements w1ll requlre
a radiometer with several narrow-band ~closely spaced

channels. _ L : : ,




ﬁ;2-'Applications

4.2.1 Demonstrated measurements

4.2.1.1 Sea surface temperature .

A precision .2.6 GHz radidmeter has .been developed under
the NASA Advanced Applications Flight Experiments program
for the purpose of all-weather measurement of sea surface
temperature (Hldy et al., 1972 Hardy et al., 1974) Slnce
the em1551v1ty of the ocean at thls frequency is n 0 3 the

accuracy ‘of radlometrlc measurements must be approx1mate1y

gvthree tlmes better than‘the de51red accuracy of lnferred

surface temperature. As a demonstratlon of the 1nstrument
performance, this radiometer was flown down the length of
~,Chesapeake Bay 1n conjunctlon w1th exten51ve surface truth
measurements (Blume: ét al.), 1977a). "The surface truth
values of salinity and temperature were used to calculate
the brightness temperature of a flat ocean surface, with
.correctlons for sky radlatlon, antenna losses, and beam ef-
ficiency. Comparison between calculatlon and measurement
over a calm sea showed an average difference 6f 0.3 °K.

Whlle the 2- 3 GHz range is perhaps the. best for:, 51ngle—ui,;;ﬁrnf¢,2

channel retrlevals of sea surface temperature, antenna re-

‘quirements for acceptable spatlal resolutlon ‘from a -satellite’ -

bias a choice of frequency toward higher. values, at least for
near-term applications. The peak'sensitivity to changes in
sea surface temperature actually occurs in the interval of
34—7 GHz. Although sensitivity to atmoSpheric interference

- -i'g"d1s0 “higher théreé’ than ‘ih-‘the “2=3"GHzZ range; sensitivity &+ wm =

to salinity variations is less, and antenna design is more
tractable. ‘Atmospheric effects can be corrected by using
higher frequency channels. Such multichannel sea surface ,
temperature retrlevals should be at least comparable to

51ngle channel measurements 1n the 2 3 GHz 1nterval (Gloersen _-‘. _

“and Barath, .1977).
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added a 1.4 GHz radiometer to their system. .This frequency
-is.more-sensitive to salinity of the surface laver, whereas
.2.-6 GHz .is .more .sensitive to .the temperature. Thus the two
.measuremants were simultaneously .inverted for temperature

and salinity. The aircraft flew a series of parallel east-

west flight lines over the Chesapeake Bay area, With calm

sea conditions. The resultant 1sotherms are plotted on theayt
map in Flgure 4, l.' These microwave retrlevals were compared
Lwith surface truth at ll statlons. The mean dlscrepancy

:fgbetween 1n-51tu and remotely»sensed temperature'was 0 56°C,~

with a standard dev1atlon of 0. 59° Ct

In a subsequent series of flights, Blume et al (1977b)
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“4.2.1.%2 salinity

The Blume et al. (1977b) map of isohalines is shown in
Figure 4.2. "Increments are 2 ppt. Comparison of these
‘retrieved values with chemical analysis .of samples taken at
the 11 surface statlons gave a mean discrepancy of 0.52 ppt,
with a standard deviation of 0.91 ppt. Considered together,
Figures 4.1 and 4.2 suggest a physically reasonable situa-
tion: sallnlty 1ncreases as, the relatlvely warmer bay water
mixes w1th and merges 1nto the cooler coastal ocean water.

Other measurements of sallnlty have been reported by

-~Thomann - (1976) Slngle fllght llnes were made along«the";-?ﬂffﬂzﬁﬁ-’

MlSSlSSlppl sound w1th contlnuous comparlsons between alr- ’
craft measurements and surface samples. Good agreement was
‘ obtalned for sallnlty concentratlons ranglng from 5 ppt to
“30 ppt.~ In these fllghts surface temperature varlatlons .

were corrected by using infrared measurements.

4.2.1.3 Rough Surface Emlss1on/Sun Glltter

The thermal em1551on from rough surfaces as a functlon_"
of viewing angle, polarlzatlon~and.electromagnetchfre--

quency was demonstrated by the cla551c Argus Island experl— L

Nments (Holllnger, 1971), and later verlfled by experlments

:conducted~from“a‘rallroadgbrldgeqspannlng.therCape.CodgGanal’;f"i~“

- (swift, 1974). . The results.summarizing these, two data sets
sare shown in Figure 4.3. As a. most relevant experlment,
Holllnger set his radlometer array at a viewing angle of 55°

where the vertically polarized channel is theoretically in-

yVariant.with,surface.roughnesse(Stogrynhm1967)gandwcollected.my,m,;ﬁ

data vs. windspeed for both polarization states. The results
in Figure 4.4 indicate that the vertically polarized channel
is roughness independent and the horizontally polarized chan-
nel is not. Thus, the vertically polarized channel should

.prov1de a unique measurement of temperature, and the horl-:

-:3zontal channel should prov1de roughness 1nformatlon in open'““hqh““w
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ocean -areas:where.salinity-is .relatiyvely:constant.. Hollinger™s =u.7-

multi-spectal data also suggest that the contribution due to

roughness decreases with decreasing electromagnetic frequency.
Several years ago, it was shown (Cox and Munk, 1954)

that -the degree of roughness of -the ocean surface can be in-

ferred by measuring the g.itter pattern of -sunlight as recorded

on film. Indeed, it was shown that the slope statistics could

be measured from photographs taken at various anéles away from

specular.. It was later shown that SLmllar results (Sw1ft 1974)3_%

.could be achleved at microwave frequenc1es. It is certaln that

A*usuch mlcrowave glltter patterns can be developed from space‘;ﬂ,

ﬁfw1th the added beneflt of alldweather capablllty.;m 1€%v”fff:§;ﬁr:ﬁji

© driven“salton-Ses in brdetr” to ‘verify the ‘theodry' of: em1551on5"£ﬁ*“ui”“

4. 2 1.4 WwWind Speed as Derived from Ocean - Surface Foam Emission

In 1969, Nordberg flew a 19 GHz radiometer over a. w1nd-

.from rough ocean surfaces. The :results showed that-the -experi-

mental values were tens of degrees Kelvin higher than predicted
by Stogryn's theory (Nordberg et al., 1969)... Nordberg cor-

'rectly attributed thls dlscrepancy to lncreased ‘emission due-

to surface foam. 1In later'experlments; data'werevcollected'
over a Varlety of w1nd speed condltlons, also at 19 GHz, and -
the correlatlon of 1ncreased brlghtness temperature with 1n—'”
creasing foam coverage.lszshown.ln Figure 4.5, ¢ Multlfrequency
measurements -have recently been reported (Webster et al., 1976L

and windspeed sensitivity vs.-frequency‘for_two‘;ncident angles, -

nadir and 38°, is shown in Figure 4.6. Theseldata indicate

-.. tive.to.changes: in windspeed.: -It.is :also-of~interest to.note - -

4 2.1.5 Em1351on from 011 Spllls

: .bpth.laboratery and{fleld_condltlgns_(qullngerﬂand nenne1;a,.:“”;§,f§

that the horizontally poélarized channel at 38° is more sensi-

that the windspeed sensitivity increases at higher frequencies,
therefore suggesting that surface temperature, salinity, and
windspeed can independently be measured by an appropriate
selection of at ‘least three microwave frequencies.

R S e

Measurements of 011 sllck thlckness ‘have been made under
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1973), (Hollinger, 1974).. In conducting~thejlaboratory;éxperifw_m;~u'

ments, the radiometer viewed a square tank of water, and the

0il was poured into the tank and allowed to spread evenly in-

to a layer of uniform thickness. Data were then collected at

+two microwave frequencies as a function of slick thlckness.

The results are .shown in Figure 4.7. The experimental data are

in good agreement with theoretical calculations, and illustrate

the alternate matching and mismatching effect of the layer as

‘the sllck thickness 1ncreases by 1ntervals of 1/4 of an elec—,,_:“ .
tromagnetlc wavelength A co-operatlve program was then 1n-‘(r o
“1t1ated between the Naval Research Laboratory, the Vlrglnla f"l:ff*“f_‘ﬁ

~nInst1tute of Marlne Sc1ences, NASA/Wallops and.the U. s-}www#yizjiztﬁgi;“i

Coast Guard to observe the tlme development of a controlled oil
spill. Some of the typlcal radlometrlc results are shown in

.Flgure 4 8.. ThlS flgure shows (l) the. v1s1ble sllck w1th con-‘,f 'w-{;<f

'tours representlng changes in’ the optlcal reflectance, (2) 1so—fv;& e
therms of brightness temperature at 31 GHz; (3) isotherms of
brightness temperature at 19.3 GHz; and (4) inferred values of
oil thickness. These results. indicate. that mlcrowave radlo-;;,;”
meters can be used to measure- slick thlcknesses of less than'

a millimeter under field condltlons.'”’ TR e

"4,2.1.6 Emission- from ‘Fresh' Water Toe

. It was demonstrated some ‘years ago that the emission- :
from fresh water ice produces the. characterlstlc osc1llatory
51gnature of layered medla as. the ice thlckness 1ncreases
Edgerton et al., 1971). More recent studies (Aplnls and Peake,
1976) have concluded that if sufficient radiometer frequencies-
. are.available, fresh water:ice.thickness:can:be uniguely. . ; ..c.v.owin oy
measured by observiné the resultant quarter—Wave maxima/minima
in the emissivity. Computational results are shown in |
Figure 4.9, where the reflection coefficient (l-emissivity)
is plotted vs. microwave frequency. These calculations show
that the number of oscillations of the reflection coefficient

" per’ bandw1dth 1ncrea5e w1th 1ncreas1ng ice thlckness.. Thei”ﬁT‘fip*7?ﬁff
upper llmlt on the measurement of - thlckness is thus llmlted . -
'“:by the bandw1dth of - the radlometer and the center frequency
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- from the v1ewp01nt of. achleV1ng quantltatlve results because -

-spacing of ;adjacent ‘measurements.. -- -

4.2.1.7 Emission from Polluted Water

The dielectric constant of pollutants, such as sludge
and industrial wastes, is not known. However, since the di-
-electric constant of most materials is substantially less
than that of water, the flow of pollutants near ocean dump
sites can possibly be observed if concentrated to the extent
that the dlelectrlc constant of the water-waste mlxture is
'changed by as much as 0.2%. ‘ e e
'In: ‘an effort o detect pollutants, the NASA Langley S/L "f#‘_

area in 1975 Seven parallel llnes were flown, three of whlch
were north of ‘the dumplng area. The test was unsuccessful

of 'S- band ‘radar 1nterference ‘and’ long-term 1nstab111t1es of
the L-band instrument. However, qualitative results suggest
a southerly flow of pollutants from the dumping area.

_4 2. 2 Competltlve and .Complementary Technrgues

4,2.2.1 Ocean Temperatureiﬂ

L Infrared measurements can prov1de surface temperature .
measurements with spatlal resolutlon that is much flner than
" can be achieved- w1th,m1crowave radlometers.c,The.smaller,aﬁ e
wavelength reduces'the physical size of diffraction limited. .
optics, and there is more fractional bandwidth available -at the
infrared wavelength to allow substantial reduction in integra-
tion time for imaging. Also the emissivity of sea water is
“close ‘to unity and: the-black-body-temperature -is:-directly e v v
measured, independent of roughness and. foam coverage. The dis-
advantage of infrared techniques is that the data is obscured |
by clouds,‘haze,‘and is biased by the attenuating atmospheric
column.

The depth of penetratlon of water 1s less than a milli-~~
'?meter at lnfrared wavelengths, compared to 1 centlmeter at 3 GHz.
Penetratlon less ‘than a mllllmeter can result in addltlonal

'af”errors of’ a few tenths of a degree due.’ to temperature gradlents
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in the top mm of the ocean.

4.2.2.2 Salinity

A laser technique has been proposed in recent years
wnich indirectly infers salinity by measuring the Raman
scattering from sulphates dissolved in sea water. The basis
of the measurement is that the sulphate concentration is di-
rectly proportional to the salt concentration. This activity
- seems to have_ceased-becauseubackground;noise“is.much higher. .-

”than the scattered data 51gnal.,

:4 2 2. 3 Surface Roughness liﬁifgﬂ?ﬁ{;;&f;

Both large scale and small ‘scale . surface roughness can'
be independently measured by radars. For v1ew1ng angles ex-
'-tendlng from nadlr to. approx1mately 20 the scatterlng is .
“domlnated by the’ large waves, and’ the mechanlsm is governed
by geometric optics. The degree of roughness,‘l.e., the rms
slope of the waves, can be inferred by measuring the decreased
scattering,at_nadir,.and.the-increased_scattering.within 209_
of nadlr. ’ . “' » f ' | , .

If the radar is p01nted at’ angles greater than approx1-'

mately-20A,‘scatterlng,resultsrfromuresonanceaw1th-ocean~wavesga«~$»-

that are of the order of the electromagnetlc wavelength _
These ocean waves are relatively small and are essentlally in
equilibrium with the local wind vector. The degree of scatter-
ing is proportional to the rms height ‘of these scatters, which
increases with increasrng wind speed. It is clear, however,
that the height of these wavelengths cannot increase without
1limit; "thus an lppér' 1imit ‘on ‘the remote measuremént 6f wind ™ "
speed with active systems is suggested. .
Radiometers, on the other hand, could provide high wind -
measurements from foam emission. Radiometric data from ty-
"phoon June (discussed 1n Chapter 5) are con51stent with an
1nterpretatlon that extrapolates the emlss1v1ty vs. w1nd speed

relation linearly to velocities- of ~75 ms-1,




"4.2.2.4 0il/Ice Detection

Active systems can detect o0il spills, because the slick
‘modifies the surface viscosity and damps the capillary waves.
The damping of capillaries essentially removes the ensemble
of small scale scatters,‘thus substantially reducing the
back-scatter at viewing angles beyond 20°. 0il thickness
‘is unlikely to be measured by radar techniques.

Radars have proven useful over the Great Lakes, where a. . .
SLAR is used to routlnely measure ice coverage ‘and texture due-
.to- changes in- the scatterlng coeff1c1ent.: The complementary :~ M
. role.of. radlometry is. that the -emissivity: strongly depends«*fﬁiFﬂf*75f
upon thlckness, wh1ch 1s an added parameter of 1nterest. ‘

4.2.3 RequlrementsA

'4.2.3.1 Temporal and’Spatial’ Régolutién and Accuracy ‘of " T
Inferred Parameters .

The time and space scales of ocean surface phenomena
range through many orders of" magnltude (see, for. example,
Pierson, 1976) and form rather contlnuous spectra in frequency '
and length scales.’ Fortunately, however, many ‘of thé more ‘
important phenomena tend to be .banded. or. grouped din.certain;. - o
ranges. These bands or ranges are generally caused by the _
~different scales and- dr1v1ng mechanlsms in the’ open ocean and
coastal zones. Because of.th;s it 1s»conven1ent to consider’
these as two distinct physical areas .and discuss the remote.
sensing requirements of each separately. ‘One'is cautioned to
'remember, however, that there is a very large and continuous
~range"of*time*and “lTehgth scales involved ‘and ‘that this simpliz™ ™
fication may, on occasion, omit some important and interesting

phenomena.

4.2.3.1.1 Coastal Areas

'The motion and resultlng dens;ty and temperature struc-

'Anture 1n the coastal zone “is’ generally produced or’ drlven by
the tldes, w1nds, open ocean currents on the seaward 51de, and

‘in.some cases coastal rivers: .’ The boundlng ocean currents
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(for example, the Gulf Stream on the East Coast) interact
with the coastal topography to produce eddy motions. The
interaction of these eddies to produce smaller scale coastal
currents is not well understood, but it is clear that the
scale of ‘the eddy motion is largely dependent on topography.
The most common example of this is the eddy motion from the
Gulf Stream and the resulting currents induced in the coastal
zone. An indication of the extent and scale of this.is'shown
in Flgure 4.10, whlch_deplcts the Gulf Stream and topography-.
ilnduced eddles from measurements of Sea Surface Temperature ' ‘
"(SST) Thls flgure also” 1nd1cates the general scale of ’*ﬂdﬂw.“”
coastal zone motions. It is 1nterest1ng to note that much
of the data to develop this flgure was obtained v1a the NOAA .
IR radlometer.a Flnally,»some currents, -and, densxty and - R T
temperature structure are generated by the passage of atmos—
pheric fronts.
The ‘motion resulting from these driving forces is a

. combination of natural oscillations of thé particular coastal =~
area and the_oscillations forced by the previously mentioned
driving mechanisms. The along shore motions are typically on
'scales"that~occur”in:the opén’ ‘6céan (these are: dlscussed iR
. the next sectlon), whlle the cross- shelf motlons, both forcedmL,aina.
and natural, are largely 1mposed by the dlmen51ons of the y
topography of the area. ThlS results in a length scale for

most ‘cross-shelf phenomena that is roughly the dlstance to

the shelf break. Typitaily,Athis is a distance or length
, scale of 50-150 km. An 1nd1catlon of .this is prov1ded in .
-Flgure 4 10. Therefore, the most useful swath width or fleld
of view for remotely sensed data should be on the order of

this length. Required resolution depends to some extent on

the phenomena of concern but it generally dictates a spatial
resolution (footprint) of 0.5-2.0 km. The approprlate time

*resolutlon 1s more-. dependent on . the phenomenon than As: spatlal
resolutlon, but it ranges from 1/4 of a day for ‘tides to at

:,1east ‘several . days for. eddy motlons.z The surface phenomena of -
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rsystem wlll be for monltorlng. That 1s, the pollutlon w1ll

P~ . . W et Tt s ot T

MOSE 1nterest are seéa surface tempe ature, surface wind :speed

or w1no.stress, gravity waves, currents ‘(measured or inferred),

and in some cases salinity. The most immediate needs are for

.surface winds and sea surface temperature. As .a result of"

discussions with potential users as well as data obtained
from the "Follow-on SeaSat User Needs Report" (1976),
Table 4.1, which is a summary of user requirements for the

coastal zone, was developed (Spec1f1c user needs and programs

‘are discussed. in Section- 4 3.3.)

.-With. respect to pollutlon, the prlmary use .of - an satelllte

AT

‘probably be- flrst detected by satellltes, but thereafter 1t Wlll -

be measured by alrcraft and/or ground sensors. Therefore, the
remote sen51ng requlrements are’ for early detectlon of any pol-

i .lutant. 51gnature.. This: ¢6uld be surface ‘s1icks reésulting” “from i

reduced surface tension or a reduction in dielectric constant -
due to pollutant. The relation between various pollutants

and the accompanylng decrease 1n dlelectrlc constant has not

been quantltatlvely developed. Thus, at ‘the’ present tlme most“
user requlrements-forspollutlon-detectlon'arenln.the prelimi-

nary stages.‘ However, a general 1nd1catlon of the expected
“user needs for pollutlon detectlon are 1ncluded in Table 4, l

The requirements in -Table A;Irare<spec1f1callyxforadetectlon
of. pollutants. Detailed measurements”are expected.to,be.
carrled out u51ng ships or aircraft. Pollution or-water
guality modellng requlres an understandlng of the currents

and density structure of the region, but these data presumably

_will.be .obtained.via .appropriate. techniques, independently of, ... .. .. .

the ultimate application.

Detection of lake and estuary ice is also basically a
coastal phenomenon and has similar length scales and spatial
resolution requirements. 1In addition to ice detection, it
may also be possible to measure fresh water ice thickness.

"-"fSeveral of the world'SmaJor shlpplng routes are covered by
lake or bracklsh ice for several months a year (1 e., Gulf of
fSt. Lawrence and Baltlc Sea),pand great efforts are belng madef5*5“'y
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-to extend the navigable sSeason ‘in these” areas. To do this, -~

remotely sensed ice thickness and location are -needed for
two purposes: (1) As input into numerical models of ice
dynamics and thermodynamics, and . (2) as routing maps to
direct ship traffic through the thinnest ice in an area.
"If ‘the measurement of .ice thickness becomes sufficiently
gquantitative, it should also be possible to determine when

.ship or ice breaker operations are possxble in an area.

4.2.3.1.2° Qpen Ocean'”

In the open ocean 1arge scale motlons, wh1ch are often
3"p0551ble for01ng mechanlsms for the coastal zones, are drlven
by mean (large scale) w1nds,.corlolls acceleratlon, and ‘

thermal gradlents. The resultlng motion and structure are
‘the result of natural osc1llat10ns,'wh1ch are’ determlned by
':the dlmens1ons ‘of the partlcular ocean basin of concern and
the motions induced by the forcing. The length scale of the
. basins is on the order of thousands of km and thus the cover-
age requlred is .also on this scale. .- ‘Fortunately the time .
scale is from days to weeks and thus the de51red area cover-

age can be accompllshed by us1ng a somewhat smaller fleld of.

54v1ew.(E0V)mand sweeping.the area several times.within the. .. "

| de51red tlme perlod Thus the des1red swath (or total FOV)°-
'1n the open ocean ranges from several hundred to a thousand
or so km, T1me 'scdles are generally greater than 24 hours,
and usually weeks.

Superimposed on these large scale motions are more
detailed or smaller structures. These are caused by the
passage of ‘ocean “fronts and possibie eddies shed by large
scale ocean currents from local topographic features. The
‘motions are more on the time and space scales of coastal

phenomena, and the remote sensing user requirements for the

coastal zones applies almost directly. The only exception is

.perhaps sllghtly more. strlngent requlrements on sallnlty

.. e P . H B LR Con e et e e e e e

'accuracy.

By far the most domlnant, and thus most 1nterest1ng




phenomena, in. the- open -ocean -are the large scalefphenOmenaL“
In addition these motions are the hardest to measure, par-
ticularly when using conventional ship techniques. The
primary reason is that the phenomena have spatial scales on
the order of 1000"s of km and time scales of days to years.
An example 1s 'sea surface temperature’anomalies. Such
anomalies have been shown to have important conseguences in
long—range weather forecasting and can be a fundamental cause
_of short period. climatic variations (cfv Namias,a1972);;_¢;;UMQ64;
The large scale motlons are generally geostrophlc and |

are generated by large scale w1nd and corlolls forces' 1n

”*addltlon, ‘the barocllnlc structure has approx1mate1y the
same scale. Therefore, the most 1mportant surface parameters
of concern are surface w1nds, temperatures, and sea surface

: topography, w1th somewhat less 1nterest 1n obtalnlng grav1ty
'wave 1nformatlon. Sea surface temperature is of great im-
portance for large scale modeling appllcatlons because the
heat budget of the oceans represents a significant fraction

of the solar energy transp0rt-from~equator“to‘pole{*fIn'addi-”
tlon, the Navy has an operatlonal 1nterest 1n sea surface '
temperature as related to undersea acoustlcs. Table 4. 2
provides a summary- of ‘user- requlrements to ‘observe typlcal
large scale motions. These were obtalned from the same .
‘sources:as Table.4 l; It should be empha51zed that these o
requlrements are for observatlon of the. large scale motlons,
if ocean‘fronts or spec1f1c eddy motlons are of cqncern,
requirements in_ Table 4.luare more applicable.

~.4”.2‘.3..‘2‘,_.Radiometer-,._Requirem_ents.,,,_.-,_,._...‘,._,..,_-_,,._....;...,‘_\.‘...._.,,-..-...-4...._'.-,.,e,-,._.-.-,a;.'..._-.,,...~.~,-.

Of all surface parameters that‘can‘be measured, those
relating to‘the volume‘properties of the ocean and other
aquatories present the most stringent demands on the per-
formance of the microwave radiometer. For example, measure-

ments of ocean temperature accurate to w1th1n 1 K, and of

‘Goastal salinity to within 1 ppt., requlre brlghtness:temper—ﬁﬂffﬁ‘%

ature to be measured'w;th-ah”rms accuracy of 0,3_0.5 ghnffﬂ
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4.2.3.3 Accuracyuéﬁ'Emission'Mcdeis'ﬂvﬁ

The dielectric constant of sea water is presumably known

to within 0.2% at microwave frequencies lower than X-band
(Klein and Swift, 1977). If the ocean is not contaminated
with concentrated pollutants or its surface undisturbed by
wind forces, this 0.2% accuracy in the dielectric constant
will allow surface temperature and salinity to be measured to
within 1 K and 1 ppt., respectlvely.“ '

‘ Models which describe the emission due to unlformly

- layered media, such as 011 and ice, are based upon well ‘es-"

:tabllshed analytlcal.models,'and Have; been ‘checked: by labora—iff;i~ﬂl°”

tory experlments. ' The major uncertalntles that ex1st are-
changes in em1551on caused by lateral lnhomogeneltles in the
layer- thlckness (such as globs of 011 and formatlon of L
'.ﬁ01l/water emu151ons) The magnltude of these uncertalntles
can only be assessed through comprehensive field experimenta-
tion. ' |

g" The changes 1n the em1551v1ty due to. surface roughness
are 1nadequately explalned by the phy51ca1 optlcs/geometrlc

optics model of rough surface’em1551on; "For example,'experl—

_ments 1nd1cate ‘that the thermal emlsSLOn from very. rough ocean .- .

surfaces is 5 K hlgher than the 51mp1e geometrlc OpthS model

‘predicts. 'The’ comp051te modél’ of large’ ‘scalé plus ‘small’ scale')“w”"'"
roughness seems -to account ‘for this dlscrepancy-(Wentz,»1975).

However, until the Validity of the assumptions used ‘in the
composite model are articulated, empirical corrections (Blume
;gt al., 1977a) must be used or else the instrument should be

" pointed at the:angle-of~incidence~where the vertically:polar=: " muw .

1zed SLgnature is more nearly roughness invariant.

It has been observed (Nordberg et al., 1971) that the
presence of foam over the ocean can cause an increase of tens

of degrees Kelvin in brightness temperature. .This observa-

__tion suggests that microwave radiometers.can be used to . ... ... . .




" ‘the presence oflfoam.

‘T4 3. 1 General Slgnlflcance

measure wind speed .over the ocean using this effect too,
because the percentage foam over -the ocean surface mono-
tonically increases with wind speed (Ross and Cardone, 1974).
"To date, the level of effort expended upon the modeling
of foam emission .has been .relatively Jiow, -and there are still
questions concerning the physics of emission (Webster et al.,
1976; Rosenkranz and Staelin, 1972; Ross and Cardone, 1974).
More effort is.required in thls area to- better quantify the -

.,radlometrlc 51gnature VS. w1nd speed and..to determlne Af-
.Oocean temperature measurements can be made to w1th1n 1 K 1n I

K ‘g'_.\'.";- CRNRC T U SIS S

4.3 Ant1c1pated Impacts of H1gh Resolutlon Mlcrowave

Measurements

Prior to the availability of remotely sensed data,
virtually all physical information of the ocean and coastal

areas was obtained'via measurements made from ‘ships.  (The =

development of dropable, expendable transmitters occurred..
almost 51multaneously with early sen51ng methods) Through

" the use of shlps ‘over- extended perlods of tife there ‘has

evolved a very. general qualltatlve understandlng of . the nature

Aof the currents and the seas. Although some quantltatlve_

data does ex1st most of it is confined to certain spatlally
restricted areas and has usually been gathered for only a
short period hlstorlcally. These data have supported evalua-

tion of some specific theoretical concepts and analytical . .
technlques, ‘in addltlon they have established rather accurate

baseline conditions for specific areas. However, it is often
difficult to use the data for the development of predictive
models. This is largely because the observations were neces-
sarily over a spatially restricted area, and thus informa- .

‘tlon on .one: or»several 1mportant external dr1v1ng mechanxsms

“was’ not obtalned 51multaneously.

4-30




" Most data, -and- thus an-understanding~of~the»governlng-*
phenomena, have been developed over a rather long time period.
Therefore, if some new area suddenly becomes of concern
(parts of the eastern continental shelf presently considered
"for oil drilling, for example), then ships alone would require
considerable ‘time before the area :is well understood and accu-
rately described. Moreover, it is now realized that many
phenomena previously considered to be local are at least par-
tially governed by large scale .driving. forces. .. A complete
descrlptlon of these phenomena requlres 51multaneous measure-
Ament of the large scale motlons.: Thls becomes more and more _““
ev1dent when one looks At the- recent‘directlons taken by” cllmate
and weather models. . Thus the ultlmate goal becomes a quanti-
tatlve descrlptlon of an entire ocean area. By comparing the
area that can. be covered by A. Shlp 1n a reasonable amount of
tlme to the total ocean area, one concludes that trylng to
understand the ocean by using conventional ship methods alone
is equivalent to trying to understand the nature of a very
large forest by palnstaklng examlnatlon of: each tree. :

Obv1ously, the env1ronment of the ocean 1s a compllcated
'one' ‘all the phy51cal processes in the’ ocean are controlled
"by both surfaceand subsurface: parameters, - These parameters -

'act and 1nteract to produce the phenomena actually observed hh"w;

Remote senSLng technlques are only effectlve in measurlng

‘those phenomena controlled by surface parameters.< However, by
a combination of large scale remote sensing and conventionali
ship methods an understanding of most phenomena can be obtained.
ThlS 1s poss1ble, in part because most of the cruc1a1 prob- ‘
lems in phy51cal oceanography are predomlnantly drlven by ‘either
surface or well understood (for example coriolis) forces.
Furthermore, some subsurface phenomena such as internal waves
can be inferred indirectly from microwave measurements of the
surface (e.g., Apel et al., 1976). Therefore, remote sensing

of the proper parameters wrth the necessary resolutlon w1ll

‘eéxtend our ‘quantitative understandlng of’ the océan over tre-'
.. mendously latger areas, with: an accompanying predictive. .
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capability for both large.scale and local phenomena.
The discussion so far has centered on the spatial re-

quirements necessary to view large scale motions. However, -

the most severe deficiency of the traditional methods is .the
time factor. All ocean and coastal phenomena change with

time as well as space. The traditional methods, because they
are shipbound, are highly time constrained and thus they can-
not produce any synoptlc (1n the oceanographlc sense) data ofq
.global scale. As a result, ‘mést of the so-called global data'“
‘are actually patched up’ works from different tlmes and dlffer—iff'
fl.ent crulses.ﬂ As an example of thlS def1c1ency one’ need not:.. Zf;-léﬁiu'
consider very large scale motlon.: As early as ‘1955, Fugllster -
demonstrated it was possibie -to make totaliy different inter-
,pretatlons of temperature measurements of the Gulf Stream from o
" the same data (takén by a Shlp) Figure 411 ‘shows three’"'.'”'nH‘.“
alternative analyses made by Fuglister (1955), and clearly
demonstrates the problem. This problem could have been
~ removed by one s1mu1taneous measurement of relatlve ocean
surface temperature. Therefore, remote sen51ng “can resolve one
of the most severe problems associated with all shipbound méas="
urements, that of not belng able to make or. accurately recon- ..

struct synoptlc measurements.‘ Thls suggests the tremendous
power of augmentlng tradltlonal “‘ship” p01nt sampllng technlques"”“'ﬁv
with synoptic remote-sensing techniques. S

Because synopticfdataiobtained by any. other method. would
require enormous expenditures, it is difficult to precisely
determine the economic benefits of various remote—sensing-teche
'“niques."~One*cannot*determinefeCOnomicfbenefits»Simply*by*thé*'“““‘“““:
reduction in cost that occurs from using remote sensing
methods, because the alternate cost is so high the data simply
would not be obtained. Instead, the value of the knowledge
gained must be inferred. Thls, of course, can only be done by
' 1ook1ng at spec1f1c appllcatlons, whlch 1s'done 1n Sectlon 4.3.3. 4
""One. should noté, however. that history. has-shown - beneflt anal-f”.E¥M“”

ysis to be an uncertalnibus;ness,." o )
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-4.3.2 .. Present State_gghthesArtwwf.,.mmnlzv;;

Before undertaking a description of the anticipated .use
or impact of passive high resolution systems, it is well to
review briefly the remote sensing capability to be provided
by SeaSat and Nimbus G, both due to be launched in 1978. A
complete definition of .SeaSat mission capability is given in
the NOAA Program Development plan for SeaSat-A (1977), and a
rather concise summary of SeaSat-A instrument capabilities is
provided in Table-4.3.. . As indicated in.:Table-4.3, SeaSat i ...
w111 fly a'varlety of 1nstruments, 1nclud1ng a, Scannlng
Mult1channe1 Mlcrowave Radlometer (SMMR) (Gloersen and Barth,
51977) ThlS 1nstrument, "also” to be flown on’ Nlmbus-G, Will !
provide the flrst opportunlty to test the feasibility of
simultaneously retr1ev1ng sea surface temperature (SST),
ocean w1nd speed Eand atmospherlc vapor and llquld watervr‘
content. Data on ice age and extent w1ll also be prov1ded.
Expected measurement accuracies are also provided in Table 4. 3
“with a more complete descrlptlon of the mlcrowave radiometer
provided in Table 4.4. R ‘ '

' A rev1ew of Table 4 1, "Remote Sen51ng Requlrements for
Coastal Zones, -of Table 4. 2 "Remote Sensing Requlrements for
' the Open Ocean,' and Table’ 4.3; "SeaSit-A Instrument: Capablllty,"
reveals that SeaSat is. well sulted .to data acqulsltlon of many,
large scale or open ocean phenomena. However, for large scale
phenomena the - spatlal resolution or IFOV is marg1na1 with some
instruments, in particular the radiometer used for SST ‘and
surface winds. In most of the applications for coastal areas
- the resolution 1s s0 poor. that there 1s at best very llmlted
wappllcablllty. '

7 The "Follow-on SeaSat User Needs Report" (1976), from
‘which Figure 4.12 is excerpted, indicates the most widely
needed data are for surface winds and sea surface temperature.
It is believed that most users assumed instrument capabilities.
similar -to. those of SeaSat-A SeaSat can. obtaln hlgh resolu-7

itlon SST via the IR radlometer, but’ thls 1nstrument does not
. have all-weather capablllty., Because -many smaller scale
7phenomena are caused by frontal or rapldly changlng weather'
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“rable 4.1,

“phenomena whose surface sen51ng requlrements are glven 1n

..... aT e e,
: [ Tie LT el

saturatlon.

-conditions, “these -périods .are usually :accompanied by exten-

sive cloud cover. Therefore ‘the conditions .in-which high
resolution measurements are needed most are those in which
IR coverage is least likely to be available. Using the tech-
niques described in Chapter 8, it should be possible to

develop & passive ‘microwave radiometer with a resolution of

0.5 to 1 km and a swath width of 100 to 150 km. The expected

‘SST accuracies are on the order of 0.5°K relative .accuracy
and 1 to'2°K‘absolute'accuracy:‘~ThiSfCapability“is'wéllﬁsuited"’””‘"
:for measurement- of coastal -zone. phenomena and.. small scale ocean..

One of the instruments on SeaSat for4measurement

of ocean surface w1nd 1s the mlcrowave scatterometer.

fThls 1nstrument ‘has” adequate spatlal resolutlon for most open

ocean measurements and is also expected to have adequate meas-
urement accuracy. The technique does tend to have greater
errors at hlgh w1nd speeds and thus a tendency to 'saturate“
above a certaln ‘wind speed. Because w1nd speeds undet storm

condition are. a major need,.this can be a,51gn1f1cant,11m1ta1_,

tion. User requlrements for wind speed in the coastal zone

“(Table 4. 1) are ‘for hlgher ‘tesolution than is presently avall—fhl'

able with scatterometers. SRRURREARER ;vnq?f-~~a~“u*;_.. R
The brlghtness temperature of the ocean surface varies
with wind- generated surface roughness (Sectlon 4. 2.1.3) and
very strongly with the generation of sea foam (Sectlon 4.2.1.4).
Thus, as discussed earller, the microwave radiometer can be

_utilized for .the measurement.of surface winds.. . Present results. .

are encouraging (Webster et al., 1976), but probably some’

additional work is needed to produce an operational system.
The advantages of a high resolution passive system would

be: (1) adequate resolution and swath or FOV for the coastal

'Ezones'(Tab1e~4-2)fand.(QW}“&5sYsteﬁfwithﬁlafgef*swathuor“FOVﬁfﬁﬂcﬁuﬁ“
~that could prov1de open ocean data w1thout the probablllty of

T A T e de R LA A T el T




4.3.3 Specific Immediate .Applications -

The impact and economic benefits of any system obviously
depend ‘to a certain extent on the specific application and how
the system is applied. In order to provide’a more accurate
assessment of potential impacts, an informal'survey of pos-
sible users and user applications was made. It was not 'pos-
sible to conduct a complete survey and thus these examples

should be considered as illustrations of the probable accept-

ance‘and:use3of-highfresolutionnSYStemsy~rather"thansacomplete“ﬁf'“

.1tabulation.. Spec1f1c examples are d1v1ded by requlrements lnto

_coastal zone and open ocean appllcatlons.

.,-

4,3.3.1 Examples of Appllcatlons in the Coastal Zone

4, 3 3.1.1. Sallnlty Measurements

Strong 1nterest in- sal n1ty measurements was expressed

by phy51cal oceanographers worklng in the coastal zones.
A high resolution system would provide the necessary resolution
and FOV for most appllcatlons, and the present measurement
'accuracy of 0.5 ppt. is well sulted “for" measurements 1n estu-"

aries and- adequate for the near. coastal zone. For example, .
the features in Flgure ‘4,10 are obtalned pr1mar11y by IR sur-
'Iface temperature measurements.' In the w1nter

5d1fferences between -shelf and slope water are large and IR.

‘the temperature»-?wJVE"”“r

measurements prov1de good deflnltlont

:In the

the temperature dlfferences are small and the

summer, however,.
data become much

more difficult to 1nterpret.

Sallnlty measurements with a

relative accuracy of 0. 5 ppt. would provide independent con-
.firmation of these features as well .as all-season (summer)

R L AR T T

capability. Sallnlty data would also supply fundamental 1nforma—
tion on mixing processes in the coastal zone and on one of the
driving forces (coastal rivers).

Some of the potential users indicated only a limited

nterest in” sallnlty measurements. ThlS ‘may-be partially -

'"attrlbuted to the1r only recently becomlng ‘aware, of the possl-,;a'~~~#
blllty, and also because the’ present measurement accuracy of N

'0.5,ppt.,;sAonlyvmargxnalu1n;thefopeniocean. uAnother_poss;b;;ltym;jw
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i's ‘that "the 'SeaSat foliow-on“surueY”(1976Y'didfnot3contact"”"
the true users of ‘the data. For example, Figure 4.12 shows

a low interest profile in soil moisture, yet the U.S. Depart-
ment of Agriculture is very interested in measurements of .
soil moisture. In order to verify the possibility that many
real ‘users were not contacted, the map of the isohalines shown
in Figure 4.2, and a description of the experiment were sent
to a total of 166 attendees of a 1975 EPA Conference on
Estuary Pollution Control,.along with a return:postcard:-in-.
‘qulrlng whether _or not such sallnlty data “would be useful. to
them.‘ The response rate was 40% w1th 76% of the respondees

"eXPreSSlng a P051tlve need.’ ‘The’ pr1nc1pa1 uses of the dataff”":i'

related to off-shore drllllng, siting of off-shore power
stations, monitoring shell flsh health fish spawnlng, and_
inmodellng., ‘The-. pr1nc1pa1 users appear o be the EPA- and the
states (Departments of Natural”Resources, F;sher;es, and

Pollution Control).

4.3. 3 1.2 Physical Mechanlsms of Eastern Coastal Currents _

" Studies are belng undertaken at John Hopklns Unlvers1ty
and Woods Hole to obtaln data on Northeastern Coast mesoscale

- . shelf dynamics.wnThesetstudies:involve<shipumeasurementS‘of-=“

currents, temperature, and sa11n1ty structure in an effort to-
understand the 1nterchange ‘of ‘shelf ‘and slope waters as relatedhh
to the general'mesoscale phenomena of the area. While this
has many'applications, the research is basic with an under-
standing and description of the phenomena as the primary goal.

Satellite sensed SST will be of particular beneflt if prov1ded

with coastal zone resolutlon. “Surface’ w1nds ‘are needed to™
determine wind stress as well as Gulf stream location via SST

and altimetry.

4.3.3.1.3 ©Southeastern Coast Ecosystem Studies

Currently there are numerous studles Of the Southeastern B

T”f‘Contlnental shelf ecosystem. The goal of the studles 1s ‘an’ ﬂf*ﬁ“:'}”'

understandlng of the transport and locatlon of marlne nutrlents
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and the resulting marine biologicdl and ecological systems. '
The work requires a rather complete understanding of the
currents, salinity and temperature structure. One immediate
application of the results.is location of possible waste dis-
posal sites. Synoptic coastal zone measurements of surface
temperature and wind are needed. The present program uses
‘Naval Frontal Analysis (Figure 4.10) and.NOAA/NESS data to
help locate the Gulf Stream. High resolution all weather in-
formation-is'desperately~needed:‘““r'i“"i““ ' ’ :

-54;3.3;1a4 U S Coast Guard ;ﬁjfﬁ 7, ”4'_.~LW“

“RThe Coast Guard f11es regular 1nfrared temperature ‘
transects in their "Alrborne Radlatlon Thermometer Program
These are combined with ship measurement and used to prov1de '

;,bAlr-Sea Rescue Charts. Much of thls 1nformatlon .could. be

'prov1ded by satelllte systems, prov1d1ng spatlal resolutlon .
of ~ 10 km were available. Economic benefits to 1mprove shlp
operations and Air-Sea rescue are significant, but difficult
to estimate. ' ' ST | :

4 3.3.1. 5 East Coast Basellne Studles

A . The expected 1n1t1atlon of off—shore 011 drllllng on. the
Eastern u.s. contlnental shelf has produced an 1mmed1ate need

' for thé establishmént of baseline condltlons 4An- this” area.vﬂ.~v'-w
-Moreover, an increased understanding of the dr1v1ng mechanlsms

for currents and the resulting varlablllty in currents and

winds is required to design and operate oil wells. The area

‘has not been extensively studied in the past and this is an

"excellent-example of an-‘immediateé -need -for-baseline :or average; .:..: ...

conditions. This will clearly require that large amounts of
| synoptic data be taken in the next few years. Obviously the
area is a coastal zone with the accompahying need for high
resolutlon measurements.
B 3 rlsk ana1y51s by ‘the' oil'lndustry (Satelllte Data.

'”’)Collectlon User” Requlrements WorkshOp,_l975) 1nd1cates poten4”*-"“k”7”3

t

’tlal sav1ngs of $750K to 2M per 011 drllllng platform can be




achieved by improved knowledge .of ‘wind and .current variability.

4.,3.3.1.6 " Support to NOAA/NESS

Presently NESS provides user information in the form of
Ice Surveillence, Frontal Analysis; and Gulf Stream Charts.
These are used by the Marine transport industry, the Coast
Guard for Air-Sea rescue, and for Naval Operations. These
are global data, but many present users are concerned with the
coastal zone. Most of the input data are supplled by visible
and IR radlometers, but these ‘cannot prov1de ‘all<weather data. -

. They spec1fically state that SeaSat-A. mlcroane radlometer e

data w1ll have llmlted to zero use at NOAA/NESS because of thls.ﬁﬁi;k.‘

instrument's poor spatlal resolutlon. ‘A hlgher resolutloh
system with all-weather capablllty is certalnly needed and

enthu51ast1cally supported

The use ‘6f remote sengad data ‘6nrice: locatlon ‘and thlck--f%””GGJ'h
'ness to extend the shipping season in Northern routes has a

significant economic benefit. Presently these data are

"published prlmarlly by NOAA/NESS and obtalned from Shlp reports

and v151b1e ‘and IR radlometers. Economlc beneflts of extended
shlpplng seasons range between $45M and $145M. (Actlve Micro--
wave Workshop Report 1975) '

P

4 3 3 2 Exam ples of Appllcatlons 1n the Qpen Oceans

'4 3 3 2 l Naval Use of Sea Surface Temperature )

The Navy has operatlonal requirements for SST to provide

input data on underwater acoustics and fog generation. Desired

resolution is 1 km with 0.5° relative and 1°C absolute accuracy.

10-km resolution.should suffice for. most purposes.. .Most.of .. ... . :

these data are presentiy obtained by ship reports and IR radio-

metry, but the lack of all-weather capability is a severe

limitation. There is a particular need for these data in and

near frontal activity where there are extreme weather conditions

-and thus -extensive- cloud cover.,e.wgf:yzq;,x,vjwewfu.m.:“ RS

. 4.3.3.3.30 ‘Vieather Forecastlng

_ A crugial part of large scale. weather forecastingis:the.
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heat ‘budget between the atmosphere and ocean. The most--im-
portant single parameter in determining this energy balance

is Sea Surface Temperature. In fact Namias (1973) has used
SST departures from normal to help forecast Hurricane Agnes.
Crucial 'to his analysis is a definition of what constitutes
normal SST. This requires that an extremely .large amount of
data be averaged by months andlseasons.,lIt is clear that
remote'sensing is the only economically feasible way to .do
this. Present remotely sensed data are marglnal 51nce the . .
IR radlometer cannot measure SST under cloud cover and thus.”r

'f may apprec1ably dlstort the average.‘ Present mlcrowave

"”radlometer data prov1de adequate-to—marglnal spatlal resolutlon*““””“*'

nd marglnal to- 1nadequate absolute accuracy.

| _4 3.3.2. 3 Shlp Routlng

sive i _-;

e Computerlzed Shlp routlng is currently in use by the U S.i -
Navy and many commercial’ operators.’ Reasonably accurate '
analytical models to predict sea state exist, if surface
wind conditions are. knoun.. Currently ‘these models. work . w1th
available weather data as 1nput. The SeaSat scatterometer
- will make a contribution here, but lt tends to saturate at

=,h19h‘w1nd»speeds where~sea“state-becomes~mostrCr1t1ca1*townﬁﬁf*ﬁffwx%:x“

ships. Also, 1ts spatlal resolutlon is marglnal for thls y
purpose,'even 1n the open ocean. Prev1ous studles of thls
application (Corte and Warren, 1975) estimate potential
annual worldwide sav1ngs from optimized -commercial ship
routing at: $500 to $900 million in fuel consumptlon (from
a total of $18.6 bllllon at $12 per barrel), $800 to $1500
million in“hull™ damage (f¥om & ‘total of $2.¢" bllllon),'and
$200 million in cargo damage (from a total of $2 bllllon).
Of the world merchant fleet, 5% (by tonnage) flies the U.S.
flag, and n~ 11% is more or less U.S. owned. Savings to the
Navy are not 1nc1uded 1n these flgures.‘__ o S
' Reduced 011 SplllS would also be a.result of 1mproved
shlp routlng to ‘avoid - storms. A551gn1ng a dollar value to-
thlS type of beneflt 1s very dlfflcult.yqj,...:- '
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CHAPTER 5

MONITORING OF SEVERE STORMS*

5.1 Executive Summary

5.1.1 Summary of Measurement Capability

- and “humidity |~ .« i 22.and 183¢ GHz

A, Nominal

Desired

Spatial _
Priorities [Resolution Frequencies Sensitivities

(km) ' (GHz) | (°K rms)

Tropical EECEN 3,-'50 e o 10=900 - { 2. 0r.3a . |l W ..,l.:‘_.i.
¢yclones ' window channels)
(rain maps,:| -~~~ -+ -+ - | 60 or.118:. (N7 3.
temperature G L channels)

profiles, : .- 'l {1-5 channels) _ - - o
sea tempera-|... .. .° . }3, 5. GHz .. ... . }.... 0.3 .
ture, wind) ' ; ) o C . 0

>Severe Local|.2=30. . .| 60 or: 118, ('\'7 L 0a3n
Storms (Tem-| =~~~ ' | channels) - ST
perature and|  :- . }.183:(2-5 channels) NN |
humidity pro- 1.4 0.3
files, soil : 90-150 (2 channels) 1
moisture, I S : C
rain (as
feasible)
.‘_Chapters 4 and 6 summarlze obtalnable parameter accurac1es.\ ,

B. The v1ew1ng 1nterval should be in. the range 0 5 6 hr for
”“troplcal cyclones, ‘with 6 hours often belng acceptable.v -Oné
hour is an appropriate revisit time for severe local storms;
this implies a synchronous Systemi The viewing angle and
polarization is not very critical above 10 GHz, but should
be ~ 50° zenith with vertical and horizontal polarizations

"measured- séparately for oceanic-observations-below- ~10 GHz: "

C. Such data would be very useful in supporting improved
NMC, GWC, and FNWC operational services, particularly in
remote locations. '

N e eV S R S S SR DTG i

D}f¥ExperiénceﬂWithjthe-NimbuSHS'and%Nimbu516{satellitesfy-;vzﬁﬁn"

.. provides’confidence’ that *inosti:-cfv..f‘" the:paraneters above’cani . 7
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be determined to useful accuracies, -with the exception of
the oceanic surface parameters, for which present data (and

theoretical studies) are encouraging, but incomplete.

5.1.2 Recommendations

A. Support aircraft observations over tropical cyclones
and severe local storms, especiallyvat those wavelengths
:for Wthh llttle such data ex1sts w1th hlgh spatlal resolu-

Atlon.- Theoretlcal studles are 1mportant and cost-effectlve,

but cannot replace such observatlons N

';“*B.. Support trlal efforts o™ use 0cca51onal Nlmbus and

Seasat data for, s1mulated severe storm operatlonal purposes,

w1th ground truth.

"‘C.~: Support efforts ‘to" 1ncorporate hlgh Spatlal resolutlon-':.:--::-_-.;:...f'-‘ﬁ.-t

microwave capabilities. in operational severe storm sensind
systems -- at either synchronous or polar orbiter alti-

tudes. Pre—operatlonal test of such systems on shuttle

-sortie missions would also yleld useful data.”

D. Support'incOrporation of " pas51ve microwave severe ‘storm

.monltorlng capabllltles 1n any. general purpose hlgh resolu-ﬂfxwt”,ﬁ

tlon pa551ve operatlonal mlcrowave satelllte system.
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5.2. Introduction

The phenomena relevant to severe storms which are

addressable by passive microwave techniques are:

Pirecipitation ' ' ,
Water Vapor -

" Atmospheric Temperature Profile
Sea Surface Temperature e
Wind Speed at Sea Surface '

- 86il M01sture Content o

T A ;:.,.'.':.,s.{«,.., . e e

In thls chapter, we w111 11m1t our empha51s to the N
flrst three of ‘these as the others are dealt w1th 1n other '
chapters.&;-;'ljmﬁ.' ‘Lm‘,]fﬂg:,&'f“j;ﬁ fﬁ;ny NPT ‘

It is 1nherent in severe storms that the.tlme.scales.

of interest are short and 51mllarly the spatlal 'scales are

fine. Establishing firm lower limits of "requlrements“ is

'bnot really p0551ble, yet knowledge of- the 1nformatlon oo

content of the varlous time and space scales is- essentlal
in order to make meanlngful cost/beneflt estlmates for “the

justlflcatlon ofwoperatlonal-systemsr-.Therefore,-experlments)¢~m»,p»w"

whlch examlne these scales are an 1mportant part of any

K

‘remote sen51ng program

Although it is true that any 1ncrement in capabllltles'“‘

above the existing state of the art would be useful, on
the basis of- what is currently known we can spec1fy that
time resolution of the order of an hour and space resolutlon

"of the ordér of’ lO“km;”With'uncertaintY'Of about a “fadtor ' v

of three, are needed‘for full specification of severe
storm dynamics, There will, of course, be some variation
from parameter to parameter, and for certain applications,
such as deflnltlon of precursor condltlons, these requlre-.

ments can be relaxed by an order of magnltude.

In order to address the orie" hour time - frame, elther;' '

a geostat;onary:platformior;an'unreasonably large_famlly.f

TR SN
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of low orbiters is needed. The‘slmultaneous requirement of
tens of kilometers of resolution places severe requirements
on an antenna system placed into geostationary orbit due
to the large distance (3.6 x 10* km). One approach to
meeting these requirements is to use the 100-200 GHz range
with an antenna size of 4.4m'(the largest that can be fit
into the Shuttle). Thus the 118 GHz molecular oxygen line
and the 183 GHz water vapor llne became partlcularly

relevant to severe storm appllcatlons. i

“In- thls chapteér we’ ‘will show examples demonstratlng, f'ff' "
Z'Qalbelt at lnadequate.temporal and spat1a1 resolutlon, the: .- :

technlcal fea51b111ty of measurlng raln, w1nd, and thermal

anomalies,

5.3, Observables

The pr1nc1pa1 components in the atmosphere - contrlbutlng
to the upwelllng brightness temperature are molecular oxygen,
water vapor and liquid water droplets. Ice, as in c1rrus ‘
‘clouds, is’ not a 51gn1f1cant factor in the mlcrowave fre- o
quency range. For water droplets,,two.cases<must be-
con51dered ralnlng and non-ralnlng.. In the non-ralnlng e
case, ‘the small’ droplet (Raylelgh) 11m1t lS appllcable e
(Gunn and East, 1954) . and ‘the net absorptlon coefficient..
becomes proportlonal to the net dens1ty of liquid water,
1ndependent of the droplet size dlstrlbutlon,'as long as
there are no partlcles larger than about 100um, A typlcal
stratus cloud containing 20 mg/cm2 of liquid water would
:phave an opac1ty of about 107° . at 5.GHz .and would vary. .
approximately as the frequency squared. The raining case

will be considered later,

5.3.1. Temperature Profile

Molecular oxygen has a .series of resonances between_,_“,_.

S0 and 70 GHz whlch at sea leyel pressure merge to. form an. Qs.q“

absorptlon band and “a 51ngle 1solated resonance, de51gnated
17, at 118.75 GHz, - In Chapter 6, the application of the .. . -
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50-70 GHz oxygen spectrum to the measurement of the atmo-
spheric temperature profile will be discussed, For reasons
discussed in the introduction, the 118 GHz.line becomes
particularly relevant to monitoring of severe storms.

In Figure 5.1, a set of weighting functions is shown.

The number by each weighting function is the frequency,

in MHz, away from the center of the 118 GHz line. Simulation

of temperature proflle retrlevals us1ng this set of fre-
quenc1es 'indicate that they ‘will do substantlally as well’
“as ‘the channels chosen for the operat10nal mlcrowave

.;soundlng unlt whlch 1s to be. launched‘on TIROS-N, that ls,.;ﬁ:gif;;;jz

about 2°C accuracy.

5.3.,2. Water Vapor

Water vapor has a. weak resonance at 22 235 GHz,;'.
strong resonance-at 183,3 GHz and many strong ones at even
higher frequencies. The 22, 235 GHz line has been exploited
" to measure total 1ntegrated water vapor content in the _
NEMS and SCAMS experlment on N1mbus-5 and 6 respectlvely. .
Water vapor. accuracies.of <0, 4.g/cm .have.been.demonstrated

w1th such a system. Chapter 6 dlscusses retrleval o N y

accurac1es in more’ detall.

The strength-of ‘the 183 GHz line makes it ill sulted;;.‘r-

for measurement of total water vapor content but lt is
qulte sen51t1ve to gradlents in water vapor above about
2 km. A situation which is relevant to both severe local

storms and to hurricanes is a layer of dry air overlaying

...a layer of moist, essentially saturated air. .It is of .

interest in these situations to monitor the height of the
interface, Calculations have been,performed wherein we
assume a moist layer (75% relative humidity) with a lapse
rate of 6,.22°K/km from the surface to a height h, a thin
wlnver51on layer: from- h:to-h # 0.25.km. with. a. lapse'rate of +
ﬂ—4°K/km and humldlty decrea51ng llnearly to- 30% at h * 0 25
km and a dry layer from h + 0. 25 km to 12 km w1th a lapse ‘
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”T'Mlcrowave Radlometer (ESMR)-: Thls 1nstrument, operating

rate of 6.71°K/km and.humidity decreasing llnearly to 0%.'
at 12 km, This is a generalization of the tropical atmo-
sphere found in the Handbook of Geophysics and Space
Environments (AFCRL 1965)., The results are shown 'in
Figure 5.2 for various frequencies near the 183 GHz line.

The maximum sensitivity to this height is observed for
frequencies about 6-15 GHz from line center,

5.3. 3 Prec1p1tatlon'_m

. . The. N1mbus-5 Satelllte was launched December 12 1972
One of. the 1nstruments aboard was an Electrlcally Scannlng :

at a frequency of 19.35 GHz - (A=1, 55 cm), 'scans from 50°
to the left of the spacecraft track through to 50° to- the

-;irlght of the spacecraft track every four seconds w;th a

resolution at‘nadlr‘of.zs_km. In the 1mages produced from ‘
these data over the ocean, features were noted which could
not be explained by reasonable values for atmospheric

water -vapor, surface wind speed or - ‘non~-raining--liquid water s
tcontent. It was readlly demonstrated that these features o
,corresponded to raln (Wllhelt et al 1976). Raln has an o
“enhanced efféct over non-ralnlng lquld waterwprlmarlly-~:vﬁf

';because the partlcle s12e 1s larger than in non—ralnlng

clouds and- also because a non-ralnlng cloud typlcally does
not have as much water content as a ralnlng one.' A quantl—
tatlve theory for thlS has been developed by Wilheit et al.
(1977). In their model, a Marshall-Palmer (1948) distri- ‘
.butlon of raln drops is assumed from the surface to free21ng
level along w1th reasonable dlstrlbutlon of water vapor R
and non-raining cloud. The Marshall-Palmer distribution
is scaled inversely to the fall velocity as a function of
height in order to establish a constant rain rate from the

. .surface to. the freezxng level._ They found quantltatlve

agreement between thls model and_ radar observatlons Aas s

shown in Flgure '5.3.7 In’ thls flgure; the black dots’ shOW'"?“TJ“” b

_nthe,compar;sonnbetween*rarn,rate_as;measured,by,the.WSRjaju.“-
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Figure 5.3. Brightness temperature as a functlon of rain rate:
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+ inferred from ground based measurements of brlghtness

temperature and direct measurements of rain rate.

The solid line is the calculated brightness temperature for

a 4 km freezing level. The dashed lines represent departure

.of 1 mm/hr or a factor of two in rain rate (whichever is

greater) from the calculated curve.

. . PN .2 N Tte L TR . - P et -t
. S .- PR . SeTiR et




‘radar at the National Hurricane and Experimental Meteorol-

ogy Laboratory at Miami, Florida and the brightness
temperature measured by the Nimbus-5 ESMR. The solid line
is theoretical.relationShip,between‘brightness'temperature
and rain rate for the appropriate freezing level (4 km),.
The dashed lines show an envelope of a factor of two in

rain rate (the typically guoted accuracy of the WSR-57) or

a ground based radlometer experlment with dlrect raln rate

'measurements. Arguments presented 1n the Wllhelt et al

'7,(1977) .paper. suggest that the relatlonshlp between ‘rain.

.rate and brlghtness temperature at this frequency should be’

very insensitive to details of the partlcle size dlstrlbutlon.“

_ The: 1nsens1t1v1ty of the Nlmbus—S ESMR results ‘o

brightness temperature at thls.frequency is determined by
the absorption coefficient of the rain and that the effectv

~of scatterlng is only a minor . correctlon.‘ However, at

higher frequenc1es the effect of scatterlng becomes more
significant. ' ThlS ‘effect has been’ exp101ted by Savage and -

.“Welnman(l975) to obtain.maps ;of.rain over. land using: the. .

'of the rain' drop, hall haV1ng a 51ze large compared to
“ralndrops and- very low loss, would prov1de an. .even. more

striking effect, - . = .~

data of Nimbus-6 ESMR (37 GHz). If one goes to hlgher
frequenc1es,:above the '60 GHz oxygen complex,'the ‘effect

is striking., 1In Figure 5,4 we show calculations for nadir
vieWing brightness temperature 'in the frequency range 75 to
175 GHz, Here, the brightness temperatures are calculated

for a land or ocean background with no rain or 20 mm/hr

"rain rate, ‘'Note ‘that the-rain depresses the ‘bfightness’

temperature with either background, Thus it would be easy
to map rain at any frequency in this range except within
aboutA2 GHz of the 1~ line of molecular oxygen (118,75 GHz).
Slnce thls mapplng depends on the scatterlng propertles

a minimum of 1 mm/hr.A The crosses are p01nts 1nferred from _

.partlcle size distribution ‘derivés from the fact that the‘l:"J“”“
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‘5.4, Applications to Tropical Cyclones

The potential .benefits of improved information on the
intensity, position and rainbands of tropical cyclones for
use 1in forecasting are significant., Tropical cyclones
cause considerable human su‘ferlnc’that;includes'lOSS'of
life, The loss of property now averages more than $500

million annually (see Figure 5.5)., Although the loss of °

‘lives in the United :States has been relatlvely low,ﬁthe{g,h,;--=~..‘

loss of both lives and property are even greater. in other

Any means that ‘would' 1mprove the forecastlng and
warnlngs for these destructive weather systems would result

in 51gn1f1cant saV1ngs. For example, increased accuracy

'fvln storm track forecasts would- permlt smaller areas to v e e E

be warned Even small 1mprovements (10—15%) in the fore-
casts of the p01nt of landfall would result in con51derable
‘'savings. ' That is, the estimated cost for preparing a
coastline for a forecast hurricane: landfall now. exceeds'
$25 mllllon. The normal area: warned lS 300 nm1 1n length

Therefore, just a lO percent 1mprovement in- the forecast

‘-accurac1es‘could~resultﬂ1n;a~sav1ngsvofn2.Sﬂmllllon.1n~““”"““=‘”'”““'

'_preparatlon costs alone.“ The mlcrowave 1nstrumentatlon '

. on Nimbus-5 and 6 has demonstrated the potentlal appllca-‘
tions of mlcrowave data products to troplcal cyclone :
problems.- The results already obtained -from these satellltes
indicate that hlgher resolution microwave instrumentation
»has the potentlal to lmprove troplcal cyclone forecasts

and warnlngs. , ’ , ‘

5.4.1. Demonstrated and Feasible Applications

Satellite borne passive microwave measurement systems
have demonstrated the capablllty to prov1de valuable
'1nformatlon about troplcal cyclones. Because of" resolutlon
limitations of- current mlcrowave systems most of these
:measurementS‘have:been more-qualltatlve'than guantltatlye,

AR
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An example of the potential of multifrequency measurements

of tropical storms (Rosenkranz et al. 1978) was provided
when typhoon June was observed by the Scanning Microwave
Spectrometer (SCAMS) on‘Nimbus;6. This typhoon formed 'in
“the Philippine Sea in November.1975{~it5*central'sea level
pressure reached a minimum value of 876 mb on the 19th, a

recordilow. Surface winds .in excess of 150 knots were

. estlmated by reconnalssance aircraft on the, .same day.,ngpup&hﬁ'wﬂ;m"

‘ rlfatmospherlc prec1p1table water and cloud llquld watef.

The SCAMS 1nstrument prov1des data that can be used
»“to estlmate the temperature pattern 1n the upper troposphere;“p

T I

The measurements 1n the oxygen band at 55 45 GHz correspond
approximately to 200 mb and can be used to determlne the
f‘temperature fleld at thlS level Mature troplcal cyclones
have a warm central core in the upper troposphere that is
related to storm 1nten51ty. This warm core structure is
- evident in Figure 5,6 even though'the SCAMS resolution of
approximately~150 km. near<the-center‘of its scanwiswtoolﬂ
'coarse to resolve the temperature structurefcompletely. R
In the part of the spectrum where the atmosphere 1s'”£'A

- semi-transparent,: the spectrometer -has."onechannel- centered .7 oo
‘on_the 22 23 GHz water vapor llne, and a,"w1ndow“ channel

at 3l 65 GHz, Wthh is partlcularly sen31t1ve to clouds.
_Since both channels are affected by water’ vapor and.cloudl
droplets, the data for both channels can be solved .
'simultaneously for two variables that are called o and B.
These are shown in Flgure 5, 7 with solid llnes for o '
" contours and dotted Tines For B contours.  With a U TTToiTimmeraes
reasonably smooth sea surface and absence of rain, the
,atmospheric precipitable water vapor and ligquid water

(small droplet clouds) can be estimated by

Vapor (mm) 72 + 12 d. % ~—~ ,. Ao g
llquld (mm) = 0 4 B '

. where the value of 72. mm is the saturatlon p01nt for a

op1cal model atmosphere. Thus o' is normally negatlve. -
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5545 GHz BRIGHTNESS TEMPERATURE, K|
| TYPHOON .JUNE s
ORBIT 2177
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' FiguréRS;G. 55.45 GHz briéhtheés:fempéfatufé)'cdrrééfed‘fbr o
scan angle, from typhoon June on November 21, 1975.

dot represents the eye location reported by reconnaissance

aircraft.
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- Inside the typhoon, o reaches positive values, These

positive values are probably the result of increased surface
emissivity due to sea state, and of rain cells of high
microwave opacity. The latter tend to look much the same

as sea state since the spectrometer's spot size is much
larger than the typical rain cell and thus averages them

with the surrounding regions. Measurements from other

. Oorbits 1nd1cate that the effect of .sea state on a. 1s greater R

than the rain for thlS typhoon, probably because opaque .
‘rain cells do not cover a large fractlon of the beam spot s

ﬂtfarea (18000 kmz).; If one assumes that the tropoSphere 5““%3*““5”*4;

1n51de the typhoon contalns 72. mm of prec1p1table water f.“
vapor and interprets the maximum value of a 1n Flgure 5.7

lyiyas entlrely due. to. sea.. state, a. surface w1nd speed of 130

knots is 1nferred Thls is very close to the estlmate

made earller that day (November 21) by observers on alrcraft
Figure 5,8 ‘shows hurricane Eloise at 1635 GMT on .

| September 22,.1975 as. it -was deplcted :in the Gulf:of Mex1co‘~g

by the mlcrowave 1mager ESMR on—board Nimbus=5, Nearly

51multaneous observations from ‘research aircraft into -~

- Hurricane Eloise’ indicate that-the-microwave. sensor.-was: = " rzi:”

able to deplct the major areas of prec1p1tatlon ln a gross
sense,’ Flgure 5 9 is’ a much hlgher resolutlon v151ble B
spectra deplctlon of Hurrlcane Eloise about four’ hours"
later than the microwave data. "It shows more clearly the'“
-band of cloudiness that streams outward from the storm's
center toward the north, but 1s strongly 1nfluenced by the
cirrus patterns at “the’ top of the storm‘rather than ‘the 7
rainbands, . More of the details of the individual convective
elements in the elongated precipitation area to the north
of Eloise are indicated in a radar display composited

Ajnfrom the research alrcraft (Flgure 2 lO) that is super=

glmposed on ‘a v151ble spectra plcture. It 1s obv1ous from ' 4

a“‘comparison’ of Figiures ‘5.8 ‘and '5,10 that much of the detall

K{of the pre01p1tatlon area of E101se has been "smeared" by
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Figure 5.8.

Gulf of Mexico at 1625 GMT on September 22, 1975.
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Microwave depiction of Hurricane Eloise in the




Figure 5.9. Satellite depiction of Hurricane Eloise at 2029 GMT on
September 22,.1975. oy B T B i el T T L L
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Figure 5.10. GOES-I depiction of Hurricane Eloise at 2300 GMT on
September 22, 1975 with superimposed 5 cm radar pattern composited
from a nearly simultaneous research aircraft flight into the storm.
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*“7these ‘systems- would Have: con51derab1e potent1al as operd

the poor resolution of the microwave imager on Nimbus-5,

Obviously, a satellite borne microwave system cannot

match the resclution of an air-borne radar system,'but

'improvedlresolution'of.satellite:microwave systems to a

horizontal scale .of about lO km would be‘very_useful'to

tropical cyclone researchers and forecasters since it

would resolve large isolated convective elements as well

as the rainbands around the SEOXmMa. . sl oty e
Calculatlons have already been made that demonstrate'

’the potentlal 1mpact of future mlcrowave systems with hlgher

fresolutlon. ‘Adler” ‘and’ Rogers (1977) used the N1mbus—5 _ffjfﬁdmﬁh;“

'ESMR data to ‘make calculatlons of the latent heat release
in a troplcal cyclone. They concluded that these obser—
ﬁvatlons were potentlally useful 1n monltorlng troplcalv‘

cyclones for observ1ng the change from a weak’ system to

a strong system. For one partlcular storm they found that
the ralnfall rates 1ncreased near the storm center as the
storm: 1ntens1f1ed ‘and that the - ‘more 1ntense the cyclone
and the greater the latent heat release, the greater was L
A”the contrlbutlon from larger ralnfall rates. Unpubllshed |
-resultsalnd;cate.that*thrsﬁresultwisamOrevgeneral;~

5.4,2 - Importance of Informationm- = - -

The above-mentioned studies indicate some of the types
of investigations attempted with the microwave  type sensors,
The two major deficiencies of this system are inadequate

space and time resolution., If a spatial_resolution of a

-few'kilometersz(mlO)#and*aftempOralnresolution*of‘aﬁproxi-f“*”*“’W“““”

mately one hour could be obtained, there would be many areas
of application for research where major voids now exist,
In addition, if the processing of the data were automated
so that analyses could be produced in ‘a matter of mlnutes, ‘

,atlonal observatlons and could help to 1mprove troplcal“.ﬁf

cyclone forecasting, : e




T

5.4.3. Comparison with Competitive and Complementary

Technigues

5.4,3.,1, Storm Intensity

The present means of determining the very important
parameter of storm intensity are: (1) direct'measurements
by aerial reconnaissance flights into the tropical cyclones
.and (2) estimates of the storm's intensity from -the
" structure observed"by'the'Visibie?and'infrared”spectra””'“
Zsatelllte products.- ‘The.latter method (Dvorak:. technlque)

- is based .upon- storm structure as: observed from the satelllte,
Npast 24 hour structure and emplrlcal "model" developments.'i
This scheme has proven qulte good - for average - type storm
development.A It. has its greatest dlfflcultles w1th rapldly -
w*changlng, very 1ntense, and* apparently Tess” organlzed """ e

‘weaker systems, '

The major problem with the visible and infrared'spectra
satellite deplctlons of a hurrlcane is that ‘the 1nter10r _
convectlve structure of the storm 1s ‘often masked by 01rrus'
clouds.- This feature is easily recognized by the comparison -
of 51multaneous radar and satellite deplctlons of a mature -
dstorm w1th a 1arge c1rrus canopy.' Wlth the proper spatlal
resolutlon, the microwave system. could produce- a.repre-‘
sentation of the storm structure similar to;that.produced
by airborne or land based radar. The internalrconvective
structure would then be:revealed which should result in
significant improvements in'sateliite estimates of storm -
~;intenSity.,fFurthermore,;withwa.temporal,resolutionaofx..:ww»;w@ﬁm‘uud
approximately an hour, it is likely that short-term
intensity forecast schemes would be possible, particularly

"in rapidly changing systems,

Yot e

N 5 4 3 2 Storm Locatlon .

N LIRS P o A s B

The present means of determlnlng storm p031tlons out R
‘over the watdr areas is through dlrect measurements by ' o
aerlal reconnalssance,.;anduraaars, and v151bLe and

-
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. @;weather system. ~The. major deflclency of, thls system is . L A

infrared spectra sateiiite observations.' Aerial reébhnAié-’

sance is not.always available for tracking storms and

ground based radars are limited to ranges of about. 300 km,

Hence, satellites .have .been relied upon more frequently

for tracking tropical cyclones in recent years. These

satellite observations again‘suffer from the fact that the
central storm structure is often obscured by cirrus, and

in the absence of a well—deflned eye, the p051tlon estimate

may be con51derably in’ error. A ‘means’ whlch would prov1de‘v”f"'
© a depiction’of the-interior’.convective banded structure _ .
..and. the warm, spot assoc1ated w1th the eye would agaln }Fdsm'“‘
prov1de conSLderable 1mprovement over present satelllteid‘
techniques for p051t10n estlmates.-‘ ' '

N . Statlstlcal technlques presently used to forecast o
“storm motion ars “strondly” dependent upon past. 12 hour’ move-ﬁﬁff%?ﬁfﬁﬁ:ﬁ
ments. Instantaneous spot observations from aircraft can
sometimes be misleading due to short-~term oscillations in
the storm track ThlS factor is 1llustrated ln the storm o
track for Hurrlcane Carla (Flgure 5. 11).' A mlcrowave f o
system that could: prov1de-adequate-temporal“and'spat1a17“‘“
resolution could ‘be used to obtaln the more usable . st e,
"smoothed" storm tracks.' The result could be more accurate

- storm track forecastS'that-would permlt 'smaller areas to-

be warned, L | e s

5.4,3.3, Precipitation

Estimates of precipitation are now made operationally
for troplcal weather systems through use of VlSlble and .
infrared satellite products (Grlfflth et al 1976). These
estimates are more qualitative than quantitative since '
they are based upon the reflectivity, infrared temperatures
and the extent of the cloud tops associated with the

,resolutlon caused by the aVeraglng 1nherent to the technlquegmf3.7
"and the fact that’ non-prec1p1tat1ng clouds can and often 77




"HURRICANE CARLA"
1961

) ® INDICAYES TWO "ONSECUYIVE
TIME POSITIONS "

o g
BROWNSVILLE ", sar [ b Cahputan

Figure 5.11. Storm track of the. eye of hurricane Carla (1961) as
"determlned by 1and based radar and alrcraft reconnalssancem




do have-temperatures and reflectimities simiiar to:pre—
cipitating clouds, Again, a system with the proper spatial
and temporal resolution which would more closely depict
actual precipitating areas would be quite useful both from
an operational point of view Aand .for research purposes.
Rain mapping with ‘this spatial'resolution'and with temporal
resolution on the order of a few tens of minutes would
permit tracklng of prec1p1tatlon cells" from Wthh ‘mid=- level

‘w1nds ‘beneath the ' cloud canopy ‘could be derived, Tt is"

g-thls pos51b111ty'wh1ch provides the most strlngent .demands- .. -’

"f_on ‘the spatlal and temporal resolutlon of a’ severe storm T

microwave ‘system, _

- The three major contrlbutors to damage resultlng from‘
a hurrlcane are the w1nds, the storm surge and the lnland
these systems.: The mlcrowave systems should be. capable
of»proﬁiding improvements in the precipitation and perhaps
the p051tlon forecasts for- hurrlcanes prlor to- landfall '
That is, one should not only be able to dlstlngulsh wet o
‘storms - from dry storms ‘prior  to- landfall -but also- should

be able to determlne the spatlal dlstrlbutlon and partlally_“_ﬂ.

to quantlfy ‘rain rates for varlous sectors of the storms.

" . These measurements,»along.w1th-emplrlcal,studles of

orographic -and synoptic effects,[could:be used to compute
the bossible flooding potential'of_the land-falling storm,
The results may‘be more qualitative than quantitative

initially until more knowledge is gained about the inter-

~action' -of..the: tropical system-with.orographic..and .synopticC:...=

scale features., Measurements of rain over land which
appear possihle with measurements in the 90 GHz range would

improve such determinations also.

‘ _5 4 3 4 Storm Devel;pment

,4-., S

A The dlfferences in- the characterlstlcs of weak
troplcal systems that develop 1nto troplcal cyclones and
- those that do not strengthen are poorly understood
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Microwave systems with improved .spatial iand temporal
coverage could provide considerable insight into the pro-
cesses that distinguish .between- developing and non-develop;ng
tropical disturbances, For instance, potentially useful
information would include spatial -and temporal distributions
of latent heat release as well as detailed depiction of
the .convective organization of the .weather system. [These
~tonfactors~shouldfresult*inﬂsignificant%improvementsWim'
, .estlmations of storm strength as well. as the ablllty to
f detect characterlstlcs that would be used -in’ forecastlng

n brer wane o

srapld changes ln 1nten51ty or determlnlng lf a storm is’
likely to ‘intensify or‘weaken w1th1n.the-next few hours.

A5.4,4.‘ §EEEE£X e
If a satelllte borne mlcrowave system can’ be dev1sed
with a spatial resolution approachlng 10 km and a temporal

resolution of approximately one hour, it could result in
51gn1f1cant advances in research assoclated with. troplcal
Aweather systems, partlcularly trop1ca1 cyclones. Further-s
‘more, 1f "real time" analy51s technlques were deyeloped ;
-for%the}potentral~m1croWave>sensorﬂoutputs,*these#products#*'wh"
could be of con31derable beneflt for use 1n operatlonal
.forecasts and warnlngs. The satelllte borne microwave
'systems appear to ‘have great potentlal for deplctlng the
internal convective structure of tropical weather systems,
including tropical cyclones, in a temporal and spatial.
resolutlon desired for research and operatlonal purposes.
The critiéal” factors,'of course, ‘are”whether or not the

desired spatial and .temporal resolutions are compatible,

5.5. ,Application to Severe Local Storms

5 5 l Demonstrated and Fea51ble Appllcatlons o

AU

' ' Data from pa551ve mlcrowave 1nstruments have the.
*?potentlal toadd substantlal 1nformat10n to the study oF

Asevere locar storms, or ‘severe thunderstorms.. However,
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the analysisiof thunderstdrm'activitpiis“restrictedtdue to“
the lack of temporal resolution when using a low orbiting
spacecraft. Despite'this, the microwave data can be very
useful in two main ways: 1) to help define precursor
conditions useful as input to dynamical and statistical
models to aid in the prediction of severe thunderstorms,

and 2) to test concepts of detection and monitoring that if
proved feaSible would be best’ suited to geostationary orbits.

5.5.1.1. Precursor Conditions"ﬂuﬁ‘:qh‘ﬁ“

T,,; The three dimenSional distribution of temperature and
"atmospheric water in the form Of water vapor, cloud 1iquid
~water and rainfall along with. surface boundary conditions

of surface temperature and surface mOisture are needed to

f:define precursor conditions for thunderstorm actiVity.
" These atmospheric and surface conditions can then be used
in models to predict the where and when of convective
activity. One of the principal types of models is the -
regional-scale dynamical. model. - Recent evidence: has indi-

cated that the distribution of water in the atmosphere is ,w;?d._: A

a critical parameter.

The principal ‘advantage of: temperature retrieval from
_microwave sensors is the capability that information can' )
be obtained even when ice clouds are present The optimum
system will, of course, be a combination of microwave and
infrared sensors, Moisture informatién over land~has
limitations in the low laYers due to surface effects, This
"éffort must be made £6 1imit this drawback,
.For defining these precursor conditions the high time

is where the information is most needed and, therefore, an

resolution provided by geostationary orbit is helpful but
not essential. The information from low-orbiting microwave
instruments combined With other data, both satellite and
hconventional, would prowide a better estimate of these
conditions than is presently'available. “This™ would pre-~‘

sumablyfresult.indbetteriforecasts”by;the_models.Lfg,
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5.5.1.2. Tests of Concepts

i

The microwave portion of the electromagnetic spectrum
also holds the potential for having properties usable in
the detection and monitoring of severe "thunderstorms. To
be of practical -value the features of importance must be .
viewed frequently. This points to ceostationary orbit;
but the concepts could, at least, be tested in low orbiters.

"5,5.1.2.1;"TemperatureYAnomaly.Detecti0n7~"

‘Oone such idea is the detectlon 'of areas -of sub51dencei3yw
.around . thunderstorms. These are related to the blocklng
of theé ambient flow by the thunderstorm 1tself (Frltsch
et al., 1976) and may be 1ndlcators of thunderstorm 1nten51ty.

'_The mlcrowave sensors would be valuable 1n the detectlon of

Tt T 3 W_ b

these anomalles, becauseﬂof the capablllty of “seelng"
through the cirrus cloud anvil spreading out from the
thunderstorm., Infrared sensors would have dlfflculty de-

tecting these features.

5. 5 1. 2 2 Thunderstorm Buoyancy

The buoyancy in a thunderstorm 1s an 1ndlcator of 1ts

'v1gor.” Microwave measurements of ‘the | temperature anomalies -

within updraft cores .above:the. 1nfluence of supercooled .. .. ..

-water could prov1de a buoyancy estimate. This could be
espec1ally valuable in determlnlng whether -a cell could
later become a hail or tornado producer. The achievable

"horizontal resolution of the microwave sounder may limit -
mthisfapplicat;ggth-,w,w.a.h%?ﬁ,,_ﬁhizfmrﬁngw,hsﬁﬁgu”=

5.5.1.2.3. Rain and Hail Detection

Brightness temperatures emerging from both rain clouds

and from bodies of water are depressed in comparison with

_w1ndow brlghtness temperatures from dry land - However,:gpf_‘_
polarlzatlon characterlstlcs glve raln a unlque 51gnature;&hh*
‘as” shown 'in Figure-5,12, “Th this figure, brlghtnessr”"““
temperatures measured by the Nimbus-6 ESMR over the central




CORRECTED BRIGHTNESS
TEMPERATURE -
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Figure ' 5.12. Nimbus-6 ESMR corrected brlgntness temperature .
over the central United States on July 31, 1975. (Weinman = .~
and Guetter, 1977). Dotted lines show state boundaries.
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‘,were not there, due to scatterlng. The higher they are~

PO

“YTower the temperatures. “Itis antlclpated ‘that the brlght—';:

.'research to:study-the: frequency and- polarlzatlon charac-iﬁ#fﬁ¥ff*“*~

United States on 31 July .1975 have been .corrected, by

making use of polarization information as described by

Weinman and Guetter (1977) to eliminate land-water differ-

-ences; but thunderstorms over Kansas and Nebraska and the

‘Louisiana coast are very prominent.

1f sizeable ice particles are carried above the super-
cooled water region of a thunderstorm, there should be -a
lower window.microwave;brightnessxtemperature1thanmifwtheyh4',?w:&5

carrled, the more there are, and the larger the sxze, the -

ness temperature would be related to the severlty (hail -
size, number of- partlcles, etc,) of the hailstorm, More

teristics of these effects is called for., Perhaps there
would be a signature that would precede damaging hail at
the surface such that some warnlng could be glven.u'-*

5.5.1.2.4. Temporal Resolutlon

The"thunderstorm,'With”its'reiatimelynshorttiife“time:

. and rapid. associated:changes, needs-high. time frequency of:.:. ...

‘5 5 2 ) Potentlal Users

sdynamlcal models.:for: weather predlctxon ‘haVe: decreased’ the:r

observatlons to be effectlvely monltored Thls observa=-
tional frequency p01nts to” elther geostatlonary platforms'
with their attendant problems of antenna size and resolu-
tion, or to a system -of low orbiting satellites, perhaps
with.pointable sensors’ for increased time resolution.
Research into thls area should be pursued '

. Pe ca ot ez B
o~ i e s . Yes i e e S Lre cantt et lh
PSRN PSSR E P W W ! R A ¢

Potential users for precursor condition information
include both operational weather forecasting centers and

research institutions., 1In the last few years numerical-

1"horlzontal mesh 51ze w1th resultlng better forecasts of:.

thunderstorm act1v1ty. However, there is now a need for

data ‘for model initialization on a spatial scale more -
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commensurateﬁwith.tneinodeihcrio:size;ﬁAThe satelllte is

' the only source-for'getting much of this information, Data
from microwave sensors can contribute to this needed meso-
scale information base.

It is anticipated that such models will in a few years
be running operationally at NOAA's National Meteorological
Center and other forecast centers, e.g.-the Air Force's
Global Weather Central., Satellite input data will be used
by these operational”centers”and*other*résearchers*thereFV'
and in other. fac111t1es, 1nclud1ng unlver51t1es.+-

‘ Mlcrowave data belng used ‘to:test. concepts w1ll be s
nalyzed by researchers in unlversltles, government labora—:
tories, and in prlvate 1ndustry. From-these evaluations ' A

dlrectlon for sensors will evolve;‘_
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SYNOPTIC METEOROLOGY AND CLIMATOLOGY*

CHAPTER 6

-MICROWAVE RADIOMETRY APPLIED TO

6.1 Executive Summary

Surface Win

..B.

6.1.1 Suﬁmary of Measurement Capability
A. Nominal .
Desi;ed Padiometer Radiometer{Achievable
o Spatial Frequen- -Sensi- Measurement
Priorities 'Resolutlon__ c1es._m3‘. tivities . Accuracy
o ‘ © o (km) (GHz) (°K rms) (rms)

" |Temperature | 50 | a55 oriils. | 0.3 ,1;5°K_Z"ﬁ"ﬁiiza
.. Profiles...| " .. J[Vv5=12 fregq.] SECCEUPETY DERRSANEUNRI ERREE
Integrated 15 n22 [Lor 2| 0.5.. ) 0.1-0.4 cm’

Water Vapor : freg.] | : B '

_|water.vapor { .15 ... 183 (3-5. 05

Profile - ST U ereql ) e
Liquid 2-10 +2 freq. 15- 2 0.006~
, Water 90 GHz (e.q. 0.012 cm
(Rain) 19 and 37 GHz) S
Ocean Tem~ 50 |~2 freq. 1.4- 0.3  |n~0.5°K
perature an 110 GHZ (eege oo i i o e e
~v1.4 and 6) 2 m/sec

I

©. The operational-Viewingninterval;inceach case;shouldivw-w

be v 6 hours for global coverage, although 12 hours is of .

some use, particularly for ocean and ‘atmospheric tempera-

tures.
n 50°

. being:measured.- separately .for. all.window.channels, although... ... ...

The viewing angle is best if held constant near
zenith, with vertical and horizontal polarizations

through-nadir scanning could be employed with degraded

performance.

C.
1)

.2y

-supporting, 1mproved NMC, GWC
products, C :

" supporting the ‘collection of unlform global cllma-f-‘ﬂif”:

Such data should be very useful for:

.and FNWC operational .. . . ..

tological data (this objective would also be sup-
- ported by. snow and 1ce data, as dlscussed in . .-
: chapter 2) A C .

*
Prepared by N. C. Grody.
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D. Present experience provides confidence that -uniquely
useful data concerning temperature profiles, water vapor,
and liquid water (precipitation) can be provided. Yet to

be fully demonstrated is the ability of passive microwave
systems to measure ocean temperature and surface winds;
satellite observations in 1978 should remedy'this defi-
ciency. |

" E. ""The climatology of trace constituents like 0, can
be monltored with’ hlgh accuracy relatlve to" other tech- o

fn'nlques (see chapter 7) ﬁf*@Q;ﬁg;,,ﬁwff.u']‘

6.1. 2 Recommendatlonslﬂ

At.ﬂ Support trlal and operatlonal efforts to use for
ssyn0pt1c and cllmatologlcal purposes mlcrowave data from
‘the 1) Tiros-N Microwave Sounding Unit, 2) Block 5D

Microwave Sounder, 3) Nimbus—G'and Seasat Scannlng Multi--

channel Microane Spectrometers, and .4) the Nimbus-5:and - . ..

Nimbus-6 Microwave Radiometers (ESMR NEMS and SCAMS)

Several years of utlllzatlon study “and experlence would

then precedehfullpoperatlona;uusewof:the_hlgheresolutlon“uiuw””'

data proposed here.=

B. Support efforts to obtaln data from a1rcraft etc. with ,
higher spatial resolutlon than that proposed here, thlS
would facilitate the utilization study of recommendation (1).

~

C. Commence development of a multi-purpose passive micro-

~.wave.system to meet:.the.needs -of-high-resolution. synoptic =i =

‘meteorological monitoring and climatology. integration
with other sensor systems would be beneficial for these

applications.




'V-»carrled the Nlmbus E Mlcrowave _pectrometer (NEMS) whlch 117A3G5¥5~

.. cloud effects were. sxmply lgnored in, the NEMS . analys1s.

L systems over: Europe.u.T

6.2 Background

Although the meteorological satellite program is 17

years old, beginning with the Tiros 1 launch in 1960, . the gﬂ
application of microwave radiometry as part of that program K
began only during the last five years. In that period the
Nimbus series of experimental polar orbiting satellites

first carrled radlometers sen51ng em1531on 1n the mlcrowave L

spectral reglon.
Nimbus 5, which was launched on December 11 1972

consisted of flve separate mlcrowave radlometers to detect
thermal radiation at three frequenc1es in the 60 GHz ‘
;“oxygen absorptlon band at the 22 GHz water Vapor absorptlon
hﬂllne and the 31 GHz w1ndow reglon of the spectrum. Measure-
ments of both total water vapor and cloud 11qu1d water

were derived over the oceans u51ng the 22 and 31 GHz radio-
metric data. The three oxygen channels prov1ded global
vertical temperature soundings throughout the troposphere
using the Smelest p0551b1e retrieval technlques, i.e.

NEMS data analy31s clearly establlshed the 1mportance of
H>m1crowaye'techn1ques in determlnlng atmospherlc temperature
(Waters et al. 1975, Staelin et 'al, 1975) and water content
(Staelin et 2&{ 1976, Grody,  -1976) under virtually all
weather conditions. However, the non—scanning feature of

the NEMS llmlted its horlzontal coverage of meteorologlcal

i pe s S Y T SRR SELY P S A e lee eegidmey Mae, s et LS
Simfe gt Al e 3 SR et Th W LTt e e S ey

“dystems.
The §g§nning gicrowave Spectrometer (SCAMS) aboard
Nimbus 6. launched June 12, 1975, is essentially a scanning
version of the NEMS with an improved calibration system.
_ Grody and Pellegrlno (1977) have compared SCAMS derlved
N'%Utemperatures w1th radlos nde measurements for frontal
‘ hjs study .showed" the ablllty of the

SCAMS to display synoptic scale features comparable with
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radiosonde temperature analyses under clear and typical
cloudy conditions. A more stringent test of SCAMS cloud
penetrating capabilities was presented in the paper by
‘Rosenkranz, Staelin and Grody (1978) where the instrument
was used to study the development of Typhoon June over
thelPacific. SCAMS measurements showed the possibility
of deriving cloud liquid water content and sea surface
winds from the 22-and 31 GHz”radiometric~data<from¥the~=*~3:

Atyphoon. SCAMS 55,45, GHz brlghtness temperatures dlsplayed
.the typhoon s warm core. temperature structure around

lrear e -
- : LR

;200 mb where the channel has 1ts max1mum response.,l.f'

. High resolutlon microwave measurements of-about 25 km-"
(compared to the approxlmately 200 km llnear dimensions

'.;resolved by ‘the NEMS®and“SCAMS):" at-19 GHz andi~37" GHz were

obtained from the Electrically Scanned Microwave gadlometers
(ESMR) aboard Nimbus 5 and Nimbus 6, respectively. ' The
ESMR data has been particularly useful. for monitoring the
movement of sea-lce "boundaries - (Gloersen et a1 1974),

precipitation estlmates over oceans. (Alllson, et al, -1974) . . .. ..

and soil m01sture variations (Schmugge, et al, 1977). The

utility of such data has led’ to the development of a’ flve:?’wr“nqxff;
channel (6.6, 10, 7,18, +0,:21,0,.:37, 0 GHz) Scanning Multl-,hgu.stmﬁ,

jchannel Mlcrowave Radlometer (SMMR) to be launched in 1978
on both Nlmbus G and SeaSat A (Gloersen and Barath, 1977).
The instruments will be capable of determlnlng sea surface

temperature, surface winds, water vapor and precipitation

4 estlmates .over the oceans, Ice mapping. and soil m01sture

monltorlng w1ll also be available from SMMR data.

We are now entering a phase when satellite microwave
systems will be exploited operationaly to supplement the
traditional passive sensors in the infrared and visible

Akh:regions ©of . the, spectrum.ﬁ The..achievements. of the.NEMS:-and.:

SCAMS 1nstruments have led: to development of the flrst

.operatlonal mlcrowave spectrometer to be flown on the

-




“isystems,’ “Siuch sensors ‘wotld be ‘of even greater valué

w.radlosonde and raw1nsonde 1nstruments. The 1nstruments

. pressure, relative humidity and rawinsonde winds serve as... . ..

TIROS-N series, These satellites will carry a four channel
Microwave Sounding Unit for the purpose of temperature
sounding, Also, the Defense Meteorological Satellite
Program is developing a seven channel microwave temperature
sounder (SSM) to be flown on its Block 5D meteorological
satellite,
The evolutlon of pa551ve mlcrowave technlques for

”'meteorologlcal purposes “has’ been outlined above and’

summarized in Table. 8,3,1; where the’ 1nd1v1dual 1nstrumental
jﬂcapabllltles angd, characterlstlcs are 1nd1cated. As shown
-in the table, all temperature soundlng 1nstruments have
horizontal resolutlons in excess of 100° km, maklng them
~only useful for obserV1ng synoptlc scale meteorologlcal e

if instruments having smaller fields of view were available-
to probe cloud-shlelded subsynoptlc and mesoscale weather
51tuatlons.": ' e

6 2, l Mlcrowave Supplement to Conventlonal Data SOurces

. Tradltlonally the major source of upper a1r meteoro-
‘t”loglcal aata has ‘been obtalned from dlrect measurements by

are balloon launched at synoptlc times (00 and 12 UT) from
a global network of fixed land statlons (spaced about

500 km apart) and a limited number of island stations and
weather ships. The radiosonde measurements of temperature,

reliable inputs to the analysis of initial state parameters
for numerical models in weather prediction., However due to
their limited areal coverage and infrequent observations,
additional data sources are required to investigate

- disturbed. weather: -areas.:. *This'is particularly -true-for the .- ... ... -

troplcal and extratroplcal cyclones whlch develop over the
oceans and move into land areas. ) ‘ T
To expand the spatlal and temporal coverage (partlcularly
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over‘the'oceans), aircraft measurements are used to supple-
ment the global data network. Commercial aircraft provide
temperature and wind measurements along their 200-250 mb
flight level at various asynoptic times, For tropical
storms over the oceans, aircraft reconnaissance flight -data
are available. The data contain vertical temperature,
pressure and humidity prOrlles from dropsonde measurements,
“and flight level winds’ around 700 mb* from doppler radar- "’ “
- Mmeasurements. for a. llmlted number of flight paths through
.. ..the storms, = But it is; a hlghly complex -and’ exhaustlng
task, if at all pos51ble, to obtain ‘a- complete tlme hlstory.'.
of a major storm development using alrcraft data. ' o
Various types of data derlved from satellltes are used

ﬁ*:to supplement +adiosonde ‘data. ~This includes not oaly’ ‘the™ -

temperature and moisture data derived from polar orbiting
satellites but other data from the geostationary satellites.
Presently, 1nfrared and v151ble cloud 1magery from the

. NOAA Geostatlonary _peratlonal Env1ronmental Satelllte (GOES)
are routinely applied in the analysis of dynamical systems.u
A.Estlmates of troplcal storm 1nten51t1es have been developed L
based on subjectlve ana1y51s of satelllte 1magery (Dvorak b
~1975). Meteorologists experlenced_ln.the 1nterpretat;on
of infrared and visible.images have developed techniques
for identifying circulation patterns which may not be .
detected from the coarse global ‘data network (Anderson,
et al. 1975). Subjective interpretations from satellite

"'-'~'~.' e ey

.qtelevision-pictures&areaentered~intomthemfinalgstages;ofblym;,Q,m:m“

analysis and forecast of weather systems. Finally,'the
cloud motion fields observed by GOES are used to derive
atmospheric winds at upper and lower levels (Green et al.
1975) This last technique of following cloud motion is
”3however limited by~ the dlfflculty of properly - 1dent1fy1ng
fclouds at dlfferent altltudes, and much of the 01rcu1atlon
at low 1evels is obscured by hlgher clouds.




wdqlmpact on- weather ana1y51s and” forecastlng in  the Northern

FaalEave pIeRigyn

Because of the cloud penetrating property of microwave

radiation, together with the high stability and sensitivity

of microwave radiometers,.microwave measurements have the

potential of adding very significantly to the current
operational data base. However, it is well to recognize

that realization of the full benefits of microwave-derived

data requlres that they be properly 1ntroduced 1nto numerl-nﬁ _
cal models for ana1y51s and forecastlng of meteorologlcal s

159

2l Appllcatlon of Mlcrowave Data I

It remalns a sen51t1ve 1ssue that tests conducted w1th

the Nlmbus 6 soundlng system have not shown any dramatic

Hemisphere (Tracton and McPherson, 1977). - One answer may be
that'the "silent" areas (e.g. ocean regions) are not as data
void as 1n1t1ally belleved Surface data,'alrcraft data,
satelllte wind vectors, and subjectlve 1nterpretatlons from
satellite telev151on4p1ctures,~together w1th--forecasts~fromw
‘4data rlch areas, appear to spec1fy the atmosphere adequately
in the great majorlty of synoptlc scale 51tuatlons.' Add to
this' the characteristic deficiencies in ‘the “infrared satel-3~ﬂ~-"“
" lite sounding data caused by cloud contamination.aS'well.as, .-
the vertical resolution problem of remote sounders in general

and one finds that "impact" has been minimal. A shortcoming
‘ of the Nimbus 6 sounding system was that under conditions
- judged -too-cloudy  for:-the-infrared -sounder,.retrievals.were...
not made. Thus the benefit of the SCAMS measurements, i.e.
cloud penetrating'capability, was not realized in many
situations. This will not be the case for Tiros-N, where
it is planned to obtain microwave retrievals under condltlons
”’whlch are too" cloudy for™ 1nfrared retrlevals. "
'“ An example of a modest but 51gn1f1cant ana1y51s chanoe"'ﬂ
1nd1cated by the SCAMS data is glven 1n Flgures 6. 1 and 6 2.
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Figure 6.1 shows the satellite-observed clouds of a rapidly
moving weather disturbance traveling across the Gulf of
1976.

Figure 6.2 shows the depiction of the same system as defined

Alaska on the Pacific northwest coast on February 7-8,

by NMC‘(Eational Meteorological Center) analysis (wnich
does not include the research satellite data) and by the
SCAMS soundings. ' |
_.associated with the system is ‘contained  in both-analyses, +. . -

Notice that movement of the trough

but there are lmportant dlfferences ln shape, posrtlon, and
Flgures 6 3 and 6 4 agaln show the dlfferences.sTV

[

1ntensrty.,
-between NMC .and SCAMS analy513 of a cyclonlc dlsturbance
into the Pacific northwest coastal region on ‘February 18- ZI;
~1976. These dlfferences may not be- adequately reflected
“in the product ‘ofcodrse;- large scale fOrecast models byt
must make an impact on sensitive, fine scale forecast models,

Current and ongoing applications of satellite data will
stress this area which is of ultlmate 1mportance for short
to medium range forecasts, ' o R

. It is generally accepted that within the troplcal
env1ronment knowledge of the large varlatlons in water vapor
are of utmost 1mportance ‘for understandlng the development ‘
of trop1ca1 cyclones and cloud clusters.~,As_;llustrated.ln
. Figure 6.5, the total water vapor derived from the SCAMS.
(or NEMS) 1nstrument can produce estimates approachlng the
accuracy of radlosonde 1nstruments and show the large
‘variations in the water vapor distribution over the oceans

. which, p{r.@‘_’iéu,sly”.CO_I.J«J-.d.-,.OnlY:,-:b? .surmised .from :the limited. .. ...... ...
number of island radiosonde stations and by subjective:
analysis of satellite-cloud observations (e.g, Ruprecht and

Gray;
require
amounts

amounts

useful

- a proflle, or new 1nstruments must be: deyeloped.

1976) .

However, most numerical prediction models

at least two vertical layers of the water vapor

‘in.the atmosphere; rather-than-the-total- (1ntegrated)a4f%wwf
derlved from past mlcrowave 1nstruments.A To. be ;jfa R
elther the total m01sture must be parameterlzed into ”

.Current. - . =
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Precipitable Water (mm)
SCAMS Analysis vs RAOB Data (e) August 1975
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Figure 6.5. Comparisons between SCAMS retrieved precipitable water (mm)
and radiosonde measurements for August 20-22, 1975.
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and ongoing research at the National Atmospheric and Space
Administration (NASA) .and the Massachusetts Institute of

" Technology (MIT) involves the design of multichannel spec-
trometers employing the 183 GHz water vapor region in
addition to the more transparent .22 GHz spectral region for

obtaining water vapor profile information.

6.3 Measurement Techniques and Evaluation

Atmospheric temperature and water ‘contént are the . "
principal meteorological variables derivable from radiometric
:measurements 1n the _oxygen and water vapor spectral reglons,
respectlvely.' The methodology of. determlnlng vertlcal .
temperature (thickness) and gedstrophic wind from radiometric
data will be descrlbed, followed by a review of the technlque '
““used in' determlnlng atmospherlc Water" Vapor “and llquld water ”
content. Although the theories of measurement outlined are
applicable to a wide class of microwave sensors, reference
will be made occa51onally to the SCAMS set of channels
(22.2, 31.6, 52.8, 53.8, 55,4 GHz)., Examples of SCAMS
measurements will serve to-illustrate the capabilities of -
the mlcrowave technlques 1n varlous meteorologlcal appllcatlons.dﬁﬁﬁd

kY PRI

"6 3 l Atmospherlc Temg_rature (thlckness) and Geostrophlc 7': ‘f- .

Wind Determlnatlons:"“ A ,

The callbrated response of a satelllte—borne, earth-

' viewing microwave radlometer to received radlatlon at o
frequency v is a brightness temperature T (v) averaged.
over the 1nstrumentb fleld of v1ew. Brlghtness temperature _
is related to the vertlcal proflle of atmospherlc temperature
T(P), in accordance with the radiative transfer eguation
which can be written in the descriptive form as the sum of

an atmospheric and surface term:

1nPs

Tg(y) = ‘j"r(l?)ﬁ Wev,p) dInp -+l (B)5%e m o (1a)

=00
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Arv(P) ..arv(P)
W(v,p)l = 1+ (l-—es) ——— e (1b)
Tv(Ps) 91lnP

where Tv(P) is the atmospheric transmittance from pressure
‘P to the satellite level, Ps is the surface pressure, Ts
the surface temperature and €g the surface emissivity. The
A,off-nadlr (llmb) effect 1s 1ncluded by the Sece factor,h_ﬁﬂp .
where ® is the earth-located zenlth angle for a partlcular -
viewing dlrectlon. In the mlcrowave spectral reglons of R
'3%1nterest, oxygen and water vapor“are the major atmospherlc vﬁﬁgﬂt“
absorptlon medla, whose transmlttances are accurately glven |
. by Rosenkranz (1975) ‘and Llebe (1969, 1977) For the’
_%,spectral regions of 1nterest ‘the, emrssrvrty 1s about Q3.
'for sea surfaces and approaches unlty for dry land The
expression W(v,p) is called the temperature weighting

function since lt welghts the atmospherlc temperature con-

trlbutlon to the brlghtness temperature. Surface effects
‘are 1ncluded ln the welghtlng functlon deflnltlon by the
bracketed part of Eq. ab)whlch contalns the reflected o
-~ radiation- ‘contribution:in. the. case: of ‘seasurfacesy. 'iwﬁﬁafﬁf}fw¥"“~5
o ‘ Wlthln the oxygen band (centered at 60 GHz), the:ﬂ:::”l""t;ffjjy—f
) welghtlng functlons are essentlally 1ndependent of tem— e e
- perature ‘and have a unlque pressure dependence for a glven
frequency,_surface emissivity and view angle, They are
unimodal; peaking at decreasing pressure as the frequency
approaches the center of the oxygen band at 60 GHz. This
“.Hproperty is 1llustrated by “the SCAMS’ welghtlng functlons'“
in Figure 6.6 which was computed for land and sea surfaces
‘wiewed at nadir and the extreme scan position. = The spread
in the weighting functions is an approximate indication
of the vertical resolutlon of temperature structure
.recoverable from 1nd1v1dual brightness temperature measure=.

ments, although ‘linéar combinations of welghtlng functlons
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“gated for obtalnlng the coeff1c1ents. However, most.. gt e R

(corresponding to linear combinations of brightness
temperatures) improve the vertical resolution
attainable from a given set of channels (Backus and
Gilbert, 1970).

Equation (la) then can be inverted to give a linear
relationship between atmospheric temperature profile and
brightness temperatures, viz; ‘

T(E) = a () +Dae) Ty (@

where the coeff1c1ents a, (P) are dependent on the . welghtlng
function propertles. Varlous technlques have been investi-

' practlcal methods are ba51cally varlatlons of a statlstlcal

accuracy result because “the’ regressron coeff1c1ents contaln'”" o

linear regression approach (Hayden, 1976) with brlghtness
temperatures as predlctors and atmospheric temperature as
the predlctand In thlS case a (P) of - equatlon (2) are
regression coeff1c1ents. "The accuracy of the temperature
measurements relies on statistical 1nformatlon in addltlonA

to the basrc resolutlon .and - characterlstlcs of welghtlng

~functlons. In fact 1mprovements 1n temperature retr1eva1

statistical information’ correlatlng temperatures averaged
over the weighting functions. w1th the temperature at a
discrete pressure level,

There are essentially two ways in wh1ch regressron

coefficients ah(P)'are “computed.’ "In both instancés radis-= U

sondes provide the temperature data but the brightness
temperature may be either measured (by a simultaneous
satellite measurement) or simulated by a forward calculation
of Equation (la). In either case the coeffrcrents contaln

~ some effects due to local surface em1551v1ty varlatlons, o

but the large varlatlons between land ‘and ‘sea - surface .
emissivity are eliminated by obtaining separate coefficients

o, wmrrae e U] e S T T P




,';;&llquld Water attenuatlon.;fjj;f~ﬁgﬁt.b W

in the ease of'iAAd'aﬁa"sééréﬁ£f56é51°*Théfpriﬁcipai'
reason for using the colocated measurement approach is
that simulated and measured brightness temperatures often
disagree for infrared channels, However with SCAMS these
were found to agree (Grody and Pellegrino, 1977); sub-
stantiating the independence of SCAMS results to such
auxiliary data. This is apparently unique to the microwave
radiometric technique and is partly due to the well defined
- atmospheric transmittance ‘for the oxygen band-in addition "% -

- to the. generally small perturbation resultlng from cloud

, Results from synoptlc scale. studles comparlng SCAMS '
retrieved temperatures w1th cornc1dent ‘radiosonde measure—~'
ments conflrm the theoretlcal expectatlons of standard
error. “Figire 6.7 ‘shows the theoretical resilts ‘obtained
for land and sea surfaces viewed at nadir and the extreme
scan position; based on regression estimates obtained
with numerlcal s;mulatlons of the SCAMS respOnse to a set
of global, all season radlosonde observatlons. “The SCAMS"

52.85, 53,85 and 55,45 GHz-brightness temperatures were -

,_the predlctors used 1n obtalnlng temperatures at the

standard pressure levels. “In general,. the largest tempera—lﬁx&“
ture errors- occur‘at.pressures-where (a)~welght1ng “functiong:. -
are inadequate.and. (b)-strong correlation is:-lacking between-. . -
level temperatures and weighted temperatures sensed by the
instrument. It is not always possibie to separate these

two sources of error, although an indication of the

-weilghting functionwfactor'ismshown»by;thessmaller«errors~rwd:‘wm-:jm:

above 100 mb in the scan limit position (when the weighting
function peaks higher in the atmosphere) compared to the
errors for the nadir case. An indication of the latter is
shown by the relatively poor information content of the
measurements near 200 mb where the tropopause has not been.

e R R “ R Ll e T, e i

. Fesolved,: '“31f”ﬁ':.-:'Qf~tff‘T.,f? P e D R e

Flgure 6. 8 compares 700 mb temperatures derlved from
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January 26-27, 1976

NOAA-4 VHRR (11.5um) 27/0648-0948 U.T.
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RAOB 700 mb Analysis (°C) 27/0000 U.T.
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NIMBUS-6 SCAMS 700 mb Analysis (°C) |
Using Theoretical Coefficients 26/2248-27/0038 U.T.
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Figure 6.8. Comparisons between SCAMS 700 mb retrieved temperature measure-
ments and radiosonde data for January 26-27, 1976:. (a) NOAA-4 VHRR ‘satellite
image showing cloud features and SCAMS grid coverage, (b) analysis of 0000 UT"
radiosonde temperatures, (c) analysis of 2248-0038 UT SCAMS retrieved
temperatures. (After Grody and Pellegrino, 1977).
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SCAMS measurements over Europe wrth the RAOB analy515. Theﬂ
positions of the major trough and ridge are well defined
in the SCAMS analysis although both the amplitude of the
ridge and temperature gradieut in the frontal bands are
underestimated. Some of this gradient reduction is due to
SCAMS' large field of view, which smooths out temperature
gradients., '

For appllcatlons to numerlcal models the layer tempera—
tures or "thickness™ values are more approprlate than ievel™
temperatures. From the hydrostatlc equatlon the thlckness

sxbetween pressure P. and a xeference level P becomes g;_;;};=;;¢“;§;;
z (P) "=‘§" J ¥y awme e T (3)
: lnPo ‘ ped e adeen T e T T g et A I L S e e

where R is the gas constaht,'g the gravitational constant
and T (P) the v1rtual temperature., Thlckness .may be

approx1mated u51ng the level temperatures of Eg. (2), whlch
reduces (3) to a regre551on solutlon L eg

where the coeffioients bn(P)Acan:be computed from simulations. .
or from the temperature regression coefficients, viz;l'

"R lnP
bn(P) = g S an(P) dluP (5)

o AnP_ L R
e ARB s

SCAMS 1000mb to 500mb thickness fields shown in
.Figures 6.2 and 6,4 were derived using Eq. (4) with simulated
coefficients relating the oxygen channel brightness tempera--
‘tures with thickness values, It'is'certainly conceivable
“that 1nsuff1c1ent NMC data was responsxble for ‘the': dlfferences
between the SCAMS results. In the North Atlantlc area the




e em wel s

NMC analyses are generally improyed from prior knowledge
of systems traveling -across the east coast (where much
conventional data exists) as evideneed'by the SCAMS com-
parison shown .in Figure 6.9, Both thickness fields display
similar shapes, positions and intensities, although small
scale features shown by the SCAMS results appear smoothed
out in the NMC analysis.

In addition to temperature or thickness determinations, -
brightness temperature gradients for the.oxygen channels
A'are useful in der1v1ng wind fields at. dlfferent levels An-

T «" e e

'5'the atmosphere. The relatlonshlp between brlghtness “teni—

perature gradlent and w1nd 1s partlcularly stralghtforward
for the case of geostrophlc flow as descr;bed below,

For -steady..state.- condltlons, -and ‘in- regions where .. wortiL e s

"frlctlonal" forces are negllglble, balance relatlonshlps
exist between the motion and mass fields enabling direct
determination of winds from temperature analyses, The

" thermal wind equation isAdeveloped'from-the balance*betWeen'
Coriolis and pressure gradlent forces and can be expressed

in 1sobar1c coordlnates as

v LT i e gy

. ““SF’":’_E“ F 3

‘where V is the geostrophic wind along-a constant pressure'
surface, R is the gas constant, ‘f the Coriolis parameter
and n the coordinate in the direction of the horizontal tem-

perature gradient,  Multiplying ‘Eq. (6) by the temperature e

weighting function of Egq. (l1b) and integrating through the

atmosphere gives:

?s _ \lnPs

S Beemae--R

X

T -0
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Using Eq. (la) the right hand side of Eg. (7) becomes pro-

portional to the brightness temperature gradient; neglecting
the small contributions due to gradients in surface
temperature and surface pressure, Also, integrating the
left hand side of Eg. (7) by parts one obtains the final

result;
1nP :
aT s ‘
R B _ dW(\) P) : o ‘
b ———-an - j . W .Vs. W(\)~,Ps_.)_ e e (8) .

=00

"”whéré‘v* is’ the surface w1nd. Equatlon (8) has ‘A’ form %iﬁh””u"“;
51m11ar to Eq. (la) and- relates the horlzontal gradlent 1n_fg."
brightness temperature to’ the wind profile through a "wind
weighting ‘function’ which.:is: “the’ -vertical.derivative- of»the
temperature weighting function. Differentiation of the

unimodal temperature weighting function results in a doublet
producing regions of positive and negative contributions .

with a crossover“point'at'the-pressure of maximum temperature~~<f“'
weighting., The wind welghtlng functlons for the SCAMS _; |

oxXygen channels 1llustrate this property and are shown in

Figure 6,10 for- land and ‘séa sirfaces: V1ewed at’ nadlr.-**“‘:”***“"““}

. Analogous to the, temperature 1nvers1on problem, the;;;ﬁ;jmg;amﬁrs

vertlcal w1nd proflle can be expressed as. a llnear com-
blnatlon of brlghtness temperature gradlents, '
. . BTB(vn,n) '
V(P) =C (P) + Z C_(P) ; : (9)
0 n B on

L LA P LR L R

where the coefficients Cn(P) can be obtained from regression
analysis using simulated data. Alternatively, the wind
equation (9) could be arrived at by applying the temperatures
of Eq. (2) to the thermal w1nd equatlon (6) and obtaln the
._coeff1c1ents_

B R T S T e
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C = V(PO)

(¢]
1nP .
~ _ R A - - ’
c, =~ 3 j a_(P) dlnP %bn (P) (10)
AnP
(o]

Application of microwave derived winds in numerical
analysis and prediction has not ‘been explored, although the
wind weighting. function concept suggests new methods for,

Hexp101t1ng the gradlent lnformatlon 1n the oxygen channels.lgag*j

AL

it
[

6. 3 2 Atmospherlc Water V;por and’ quuld Water ?Nxe‘""

Determlnatlons Over Oceans’

4aAtffrequenciesYnear'QQeGHz*theavariationsein-signalgaupwy*wH-vwn

caused- by changes in atmospherlc temperature are incon-
sequential as compared to varlatlons caused in transmlttance.
In the hypothetlcaL_case of an isothermal earth-atmosphere.
system with temperature Ty the-radiativertransfer solution

can be written as .

where Ty is the total vertlcal atmospherlc transmlttance

(due to water vapor and llquld water). As Grody (1976) shows,
even such a simple model incorporates most of the important
radiative‘transfer;effectswforxfrequencies;below,40vGHz.;ﬁ
Thus, three atmospheric parameters essentially determine the
response of a radiometric channel. These are the column
water vapor content, column liquid water, and the wind speed
near the ocean surface, This last parameter affects the

*-brlghtneSS temperature in two ways, wind-generated whitecaps'

* and foam" 1ncrease the surface em1551V1ty, and ‘surface: roughness

causesem1551on from a dlstrlbutlon of zenlth .angles (peaklng

'"Tc‘=‘Tby[fif;gTzseCQ(iﬁ;%%f)njﬁyyﬁiﬂu%!&tpufﬁ;(Iloﬁrﬁf
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‘ water vapor and llquld water over areas hav1ng relatlvely

7unperturbed sea surfaces.

- angles;~baséd ‘of -extrapolation ot experinental aata  (stdgrga;

" “the dependence of atmospherlc transmlttance '6n ‘water vapor N
~and.liquid water,. the. water: parameters are derlvable from:.

'-expressed 1n terms of the 1ntegrated water vapor ln a column W 'h' ._f

. at 22.23 GHz with a.value-of.10T?, which is mainly due to

w8 Sy B b AT LR et T R e ey S A P O e Sim s bt Tl s T B TR e p v T L AR AR e S R et s R S ST R At et T

i

in the speculargdirection)"tO"be-reflected_toward*the radi~
ometer, Because'of the variability in sea surface emission, E?:
generally measurements at more than two freguencies are -
required for the unambiguous determination of water vapor

and liguid water, based on the different spectral character-
istics for water vapor absorption, liquid water absorption
and sea surface emission, However,'under fairly general
conditions 2 channels are sufficient, For example, several
investigators (eg..Staelin et al. (1976)) have applied.. .. .
SCAMS 22 and 31 GHz brlghtness temperatures to estlmate the

ST W ey e . - ._~.~'..'-' e e
"‘(’-"*""-l ...,\.."..‘.. - Pl . oy e e

Flgure '6.11 shows the percent increase in sea sirface

emissivity as a function of wind speed for different viewing

1971). For sea surface winds below 10 m/sec the emissivity
perturbations are negligible compared to the atmospheric ef-

fects on brlghtness temperature. - Hence, except for . large scale
intense dlsturbances, the water vapor and 11qu1d water are the

most 51gn1f1cant synoptic scale features exhibited by radi-. -. ...~ .
ometric observatlons around 22 GHz.‘ Based on Eq (ll) and

dual frequency brightness temperature measurements_as“shown

below. o A
The total transmittance is a product of the water vapor
and liquid water droplet transmittances (neglecting the

near unity oxygen .transmittance. component)., ;i . ...oieorel e s e i e

T, =1, (H0) * 1, (Lig) (12)

and the water vapor. transmlttance can be approx1mately

4"

The largest. standard error 1n the transmlttance model occurs .

variations in water vapor distribution with altitude.
6-27
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ity (19.4 GHz)

E21A4

Percent Increase in Sea Surfocé Em

increase in Sea Surface Emissivity due to

_..Wind..)S,pee&_:for: Different Local Zenith Ah_gies. o

45 I i

o ! L

T

. .

35

w WmdSpee d"(m/sec) " e e

‘Figure 6.11. -Increase in sea surface emissivity (19.4 GHz) as

a function of. wind speed (m/séc)~for'difﬁeréhﬁ“local;zenithﬁangies;

for SCAMS antenna polarization.

(After Stogryn,-
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w/ . I .
T, (H20) = e Wo(\)); W in 9/cm? (13)

where Wo(v) is a frequency dependent quantity (see
Figure 6.12), reaching a maximum of about 18 g/cm? at the
center of the 22 GHz water vapor line and increasing on
either side of the resonance. | |

For frequencies below 50 GHz and water droplets
smaller than 50-microns*(corfesponding”tofnon-precipitatiné";
. €louds) .the llquld water. cloud transmlttance is approxxmated
.by the Raylelgh llmlt.; In.tn}s llmlt, absorptlon depends

only on the total llquld water volume and not’ on- the
‘distribution of droplet’ 51zes. ‘Thus "™ ot e

(qu)'- e /Q V) i in Kg/m iﬁﬁﬁ33*ﬁfﬂf*?“f“1l@5“gJ.“wah

where Q (v) decreases monotonlcally w1th 1ncrea51ng frequency
(see Flgure 6. 12), and also depends on the mean . cloud tem- -
perature (Staelln, 1966) . L A

‘It should be recognlzed‘that"aosorption?offradiation1'§
. due to~ice-clouds is. about two . orders ofwmagnitude*less~~
than llquld water - cloud of the same- water content and is

therefore neglected “Ais6’ whereas rain’ absorptlon is greaterz*m“w""w

than that of liquid water clouds of the same water content,”
for the present purpose precipitation effects are neglected
by assuming that the area of precipitation is small compared.
to the instrument's field of view. This assumption is

"valid ‘for the majority of synoptic ‘scale ‘observations made® ~*"* ~

with the SCAMS and NEMS instruments, In principle the
different characteristics of precipitating drops compared
‘to that of small suspended cloud droplets should enable
some separation of the two constltuents u51ng multlspectralb
-rmeasurements.” Thls 1s not readlly p0551b1e w1th current -

ulnstruments, but requlres a multlchannel hlgh resolutlon

spectrometer.

e e e .
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- For water vapor less than 18 g/cm? and liquid water
less than about 5 kg/m? the transmittances (13) and (14)
can be linearized so that equation (1ll) can be approximated

TB(v) < €g T0'+ 2 Q + 0 (l—es) T Sect (15)
Q,(v) W (v) -

Thus brightness temperature.measurementsiat two  frequencies ..

~Aenable the determlnatlon of Q and W, glven reasonable

estlmates of the temperature T 'isurface em1551v1ty es, and o

"fmean cloud ‘temperature (contalned in Q “and’ only needed forf?ﬁi-"

liquid water: determlnatlon). The solutlon has" the general

form
0 Dt T e S R e e e e

W= Wo ¥ w1 TB (“1)u+,@z ?B ‘?2) o S 4‘;§a)

Q= qo-'+ q, Ty (v,) + fz;- _T_B"'(\_’i) e aeb)

where TB (v ) and TB (v ) are the brlghtness temperatures
at frequenc1es v; “and’. vz. The coeff1c1ents wl ‘and- q depend
on the frequenc1es chosen, the averaged temperature near :
the surface and the emlss1v1ty (q _also depends on mean - .-
" cloud temperature).‘ Note from (15) that the coeff1c1ents
welghtlng the brlghtness temperatures are 51mply related to

the absorption parameters by the relationships,

T - R A A S 2 e T T L T e R L R I I

e P e £
‘*’1/&2 =W, (v /M) 1/qz = Q, (v 1/Q, ()4

The form of Eq. (16) suggests the use of a statistical
linear regression solution with. brightness- temperatures as

f;npredlctors, where the coeff1c1ents contaln the varlatlons ln

temperature and em1551v1ty ‘of the dependent data sample.
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“Table 6,1 -~lists ‘the-résidudl errors obtained -from simula=-" 7" -
tions using the exact radiative transfer equation (Rosenkranz
et al. 1972; Grody, 1976). A small improvement over the
linear estimate iS'cbtained by inclusion of a term that is
‘gquadratic in 22 GHz brightness temperature. A crude simu-
lation of the effects of occasional ocean roughness and foam
cover is given in the righthand column of the table, where
the surface emissivity was increased by 10% in 20% of the
statistics. This is probably a pessimistic. estimate .of the
, effects of sea state.‘ Staelln et al (1976) compared actual
”NEMS retrlevals of water vapor w1th radlosonde measurements
from- 1sland stations. They found standard deV1at10ns of
0.12 g/cm for the NEMS-radlosonde dlfferences 1n January
1973, and 0. 44 g/cm in June 1973. The hlgher value ln June
... was. attrlbuted 0. a . greater occurrence.-of.. small-scale ‘Struac—:
ture in the humidity. No 1mprovement due to the addition of

e

nonlinear terms was evident in the NEMS-radiosonde comparison.
As in the case of temperature retrievals, the water vapor is
accurately determined-using simulated‘coefficients, substan-
‘tiating again the independence of micrcwaveuresults‘tc au§ilf.w_.y'
tary data. L T TR Al RO | S T,
. The examples of- SCAMS derived- water vapor shown in-

Flgure 6.5 were obtalned .as. described by Grody (1976) and are_“_;‘f"
| comparable w1th the 1nd1cated radlosonde measurements. Any
'large dlfferences betwéen SCAMS and radlosonde observatlons:

are probably due to the horizontal resolution problem, ‘i.e,
radiosondes obtain_point-measurements while SCAMS results

are averaged over an approx1mate 200 km llnear dimension. ‘
;Nevertheless, the 'good spatial coverage ‘of the ‘scams T
delineates detailed structure which is only suggested by

the limited radiosonde observations, Unlike the relatively
smooth changes in temperature, water vapor variations can

be hlghly varlable, and as such are dlfflcult to analyze
‘based on. the. llmlted conventlonal data coverage The de-'

tailed’ spatlal and temporal Varlatlons should play an

O
ot

in

@

important role rn initi allzrng forecast models for pr
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. liquid water/: . ;

Parameter/
form of estimate

smooth sea
surface

RMS residual errors (g/cm?)

varied sea
surface

water vapor/
linear

water vapor/
quadratic '

water retrievals using 22 and 31 GHz.

i rable 601 Similation Fesults for water vaper and iiquid TR




precipitation. The applicationAof water vapor measurements
for monthly and seasonal averages .has not been previously
considered due to insufficient conventional data coverage.
_However, with the .availability of-microwave data it is now
possible to map the global distribution of water wvapor over
the oceans with sufficient detail to be an important factor
in determining climatic variations in the water transport
cycle. Figure 6,13 shows the SCAMS derived water vapor for
a two week period'throﬁéh'August-septeﬁber'1975“(upber)jand.”
-~ during February 1976 (lower). The shaded areas in the troplcs
.contain, water Vapor An, excess of 45 mm (4 3. g/cm ).% In the
mid- latltude the shaded area 1ncludes water vapor less than
15 mm (1,5 g/cm ). These data for" the flrst time furnlsh
.the meteorologlst w1th detalled 1nformatlon concernlng the

PV
et

iiwater vapor dlstrlbutlon over the oceans. “The maps indidate
large inhomogeneity over the'troplcs. -Consider for-
example, that the mean tropical atmosphere (Riehl, 1954) has
a value of 46 mm and note the fractlon of the'troplcs where
this value is exceeded as shown by the shaded areas of the
maps. Very moist’ aréas with values in excess of '55-mm occur - - - . i

_over, the _western parts. -of the Pac1f1c,,dur1ng_w1nter over . . ..
Indones1a ~ New Gulnea and durlng summer . near the. Phlllpplnes‘”.'”ﬁzuua
and Taiwan," Conversely,Amany-areas-are con51derably~dr1er~>*
than the'mean.-nIn:partioular,-theadry zone of'the~equatorial-
rPacific exhibits water vapor less than 35 mm, This dry-zone
extends from the equator southeastward towards South Amerlca,
reflecting the subsiding dry air of the South Pacific trades
which were particularly: strong- -during these per10dsx“‘AlSO«u'mmr:xwm:~u
of interest is the water vapor variation along the west

coast of South America between summer and winter,

6.4 Recommendation for High Resolution Instruments

’ Satellite borne microwave'radiometry is .comparatively-
-new -in- relatlon to- the more - tradltlonal 1nfrared ‘and.. v1s1ble
technlques.v Its potentlal use in meteorology has been only '
partially exPlQr?derFh the -Nimbus :5 and Nimbus 6 microwave . . ..
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instruments, A major limitdtion of current microwave - sénsors ¢S
"is the relatively poor horizontal resolution compared with
‘the infrared and visible counterparts. -However, it is tech-
nically feasible to develop satellite instruments with as
small as 5 km horizontal resolution for temperature"sounding
at polar orbiting altitudes;Aslightly‘coarser:resolution
(10 km) is practical for water vapor and liquid water obser-
vations. This limitation is simply based on spacecraft
antenna size, as discussed in’ Chapter 8. .
< The need for hlgh resolutlon data 1s obv1ous when one. ..
. ‘ recognlzes that the maln v1rtue of the mlcrowave technlque ;,;thf:
/‘*re51des in” 1ts capablllty of | problng both large and small =
scale cloud shlelded weather phenomena.u The lack of 1nsuf—..r»;:'
f1c1ent resolutlon was well dramatlzed by the SCAMS observa-
. ... tions made.through. Typhoon June by Rosenkranz et al (1978 )
(see Chapter 5). It was found that the 200 km SCAMS resolutlon
was inadequate for resolving the complete storm structure,
.and resulted in underestimates of the temperature anomaly
near the storm center. ‘Even for moderate: dlsturbances ‘such’
as frontal systems, the llmlted SCAMS resolutlon can smooth
out large temperature gradlents as ev1denced by the radlo—
‘sonde comparison' made’ over~Europe>shown in'Figure 6 8..-The5uf”"lfﬁﬁ
_strong 700.mb temperature gradlents around the leadlng and w};mﬂpiﬂg;:
4tra111ng edge of the trough appear smoothed 1n the SCAMS
temperature analy51s. 'In thls case however, the questlon -
‘remains: how much of the horlzontal smoothlng is due to
vertical resolution problems? The separation of these effects
 is compllcated by SCAMS' large fleld of v1ew whlch smoothsA"n.“__””r”
'ﬂbhorlzontal temperature gradlents, and the need for better - o
weighting functions to improve the vertical resolution.
Spatial variations of liquid water and water vapor

normally exceed temperature variations (e,g. in tropical regions

.. temperatures vary. less than 1 K). Convective storms are ... . - .
... ‘highly. localized.. and can only -be. properly analyzed uSLng hlgh
resolutlon data, llquld water data are essentlally meanlngless




if the lnstrument cannot resolve Drec1pltat1nc areas from
non-precipitating cloudy regions., The coarse spatial
averaging of the NEMS and SCAMS instruments prevented any
guantitative estimates of precipitation. 'The 25 km ESMR
resolution allowed such observations but even the ESMR
precipitation estimates are questionable in cases of squall
lines whose accompanying thunderstorm cells are usually less
than 5 km in. horlzontal extent
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CHAPTER 7
APPLTCATIONS OF HIGH RESOLUTTON PASSIVE MICROWAVE SATELLITE
SYSTEMS TO THE STRATOSPHERE, MESOSPHERE, AND LOWER THERMOSPHERE®

7.1 Summary

Earth's upper .atmosphere involves complex chemistry, photochemis-
try, and transport processes. Although significant progress has been
recently made in understanding these processes, much uncertainty still
remains. Measurements of several parameters are needed. Of particular
importance at the present time are measurements which can improve our
knowledge of how man's increasing technological activities may threaten
Earth's protective ozone layer. That this threat warrants concern has
been well established. . .. . ... ... o .o .

Microwave techniques have recently been applied to upper atmospher-.
"ic ‘méaSurements. Results from ‘ground-based and aircraft-based experi-4 -
. ments have: established .the technlques -as both feasible and valuable forfq‘igm_'i-
" upper atmospheric’ measurements.’ Microwave experiments: on satellites,. '
although principally oriented towards tropospheric and’ surface measure—
- ) ments, have established the feasibility of" performing suéh ‘experiments’
from spacecraft.

i .. Highrresolutionsatellite microwave -systems:can allow, - for-thé. = i
‘first time, the application of limb sounding techniques at microwave
wavelengths. These techniques provide very substantially  improved sen-
sitivities and vertical resolution over down-looking experiments. With
such techniques several important measurements can be performed with
existing technology. The extension of microwave technology to submil-
limeter wavelengths will allow many more important measurements to be
‘made.” The normal observation mode of these techniques, measurements ‘of
_atmospherlc thermal emlssion allows continuous global coverage.

Recommendatlons for future satellite microwvave- systems for upper
- atmospheric applicatdions. must :include. considerations of. which. measure—-lf;AyG.ﬁsH:j
‘ments ‘are 1likely to still be needed after the three or four years
normally required’ to’ develop such a system. This consideration is ’
particularly difficult for*stratospheric’ ‘tesearch as the measirément™
priorities will continue to change as Tnew measurements are made and
. C theoretical understanding is improved. Nevertheless there are parti-
cular measurements which we can say with confidence will be needed -
four years hence. For the mesosphere and lower thermosphere, it is °
" easier to predict which measurements will still be of value four years
hence simply because so little is now known of the details of the physical
processes in these higher regions and very few measurements exist. In
...these regions microwave techniques are partlcularly well-suited because .
the spectral lines observed remain in thermal equillbrium throughout
the region and the widths of the lines are well suited for the instru-
mentation.

Taking into account all of these considerations we recommend the
following two areas as being appropriate for immediate support:

1.  Development of .a -versatile microwave .limb sounder for
; research use on Shuttle sortie mlssions or on a free. .
A flier satellite. o sl e e T

. Prepared by J. W. Waters and 5. C. WOfsy
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22 Development of technology for space- quallflable neterodyne .
- radiometers :dn the 100 to ‘3000 GHz" spectral range. ’

The microwave limb sounder instrument should have an antenna of
at least 1 meter diameter in order to give better than 3 km vertical
resolution at frequencies of 200 GHz and above. It should be capable
of accommodating several radiometers.for simultaneous measurement of
several species. The radiometers should be modularly constructed so
they can be easily exchanged as measurement priorities evolve.and
technology advances. Initial measurements with this instrument in the
100-250 GHz range where technology presently exists should include 07
in the lower thermosphere where it is dissociated, temperature and
winds in the mesosphere and lower thermosphere, and precision measure-
ments of stratospheric ozone profiles.  The radiometer:used for the -ozone
measurements can also be used simultaneously for ClO and Hp0p if mea-
surements of. these species are Still'required "~ 03, H20 -and 'CO.in the
mesosphere and lower thermosphere should. ‘also -be measured. The overall
! instrument ‘should be constructed sé thit” instriménts’ in other spectral
regions, e.g., the infrared, can ea511y be bore51ghted w1th 1t for L
simultaneous complementary’ measurements.’ : B

A thorough ana1y31s, 1nclud1ng numerlcal simulat1ons,‘ hould be

accuracy w1th these technlques. Optlmum spectral lines for the measure-
ments should also be verified. ‘ : C - o '

Development of submillimeter heterodyne radiometers up to 3000 GHz
frequency will allow measurement of many more important specles in the '
stratosphere, mesosphere,. and lower thermosphere. These include O, OH,
NO, and ‘many others. Improvement of the present sensitivity of space-

worthy radiometers in the 100-250 GHz frequency range should also'be a7

goal. An overall goal for the receiver sen31t1v1ty should be that the '
: system noise temperaturé-in Kelvins equals ‘the frequency “in' ‘GHz i R

o The laboratory spectroscopy requlred to. support measurements in the -
submllllmeter range should be deflned and performed.

Figures 7.l and 7.2_outline the summary and“recommendations.

7.2 Earth S Upper Atmquhere' A Summary Descrlptlon
The atmospherlc region con51dered here covers a1t1tudes between
about 15 and 150 km which includes the stratosphere, mesosphere and
lower thermosphere. 1In this regions there are important interactions
with. the troposphere below and with the magnetosphere above. Absorp-
tion and emission of radiation occur over a wide range of the electro-
magnetic spectrum, a large variety of minor constituents playing a part
-in the radiative transfer processes. The distribution of these minor
constituents is in turn determined by many chemical.and. photochemlcal
reactions ‘and by atmospherlc motions on ‘both-the small scale and- the
very large scale. Because of this complex interplay between radiative,
chemical and dynamical processes, it .is a very interesting part of the




'HIGH RESOLUTION SATELLITE MICROWAVE SYSTEMS FOR
UPPER ATMOSPHERIC APPLICATIONS

" SUMMARY

”oTHERE IS MUCH UNCERTAINTY IN OUR PRESENT UNDERSTANDING OF THE PHYSICALAND . . “- . - . .
-CHEMICAL PROCESSES N EARTHS STRATOSPHERE, MESOSPHERE, AND LOWER THERMOSPHERE;. - .. .- ..~}
" MANY MEASUREMENTS ARE NEEDED TO IMPROVE THIS UNDERSTANDING: - e

| 'OF PARTICULAR IMPORTANCE ARE MEASUREMENTS TO IMPROVE KNOWLEDGE OF HOW
MAN’S INCREASING TECHNOLOGICAL ACTIVITIES MAY AFFECT EARTH S PROTECTIVE T
OZONE LAYER ;'-:.,_';,-.v et i 1y S e .,,-;“-_;,'. S

o LONG-TERM PRECI SION MEASUREMENTS Of STRATOSPHERIC OZONE AND TEMPERATURE
ARE NEEDED. :

e HIGH RESOLUTION SATELLITE MICROWAVE SYSTEMS WILL, FOR THE FIRST TIME, MAKE -
POSSIBLE THE USE OF LIMB SOUNDING TECHNIQUES IN THE MICROWAVE SPECTRAL RANGE.
MICROWAVE LIMB SOUNDING TECHNIQUES CAN PROVIDE VALUABLE AND UNIQUE MEASURE-
MENTS OF THE STRATOSPHERE MESOSPHERE AND LOWER THERMOSPHERE

oA VERSATILE MICROWAVE LIMB SOUNDER INSTRUMENT SHOULD BE DEVELOPED FOR
RESEARCH USE ON SHUTTLE SORTIE MISSIONS OR ON FREE‘FLIERS AR

... ® MICROWAVE. TECHNOLOGY SHOULD BE ADVANCED T0. THE SUBMILLIMETER WAVELENGTH REGION-;»'~.,-.~-.":-‘-i":-x-:‘»'é-.‘,
SO THAT MANY IMPORTANT UPPER ATMOSPHERIC SPECIES CAN BE MEASURED

Figure .7.1l: © . High Resolution Satellite Microwave’ Systems for Upper
, Atmosphetic Applications'_ Summary
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HIGH RESOLUTION SATELLITE MICROWAVE SYSTEMS FOR
UPPER ATMOSPHERIC APPLICATIONS

RECOMMENDATIONS

DEVELOP A MICROWAVE LIMB SOUNDER INSTRUMENT USING PRESENT
TECHNOLOGY FOR VERSATILE USE ON EITHER SHUTTLE SORTIE MISSIONS
OR ON A, FREE FI.IER o :

® IT SHOULD HAVE AN ANTENNA OF AT LEAST 1 METER DIAMETER T0 GIVE BETI'ER
- THAN ~3 km .VERTICAL RESOLUTION AT FREQUENCHES. ABOVE-200-GHz, AND--
SHOULD BE CAPABLE OF ACCOMODATING SEVERAL RADIOMETERS, . - - -~

" & |T SHOULD "BE USED iNITIALLY FOR’ MEASUREMENTS OF- 03 DISSOCTATION PRE’CISION PRO-

FILES OF 03, TEMPERATURE AND WINDS IN THE MESOSPHERE AND LOWER THERMOSPHERE
AND PROFILES OF H,0, ClO, H202 AND CO.” THE 03 MEASUREMENTS SHOULD BE USED TO.-

EVALUATE THESE TEgHNIOUES FOR LONG-TERM MONITORING PURPOSES

... ® THE RADIOMETERS FOR THIS INSTRUMENT SHOULD BE.MODULARLY CONSTRUCTED. SO, THEY
“"CAN BE EASI LYEXCHANGED AS‘TECHNOLOGY ADVANCES AND MEASUREMENT PRIORITIES
EVOLVE

o THE INSTRUMENT SHOULD BE DESIGNED SO THAT INSTRUMENTS IN OTHER SPECTRAL REGIONS
CAN EASILY BE BORESIGHTED WITH IT FOR SIMULTANEQUS COMPLEMENTARY MEASUREMENTS

® A THOROUGH ANALYSIS SHOULD BE PERFORMED TO DETERMINE THE OPTIMUM LINES .
TO USE FOR PREC!IS)ON-MONITORING AND THE ACCURACY WHICH CAN BE ACHI ED ’ ’

DEVELOP NEW TECHNOLOGY FOR SPACE-QUALIFIED HETERODYNE

RADIOMETERS IN THE 100 TO 3000 GHz (SUBMILLIMETER) SPECTRAL RANGE

T e THESE RADIOMETERS CAN CONTINUOUSLY MEASURE ON A GLOBAL SCAIE THE FOLLOWING
. PARAMETERS IN.EARTH'S UPPER ATMOS PHERE . |

1) " ABUNDANCES OF 0, 02 03 OH, HZO H202 HO2 HNO3 NO N0 CIO CO

-HCI, HF,- NO2 AND PROBABLY MANY OTHER SPECIES.

2)  TEMPERATURE, WINDS,. MAGNETIC FIELD, AND REFERENCE PRESSURE LEVEL

e A GOAL FOR SENSITIVITY SHOULD BE THAT THE SYSTEM NOISE TEMPERATURE IN KELVINS
EQUALS THE FREQUENCY IN GHz.. (HOWEVER, TEN TIMES WORSE SENSITIVITY WILL
SOMETIMES BE USABLE)

o DEFINE AND PERFORM LABORATORY SPECTROSCOPY REQUIRED T0 SUPPORT o

MEASUREMENTS WITH THESE RADIOMETERS

.. .. Figure 7,2: . . High, Resolutlon Satelllte M:Lcrowave Systems for. Upper

Atmospherlc Appllcat:ions,- Recommendatlons L

'- .




atmosphere scientifically. Also because important clues to our under-
standing -of climate, climatic ‘change:and'the long :term evolution of
‘the atmosphere lie in this region about which comparatively little is
known, its study is of great importance to aLmospheric science consid-
ered as a whole.

Figure 7.3 summarizes some of the more important physical pro-
cesses occurring in the stratosphere, mesosphere, and lower thermo-
sphere. There are three major sources of heating in this region, and
in the troposphere below it, which account for the temperature profile
with altitude as shown in Figure 7.3 Earth's surface absorbs visible
solar radiation and provides heating from below. The stratospheric
ozone layer absorbs solar ultraviolet (UV) radiation between about 200
and 300 nm, producing the temperature maximum near 50 km altitude.and . .
protecting life in the biosphere from-the damaging UV. Above 90 km, in
the lower. thermosphere, molecular.oxygen (07) . produces heating by .
absorption of solar ultraviolet radiation. . The solar radiation of ‘wave-

~"length-less - ‘than+242..nn dissociates molecular oxygen: “into~atomic: . e S

‘oxygen (0). ‘The oxygen atoms then recombine with molecular oxygen, in:
the presence of a third molecule (required for conservation of energy
and momentum) to form ozone. This mechanism is responsible for the -
-formation of the stratospheric ozone layer. Ozone molecules are des-

processes are described further in Section 7.3 below. Solar energetic
particles also interact with the atmosphere in the region of the meso-
sphere and lower thermosphere and may be important in certain chemical
schemes.

7.3 Major Problems Related to the Stratosphere, Mesosphere, and Lower -
Thermogphere

Ki g

The most 1mportant problem of this region of the atmosphere at

present is to obtain. an .adequate,. understanding .of the processes by which the . ;'&:ﬁ

stratospheric ‘ozone 1ayer 1s maintained. The ozone 1ayer protects ‘1ife .
on Earth from damaging ultraviolet (UV) radiation of wavelengths,shorter
than about 300 nm. It has been recently realized that man's increasing
technological activities could affect the balances by which the ozone
layer is maintained and thus perturb the amount of UV reaching the bio-
sphere. Studies by the National Academy of Sciences [1975, 1976] have
indicated that a 17 reduction in ozone would increase the amount of UV

- radiation. at-Earth's surface by .2%.- The: studies:adlso.reasonably-well ::- ..o e s

establish that a 57 decrease in ozone could cause an increase of bet-
ween 20,000 and 60,000 non-melanoma human skin cancer cases per year in
the U.5. alone. Additional deleterious effects from increased UV expo-.
.sure could include damage to the nucleic acids which store and transmit
genetic information and to proteins which form part of enzymes and
membranes. Such damage prevents these molecules from properly performing
their biological -functions, to the detriment -0of the -living system in- -
which they reside. .Increased UV exposure is also expected to adversely
“‘affect photosynthesis in’ plants.. However, it mast be’ emphasized that

the magnitude of the effects on plants, and on animals through damage

.
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-could also have.significant effects on.climate, both indirectly due to -

l'catalytic reactions’ with oxides of hydrogen ‘wWas® postulated by Bates and.*
Nicolet in 1950, and destructionm’ through reactions with oxides of nitrof

-attention to the potential destruction of ozone by catalytic reactions

" compounds :°

" destruction are now thoughtitoaccount for “only about:30% 6f “the- total iw i v &

. IR, T. Watson, private communication].

--:~ Research-Program-is to .acquire-sufficient understanding :0f -the. physical R IR S S |

to macromolecules, is presently unknown. Reduction in the ozone layer

additional UV and visible radiation reacnlng the surface and produ”ing'
increased heating there, and directly due to decreased heating in the
stratosphere. Quantitative evaluations are, to date, insufficiently
precise to establish the magnitude, or even the sign of the climatic
influence.

Ozone molecules are continually being produced and destroyed in
the upper atmosphere; the net amount being determined by equilibrium
between the production and destruction mechanisms. Figure 7.4 summarizes
the chemical schemes presently thought to be dominant in establishing
this equilibrium. Ozone is produced naturally by the combination of O
and 0, where the 0 is formed by photodissociation of 0 in the lower
thermosphere. Ozone is destroyed by direct reaction with-0-and -
through catalytic reactions involving nitrogen, hydrogen, and chlorine
compounds. .- The formation of ozone and its destruction by reaction with 0(3P) Ce
was postulated by Chapman in 1930. ' The-destruction: of ozone’ through e

gen postulated by Crutzen in"1970. - In 1974 Molina and Rowland drew

involving chlorine liberated from 1ndus.ria1 usage of stable chlorine

FaLT
T

Estimates based on theoretical calculations suggest that the
destruction of stratospheric ozone by combination with oxygen atoms
may account for about 20% of the natural destruction of ozone, re-
actions with hydrogen oxides ‘for about 10%, and reactions with nitro- - . .-
gen oxides for 50-70% [e.g., Department of the Environment, 1976]. This
leaves a possible 0-20% to be accounted for by other mechanisms. The .
industrial usage of chlorofluorocarbons prior to 1976 may have already
caused a reduction, of about 2% in total ozone [Crutzen et al., 1977]
It is worth’ noting that ‘for ‘the first. forty years of. stratospheric
ozone research the only mechanisms' considered responsible for ozone

destruction. This should be a warning against becoming too complacent o
with our understanding of how man's activities may affect stratospheric =~
ozone. In fact, since.the initial .writing of this paragraph the’ '
destruction budget of ozone has changed significantly due to Howard's

[1977] rfecent measurement of a faster rate constant for the reaction

NO + HOp - NOZ + OH; the importance of nitrogen oxides has been reduced

R R Lt O L T AR L R I

Recognizing the possibility that man's activities could perturb
Earth's upper atmosphere, the U.S. Congress in FY 1976 instructed
NASA to "develop and implement a comprehensive program of research,
technology, and monitoring of the phenomena of the upper atmosphere
to provide for an understanding of and to maintain the chemical and
physical integrity of Earth's upper atmosphere" [NASA Upper Atmosphere
Research Office, 1976]. ‘The overall goal of the NASA Upper Atmospheric

and chemical processes occurring in the Earth's atmosphere so "that
(1) perturbations in the stratosphere caused by man's actions can be
accurately assessed and (2) any resulting charige in. surface ultraviolet

radiation can be determined
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The long term objective of the :NASA:program is to develop-an .or-
ganized, solid body of knowledge of the physics, chemistry, and trans-
port processes occurring in the stratosphere. A continuing goal is
to be able to understand and evaluate potential threats to the upper
atmosphere.

Three potential threats to the stratosphere have already been
identified as being of ‘sufficient concern tos warrant their evaluation
an immediate objective of the program. These are: chlorofluoromethane
(CFM) releases, space shuttle effluents, and aircraft exhausts. The
manner in which these manifestations of man's technological activities
are thought to influence the processes maintaining the ozone layer are
indicated schematically in Figure 7.4, and discussed ‘below.

Chlorofluoromethanes (CFMs) are, extremely stable compounds . . .
(CFxCly ‘where x + y = 4) used industrially, pr1nc1pally as refrlgerants
; -and. aerosol. propellants... .Upon’ release, - on.leakage, into. the atmosphere
these stable’ compounds ultimately diffuse: upward. ‘above’ the ozone layer -
where they are photodissociated by solar UV and liberate, among_other.”
things atomic chlorine (Cl). The Cl then catalytically destroys ozone
with Cl0 radical formed as an intermediate step. Processes by which

....chlorine:atoms-can. be removed.. from this.catalytic cycle :include- reactions Pl e e

"with hydrogen-containlng trace gases to form HCl, and possibly teactions"
with NOy to form ClONOj, which tie up the Cl in less reactive species, .
and diffuse downwards where they are washed out by rainfall. The
National Academy of Sciences [1976] study concluded that continued re-
lease of CFMs at the 1973 level is calculated to given an ultimate re-
duction in ozone of about 7% where there is-an uncertainty of about . a
. factor of 3 in the amount of reduction. . A review of the impact of CFM

releases on stratospheric,ozone. is-given by Crutzen, et al., [1977] who... . - .

calculated an 8% reduction in ozone due to continued releases at the 1973

- level. *, Figure 7.5 gives.the results of Crutzen's calculations. . Note that% ..
in addition to the threat caused’ by chlorofluoromethanes, a sérious’ threat o o7
due to methylchloroform, CyH3Clj, is also predicted. Knowledge of the CFM T -

problem as of June 1977 is represented “in the NASA" publication "Chloro-”"
fluoromethanes and the Stratosphere" [NASA, 1977] e

The solid rocket motors for the Space Shuttle produce”two exhaust
products, gaseous HCl and particulate Al;03, which may interact with
stratospheric processes. HCl is important, as discussed. above, because
it is the end product by which Cl atoms can be removed from the strato-

. sphere. Additional HCl injected into..the stratosphere would tend.to. ... ...-. .

perturb equilibrium conditions. Theoretical calculations predict an
ozone reduction of 0.2% (with a factor of 3 uncertainty) due to the
continuous launching of 60 Space Shuttles per year planned for 1983 and
beyond [NASA Upper Atmospheric Research Office, 1976]. Particulate
Al;03 could affect stratospheric processes by serving as scattering
centers for solar radiation and by providing active sites on their sur-
faces. for the-occurrence of chemical reactions. -

<k Thegeé calculations of ozone: reduction may “be- revised upward by S

‘factor of approximately 2 ‘due to thé new rate constant for the reactlon'
NO + HOp + NO + OH [P. J. Crutzen, private communication, 1977].’
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" REDUCTION IN TOTAL OZONE @)

PREDICTED OZONE REDUCTION
DUE TO CHLORINE COMPOUNDS

(A, B ARE FOR 1975 PRODUCTION RATES OF CCI,, CFCI,, AND CFZCIZ.
RECENT MEASUREMENTS OF REACTION RATE CO TANT IMPLY
’\-ZX MORE REDUCTION THAN SHOWN HERE) --
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Figure 7.5: Predicted Ozone Reduction Due to Chlorine Compounds'

[from Crutzen, 1977].

Curve A assumes continued releases of CCl,, CFCl3, and CF,Cl, at the
1975 production rate. Curve B employs the same scenario but with the
omission of chlorine nitrate whose existence was only first suggested 1n

1976.

The inset shows the ratio of the two. Also indicated is the

. -.-effect of.stopping.production -in 1978-and the loss due to.. C2H3C13
‘production increasing.-at the present - rate. EE ;
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Both of these possibilities have been investigated and it is now

believed that the potential ig negllglble ‘for Al»03 from Space Shuttie
operations to affect the stratosphere [NASA Upper Atmospheric Research
Office, 1976}.

Aircraft flying in or just below the stratosphere enit exhaust
products which can interact in the chemical schemes maintaining the
ozone layer. The dominant interaction is believed due ‘to ‘the NOy
generated by the aircraft; additional interactions may be due to the
generation of SO; and Hp0. Much data on this topic were obtained during
the Climatic Impact Assessment Program (CIAP) sponsored by the U.S.
Department of Transportation and published in a series of monographs
[CIAP, 1975]. These data were reviewed by the National Academy of
Sciences Climatic Impact Committee whose report [NAS, 1975] concluded
there is reason for concern that projected aircraft operation could

.adversely affect the ‘stratosphere. A 'more recent report- has been pre- i

'pared for the High Altitude Pollution Program (HAPP) of the U.S. Depart- -

" ment of ‘Transportation [Oliyer, gt al., 1977] * The’ ‘HAPP report concludee‘”“fj”l”*;" -
that for subsonic aircraft, inclusion of methane oxidatlon reactions has =

completely’ altered the. CIAP [1975] and NAS [1975] picture of the effects
of this class of aircraft on the ozone column. Instead of depleting the
_ozone layer, the effects of a prOJected 1990 fleet of: subsonic aircraft

cruising in the 6714 km altitude” region “would  erhance (by N 0T0LE) or LA

have almost no effect on the ozone column. Supersonic aircraft, cruising

at 16-19 km, destroy ozone, but for given NO, injection rates, by amounts’

less than expected prev1ously P. Crutzen' s 2-D model including the

methane oxidation reactions was run for the HAPP study and predicted 2.77%

ozone depletion at 459N for August 30. .The study also concluded that for

_a "high" estimate of the 1990 total fleet of subsonic and supersonic =~
aircraft (including 142 Concordes and Tupolevs and assuming current
engines and accepted NOy emission" indices) the total ozone in the northern
hemisphere would be enhanced by about 0.4 to.0.9%, varying with season.

' These ‘predictions have 'a very large ‘uncertainty, however; due.to.the com=:"/
plexity of the chemical scheme and uncertainty in reaction rates, trans-
port effects, and natural: abundances in:.the stratosphere..:- Figure.7.6. -
shows the range of predicted ozone reduction- due to pro;ected supersonic
aircraft operation which have been reported in the last three years. A-
recent paper by Hidalgo and Crutzen [1977] discusses predicted a1rcraft
perturbations of atmospheric composition.

In addition to the three threats to the stratosphere discussed’
Aabove other identified potential threats to stratospheric chemistry
“‘include brémine Compounds " [Wofsy, et &al., 1975} perturbations of the
global nitrogen cycle through N,0 produced from fertilizers [McElroy,
1976; 'McElroy, et al., 1976; Sze and Rice, 1976], and industrial use of
methylchloroform, CoH3Clg [Crutzen, 1977].

It is clear. from the above discussion that present understanding of
the extent to which man's activities are, and could, affect the strato-
sphere is at a somewhat primitive state.' However although there are

. *..large.uncertainties in the.predictions.of man’ ‘s effects, .it, is. well ;4;,._h{;;¥w“wﬂ
- established that. there is a reason for concern.; ‘To acquire- the 1nsights ‘ h

necessary for understanding the presently identified and potentlal future
B threats, we must- understand the worklngs of the upper atmosphere as-com- .
: pletely as: p0551b1e ::,_ v . et R A
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PREDICTED OZONE REDUCTION
DUE TO AIRCRAFT OPERATION™

T

Ax LLL (1976)

» . CIAP ' ! »
% CHANG) MIN

20 f~<——CIAP ROF T %ﬁ

~ CHANG /1974 KZQ |

22

P

LLL (1976)
— MIN—]
NAS - |

FORMULAE . . | CS: c
(-1975).1 MAxO*\—-v\ .
| L N, "__jl»com -

1 ] N WOFSY 1975 |< Y ESA Al

I | O—{__... _ :-._._\, ._._(} ..}._... - -OMIN

®
\).
"l..
,.
=0
135

. —r
O

MAX .. CRUTZEN, 2-D

FLIGHT ALTITU?DE km

14— CODE (No CfOx effect) - —f— = (25°45° N)—f———
‘O CIAP Report omedmgs TR T
O LLL(1976) | R N '
127 @  LLL/IDA (1976); NOx Effects Plus Nk
Estimated Water Effects : S
Reaction Rate Variations: - 2 PR \
' MAX Maxlmlzed O3 Reduchon by No 1 ‘
IQ B MIN M:mmlzed 03 Reduchon by No X,
1976 - . LLL CHEMISTRY TR Jois e i e

':..:,924 -20 . -16 12, 8 a— ° 4
o CHANGEIN OZONE COLUMN percent ’

Figure 7.6: Predicted Ozone Reduction Due to Aircraft Operation
[from Oliver, et al., 1977].

“The variation in these’ predictions-illustrates ‘the uncertainties in - ...~ . .-
the theoretical models due both to chemistry and dynamics. Chlorine

chemistry is not included. The NO, injection rate at each altitude
is constant at 2000 mol/cm3-sec over 1 km, or 1.23 x 109 kg (as NO )/

year if assumed in one hemisphere. In round numbers for the 17- km
injection case, using NAS [1975] NO rates per Concorde per year
(6.28 x 107 kg/yr), the 1.23 x 109 kg/yr figure corresponds to 2000
Concordes.” The equivalent number of Boeing 2707s (at 20 km) is-

...arguable; if based on the 1974 figures. (p. 101, CIAP,. 1974) of _

- 9.2 x 105 kg N02]yr per B-2707, the figure’ corresponds ‘to 1340 Boeing

2707s. These figures ignore a slight altitude correction; 1i.e., 17 km '

and 20 km are.not. the proper weighted cruise altitudes for these aircraft.

* The results shown here :do not incorporate the new rate constant for the _:

" NC + HO» + NO, + OH reaction. .
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All present predictions of the impacts.of natural and manmade .
materials on the stratosphere, and particularly on its ozone balance,
are based on numerical models of the upper atmosphere. These models
are of differing degrees of sophistication; the most elaborate of them
attempt to treat the chemistry and the distribution-of minor constituents,
the radiation field and the large scale dynamics as full three-dimensional
time dependent problems. It is through comparisons of .the results of such
models with detailed sets of observations, that our understanding of this
region of the atmosphere will develop. It is essential that these models
be. validated, and improved to the greatest possible extent.

A principal method of validating the -numerical models is checking
their predictions of the distribution and variation of the chemically-
active constituents in the upper atmosphere.” Because of the complexity "
of the upper atmospheric chemistry, there are many chemically active

- species. ‘'Figure 7.7 gives representative measurements and calculations " "
of the relative abundances of such species as a fnnction of altitude. H';;,“

Tan 7O NEESEE R S -

An 1mp01tant con51deration stressed by the NASA Stratospheric Research

Advisory Committee [1977] is -that "measurement strategies for stratospheric -

research should be planned primarily for their utility in verifying and
validating theory.; They should be constructed such’ that the search for
“"‘the unexpécted-'is enc0uraged “fo"¢heck the ‘photochemieal models; all
significant factors which influence and result from a reaction must be
measured. These factors include concentrations of the reactant and
product species, the temperature and the mean radiance in photochemically
active spectral range." The NASA Stratospheric Advisory Committee has
identified ‘several sets of. simultaneous measurements which. are- presently
needed. In some cases measurements are needed. over a diurnal cycle to
adequately test the chemical theories.; This is especially true for
measurements of C10N02 and Cl0; Cl0 is’ predicted to be substantially

transformed to ClONOz at night.' ”f.“' o o

Some specific problems for whlch measurements are needed are llsted
below. : It musSt be emphasized-:that a-solution: te- ‘these” problems generally
requires simultaneous measurements of many related parameters.

1. The largest and most significant discrepancies between theory
and observations in regards to the CFM problem occur for C10,
the most crucial compound in the chlorine cycle of ozone
[Crutzen, 1977]: "If the high Cl0 abundances measured by
Anderson ([1977] are representative for average conditions,

" -our knowledge of theozoné “ard chlorine- chemistry ‘similation -
in the atmosphere needs considerable adjustment." Prelimi-
nary microwave results, discussed in Section 7.5 below, sug-
gest lower Cl0 abundance, in better agreement with theory.

2. Although there is on the average good agreement between
theoretical profiles of NOyx and those determined by optical
and infrared methods, rather disturbing deviations exist

.-between the theoretical profiles .and. those determined. by .

obtain additional information on the distribution of NOy in

. e . R R - . :
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" chemiluminescent- detectors. . .It remains very .important .to - .- AR,
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the stratosphere [Crutzen, 1977] Some predicted NO, species N
‘(e.g. N20;5 and-HOpNO3) *have.not--yet: been measured “in the‘~ff"~-“'~~- ce e
stratosphere. 3

3. Observations of carbon monoxide (CO) between the troposphere and
30 km deviate considerably from theoretical predictions. This
deserves more attention [Crutzem, 1977].

4. More measurements are needed on the distribution .and variability
of O which is involved in all the destruction schemes of ozone.

5. More data is needed on the distribution and variability of OH.

The OH radicals drive most of the chemistry in the stratosphere
and play a pivotal role in the partitioning of NOy and Cl0yx . .
among species which are relatively reactive or stable toward 03
or 0. [Wofsy, 1977). Note in Figure 7.4 that OH participates in

. all three of the catalytic reduction cycles for ozone.’ . S

' 6.* More observations of Hzo and 03 above 25 km altitude are needed' '
. to determine whether significant variations occur .in these.

species. Such variations could control variations in the OH
profile and thus affect chemical. processes controlling ozone. _ .

SN & A5 - presently impossible. to.'determine whether:.the. observed 0H¢imxﬁw“dﬁm%wb
and NO variability is driven by variations in H20 or variations

7. Most observations of 03 above 30 km indicate larger values than

predicted [Wofsy, 1977). At these higher altitudes the chemical

‘system responsible. for maintaining ozone is thought to be ‘much

simpler and better understood than at lower altitudes. It is

important to determine.whether there is:a problem with the - ... : -
theoretical models in this region of the atmosphere. If the

models cannot.predict- the measured.ozone profiles:in.a regilon-. . . .....- ..
where the chemistry is thought to be relatively simple it is o ,

) certainly questionable whether they. can predict the effect ofz e e
man-made perturbatlons which involve more complex chemistry oo o

' - 8. In winter at high latitudes (>55°N) N02 is observed by Noxon '
[1976] to .decrease by a factor of 6, but calculations do not
_predict this [Wofsy, 1977]. Since NO, is the most important
molecule in the nitrogen system for destruction of ozone, it
is important that its behavior in the atmosphere be understood
_.as. completely as..possible.:. ‘d;_hrr,:“mqnu.1A:“"m:;,,¢,“.gf e et St

9. Other species for which immediate measurements are needed as
specified by the NASA Stratospheric Research Advisory Committee
.[1977] include chlorine nitrate (ClONOjp), perhydroxyle radical
(HO2) , hydrogen peroxide (H;02), carbonyl compounds (COFCl,
COF,, COClz), total chlorine and bromine compounds and

- peroxynitric acid (HONOj). . e

- The ‘specific" stratosphereic research problems “menitioned: above are of con—i-:“ﬂlﬂfﬁﬁ'?*
cern now. Certainly, as more measurements are ‘made and theoriés are im-
proved, these problems wiil be replaced by others.




Chemical processes in the upper atmosphere cannot be separated from
~transport:processes -if-an.understanding-of- its. overall- workings -is -to:be.
.obtained. The coupling between the two processes is illustrated in the
case of ozone. Although maximum ozone production occurs over the tropics,
the abundance of ozone is typically twice as large over the polar regions
as over the tropics. The global distribution of ozone measured on one
day is shown in Figure 7.8.

For research purposes, theé NASA Stratospheric Advisory Committee

[1977] concludes that future studies of dynamics and transpo t should
involve measurements of :

1. Temperature, with high vertical resolution. For comparison with
theory, temperature measurements will be required with spatial
resolutions on the order of 1000, 250, and 3 km in the zonal,
merldlonal, and vertlcal dlrectlons, respectlvely. ’ -

',%,_"W1nds.VD1rect measurements are needed especlally in. troplcal

regions and at altltudes ‘above 50 km where non-geostrophic
components become comparable to .geostrophic ones. .Such measure-
ments would provide 1mportant tests of model outputs and also
" verification of winds determlned by 1nd1rect methods such as
ﬂg”from temperature f;elds.ﬁ#; T SO - Fogeior

3. Tracer species. Accurate high vertical resolution measure-
ments are needed for photochemically simple species which can
serve as tracers of atmospheric motions. Spatial and temporal
resolution requirements will be similar to those for-temperature
measurements.. 03, N20, CH;,.and-the chlorofluoromethanes- offer
potentlal for such studies.

In order to use such measurements for dynamics and transport studies, the
data must be obtained over cons1derable periods. of time.. Short duration
space shuttle missions may not offer observatlon periods of sufficient’
length to be very useful. Longer term (> 1 year) . satelllte mlSSlonS w1ll
probably be requlred “to - obtaln approprlate data sets. " :

In addition to research aimed at understandlng how man may be
affectlng stratospheric processes, general knowledge is needed on the
role which the stratosphere plays in climatic changes [e.g., Chamberlaln,
1977], the explanation of sudden stratospheric warmings [e.g., Taylor
and Perr, 1977] and their impact on stratospheric chemistry, and the

.temporal and spatial d1str1but10ns of aerosols [NASA.Stratospherlc o et

Advisory Committee, 1977].

Research is also needed to determine the extent of interaction of
the stratosphere with the troposphere below and mesosphere above.
Regarding the dynamics of the overall regime of the troposphere, strato-
sphere, mesosphere, and lower thermosphere, Figure 7.9 illustrates the

_mean zomnal winds at the solstices. .This diagram is, however, only a
small part of the dynamlcal p1cture. The processes by which trace
'~;spec1es are’ exchanged between the troposphere and Stratosphere are not
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Figure 7.8: The global distribution of ‘total ozone in millimeters at
: : ~ 'STP-on 28th April, 1969, taken from Prabhakara, et al., .
[1971] and given in CIAP [1975]. o '
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sufficiently understood at present. Little is also known .about the .details
and -variability of transport .between' the -stratosphere and the mesosphere
and thermosphere which are source regions for NO, O, OH, and CO. Motionms
in the mesosphere.and lower thermosphere are dominated by tidal phenomena
and by gravity waves propagated upwards from below; these latter are an
important energy input to the region. Planetary waves also propagate
into it; the most intense of these occur during stratospheric warmings
and are associated with the ijonospheric winter anomaly. The conditions
unde~ which propagation occurs and the details of the association bet-
ween stratospheric and ionospheric phenomena in the winter are not well
understood.

Concerning the mesosphere and lower thermosphere, much less is
known than about the stratosphere. Measurements of its composition
and variability are needed to verlfy and improve the chemical models.
Note from Figure 7.7 that knowledge of. .the relative . composition of. ..
atmospher1c trace species decreases rapldly above 50, km altltude. Very.
little is_known about -the. variabilities in-the- production of :atomic- 3
oxygen by photodissoclatlon of 07 in the-lower thermosphere. ' This- region

is also significantly influenced by .ion. chemistry, about whlch .our- know- - - ..

ledge is meager.

‘Figure: 7. 10 shows..the temperature structure o6f+the-upper stratO*qw“*iﬁff‘“*'ﬁﬁé

sphere, mesosphere and lower thermosphere for a period near the sol-
stices. Strong emission from the 15 um band of carbon-dioxide leads
to the very cold temperature (the coldest anywhere in the atmosphere)
around 85 km. A surprising feature of the structure of the region
around 85 km (the mesopause) -is that it is at its coldest (v 140 K) near
the summer pole where there is a large energy input from solar radiation. *
Very substantial amounts of energy must be advected by atmospheric '
motions in order to maintain this distribution- of teémperature; our -~
current knowledge is far too scanty to provide quantitative understanding

of the mechanlsms of energy exchange._;;,a,.,-:,LJl_zvu»” Uempe Sl T

Because exc1tatlon to molecular v1brat10na1 energy by. colllslons

"is ‘not sufflciently rapid to balance the rate of loss by ‘emission’ of
. radiation, thermodynamic- equilibrium does not apply to a number of ;

molecular vibrations in the mesosphere and above. This is particularly
the case for the 15 um vibration level of CO2, radiation from which is
the main energy sink in the region. Our knowledge of the radiatiom loss
from COy above 80 km is very inadequate.

.There are needs for monitoring of..the upper atmosphere in addition.:

‘to the research needs described above. (The distinction between

research and monitoring is, however, sometimes not clear.) Measure-
ments of vertical ozone profiles above 35 km, where variation is

believed to be dominated by photochemistry rather than transport,

should provide sensitive clues to any changes taking place in the stra-
tosphere, and to the nature of those changes [NASA Stratospheric Advisory
Committee, 1977): "This region can also be considered a precurser region-
which gives early warnlng of changes which will be manifested later .in.

‘total-ozone. ... “*This reglon ‘can “and should be subJected to ‘observation
_ :over long perlods of time. _ For example, the ozone. change at 40 km. due
©.to-CFMs "1is- expected to’ be approximately 0. ‘67 ‘pet: year (perhaps a’ factor
- of 2 larger due to the new measurement of the NO + HOp '+ NO2 + OH’

reaction). - This change might be detectable w1th1n a few years
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with.an instrument having.precision.of. 1% or .better,. providing matural . ) S
changes in ozone. can be accounted for. The NASA Stratospherlc Adv1sory \
Committee concludes that an ozone profile instrument capable of deter-
mining the mean ozone concentration over a month in the 30-45 km region
with 3-5 km vertical resolution and 1% precision is needed for monitoring.

B

To investigate the needs for stratospheric monitoring an Inter-
agency Working Group on Monitoring of the Stratosphere has been estab-
lished and is preparing a report on this topic. Preliminary requirements
established by this working group are [W. Planet, private communication,
1977]:

1. Stratospheric Meteorology - In terms of 95% confidence

limits (v 20) in the region 16 55 km with 3-5 km vertical .

'resolution-
. ';,§é) temperature to a precision of +4 K _J;i‘3}§:ig;;1f”fjff_r._::¢’f-”

(b) vector horizontal wind to a precision of +5 m/s or +102’,

(c) density to a precision of tZA

M“(d) height oF pressure surface 5 A prec.sion of ;200 L e
geopotential meters.

The sampling requirements for these data are a minimal spatial separation
on the order of 1000 km in the east-west directions and meridlonal
spacing of 2.5° latitude on a. daily ba31s.,

2. Stratospheric Ozone

(a) Total Ozone:  Mean daily total ozone over globe to_’ Lo
B precision of +0.5% (95%" confidence limit) R

(b)'<Ozone ‘Profile: -16<55 km -altitude coverage with vertical @ --: e
resolution 3-5 km in 5° latitude bands averaged' over one
week to’ precision ‘of +1% (95% confidence 1imit)

It should be noted that these monitoring‘requirements are prelininary'
until the final report of the working group is released.

--For longer..term measurements.by. satellites NASA is~also:studyingx;¢<vhnsﬁg.{gmwwf
the feasibility of a dedicated satellite system for upper atmospheric
research.

Figure 7.11 summarizes some of the major problems related to the
statosphere, mesosphere, and lower thermosphere. The problems are
separated into the categories of stratospheric research, stratosphere
monitoring, -and mesospheric and lower thermospherlc research. -
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'SOME MAJOR PROBLEMS RELATED TO THE
STRATOSPHERE, MESOSPHERE, AND LOWER THERMOSPHERE

@ STATOSPHERIC RESEARCH
e 'TO WHAT EXTENT ARE THE PRESENT CHEMICAL AND PHOTOCHEM|CAL MODELS CORRECT? ~ =~

HOW ARE THE PROCESSES WHICH MAINTAIN THE OZONE IAYER AFFECTED BY MAN's. ACTlVlTIES
AND SOLAR ACTIVITY" : .

WHAT ARE_THE DYNAMICS, AND. HOW- SHOULD TRANSPORT EFFECTS B¢ INCLUDED W MODELS?

WHAT PART DOES THE STRATOSPHERE PLAY IN CLIMATIC CHANGES? C |

WHAT ARE THE INTERACTIONS WITH THE TROPOSPHERE BELOW AND MESOSPHERE ABOVE?

WHAT IS THE CAUSE OF SUDDEN WARMINGS AND THEIR IMPACT ON THE CHEMISTRY7 |

@ WHAT 15-THE DISTRIBUTION OF AEROSOLS 7= 745 whundirr L Wit /0 iy g 10w it et e
© WHAT IS THE BUDGET OF PRECURSORS FORNO,, CI0,, HO,, AND co,?

® STRATOSPHERIC MONITORING
® HOW TO MEASURE TEMPERATURE'WITH +2K ACCURACY AND 3 km VERTICAL RESOLUTION?

"« HOW TO MONITOR OZONE TO 1% ACCURACY AND 3 km VERTICAL RESOLUTION? = S §

. WHI_\T CHEMICALLY REACTIVE SPECIES (OTHER THAN 0,) s_uou}mpg_ MONITORED? . . . . . .. ... %;

Y3
o MESOSPHERIC AND I.OWER THERMOSPHERIC RESEARCH . . :

o TO WHAT EXTENT ARE THE PRESENT CHEMICAL AND PHOTOCHEMICAL MODELS CORRECT7 |

o WHAT 1S THE 10N CHEMISTRY: OF THE REGIONZ.. - & +7- wisuor s o207 o bt s o o e 2

o WHAT IS THE METEOROLOGY OF THE REGION (TEMPERATURE, PRESSURE, ANDWIND VARIATIONS)? .

o WHAT FACTORS CONTROL THE ENERGY EXCHANGES IN THE REGION?

® WHY IS THE MESOPAUSE COLDEST WHERE MAXIMUM SOLAR HEATING OCCURS? |

o TO WHAT EXTENT DO ENERGETIC SOLAR PARTICLES AFFECT THE CHEMISTRY AND PHOTOCHEMISTRY?

o WHAT IS THE DISTRIBUTION OF AEROSOLS IN THIS REGION?

- ARETHERE VARIATIONS IN THE- DISSOCIATION oroz?

Figure 7.11:. -Some Major Problems Related to the Stratosphere, -~
' . Mesosphere and lower Thermosphere, . ... . .




f“throughout the’ mesosphere and” lower thermosphere they can be ‘used to _7
measure the kinetic: temperature of "these regions. Such measurements,

' charged particles" are sensed by their disturbance of “the terrestrial

" ‘only by orbital” and “observational” geometry. “"However, ‘as” long as the -

7.4 Applications of Microwave Radiometric Techniques .to Upper -Atmospheric -
Research and Monitoring

This section describes general application areas and features of
microwave* radiometric techniques for upper atmospheric research and
monitoring. Specifles on the potential of high-resolution satellite

.systems for upper atmospheric research are discussed inm Section 7.6.

-

Figure 7.12 summarizes the general application areas. The techniques
can be used for measurement of stratospheric composition and temperature
for research applications and for precision monitoring of ozone profiles
(Specific measurement capabilities for satellite systems are given in
Section 7.6.) Minor constituents important for developing a ba31c under—
standing of mesospheric chemlstry can ‘also be measured

 Because the microwave transitiOns 'of molecular oxygen“(as‘wéli'éé'*
those of other species) remain in thermal equilibriuym at altitides’ S

together with infrared measurements of 'COy emission ‘which give €O .vi-

‘brational temperatures.at these altitudes, would significantly contribute

to understanding the energetics of, the_region. : The microwave measurements AT

""“also“yield the “abundirces bof and Variations of molecular oxygen in the

region where it is dissociated. Such measurements on-a continuous global
scale have not been previously possible but are important because the dis-
sociation of 0y is the process by which reactive atomic O is produced.

The 09 microwave lines.are due to magnetic dipole-transitions.and are. .-

split into Zeeman components by the -terrestrial magnetic field. This:

splitting allows, in principle, remote measurement -of the magnetic field.

Such measurements with requisite accuracy, . performed simultaneously with .
composition measurements, could indicate the extent to which energetic A
charged particles from the sun affect upper atmospheric chemistry. The . .. .

magnetic field. Sensitivities required for meaningful measurements are .-
discussed” in Section7.6. . - * RRCEE At e AL,

Figure 7.13 summarizes some of the general features of microwave
radiometric techniques relevant to upper atmospheric measurements.
The techniques can be used for observation of either thermal emission
or of absorption by molecules of interest. Emission observations are
more attractive than absorption observations because they provide the
capability for continuous global measurements from satellites, limited

noise temperature of the radiometer is more than the atmospheric’
temperature, absorption experiments using the sun as a source can
potentially provide better sensitivity than emission experiments.

*  The term "microwave" is used'genericaliy here to refer to that. _
- portion:.of:.the electromagnetic: spectrum between approximately -3 and S DDA TR LN
3000 GHz (100 to 0. 1 mm wavelength) o A .fn S SR




.. Flgure T.12:.

APPLICATIONS OF MICROWAVE
RADIOMETRIC TECHNIQUES
TO UPPER ATMOSPHERIC SENSING ~

. STRATOSPHERIC. RESEARCH AND ‘MONITORING:-

...® MEASUREIIENT OF TEMPERATURE AND MINOR CONSTITUENTS IMPORTANT TO STRATO-'--- Lo

'SPHERIC CHEMISTRY

. PRECISION MONITORING OF OZONE PROFILES (1% ACCURACY WITH BETTER THAN"S km -
VERTICAL RESOLUTION SHOULD BE ACHIEVABLE)

“MESOSPHERIC.AND" LOWER THERMOSPHERIC RESEARCH ™~
o DETERMINE METEOROLOGY (TEMPERATURE, WINDS) AT MESOPAUSE REGION .

WHY IS MESOPAUSE COLDEST WHERE MAXIMUM SOLAR HEATING OCCURS? -
* MEASURE MI NOR CONSTITUENTS IMPORTANT TO MESOSPHERIC CHEMISTRY

° MEASURE O2 IN REGION WHERE IT IS PHOTODISSOCIATED BY SOI.AR v

ALTHOUGH 0218 THE FIRST MAJOR ATMOSPHERIC GAS TO BE DISSOCIATED BY SOLAR UV
AND IS THEREBY RESPONSIBLE FOR FORMATION OF OZONE AND HEATING OF THE LOWER

THERMOSPHERE,'NO TECHNIQUES NOW EX!ST OR ARE PLANNED FOR MEASURING IT. GLOBAL, .~ . -

MEASUREMENTS OVER DAILY AND SEASONAL CYCLES SHOULD PROVIDE SIGNIFICANT NEW
,_'INFORMATION ON SOLAR-TERRESTRIAL INTERACTIONS BT

e MEASURE MAGNETIC FIELD DISTURBANCES AN MESOSPHERE AND LOWER THERMOSPHERE .

(BY ZEEMAN SPLITTING OF 02 LINESI

THE CHARGED SOLAR PARTICLES ARE SENSED BY THEIR DISTURBANCE OF THE TERRESTRIAL o

MAGNETIC FIELD. SIMULTANEOUS COMPOSITION MEASUREMENTS WILL INDICATE THEIR
CHEMICAL INTERACTIONS

Appllcations of. M:Lcrowave Radiometrlc Techm.ques to,.
Upper Atmospheric Sens:Lng L

':‘=




MICROWAVE RADIOMETRIC TECHNIQUES
GENERAL FEATURES RELATIVE TO UPPER ATMOSPHERIC SENSING

o ". NATURAL THERMAL EMISSION is wEnsURED
o ALLOWS CONTINUOUS GLOBAL COVERAGE, LIMITED ONLY BY ORBITAL | PARAMETERS
© TRANSMITTER / AND EXTERNAL SOURCES (e e.9. THE SUN) NOT REQUIRED .

® ROTATIONAL MOLECULAR TRANSITIONS ARE OBSERVED

e REMAIN IN THERMAL EQUILIBRIUM TO HIGHER ALTITUDES THAN VIBRATIONAL
INFRARED TRANSITIONS

e COLLISIONAL BROADENING: OF SPECTRAL LINES DOMINATES THROUGHOUT THE .- B
~ STRATOSPHERE ALLOWING INFORMATION TO BE OBTAINED FROM LINE SHAPE (NOT
TRUE FOR I.R. ABOVE MIDDLE STRATOSPHERE) - Foen T

s HETERODYNE: RECEIVERS PROVIDE NEEDED SPECTRAI. RESOLUTION FOR EXTRACTING I.INE
SHAPE INFORMATION

‘® SMALL ( ~1 meter) ANTENNA CAN PROVIDE ~3 km VERTICAL REsownoN e

Figure 7 13 Microwave Radiometric Techniques General Features
Relative to. Upper Atmospheric Sensing.” L R,
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In addition 'to the microwave spectral ‘lines remaining ‘in thermal
equilibrium to higher altitudes than infrared lines, collisional
broadening of these lines dominates to higher altitudes than for infra-
red lines. .Collisional broadening produces a spectral line width
which is a very strong function of altitude and thus allows altitude
information to be derived from the spectral line shape for altitudes
below v 60 km. Figure 7.14 shows typical spectral line widths in the
terrestrial -atmosphere. TFor submillimeter and longer wavelengths,
collisional broadening dominates to altitudes of the lower mesosphere
or higher. The heterodyne receivers used by microwave techniques
provide the spectral resolution needed for extractlng the 11ne shape
1nformat10n.

In order to provide the vertical resolution of v 3 km or better

'required for atmospheric- measurements’ ‘a relatively -modest- antenna of -

, N]. meter ‘diameter is requ1red for low altltude orbit (See Section 7 6)

. meter spectra of some molecules important in upper atmospheric chemlstry,,{ﬁ

RSP :~-~~‘,;'x::'"--‘ e Bz (R

At the present time microwave receiver technology is’ rapldly
advancing to submillimeter wavelengths, allowing measurement of more’
and more species by these techniques. Figure 7.15 shows the submilli-

" and indicates’ ‘the "status of "low fioisé redeiver- ‘technoicgy. '~ (Here-

e e e e T TR AITERT TR

"low-noise" refers to receivers having noise equivalent power equal to,
or less than, that of blackbody radiation at a few thousand Kelvins
temperature.) Of particular importance to upper atmospheric science

is development of a low noise receiver operating near 2 THz frequency
which could be used to remotely measure OH and 0.““‘H R :

7.5 Results Obtalned to Date from Mlcrowave Sen51ng of the nger:_f._;__
-Atmosphere S B R - ] Do

In order to provide -background for:the potential -o0f  high-resolution™ i "

satellite systems for microwave sensing of ‘the upper atmosphere, and

to understand the maturlty ‘of" the technlques for these applicatlons, it
is worthwhile to review the results which have been obtained to date. -

Application of these techniques to upper atmospheric sensing is rapidly
advancing; most of the results have been obtained only within the past

two years. - ‘ '

- Figure-7.16 summarizes thése results; -théy are déscribed ‘in‘détail” *" -

below.

The first measurement of carbon monoxide (CO) in the mesosphere
was by ground-based observation of solar absorption near the J=0 - 1 CO
transition at 115 GHz frequency [Waters, et al., 1976]. The data are
shown on the left in Figure 7.17. The width of the observed absorption
line proves it originated at altitudes higher than ~65 km in the )

.26 .
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SPECTRAL LINEWIDTHS IN THE TERRESTRIAL ATMOSPHERE

100}

‘90
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. Figure 7.14:  Spectral Linewidths in .the Terrestrial Atmosphere. -
. Typical values are shown. .Actual values will vary. by
about a: factor ‘of 2 from species to species.
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SUBMILLIMETER SPECTRA OF SOME MOLECULES - - -
IMPORTANT IN STRATOSPHERIC OZONE
DEPLETION CYCLES

~ ADVANCEMENT POSSIBLE IN
1977 LOW-NOISE RECEIVER TEuHNOLOu\ XEXT S VEARS —
| ATOMICO

10!

io
104k

ol

| clo

l

ABSORPTION COEFFICIENT, cm-~
s
1

\
2]
@
T

FREOUENCY GHz

s SR Ak K LA EE L TR RPN i3] oo

1.0 0.1 WAVECENGTH, mm

4.&Figﬁre77;l$§f* Subm1111meter Spectra | of “ Some"* Molecules Important in _
L _Stratospheric Ozone\Depletlon Cycles : St _">:_~
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MICROWAVE SENSING OF THE UPPER ATMOSPHERE
MEASUREMENT RESULTS TO DATE

@ GROUND- BASED. .. . ST
o FIRST MEASUREMENT or MESOSPHERIC CARBON MONOXIDE

- @ FIRST CONTINUOUS MEASUREMENT OF MESOSPHERIC OZONE THROUGH A DIURNAL CYCLE "

. DETECTION OF MESOSPHERIC WATER VAPOR EMISSION

7S MEASUREMENT OF HIGH ROTATI ONAL EMISSION LINES OF STRATOSPHERIC o2 "

° AIRCRAFT BASED

e MEASUREMENT OF STRATOSPHERIC EMISSION FROM 15 OZONE MICROWAVE
LINES AND RECOVERY OF OZONE PROFILES -

FIRST MEASUREMENT OF LATITUDINAL VARIATION IN UPPER STRATOSPHERIC .. '
AND MESQSPHERIC WATER VAPOR s

DETECTION OF EMISSION FROM STRATOSPHERIC NITROUS OX1 DE (N OI

DEMONSTRATION OF CAPABILITY 10 MEASURE: VARI ATI ONS IN UPPER
STRATOSPHERIC TEMPERATURE L R :

o SATEI.LITE-BASED :
e GLOBAL MEASUREMENTS OF LOWER STRATOSPHERIC TEMPERATURES

Figure 7.16: Microwave Sensing of .the Upper Atmosphere: Measurement
‘ : o Results to Date.
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Wofsy, et al., 1972 Crutzen, 1974] had predicted a relatively large N
.abundance -of “CO. at these. altitudes which*is produced by photodis=" "~
sociation of CO, in the lower thermosphere. The microwave measure-

ments shown in Figure 7.15 provided the first experimental -confir-

mation of this prediction. The curves A, B, and C in Figure 7.15

show .three CO mixing ratio profiles and the absorption calculated

for these respective profiles. CO profile B best fits the measure-

ment. Atmospheric emission, as well as absorption for this CO

transition has been measured, (and it has been detected) -on both

Venus and Mars [Kakar, et al., 1976 and 1977].

‘Ground-based microwave techniques have also been used to measure
mesospheric ozone [e.g., Penfield, et al., 1976; Shimabukuro, et al.,
1977}. Mesospheric ozone is predicted to-.increase significantly at - ..
night, and the microwave measurements have provided a continuous

- measurement of. the diurnal variation. -Figure.7. 18 shows the -data. and

~ recovered ozone profiles from Shimabukuro, ‘et al. - (Their publlshed R )
~.profiles of ozone- number density -have been converted:to mixing ratio’ Y'ﬁ*j*f*'f%il"

'using total air density from the 1976 U.S. Standard Atmosphere.) - The
narrow spike at the center of the emission line due to increased meso- -

J spheric O3 is clearly evident in the night data. The ozone abundance
inferred at the 84 km nocturnal peak agrees qulte well (to withln N .
- ~10%). with :that predicted-by-Shimazaki- and’ Laird LEQFOF s vt A U R e

Stratospheric emission-from approxlmately'ZO ozone lines at

frequencies between 160 and 380 GHz has been recently measured using
microwave limb sounding techniques from aircraft [Waters, et.al., . )
unpublished results]. These lines are very strong by microwave radio- - -
metric standards, approximately 30-100 K at 20° elevation angle from
13 km altitude, and are easily measurable. One measurement of the
10g, 30 * 93, 9 transition of 03-at 184.378 GHz is shown in the’ left' -
part of Figure 7.19. The ozone profile retrieved from this measurement
.is shown in the right part of .the-figure as:the protion.of. -curve 1~
above 28 km. (Because of the complement of filters in the radlometer )
at the time of measurement, the data was not very.sensitiveé.to ozome ... ... . .t..o.i-
below about 30 km. ) The portion of curve 1 below 28 km was fit to. the
ozone profile measured by a-coincident ozonesonde.:'. Some. other measire- --
ments of ozone profiles above 40 km are indicated in the figure as are
profiles calculated from photochemical models. Most other measurements
of ozone above 50 km give values much higher than predicted by the
models [Wofsy, 1977]. The significance of the microwave measurements
is that they are consistent with the photochemical models in an altitude

;. region where.the models.should.be.accurate.: In.the.altitude-region. - i “iwesubd oy
overlapped there is good agreement in the ozone profile inferred from
the ground-based measurement at 101.737 GHz and that inferred from the
aircraft measurement at 184.378 GHz.

Microwave emission from water vapor in the upper stratosphere
and mesosphere has been detected both from ground [Radford, et al.,
1977] -and -aircraft [Waters, et al., 1977].. -Aircraft measurements of the .
. 183.310 GHz emission line at three latitudes.are shown in the left part IR
of Figure 7.20.° Water vapor “profiles’ are’ showﬁ in the’ rlght part.of .. . - . :




CARBON MONOXIDE (CO)
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. Figure 7.17: ' Ground-Based Microwave Measurement of Carbon- Monoxide - "
e -:An the Upper Atmosphere [from Waters, et .al., 1976 ....... . ... -
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OZONE (O3)
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Figure 7.18: Ground-Based Microwave Measurement of Ozone in the Upper -
Atmosphere [data from Shimabukuro, et al., 1977].
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OZONE (O3)

Upper Atmosphere [Waters, et al., unpublished results]

The ozone emission 1ine measured on 11 November 1976 at 9:00 a. m.
local time near 400S and 1460E (just south of Aspendale,
Australia). The elevation angle of the observation was 20°.

. Also shown are emission lines -calculated:. for the: -similarly-labeled..

ozone profiles.

Ozone Mixing Ratio Profiles. The profile retrieved from the

+ microwave data is curve 1 above 28 km. Below 28 km curve 1l is

fit to data (X) from the ozonesonde which was launched from
Aspendale, Australia (38°S, 145°E) at 9:30 a.m. local time on

11 November 1976. ~.The .dashed lines. are chemical calculations ~
by Wofsy [1977]. The symbols are some other ‘measurements;

”:quoted by WOfsy
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Figure 7.19: Aircraft-Based Microwave Measurements of Ozone . in the




BRIGHTNESS TEMPERATURE
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(2.6 um SOLAR
OCCULATION) -
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Figure 7.20: Aircraft-Based Microwave Meaéurements of Hy0 in the

Right:

-10
FREQUENCY MHz FROM ]83 310 12MHz ‘ H20 VOLUME MIXING RATIO

Left:

" shown on"'the right;"the U.S. Standard Atmosphere: temperature.:

... shown . at- left. . Also, shown .are:. ;Some other measurements of quzfd,d;ﬁgﬁ_:
.and calculated profileS. . . BT o S

SRR RNT) . 100 .1017‘;L:“n: 107 ' 100 a0t

Upper Atmosphere [Waters, et al., 1977].
Calculated and measured emission from the 183 GHz Hy0 proflles

profile was used. The zero level is arbitrary and the calculated
and measured curves have been shifted slightly (ﬁ]I)K) to
coincide at 100 MHz from line center. Measurements within

0.2 MHz of center are not available in the two northern
hemisphere bands because of interference in those channels.

Hy0 mlxing ratio profiles used for- the calculated 183 GHz lines

7234




Figure 7.20. The heavily drawn profiles labeled A, B, C, and D were

used to calculate .the similarly-labeled -emission .lines shown.in .the: . .
left part of the figire. The aircraft measurements suggest the H,0

profile above 40 - km is between curves B and C. Recent aircraft mea-
surements of upper atmospheric H20 emission at 380 Cliz heve confirmed thOSL
results [Waters, et al., 'unpublished].

Microwave limb sounding techniques .have alsc been used from air- S
craft to search for millimeter-wavelength emission by the stratospheric LR
Cl0 radical. As discussed in Section 7.3, measurement of stratospheric o
Cl10 @nd all Cl containing species)is of crucial importance in assessing
the threat to stratospheric ozone from commercial use of chlorofluorc-
carbons. To date, three millimeter-wavelengths transitions of Cl0
have been searched for from aircraft [Waters, et al., unpublished]
Results from preliminary data reduction are shown in left part of =
Figure 7.21. Also shown in the left of the figure are signals calcu— A
lated for no Cl0 and for "two ClO profiles -shown in ‘the right “of, Figure N
7.21. The dashed clo profile is an early calculation from a photo— '.h‘”
" chemical modél [Wofsy, 19777; the “soldd profile was a. preliminary mea- °
surement reported by Anderson. [1976]; the symbols give ‘final results
from three measurements by Anderson, et al., [1977].  The microwave
measurements at 167 and 278 GHz indicate that, for the form of the
...profile expected,. the Cl0 mixing ratio does not _exceed. 0.5x1077 . e
(0.5ppb).  The 241" GHZ microwave measureient indicates the €10 mixing
ratio does not exceed 2ppb. ClO profiles having these values at the
times and places of the microwave measurements would, however, be con-
sistent with the data.

The 251 GHz J—9->10 transition of nitrous oxide (NZO) has also .
been detected by microwave limb sounding techniques from aircraft
[Waters, et al,, unpublished] and is shown in Figure 7.22. . .. . . . ..

Up-looking measurement of 53 GHz emission by molecular ‘oxygen ;_ e

from aircraft and from ground [Rosenkrantz,‘et al., 1975] have demon-"=
strated the ability of these techniques to 'serise temperatures in the ‘ L
upper stratosphere and to sense the’ change ‘4n ‘Zeéman splitting of “the '+ o T
02 lines with a change in magnetic latitude. Figure 7.23 shows )
temperature variations' in two layers’ ‘of the upper stratosphere between

75°N and 20°N inferred from the aircraft measurements and compared with
coincident rocket measurements. Figure 7.24 shows the variation in

Zeeman splitting for the 27 07 transition measured for Haystack

Observatory (Massachusetts) and Arecibo Observatory (Puerto Rico). The
Haystack measurement is closer to the magnetlc pole where the jmore in- L

The microwave'spectrometers on the NIMBUS-5 and NIMBUS-6 satellites
[Staelin, et al., 1973 and 1977) were sensitive to lower stratospheric
temperatures. Comparison of the temperatures retrieved from these
NIMBUS experiments with coincident radiosondes [Waters, et al., 1975;
Grody. and Pellegrino, 1977] indicated that the predicted theoretical ..
accuracies of ~2 -3 K rms were achieved for the temperature profile '
‘;. over :the.altitude . region to:which: the-experiment- was sensitives . vii il iy e

. . T e RS . e e
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Alrcraft-Based Microwave Measurements of Stratospheric
Emission Near K C10 Millimeter-Wavelength Transitions.
[Waters, et al., unpubllshed results]

Figure 7.21:

St et » R [ e s L LosL e

Left:
for Cl0 rotational lines.

Right: Cl0 profiles. The dashed profile is an early calculation by
Wofsy [1977] and the solid profile is a preliminary measurement

reported by Anderson [1976]. These two profiles were used to
~calculate the similarly-labeled emission lines shown at left. .

. The symbols are.final results from Anderson's [1977]. measure-
" ménts made’ from Palestine, Texas, on the ihdicated dates. T
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Figure 7.22: Aircraft—Based Microwave Measurements of Stratospheric
N20. [Waters, et al., unpublished results]

Left: Measured and calculated stratospheric emission near the
J=9 + 10 N0 transition.

nght:" NZO mixing ratio profiles used for calculations shown on left. o

"1 Curve 1-“is‘for-arctic “and-.curve 2 -for: tropical profiles as
indicated by Schmeltekopf et al., [1977 ] '

7-37 -




| TEMPERATURE, K

220 e

260

20 |-

220 = . ...

R T o.Mlc_RowAvs-..MgAspRéMENI_,-.,,,__
° e ©7 - [DROCKETSONDE - MEASUREMENT,

] ! - ] 1 1

80

Figure 7.23:

R R A TR PN L £ SN PRt B AL O A

70 60 50 40 ©30° 20 0
LATITUDE, N

Comparison of Upper Stratospheric Temperatures Inferred
from Microwave Aircraft Measurements and Measured by
"Rockets [From Rosenkranz, et:al.;'1975]a -

AL AP W g
AT A A K3



MEASURED ZEEMAN SPLITTING OF 27_ O, LINE

_-(a) -, —e—MEASURED (HAYSTACK)
i I,f;{\ —x—MEASURED (ARECIBO)
— THEORETICAL rms ."/ X
* “jo |- ‘RECEIVER'NOISE: Jx- g
To) _ ne
B JISAN .T cae s ;r,. "“ '.,'-.-'.

-~ ARECIBO HAYSTACK /

BRIGHTNESS TEMPERATURE (°K)

x_—_—___x/‘
N
ol . 3
I AVERAGE OF POLARIZATIONS
L4 1 I ] I 1 J
O 1) R . x MEASURED  (ARECIBO)
o5k T e K — CALCULATED (ARECIBO) *
" .
O - = '\,?
-0.5
! L 1 L L L
-20 -15 -l0° -5 0 5 10 IS 20
MHz FROM 53,066.9
Figure 7 24 Measured Zeeman Splittlng and Polarization of Stratospheric _
Y - Emission-by. 27: 0y Line {From.-Waters;. 1973}, n;nam.ﬂi,u_,uzn:ﬂgﬁ;,,;.f
(a) Atmospheric zenith emission by the 27_0j line as measured on

August 30, 1972 from Haystack Observatory (magnetic latitude 55°)
and on November 1, 1972 from Arecibo Observatory (magnetic
latitude 299), The Haystack measurement is noisier because it
represents a shorter integration time than the Arecibo meaSurement.

_a(b)w”w:,"Measured and, calculated electric. polarization of the 27 .0 for e
. "Arecibo.” “The 1inear ‘polarization in the magnetic éast-west. T e
direction is stronger than that in the magnetic north-south

dlrection. :
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7.6 High-Resolution Satelllte Svstems for Mlcrowave Sen51ngfof the_
“‘Upper Atmosphere }

For the purpose of this report "high-resolution" microwave systems
are defined as systems having significantly improved angular resolution
over those previously flown or planned. Such systems can allow, for
the first time, the.application of limb sounding techniques at micro-
wave wavelengths. Down-looking microwave systems may also be useful
for upper atmospheric measurements, -particularly for temperature
sounding, but are not covered here because they do not allow the range -
of parameters to be measured that limb SOundlng techniques allow, and
because they do not require "high- resolutlon.

The general geometry for limb 30unding emission observations is’
sketched in Figure 7.25. The major advantages of such observations
“for sen31ng the upper atmosphere are"ifff'f“" DR e de i e

"“l.“'They use’ the largest*possible atmospheric path length at- & givenﬁ?ﬁ"*

level which enhances weak signals -and allOWS sensing ‘to -
higher altitudes. : : . ) . :

2. .Cold space behind the atmospheric-observation path provides o :'~”

"~ thé optimum background ‘for ‘emission measureéments.’’

3. The field of view of the instrument principally determines’
the altitude region sensed, and altitude resolution can be made
better than with other modes of. passive emission measurements.

4. The observations are not dependent npon'a background‘radiation'
source (e.g., the Sun) allow1ng diurnal and other variations
in the atmospheric parameters to be easily measured.” s

The intenSityrand"spectralleharacter~of¥the 1imb.-‘emission .depénds -7 -

upon the atmospheric composition, thermal structure, motion along the

- line of sight-relative to.that of the observation: point;,: and -for-the..
microwave 02 lines on the magnetic field. These atmospherlc parameters
can be recovered, to a certain degree, from the measured ‘radiation field: "

If the atmospheric path is just'completely opaque at all wavelengths‘
in the instrument passband the signal received is directly proportional
to the source function B (T) appropriate to the mean temperature T of
the path and this mean is measured. As the altitude probed is increased
- the atmosphere-becomes partially transparent- in.the “passband-of ‘the =& *
instrument, and the intensity of radiation received from the limb path
is then €.B(T) where e is an effective emissivity. If ¢ is known and
not too small, as is the case of a uniformly mixed gas such as 0j below
" 80 km, B(T) may be found and the atmosphere's temperature deduced.

B(T) having been measured e can be found for any other gas and hence the
gas concentration determined.

.This simple.treatment ignores. the fact that.even for a.very: precisei,‘qa_,

"dlrectlon of view emission from a range of altitudes will be .observed.
Further, for a given viewing direction emission from different gases
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LIMB SOUNDING GEOMETRY
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Figure 7.25: Limb Sounding Geometry.
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will -not “be weighted 'in -exactly.'the -samé-way“with:altitude ‘So™that *the. .+
‘mean temperature appropriate to the expression ¢.B(T) is not in general
immediately comparable for different gases. A more complete retrieval
process is therefore required. The theory of such processes is, however,
well advanced and a number of efficient retrleval methods are available
f[see, e.g., Rodgers, 1971].

The range of .altitudes contributing :o a measurement can be des- .
cribed by a weighting function. Figure 7.26 compares weighting
functions for down-looking and limb-looking microwave measurements. The im- 3
proved vertical resolution from the limb measurements is clearly evident
in the figure. For the limb observations, half the observed signal from
a single ray arises from an atmospheric layer between 1 and ~3 km above .
the tangent height of the observation path and within "+100 to #200 km
to either side of the tangent.point of the.observation.path .[Waters, 1976b]..
The finite beamwidth of the antenna used for. the observations will degrade

:the .resolution:since. radiation.from all:directions. within’ the.beam will
contribute substantially to the measured signal. .For observations. from’ i
250 km altitude, the nominal -orbital -altitude for the Shuttle, a.3 km'. . . R

"altitude difference at a tangent point of 50 km altitude corresponds to ’ , %
an angular difference of ~0.1°. Thus beamwidths of %0 1° are required R 5
~in order.to-:achieve: the verticle resolution needed.:::The gize-antennal. iy iy al
requ1red to achieve 3 km vertical resolution is given in Figure 7.27
as a function of the wavelength (and frequency) of observation for
orbital altitudes of 250 km (Shuttle), 1000 km (sun-synchronous), and
36,000 km (Earth synchronOus)

.

. Calculations of weiohting functions which include both the. effects’
of radiative transfer through the atmosphere and the finite antenna
beamwidth are given in Figure-7.28 for a 1 meter diameter.antenna, 250 km
orbital altitude, and the indicated measurement frequencies. ' Such .an .
antenna can .give better than 3 km vertical.resolution for measurements . . ... i -
at frequencies of 180 GHz and higher. Fabrication of this size ' '
antenna with the .required surface. tolerances can be accomplished with
present technology. :

There is no reason to reduce the horlzontal resolution normal to

the observation path to much less than the horizontal resolution along

the path which is determined by radiative transfer and is ~200-400 km.

Thus 100 km horizontal resolution normal to the line of sight is rea--
sonable, which corresponds to acceptable beamwidths in the horizontal

.plane of as much.as ~3% for a 250 km_ orbit... For. those .channels . with . e L e
a spectral resolution comparable to the Doppler line width, the horizon—

tal resolution must be less if the effects of Doppler shift due to or-

bital motion are to be removed. A frequency shift of 1/10 the Doppler

width is produced by changing the horizontal direction of observation by

0.3° from the normal to the velocity vector of a satellite at 250 km alti-
tude. Thus, measurements with channels having spectral resolution comparable
to the Doppler line width will be affected by orbital motion for a 250 km .
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ANTENNA DIAMETER FOR 3 km BEAMWIDTH AT’
TANGENT POINT FOR LIMB OBSERVATIONS

]lllll‘lj 1

| N300,k km ORBlT
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1 .
- ]
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0.1 O T R |g+%_J"+'"L.1._ N J
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1o aatl L Loyl L.
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FREQUENCY, GHz.

Figure 7.27: ~ Antenna Diameter Required for 3 km Beamwidth at Tangent
Point for Limb Observations.
(The antenna diameter required for other beamwidths is inversely pro-
‘ portlonal to the ‘beamwidth. For exampie, al 1/2 'km beamidth requires ) g
Fam; antenna; twice as large as 1ndicat:6d by the above curves ) e i L i
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LIMB WEIGHTING FUNCTIONS FOR 1-meter ANTENNA
(250 km ORBIT, 50 km TANGENT HEIGHT, CONSTANT MIXING RATIO)
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Figure 7.28:
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Limb Weighting Functions for 1l-Meter Antenna in 250
Altitude Orbit. [From Waters, 1976b] : :
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orbit.if their horlzontal beamwidth is larger than 0. 59, even thougn o

the observatlons are in a direction normal to the’ orbltal velocity o

Spectral resolution qr~selection is required of limb sounding
instruments in order to identify emission from a particular gas. For
microwave instrumentation arbitrarily fine spectral resolution can be
achieved by means of electronic filtering after the signal has been
converted to a sufficiently low frequency by mixing it with a local
oscillator. The major requirement on the instrumentation -for spectral
resolution is then that the local oscillator frequency be sufficiently
stable that its variation does .not smear the resolution by an unaccept-
.able amount. Such stabilities are readily achievable by locking the
Jocal oscillator to a reference crystal. Given this arbitrarily fine
spectral resolution the ultimate limit on .signal detectability of
microwave radiometers is due to unaccounted for spectral responses in
the instrument. ' In ‘practice these effects can generally.be reduced .
to ~0.1K for the instrument bandwidths required.:. This limit is: lower

“‘than the radiometer noise for measurement “times ‘availible- from satellite
platforms, and the major limitation on measurements from space is ex- -
pected to be the radiometer sensitivity. ° ' :

Microwave radiometer sensitivities are typlcally expressed in.

" terms of their équivalént system noise’ ‘temperature T, . This- temperature-““‘“5'5”i

is that which a blackbody would need in order to radiate the same amount
of power as the noise power of the radiometer. At the present time,
state of the art microwave radiometers at room temperature have system
temperatures of v1500 K at 100 GHz and 4000 K at 200 GHz. The rms
noise AT in the measurement is related to the system temperature by

215
VBT

.where: B is bandw1dth (frequency resolution) of. the measurement and t is
the integration time. The factor of 2 is due to sw1tch1ng between the

AT =

signal and a comparlson target which is required to: reduce the effects_sb.~}'

of galn varlatlons to an acceptable Tevel.

As an example of the sen51t1v1ty whlch can be achleved w1th pre-
sent state-of-the-art instrumentation we consider measurements of -
emission by the 118 GHz oxygen line. For measurements of the middle
stratosphere a resolution of ~10 MHz is required; with this resolution
a temperature measurement having 3 K rms accuracy 1s possible in only

..0.1 seconds.observation. time... ~For measurements.of. the lower. thermo-.
sphere a resolution of ~0.1 MHz is requlred and with this resolution a
temperature measurement having 3 K rms accuracy requires 10 seconds
observation time. A reasonable amount of time available to scan the
antenna_beam over the altitude region being sensed is 40 seconds for
observations from a low altitude orbit as this is the amount of time it
takes the observation path to move an amount comparable to the re-

- solution along-the line of. sight. : An optimum antenna scan -program would

. use relatively short observation .times at the lower altitudes and longer

“observation times at’ ‘the’ hlgher altltudes..;‘“”'”' . e
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_ Figure .7.29 .shows the.calculated signal for limb .measurements _
of emission from the 118 GHz oxygen line. These calculations include
the effect of a one meter diameter antenna. The horizontal axis gives
the strength of the signal and the vertical axis gives the tangent
height of the observation path. The various curves are for various
frequencies away from the center of the line. As can be seen, the
line center stays optically thick up to 2100 km altitude and measurable
signal exists up to at least 120 km. This insures that temperatures
can be measured at least to 100 km altitude, and O, abundances to -at
least 120 km. :

Figure 7.30 shows a similar set of curves calculated for measure-
ments of water vapor by emission at its 183 GHz transition. The water
vapor distribution used for these calculations is that given in Figure 7.7,
except that curves a and b are for 0.5x and 2x that Hp0 distribution. N
The inset shows ‘the signdl as a function of freéquency for “an’ observation
path w1th 80 km tangent height. These calculations indicate that the

,,,,,,

used for meaningful measurements of Hzo between altitudes of NlS and 90 km.

The calculated 51gnals shown in’ Figure 7.29 and 7. 30 assume thermal

’ equilibrium throughout the altitude region in which the signal is. s“ffifwn;;as;.wu-:.
" ciently large to be measurablé. “This has been checked for the 183 GHz =~~~ "

H20 line [Kakar, unpublished results] and.the results of Kakar's cal-
culations are given in Figure 7.31. That figure shows the excitation
temperature of the 183 GHz Hy0 line as a function of collision rate for
various assumptions on the collision cross section Rji. A kinetic -
temperature of 250 K and a radiational temperature of 200 K was used. in
these calculations. For a collisional frequency greater than V100 s™
corresponding to altitudes below about 140 km the excitation temperature”.
of the line equals the kinetic temperature, indicating this transition
is in thermal equilibrium. The 118 GHz oxygen line will be in thermal
equilibrium to much higher altitudes becaise its spontaneous ‘transition™ "
probability is NlO lower than that for the 183 GHz HZO line. ‘
~ As Figures 29 and 30 show, the signal from the atmospheric limb is
‘a drastic function of the tangent height of ‘the observation in the
region where the observation is optically thin (regions in which the
signal is §150K); it is these regions which must be used to sense com-
position. Because of this the signal varies rapidly with observation
angle, even when the abundance of the species being observed is constant,

and places requirements on the instrument pointing accuracy and stability .

“in order to“achievé accurate’ ‘composition medsurements.” A" reasonable
goal for most composition measurements is 3% which requires measurements
of 1imb emissivity to 3%. For partially transparent paths and observations
" of emission arising principally from the wings of spectral lines, the
"emissivity typically varies with tangent pressure p as pz. For a 3%
emissivity measurement, the tangent pressure must be known to V1% which
. corresponds to a height change in the atmosphere of ~0.07 km or ~0.003°
angular change in the vertical plane’ for a 250 km orbit.” ‘The pointing

.-.must be known -and. constant for.this- amount ‘during: the measurement time 'ﬁw"*»eﬁ““?“

if 3% composition accuracy is to be achieved

c e L
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LIMB EMISSION FROM 118 GHz O9 LINE
(1 meter ANTENNA IN 250 km ORBIT)
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LIMB EMISSION FROM 183 GHz HyO LINE
(1 meter ANTENNA IN 250 km ORBIT) - -
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Figure 7.30: Limb Emission From 183 GHz H20 Line. [From Waters, 2_L976b]
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) approx1mately as.-‘the square-of-the’ tangent pressure; thé accuracy in -

If the required poimnting accuracy and stability is not available
from the platform ‘being used for the measurements, microwave-emission
from appropriate oxygen lines in the 60 Glz band can provide the
pointing réference and stability. 'This is done by selecting oxygen
lines which are insensitive to temperature. Figure 7.32 shows the
energy level diagram for the oxygen molecule. The microwave transitions
are due to changes in the unpaired electron spin,, K and separate transitions
occur for different rotational states. The intensities of the lower
rotational lines decrease as the temperature increases because the
number of molecules in these states is decreased with increasing tem-
perature. However, the intensities of the higher rotational lines
increase with increasing temperature because the number of molecules
in these higher states increases as the temperature increases. At
intermediate states the lines are relatively insensitive to temperature.
Figure 7.33 shows the calculated limb .emission from oxygen lines chosen
for maximum insensitivity to temperature., The.effects of .a one meter -
antenna are included in the calculation.  For. the range of atmospheric b

.conditions. used: in .the calculations; which- is rather ‘extreme," “thet,

variation -in atmospheric temperature causes a change %1% in the .-7"
atmospherlc emissivity .for a given pressure at tangent point. The’
radiometer sensitivity also allows measurements of the emissivity to
%1% for an 0.25 second observation time. Since the emissivity goes

measuring tangent pressure should be about 0.5%. Further calculations
have indicated this accuracy can be achieved for observation paths
having tangent heights between at least 35 km and 70 km altitude.
Antenna beams covering other altitude ranges could be offset from the
beam measuring the reference level allow1ng the same accuracy over an

.extended range. .Thus, this technique for obtainlng the pointing -

reference direction should certainly allow compositlon measurements to _
3% accuracy. :- RN _ e Cen e e AR

The very rich microwave spectrum of .ozone., provides 11nes wvhich are

relatively insen31t1ve to temperature variations. . Such lines can be

chosen which are negligibly affected by absorptlon or -scattering from.

- other species. ~ These lines are’ 1dea11y suited for’ precision monitoring

of ozone profiles: An .analysis of the potential ‘monitoring accuracy is

'summarized in Figure 7.34. This ana1y51s suggested that V1% . accuracy in

monitoring ozone profiles might be possible even with temperature un-
certainties as large as 5 K. Pointing accuracy of .001° will be re-
quired to achieve this composition accuracy as discussed above. Instru-
mental stability and calibration accuracy may also be limiting factors;

Hiat present these effects typically 1ntroduce 3% uncertainties s oo L rd e i a i

It is possible to simultaneously measure more than one species
with a single radiometer if spectral lines from separate species are
sufficiently close in frequency that they can fit within the radiometer
intermediate frequency passband, and if the lines are not so close that
they significantly overlap one another. One example of such a situation
occurs for lines of 03, -C10, -and HpOp near 205 GHz. Figure .7.35 shows’

calculated limb emission for these lines as would be _observed from a .. ;oL s e
--40 -km~altitude balléon: " The’ manner in which they ‘can: be nultlplexed into o
a single radiometer is 1nd1cated in Flgure .7.36. Development of a balloon
:1nstrument [Waters et a1., 1977] to measure these spec1es is underway
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LIMB EMISSION FROM TEMPERATURE -
. INSENSITIVE O LINES
(l meter ANTENNA IN 250 km ORBIT)
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PRECISION MONITORING OF OZONE PROFILES BY
MICROWAVE TECHNIQUES

® OZONE HAS VERY RICH MICROWAVE SPECTRUM. LINES CAN BE CHOSEN WHICH ARE NEGLIGIBLY
AFFECTED BY ABSORPTION FROM OTHER SPECIES AND BY SCATTERING

® LINES CAN ALSO BE CHOSEN WHICH ARE INSENSITIVE TO ATMOSPHER| C TEMPERATURE VARIATIONS

. ® ON THE WING OF AN OPTICALLY. THIN LINE, THE MEASURED, LIMB BRIGHTNESS TEMPERATURE
FROM LINE HAVING LOWER ENERGYE, DEPENDS UPON TEMPERATURETAND OZONENUMBER ..~ .. o
. DENSITY NAPPROXIMATELYAS e e el e e s R
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B 1y

.. RELATIVE VARIATIONS IN T ARE GIVEN BY

Do

® THE TERM INVOLV ING dT/T INTRODUCES UNCERTAINTY IN DETERMINING N IT CAN BE
ELIMINATED BY CHOOSING A LINE SUCH THAT E_Q SRkT. -

‘e FOR OZONE LINES AVAILABLE T0 1977 STATE OF ART INSTRUMENTATION THE 206. 132 GHZ
LINE IS LEAST SENSITIVE TO ATMOSPHERIC TEMPERATURE VARIATIONS. FOR THIS LINE.
A 5°K TEMPERATURE UNCERTAINTY LEADS TO THE FOLLOWING UNCERTAINTIES IN - B
DETERMINING OZONE ABUNDANCES ‘

619 AT 190|< PR S
-09%ATT=;220K ) ' S
CA1.3% AT r = 250K

@ THESE RESULTS INDICATE OZONE CAN IN PRINCIPLE BE MEASURED WITH 1% PRECISION BUT A MORE
SOPHISTICATED ANALYSIS INVOLVING NUMERICAL SIMULATIONS NEEDS TO BE PERFORMED .

® MEASUREMENTS TO 1% PRECISION REQUIRE POINTING KNOWLEDGE TO ~0.001° (FOR 250 km ORBIT)
AND PLACE SEVERE REQUIREMENTS ON INSTRUMENT CALIBRATION. SUCH CONSIDERATIONS ARE
LIKELY TO DETERMINE THE PRECISION WHICH CAN BE ACHIEVED IN PRACTICE
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Figure 7.34: Precision Monitoring of Ozone Profiles by Microwave
o .. Techniques: Outline of Analysis. .. L
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LIMB EMISSION BY CIO, HpO5, AND O3 NEAR 205 GH:
(CALCULATED -FOR 40 km OBSERVATION ALTITUDE)
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Figure 7.35: Limb Emission by C10, H20;, and 03 Near 205 GHz.

[From Waters, et al., 1977]. The tangent height hy for -
.the observation path is indicated. e
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- ARRANGEMENT FOR SIMULTANEOUS MEASUREMENT OF
CIC, HyO,y, AND O4 BY A SINGLE RADIOMETER
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and 0, by a Single Radiometer. [From Waters, et al., 1977]
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Large scale atmospheric winds can .also be remotely measured by
the Doppler shift they produce 'in the frequency of a spectral ‘line.
Random molecular speeds in the atmosphere are of the order of 300 m/s
wnereas a meaningful measurement accuracy for large scale winds in the
upper atmosphere is ~10m/s. This impliesthe frequency shift in a
spectral line must be measured to v 3% of its Doppler width, which is
feasible. Wind measurements to a given accuracy require, however, o
that the component of orbital velocity in the observation direction be e
knovn to better than this accuracy. The orbital velocity for a 250 km L
orbit is ~7 km/s; in order that the orbital velocity component in the
observation direction be known to ~3 m/s, which is required for ~10m/s
wind accuracy, the angle of observation relative to the velocity vector
for this orbital altitude must be know to ~0.03° for observation
direction nearly normal to the direction of travel. Any spectral line
can, in principle, be used for the wind measurement; the only require-

- ment is- that the-line be sufficiently strong that- adequate signal ‘to- «.-. " :":. .-
noise is obtained. Preliminary analysis [Waters, '1976b] indicates’ that _
with the: 118 GHz 07 :line+and staté-of<the-art- instrumentation’a- 3'm/s P
wind accuracy, at least in the 70-100 km altitude range is possible o S
for an observation time of 420 s or less. Such measurements would be .-

very important in understanding the dynamics of the mesosphere and

lower thermosphere. . '

e e T e e e R D e e T T e

Because the microwave 02 lines arise from magnetic dipole transi—
tions, they are -split into Zeeman components by the terrestrial magnetic -
field. This splitting is noticeable only at altitudes above 40 km
where the collisional broadening is sufficiently small that it does.
not mask the splitting. The absorption and emission by the Zeeman
components is both polarized and anisotropic and a tensor form of the
radiative transfer equation must be used to calculate the expected
signals. Lenoir [1968] first formulated the-expressions necessary for :
such calculations. Figure 7.37 shows the calculated emission -from the SRR ¢
Zeeman ‘components ‘of the 118 GHz O “lines for an‘observation path:-with: =% RS
100 km tangent height. These calculations are for the circularly- :
polarized component of the. .signal. .. Also .shown in.Figure 7.37 is: the rms:.
noise for a state-of-the-art room temperature instrument with O 05 MHz ’
‘resolution and 105 observation time. - . e St

. In principle, the Zeeman splitting of the oxygen lines can be used
to measure the terrestrial magnetic field. For ~10s observation time,
a preliminary analysis indicates terrestrial magnetic field variations
can be measured to V1% accuracy using the Zeeman components of the 118 GHz
0; line. ‘This is meaningful -accuracy for-only -the:most :intense:- T e
geomagnetic storms ; the normally-occurring storms will require an
accuracy an order of magnitude better. Such accuracies should
be possible with cryogenically-cooled instrumentation which could
be available for use in space within the next few years.

In addition to temperature, winds, reference pressure level,
magnetic field, 0y, and Hy0 which were discussed above, microwave
-w:techniques can be:used to.measure many-. other -upper. atmospheric species. S
Figure 7.38is a summary. of the parameters which our analysis
‘has indicated can be measured to meaningful accuracies over, the indicated
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LIMB EMISSION FROM 118 GHz O LINE FOR
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altitude range from emission observations. The parameters are shown
separately for those which should be measurable with present techno-
logy and with the technology it should be possible to develop in the
next few years. Also indicated in Figure 7.38 is the 1977 capability
for performing global measurements from satellites, and the advertised
capability of sensors in other spectral ranges approved for operation
up to 1980.

It should be emphasized that Figure 7.38 is by no means necessarily
complete in terms of what parameters can be measured by microwave
techniques. The application of microwave techniques to upper atmospheric
research is relatively new. As 1nvest1gations continue measurements of
many additional species may prove possible. . : -

" 7:7" ‘Recommenditiocns and 5‘-Iinpac",f.-'ﬂ "f' et

In making recommendations for future microwave satellité systems
for upper atmospheric applications some general principles must be con-
sidered. First,.the time period in which the experiment will be ‘per- -

formed"is"a very important ‘factor. “Atmospheric meéasufement priorities ™ 7

continually change as new measurements are made and theoretical under-
standing of the upper atmosphere is improved. 'Measurements which are’
important now may not be as important after the two or three years it
typically takes to develop a space instrument. In recommending a
satellite system it is important. to be sure that the measurements to

be made will be needed, or at least that ‘there is a high probability
that they will be needed, at the time the experiment is to be performed.
Second, in planning a microwave experiment, consideration must be given
to other methods of performing the same measurement. In certain cases,

- such -as' for very critical measurements' and for c¢ross-calibration:checks; = -

redundancy is desirable or even essential. In other cases economical

--constraints may dictate that- only one" technique be- developed for parti~ - -
cular measurementS° in these cases the best technique must be developed.

The time period in which a microwave system for upper atmospheric
measurements could be available is 1982 or later. This is based on a
4-year lead time due to 1 year needed for definition work and decision-
making and 3 years needed for fabrication and integration onto a space-
craft.

i

Measurements which can be performed by microwave techniques and
which are projected to be needed in the time period 1982 and later are
summarized in Figure 7.39. These measurements are separated into those
pertaining to the stratosphere and those pertaining to the mesosphere
and lower thermosphere.

'Some of the measurements indicated in Figure 7 39 can be performed'

. with present -techriology;- others require advancement of - technology. R s e

T We therefore recommend - i - '
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PROJECTED 1982 UPPER ATMOSPHERIC
MEASUREMENT NEEDS WHICH CAN LIKELY BE MET
BY MICROWAVE TECHNIQUES RS

N STRATOSPHERE

o OH AND ATOMIC o WITH m% PRECISION (UPPER STRATOSPHERE ONLY)
.0, PROFILES WITH 1% PRECISION ,

e CIO, HZOZ' Co, HZO NZO NO WITH 10% OR BETTER PRECISION -

MESOSPHERE AND I.OWER THERMOSPHERE

| oOH 0, 02, NO, CO 03, HZO WITH 10% OR BE'ITER PRECISION

o TEMPERATURE WITH 5 K OR BETTER PRECISION o
"o WINDS WITH 10-W/S ‘OR BETTER PRECISION -

@ MAGNETIC-FIELD WITH 0 1% OR BETTER PRECI SION (I'O BE MEASURED
SIMULTANEOUSLY WITH CERTAIN SPECIES) '

Figure 7.39: Projected 1982 Upper Atmospheric Measurement Needs
. Which Can Likely be Met by Microwave Technigues.




. ‘boresighted. with, it for s1mu1taneous and complementary mear ..

- to.1% accuracy with these techniques. . Optlmum spectral llnes:,“,

* Development -of -a microwave 1imb ‘sounder:-instrument -using .present..- - -
" technology for versatile research use on either Shuttle sortie

missions or on free-flier satellites. The instrument should
have an .antenna of- at least one meter diameter which would give
better than 5 km vertical resolution at frequencies above 118 GHz.
In order that several species can be simultaneously measured
with this instrument, it should be capable of accomodating
several (v5 or more) radiometers. The radiometers should be
modularly constructed so that they can be easily exchanged

as technology advances and measurement priorities evolve. The
versatility of this instrument is particularly important in
order to allow it to be easily-used for measurement requirements
as yet unforeseen. The antenna, scanning, data handling and
power supply systems should be common to any complement of
radiometers used with the-system. The instrument should be '

-’de51gned for a' normal mode of operatlon in which it observes"' RS
_atmospheric thermal . em1531on s0_that continuous global measure-~;v_v“'”
ments can be performed Con51deration should be given to: )

maklng it adaptable to also observe the sun for absorptlon .
measurements. The instrument should also be designed so that -
instruments operating in other spectral regions can easily be

surements.

An initiai'compiement of radiometersuto be considered for this
instrument should cover the following frequency bands'

118 GHz .. temperature - - 15-100:km - -
’ "+ 02 -density - - 90-120 km- . . -
wind , 70-100 km )
magnetic field .. 70-100 .km ..
184 GHz . Hy0 .. ...15-90.%m .
' ‘ 03' '15<90 km~
205 Gtz T precision Oy profiles 15507 ka’

- €10 .and HzQzlif needed . .
230 GHz - co 15-120. km

A thorough analysis, 1nclud1ng numerlcal simulations, should
be performed to verify that ozone profiles can be monitored

for the measurements should also be verified.

Development of new technology for space qualified heterodyne

radiometers in the 100 to 3000 GHz spectral range. These

"radiometers would be capable of continuously measuring:

. abundances .of: 0, 0, 03, OH, Hy0, Hy0;, HCL, HNO3
. ' NO, N20, ClO, CO and probably many
S other species A B e T o

' temperature winds and magnetlc field

“

“




Of particular importance is the measurement of O and OH in
-Earth's -upper :atmosphere.  ‘These species *have-spectral lines’
near 2000 GHz frequency and a top priority should be develop-
ment of low-noise heterodyne radiometers in this region.

In .the spectral range of 100 to 300 GHz, the emphasis should
be on obtaining lower-noise radiometers suitable for use in
space. Improvement in system noise temperatures of from
1500 K to 100 K at 118 GHz will make possible a meaningful
measurement of magnetic field. A goal for radiometer
sensitivities throughout the 100 to 3000 GHz range should

be that the system noise temperature in Kelvins equals the
frequency in GHz, although ten times worse sensitivity will
sometimes be usable.

The laboratory spectroscopylrequired to -define instrument -
parameters and interpret. the measurements :should also be
supported o S o .- :

These recommendations have been summarized in Figure 7 2

The impact of microwave measurements of the upper atmosphere should
' be very significant in the 1982+ time period. Obtaining as complete as

vl ea E e N ORI RSN TN

:-possibleuan:undenstandingfofitheiWOrkingSfof*the;upper:atmospherelissau*ﬂ“"“*””“‘

very challenging scientific problem; many related measurements by
complementary techniques are needed. ..Several measurements  (including
precision monitoring of ozone profiles, measurement of temperatures
throughout the stratosphere, mesosphere, and lower thermosphere,
measurement of the important species of O and OH, and measurements of
winds and magnetic fields in: the mesosphere and lower ‘thermosphere) can:
either be performed uniquely with microwaves, or microwave techniques
are apt to be the best way to .perform the measurements. " Such measure-
ments are becoming more and more essential in order that rational decisions
can be made regarding any necessary regulation of man's.technological
activities that threaten Earth's protective ozone layer. This regu-
lation involves serious aspects of national and international policy
since the industries affected are very important economically ‘

As an example of the broad impact which the measurements have,
Figure 7.40 lists the various U.S. agencies and an industrial association
(Mca: Manufacturing Chemists Association) which are supporting related
activities..
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MICROWAVE APPLICATIONS TO THE STRATOS»PHERE,
MESOSPHERE AND LOWER IHERMQSPHERE

APPLICATION \

USER AGENCY \ RESEARCH MONITORING

PARAMETER MEASURED \ NASA NSF NOAA EPA ERDA FAA MCA | NOAA FAA EPA ERDA DOD

TEMPERATURE S N
PRESSURE ~ | r- e B R B ” -
CWINDS T e T
WAGNETIC FIBD |5 7o T L A
COMPOSITION ' '

O3 * . [} [} * * * *

T “2°~ o . - iy R O

Co - . N }0" : *

| AN INTERAGENCY WORKING: " 5 0ah 0 5 gt Lol R g o
GROUP ON “MONITORING OF THE
. STRATOSPHERE" 1S NOW PRE-
cio- : e ... @ e . = v .| PARING AREPORT-ON
REQUI REMENTS.

HZOZ M . i hd i
N T e
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v <4 e .
mo} . . . ) - . .
. . . .
" o H-Oz" A e v N
i NO, . LU . .
. P lomerst o Fe e T e e e
[ " B .
*TECHNOLOGY ADVANCEMENT REQUIRED, ! ) USED AS COMPLEMENTARY OR
CORROBORATIVE MEASUREMENT ONLY
h i s o - - W - - - -

Figure 7.40: Microwave -Applications to the Stratosphere, Mesosphere,
" and Lower Thermosphere: User Agencies. The data for

this figure were taken from information given in the

) Program Plan for the NASA Program on Upper Atmospheric '

Tohede Research [NASA Upper Atmospheric ‘Reésearch” Office, 1976]
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CHAPTLR 8
QYSTEMS*

8.1 Executive summary

8.1.1 Summary .

A. Passlive microwave spectrometers and imaging systems have
been successfully flown in space since 1961; more than
12 such systems will have flown before 1979.
B. Current instrument technology<is'adequate.to support
most- contemplated future m1351ons, selected ‘areas’ for .
.;1mprovement 1nclude low—n01se mllllmeter and submllll-.¥v*
‘meter wavelength recelvers and the de51gn of large '

- multi- frequency antennas.’

cC. A w1de varlety of appllcatlons ex1st for hlgh resolutlonﬁghm"
T pa351ve ‘microwave data, the requlred lnstrument specifi- N
cations for these diverse’ appllcatlons overlap consider-
ably. A "baseline" observatory concept that serves many
appllcatlons 1ncorporates a 3-4 meter reflector antenna
.rotatlng n 0.5 Hz about the nadir axis. The microwave B
spectrometer would have n 15 channels observ1ng v 1-200 A
~GHz at 60° zenith angle w1th ~ .6-12-hour revisit. tlmes:t~ -
and v 5- 14 km resolutlon for full earth coverage from a |
A 1200-km orbit;i two such systems 1n different” orblts‘“'”
could prov1de-6-hour=coverage.u_The 1) very ‘high time

. resolution requirements for severe storm monitoring,

2) the long-wavelength high-spatial-resolution require-
ments of soil moisture sensing, 3) the limb-scan
‘.geometryudesirednforgprobinguaboveﬁ&f30wkmﬁaltitudeﬁ“andﬂ%f@3*““
4) the high resolution required for coastal zone and
ocean pollution monitoring might best be obtained by
separate special purpose systems.
D. Systems concepts proposed elsewhere and summarlzed here

iniclude 1) a basellne type spectrometer w1th a flxed

~~~~~ T R h e R

“5ref1ector (SIMS), 2y three baseline- type spectrometers '

4

*Prepared by D. H. Staelln,'J;'J; Gustincic, and P. W. Rosenkranz. -
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.8y 1 2 Recommendatlons

2)

3)

4).

5)

6)

. for sen51ng-3011amolsture¢¢etc73fandcﬁﬂwf"*

w1th scannlng ref lector antennas, 3) -a 10-m square low-
frequency phased .array, 4) a 100-m reflector with move-
able subreflector, 5) a 100-m reflector with ~ 100 feeds
for ocean observations, 6) a limb-scanning .spectrometer
for atmospheric studies, 7) a pressure-sensing 5-mm
wavelength radar transmissometer, and 8) a low resolution
wide-swath synthetic aperture radar (SAR) to- support a
passive microwave observatory with a "zoom" capability.
Although this list is not exhaustlve, 1t 1ncludes most
classes of 1nstruments of current 1nterest.¢ T ' :

‘Estimatéd Cost

"Effectiveness
Prompt “developrent’ 6f an operational 7 THighest 7
imaging spectrometer 1-200 GHz, such '
as the baseline system described above.
Development of a limb-scanning‘microwave“g’ "Very high =~

spectrometer for shuttle sortle missions C

.and eventual operatlonal use. - - A
Development of a v 1-3 GHz dual~ = . High.
'polarized phased array ~ 10-m square' S S

to supplement a baseline,observatqry, - ,.;.;»,s,;}7~

‘Study and development of a pressure- ‘High

sensing 5-mm radar transmissometer.
Development of a 100-200 GHz imaging " High

. Spectrometer for monitoring. SEVEeXe. ... l.. ... leocwons e e s

storms from geostationary orbit.

Study and possible development of a wide- Moderate
swath low-resolution synthetic aperture

radar to provide a "zoom" capablllty for

a pa551ve microwave observatory.

Development of 100—m reflector antenna

system for geophy51ca1 sens1ng.a




-ous cost beneflt con51deratlons.

"ﬁfrom the table is’ the fact! that research began w1th the

8.2 Introduction

This chapter begins with a history of passive'microwave
sensors in space and a brief survey of instrument technology.
In order to clarify the relationships between various applica-
tions, a baseline passive microwave observatory system is then
defined and evaluated. This is followed by a brief discussion
of‘some of the systems concepts that have been proposed for
consideration. 4

In order to arrive at a sound set of recommendations, the

next two sectlons explore poss1b1e mlss1on concepts and varl-.

These are then followed by
a serles of recommendatlons for systems and technology devel-
opment. ) '

‘8.3 .-History.-of-passive microwave-sensérs-in-space . "

The first use of microwave radiometry on a spacecraft
was for remote sensing of cloud-shrouded Venus. Marlner 2
determined that the planetary em1551on was characterlzed by
limb darkenlng (Barath et al., 1964) whlch conflrmed that
Venus had a high surface temperature. -~ =" -

Table 8.3.1 presents a summary of mlcrowave radlometers

‘that should have been launched prior to the end’ of 1978. ‘The“‘

first satellite<based mlcrowave'observatlons‘of.Earth were“w”””

made by Cosmos-243 (Basharinov et al}, -1969) ..
sive microwave observations to date, however, ‘have been made
by satellites in the Nlmbus serles '(Gloersen et al., 1974;
Staelin et al., 1973, 1977; Wilheit et al;, 1976). ANumerous
the most quantitative interpretations of the data are men-
tioned in the table.

Table 8.3.1 conveys rather well the acceleration of
act1v1ty in this field, with three different 1nstruments on

five satellltes scheduled for launch 1n 1978

“ s
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The .most. extenf‘

-

,atmospheric,and.surface;effectsrhavepbeenuobserved,;butﬁonlyc,wwlh;_‘;
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“identification and measurement of gross surface and atmo-

" meet most of the appllcatlons requlrements dlscussed in

vrapldly scanned however, to do thls requlres mechanlcal

problem: that ‘have beérn “implemented’ £or " space are Tisted in -

~or.space.fabricationwwould.generally»cOstnmore-ahd'inVolve**“”f‘fy*"“

estlmated by assumlng 20 parameter méps Wlth fU.ll earth

_ coverage~at 5- km~resolutron are produced continuously.. Thls"

s

spheric phenomena. Further progress with these techniques
requires greater specificity of the geophysical parameters,
which in most .cases implies finer spatial resolution.

8.4 Survey of current instrument technology

The most critical elements in passive microwave remote
sensing systems are the receivers, antennas, and data sys-
tems. The state-of- the-art for ground- based receivers is-
summarized in Flgure 8.4.1." . Most -of the recelver spec1f1ca— o _
tlons can be dupllcated 1n space, although those that employsn;ﬁ;]mgglf
cryogenlcs may be troublesome. Uncooled recelvers generally’?" R
fall near the line labeléd "useful” in the flgure.' It

appears that present recelver technology 1s_adequate to

this report-'exceptlonS'are treated separately.
Performance parameters of large millimeter-wave radlo
telescopes are presented in Flgure 8 4.2. The angular :
resolutions of these antennas are more than adequate for. |
the applications discussed here. These antennas ‘are not

motion or electronlc beam steerlng. Approaches to this

Table 8.3.1, and several’proposed conCepts are'dlscussed in
section 8.7. Most of the applications discussed in this.
report require antennas that might comprise about half the
total cost of the instrument; antennas requiring unfurling

greater risks.
Current communications technology is more than ade-
quate for the datavrates discussed here, so implementation

of any necessary additions to communlcatlons fac111t1es by

s el Ll e
< e O Y S -1;..; LETOTE g

N 1985 seems entlrely feas1b1e. These data rates can be

g TR,
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would ‘représent ‘about ‘15,060 words pei second, or 150,000

bits/sec -for 10-bit words. .Since many parameters of inter-
est do not warrant such resolution, the data rates for most

reasonable systems could be more modest.

8.5 BSummary of applications

Potential applications of passive microwave systems in
space may be divided into two broad groups, those that re-
quire imaging ‘the earth and atmosphere beneath the satel- -
llte, and those that requlre v1ew1ng of the atmosphere only

at the planetary llmb The former group of appllcatlons are'”
’llsted 1n Tabie 8 5. 1 and the llmb—scannlng appllcatlons are“

discussed in Chapter 7. _ e .
_ Table 8.5.1 also lists the nomlnal 1nstrument sen51—
t1v1ty, spatlal resolutlon, and rev181t “time: -needed - in~
order to satisfy the listed appllcatlons with respect to
various parameters of interest. In many cases the de51red
spatial resolution and revisit times are presented as a .
'range of values, which represent attempts'to spanfthef‘l

specifications that most users would like. There
is no attempt here to represent users de51r1ng extremely

‘high resolution (such as- Landsat photographs) -at- 1nfrequent

1ntervals,zthe users of concern here, are generally those'.v_;:&_,ggﬂ

‘de51r1ng more frequent coverage of large geographlc areas,
'and for whom data handllng constralnts ‘also llmlt useful
resolution. For example, the s011 moisture requlrements
here serve users interested in the daily hydrological his--
tory and status of agrlcultural reglons contalnlng several
flelds, rather than those w15h1ng 1nfrequent observatlons of
single fields. The former group includes agrlculturallsts
employing crop yield models with soil moisture history as
input.

The finest resolution listed in the table generally

‘wAcorresponds,to;theﬂminimum}scalewsize;ofﬁtheabhegomgngnﬂthétg;g;»L&
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.. for a pas51ve mlcrowave observatory system, lt is. useful toﬁt,,_.ﬁﬂwﬁ

el F T T T I T P

is physically significant for synoptic purposes. ‘For exam-
ple, the minimum resolution listed for severe storms is
approximately the size of a single small convective cell.
.More complete rationale for these various requirements may
be found in the correspdnding chapters of this report.

The "desired ATrms" in Table 8.5.1 is an estimate of
the nominal microwave receiver sensitivities required to
vield useful system performance. The'remainder of the
table is discussed in the next sectlon, 8. 6.' '

In- addltlon :to the llmb scannlng systems - dlscussed in

jChapter 7 there are two other m1crowave systems that mlght;{Q4;¢]5

usefully” augment a pa551ve mlcrowave observatory These
are a nadir v1ew1ng spectral transmlssometer for pressure

soundlng, and a 51mple synthetlc aperture radar hav1ng

‘n 100-m resolutlon ‘for SLmultaneously mapplng ce pressure SR

ridges on pack ice, small open 1leads:in ‘ice, prec1p1tatlon
zones, etc. Because such systems have been studied only
1ncomp1etely in the present context “they are 1ncluded 1n~
the recommended areas for research and development

8.6 Analysis”of'a’baseline“observatory system'*h

. Because of - the very large range ‘of ‘possible ‘parameters 7’

con51der a basellne system concept w1th respect to whlch
these dlverse system opportunltles mlght be compared.
- The baseline concept described below was selected to
meet the foilowing constraints: ; .
;) Applrcablllty to the max1mum range of users.,

N . S I ARy

:2’- Full Earth coverage every 12 hours w1th one
satellite (most applications require at least a
12-hr repeat cycle).

3) Frequency coverage over most of the 1-100 GHz band

(most appllcatlons require several- frequenc1es

‘4Mspann1ng one or. more., octavesL.*ﬁ




.mechanlcally scanned reflector antenna compatlble w1th - PR

2) Unfurled antennas not required for a shuttlellaunch
(such rapidly scanned large millimeter wavelength
reflector antennas are deemed risky and expensive
at present). -

5) Maximur cost-effectiveness, including maximum use
of space-tested concepts, maximum modularity and
system lifetime; and maximum range of present and
potential future users. "

The maximun range of users dictates a multi-channel

»spectrometer system, .and 12 hr full Earth coverage requlres i

a. scanned system at, an.orbltal altltude above m 1000 k.

At these altltudes the user requlrements for spatlal resolu—f.‘h” L

tion and frequency coverage mandate the largest ‘feasible

”shuttle launch w1thout belng furled a dish about 4-m

diameter meets these requirements and the needs of most
users. Because data 1nterpretatlon requires low antenna

s1delobes,'an off- ax1s feed 1s 1mportant.: Many appllca—‘:d
tions also Benefit from 51multaneous observatlons of" both
horizontal and vertical polarlzatlon, and so’ a "constant
c1rcular scan pattern about a vertlcal ax18 1s desrrable.f
A sketch of an antenna system meetlng these requlrements '

“is presentéd. in Figure’ '8.6.1."

With such a nominal antenna’ conflguratlon 1t is then" i ;t’““

possible to explore the degree to whlch various user data
requirements could be met with currently available re-
ceiver systems. The specific system spec1f1catlons as- -
sumed in-this exercise include: " 1)-'the “terrestrial -surface -
is viewed from a zenith angle of 55°, 2) the sum of the

receiver noise temperature T_ and the antenna temperature

. R
T, is 400°K + 20v°K, where v is the radiometer frequency
(GHz), and 3) the recelver bandw1dth for each channel 1s

100 MHz Although these numbers mlght vary ln actual 4

77Systems they ‘are §ood basellne ‘approximations. -
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‘Table 8.6.1 lists 'a series of ‘frequencies that might be

incorporated in such a system, together with their nominal
system noise temperatures (TA + TR), and the instantaneous
footprint dimensions at the half-power points for three
possible orbital altitudes; 400, 900, and 1200 km. The
assumed circular antenna beam intercepts an oval on the
ground having dimensions a x b, the geometric mean of which,
ab, is also presented in the table. Each frequency is as-
sumed to illuminate the same 4-meter dish unlformly, although
in operatlonal systems some frequenc1es may be dellberately
under—lllumlnated 1n order to broaden the antenna beam, e
-'achleve a’ longer 1ntegratlon tlme, a lower data rate and a ff‘>
higher sen81t1v1ty, and- to’ prov1de a beamwidth-that 1s more.
nearly 1ndependent of frequency The table shows that resolu—
.tion ab-of 781l .and2;6 km" can ‘be obtained at 3,217 and
90 GHz, respectively, for a,lZOO-kmyorblt, an 1nc1dent.zen1th
angie of SSB and a 2600-km swath width. An antenna aperture
of 3 m x 5 m would yield a more nearly c1rcular spot of the -
same resolution ab. - ’ ' ' S
The effectlve spatlal resolutlon obtalnable for- any
partlcular geophy51ca1 parameter depends upon the prlnc1pal

- frequencies used “in ‘itsestimation.” " Table 8 5. l ‘1ists most

uappllcatlons areas and representatlve frequencles that mlght,'-mw'~~-s~

‘be employed to serve them." These frequenc1es are 1nd1cated
by three symbols- ¥ 1nd1cates frequen01es that are of
primary 1mportance,.° indicates helpful secondary frequen-
cies, and & indicates the "critical" frequency for which
the spatlal resolutlon was determlned for purposes of thls
'?analy51s. ' S )

The average integration time per resolution cell may be
determined by dividing the resolution cell size by the swath
area covered per second} we use the largest cell size in

the range of desired'specifications;' We "assume the antenna

uﬁrotates -and- records- data contlnuously at a11 frequenc1es¥%ﬂwiﬂusw'ﬁwﬁ”

and that a small on—board dlgltal processor averages the
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data obtained for each resolution cell prior -to “transmitting -
the resulting rectified images to ground stations. This
approach results in somewhat greater integration times at

the edges of the swath than at the center; the number

derived here is an average.

.Using the derived integration time T, the receiver
sensitivity_(ATrms) is determined assuming 100 MHz band-
width B and a Dicke-comparison radiometer scheme in which
the reference load is viewed only a negllglble fractlon of
the time. This ylelds a- sen51t1v1ty of '

o S o L * T
R R :':".-":;""_ BRI et AT D A= A R

The ab111ty of the basellne system deflned above to

'parlng l) the spot 51zes at the crltlcal frequenc1es to the

desired resolutions, and 2) the rms sen51t1v1t1es deter-
mined above to those belleved necessary to meet, the user-

requlrements,‘ These numbers and ratios are all presented

-in Table 8.5.1.

Consider'first”the'ratio"of'the’aohievahle:oritioai-'
frequency. spot size.to, the'maximumwdesired’5pot“Size;wahiS“

ratio 51gn1f1cant1y exceeds unlty only for the 5011 m01sture_wug_lw_“y

“measurement employlng l 4 GHz and the sallnlty and 0il sllck

measurements; sa11n1ty measurements requlre hlgh spatlal
resolution for-coastaL—zones_and utilize low frequencies,
and oil slicks are intrinsically very small. To meet the

needs of these users a much larger antenna system would be ‘

~required; 'such” systems “areé dlscussed 1n ‘section 8. 7.

Although the remaining applications are generally
satisfied by these specifications, the highest desired

resolution can not always be achieved. Applications with

~this difficulty are the following . First is liquid water
..abundance, for whlch one would llke S-km;. resolutlon -in; some. ..

Tcases, whereas only & 5 km is avallable for a 1200 km




orbit. *This -i's.probably satisfactory for -the majority of = -~

.users. 3-km resolution could be obtained in any event only
at the expense of inadequaterreceiver sensitivities or by
employing multiple detectors. Sea-surface temperatures with
1-km resolution, -appropriate for coastal zones, are simi-
larly well outside the capabilities of the baseline system
and, like coastal zone salinity and o0il slicks, must be
handled by a separate system. Although soil moisture mea-
surements based upon 1l.4-GHz data can not yield 25-km .
resolution, less accurate measurements based upon'

6. 6 GHz data would E Ice concentratlon and type can be ob-

- “served- with- 5-km resolutlon, but 1-km resolutlon 1s too '
}dlfflcult.; 3-km resolution mlght be obtalned at 1200 km .
altitude using 90 GHz and two offset feeds which rotate w1th

[UI BT

_the_antenna.once. per. second- orvpernm~6mkm~of-travel;w AL lOW?h%hﬁuWA

resolution synthetlc aperture radar coverlng a w1de swath
might reasonably supplement such a passive system for thlS
group of users, but analysis of this opt;on_would require.
_further study.. . - p [ ' SR
ngh spatlal resolutlon 1mp11es short integration tlmes )

and certain appllcatlons may therefore require recelver

‘sensitivities that are unobtalnable. ‘Because’ recelver'“'“”'f”f*”m'

Asens1t1v1t1es can, be. doubled w1th ‘modest., effort dlffl—i
culties occur only for those appllcatlons for whlch the_‘
“avallable to requlred AT ﬁs ratlos llsted 1n Table 8.5.1
exceed two. Serious problems thus arise only for water vapor
determinations based on 183 GHz, which presently has the nec-

_essary spatlal resolutlon but 1nsuff1c1ent recelver sen51-_._ o

"t1v1ty (cryogenlc recelvers ‘can’ solve thlS problem), and for
0il slicks, for which full Earth coverage implies impossibly
short integration times. Measurements of ice type with 5-km
resolution also pose a small problem whereas sea ice con-

. centration measurements do not because.of the lower sensi-

-

-,;thlty requlrements for: that‘parametera :ﬁ:n;}qxfmaﬁ%-égiﬂwilu~n

Agaln, this ana1y51s was performed assumlng the largest."

e e o R aw ATEAY o




.desired resolutioni'¢éll 'sizé rather ‘than the smallest, and

the highest resolution can not always be obtained. In fact,
it is receiver sensitivity more often than antenna diameter
that limits resolution. In general a baseline system would
achieve about 6-15 Km resolution for most parameters, and
ground-based smoothing might be employed to obtain the re-
ceiver sensitivity desired by each particular group of users.
One or two channels might employ multiple feeds, very broad
bandwidths, or cryogenlcs to obtaln the Very hlghest resolu-

tlon and sens1t1v1ty for the more 1mportant appllcatlons..,

8.7 . Representatlve proposed system concepts :Jjgﬁ@i.ﬁﬁf.n;;g;jh,,gl

Several proposals for hlgh—resolutlon pa551ve mlcrowave

systems have been prepared by various groups for various

“.geophy51ca1 purposes.; Thevsignificant features Of - several of:.

these are summarlzed below, the systems 1nclude scannlng A
spectrometers w1th flxed and moving reflectors, very large.
reflector antenna systems w1th multlple or mov1ng feeds, and
phased array systems 1nvolv1ng one or; two frequenc1es. ;A.
preSSure-soundlng system is also descrlbed and one llmb-
scanning ‘system is 'discussed in Chapter 7.

One- large 1mag1ngtsystemipropOSeduln“detail'was¢SIMS““ﬁ?

Shuttle Imaglng Mlcrowave System.l ThlS dev1ce employed a}_qui_v_l,_

mu1t1p11c1ty of off “axis feeds splnnlng w1th1n a flxed

l'reflector so as to rapldly Sscan the Earth w1th an effectlve “

aperture of N2 meters.i The frequencies and’ radlometers'
proposed were comparable to those of the basellne system.

One version scanned through nadlr about an ax1s allgned with

" the’ fllght path "and’ another ‘version employed 2 Vertlcal “axis

and constant angle of incidence. Principal virtues of this

" system were 1) the reflector did not move, so high spin

fpbe employed and modlfled ,Without. 1nterfer1ng with:each, otherh.m;;,,;-

rates and therefore high spatial resolution could more
readlly be obtalned 2) a very large number. of feeds could

”h3) callbratlon of each frequency could be readlly 1ntroduced

e G e remei e s e _._,,.,,_}.,., B S T T T I



-and 4) .aerodynamic -loading-of..the 'spinning..element -Was - “o-.si:iie o

small, and dynamic balancing. was straightforward. The
principal disadvantage was that the effective aperture for a
unit contained within the shuttle envelope was ~ 2 m, ap-
proximately half what can be achieved with a ‘scanning reflec-
tor, such as that in the baseline system. Figure 8.7.1 shows
the nadir scanning version of SIMS as proposed by a team
headed by J. W. Waters of the Jet Propulsion Laboratory.
Similar systems might yield apertures up to 3 m if mounted
longltudlnally in the shuttle bay. If such a system were
only to be transported by the shuttle before use on a free-
:'flylng system, then it mlght be stowed 1n the shuttle bay so
as to permit an effectlve aperture closer to 4 meters.: ‘

. A system roughly comparable to the baseline system has

. .. been. proposed: by:-a. team. from'the~Goddard*Space ?light*Centerw&syzgv

It 1ncorporates multlple spun- reflector radlometer systems
on at least two spin axes, plus one or more phased arrays
for higher spatial resolution at longer wavelengths. The
principal advantage of'multiple spinning systems is that -
this reduces the splnnlng angular momentum on a 51ngle sys-.
tem. For example, the 55 GHz temperature sounding system
" does ‘not- require: dual polarlzatlon, ‘and’ perhaos polarlzatlon'*'

‘could be omltted at most shorter wavelengths as, well In,vﬁmw;“,yfh

‘thlS case all these radlometers could be motlonless and em-~ ;."

plby a mirror scannlng about a vertlcal axis. ThlS mlght
reduce the spinning radlometer mass on the large reflector'

by ~ 30%. Examination of Table 8.5.1 suggests that such a

secondary splnnlng mlrror mlght have a dlameter of approx1— . 4

\mately one meter.‘ Multlple mirrors also reduce the number,
of feeds required for one antenna, but use of a small clus-
ter of multi-frequency feeds seems practical and largely
negates this advantage over the single-dish baseline concept.
Large phased arrays have been pronosed for use alone

<qnor -in . comblnatlon w1th other smaller antennas. For example,:vzmdgﬁ




100-meter reflector with scan-  ,SIMS, Shuttle Imaging Microwave
ning subreflector T ' Spectrometer —”1/31scaleiquel'j'

ARG DIAMETER ROTARY
/ ' . B . . e e

PAMIRASAT with 2-meter scanning = ARGUS with I.8-meter array and o
parabola . d-meter cylindrical parabola

Figure 8.7.1
, ‘ _ 8-19

. . .



"ﬁ’the Jet’ Propu151on Laoratory ‘én¥visioneéd- a ‘baseline~type- -

“a 10-m sqdaré‘ﬁhaéédfairay’cbérafihq*héaf%1;4wcﬁz is " being™ 77
contemplated for soil moisture measurements, sea ice studies,
and other purposes by a team from the NASA Goddard Space
Flight Center. Principal advantages of these systems are
the large apertures and the rapid scanning speeds available.

rincipal difficulties with such systems are that an expen-
sive antenna is required for each frequency of interest,

and precise calibration of such large radiometric systems
has not been attempted 1t lS ant1c1pated to ‘be qulte diffi-

<cult.' Ach1ev1ng full coverage w1th the de51red sen51t1v1ty

'.'may also be dlfflcult because of: bandw1dth constralnts 1mposed,-

oL e e T e IRt AR ’-.';

by - RFI and the antenna. o “”_-.;-””gl,a,uf;@"‘ R, :
' Two concepts for very large- reflector .antennas- have also

been studied. One proposal by a team headed by J. Stacey of -

radiometer system mounted on a rigid reflector 100 mlln,
diameter which is scanned over small angles by a nutating
subreflector. The very high resolution (less than :a kilom-.
eter) and'inffequent:revisit“times'of this system are more"A
nearly compatible with the LANDSAT concepf_than Withlthe-_
synootlc systems discussed here. Flgure 8.7.1 illustrates
nthls concept.” s T e e e e T '
-A-variation of--this. scheme has been studled by C. Swiftt,_.'
of NASA/Langley and hls colleagues. Its prlmary objectlve
is coastal zone studles where sub- kllometer resolutlon is
useful. Again, a 100-m reflector would be employed, but
with perhaps 100 feeds operating simultaneously-in order to
.”Tobtaln acceptable 1ntegratlon tlmes.h (See Flgure 8.7.2.) 3
The system would be oriented so as to view as much coastllne
as practical, but those coasts perpendicular to the flight
path would generally be viewed only at intervals of a week
or so. The advantages of extremely high resolution offered
by these systems are offset by a more restricted market for
';ffsuch data- and the bresently “high® :CoSEGE - lOO—m antennas, = f?;ﬂw

whlch .now is at . least a. few hundred mllllon dollars.f
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“Two European studies sponsored by ESA .are of intérest =

here. The British Aircraft Corporation in combination with
the Technical University of Denmark analyzed a concept
designated PAMIRASAT. a passive microwave radiometer satel-
lite having a rotary scanning radiometer 5-37 GHz with an
antenna ¥ 2-m diameter, spatial resolution of ~ 10 km, and
a swath width of ~ 1000 km (see Figure 8.7.1). Three fixed
antennas at 5 GHz were incorporated for sea-surface tempera-
' ture measurement, and a 3-beam spectrometer would operate
~near the Hy0 and O2 resonances..f R ':"fw
. A 81mllar proposal for a European Earth Resources S
”Satelllte, de51gnated ARGUS, was prepared by Messerschmltt-.u
Bolkow—Blohm 1n .cooperation with Zentralstelle fur Geophoto-"~
grammetrie und Fernerkundung of Munich. A sketch appears in
Figure 8,71 where ‘a’'l.8=m: planar phased array can. be :seen
together with a 4—m‘cyllndr1cal.parabollc reflector.llluml—
nated by a linear phased arra& at 10.6 and 5.3 GHz. The
planar array at 19 and 33 GHz would.yield resolution of
~ 4 and 7 km, reSpectively; and- the cylindrical'antennan~‘
would yleld resolutions of 5 and ll km. The swath w1dth
would be only 200-300 km, so # 12 -day 1ntervals between‘
revisit times would result:  The microwave radlometers “in”
thlS concept and in PAMIRASAT would be accompanled by varl-
ous . sophlstlcated optlcal and radar sensors to form a
complete observ1ng platform.' The prlnClpal dlfflculty w1th
both concepts is the limited earth coverage for synoptic
purposes. '

. A rather complete descrlptlon of a p0551ble limb- ‘
"scannlng system is contalned in Sectlon'7o of thlS report.'

One ‘promising pressure-sensing technique that might be

incorporated on a microwave observatory satellite has been
proposed by a team from the Herriot-Watt University. The

2 . .
system 1ncorporates an antenna of % 0.5 m" aperture viewing

+:-nadir-with:.3=6- frequencles in? the 20 70" GHz reglons~"at each isial i

frequency the round tr1p attenuatlon of a radar 51gnal 1s"




measured preciselv. Pressure can be determined because the
strong absorption on the wings of the 60 GHz O2 absorption
complex is highly frequency dependent and dependent upon the
amount of 0, in the path, particularly in the 0-4 km alti-
tude region. The pressure measured refers to this zone, but
can be interpreted over ocean in terms of a surface pressure
at sea level accurate to perhaps 1-4 mb rms. The eventual
limits to accuracy are still under study, but the technlque
appears to’ be very promlslng ' Con51derable 1mportance has
fbeen attached to such measurements as a potentlal means for
"1mprov1ng numerlcal weather predlctlons. f— IR o )
The foreg01ng systems all- operate best 1n low earth
orblts which prov1de global coverage. Severe storm monltor-

.........

intervals, whlch is practlcalionly.w1th geosynchronous.satel-
lites. Because antenna size presently imposes a severe cost

constralnt, wavelengths near 1-3 mm- are attractlve due to the
improved spatial resolutlon they permit. The largest antenna
that can be launched intact is . 4.4 m~diameter, .and. the .

spec1f1cat10ns that result for such a system are llsted 1n B '

- Figure ‘8.7.3; together w1th ER sketch prepared by Hughes
Aircraft Corporatlon., The c1rrus-penetrat10n -ability: of
mlcrowaves makes such systems very attractlve components in.

any operatlonal severe storm monltorlng system.

8.8 Alternative mission purposes

- There- are four primary pUrposes:that can bé dervéd by @ " "

shuttle-launched microwave missions:
1) Provide data to answer specific scientific
questions; problems. for which several days of
. data per year are adequate. - ) )
.2);hProv1de sc1ent1f1c and englneerlng data tJuald

Tin” de51gn ‘Of future ‘obséfvatories.




Figure 8.7.3

GEOSYNCHRONOUS MICROWAVE ATMOSPHERIC SOUNDING RADIOMETER (MASR)
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'3) provide a "proof-test" for some or all of the

modules of candidate free-flyer observatory

a1 e

subsystems prior to operational use.

JETa—

4) Provide an operational system.

With the possible exception of experimehts designed to
‘monitor the composition and structure of the stratosphere}
mesosphere, and lower thermosphere (Chapter 7), the first
class of scientific experiments‘has only a few compelling
examples that would warrant the necessary expendltures in
preference to comparable alrcraft fllghts or. ground—basedﬁlA
i} observatlons.. Such examples would 1nc1ude severe storms -
'fwhlch a1rcraft can not overfly at suff1c1ent altltude (e g;x
the ITCZ), and experlments like sea 1ce or snow monltorlng
where coverage of vast remote reglons 1s des1red. Most |
“'scientific” experlments "Fof which ‘airdraft of ground based

observations  are 1nadequate<requ1re‘much~longer observation

periods to be productive; examples include climatological
monitoring of sea’ 1ce,'orec1p1tatlon, 5011 m01sture, etc. _
' The second category of experlments, for design purposes,‘“

-is sufficiently expensive that serious consideration ‘should -

be glven to mov1ng dlrectly to the thlrd category of shuttle
Cfllghts '-— the proof test mode for candldate observatory
systems.- This wouldgprov1dejall;ofwtheubenefrtSnof“thef-N“”i“V“
second mode .plus the benefits of the third mode if the

design were well conceived. If the presently planned passive
microwave satellite experiments (SMMR,-Tiros—N MSU, and

Block 5D Microwave Sounder) function as planned, then they
. Plus -appropriate laboratory and. aircraft. tests should be..., .../ .
capable of answering mahy system design guestions more
_economically and swiftly than would a major shuttle instru-

ment.

The need for "proof-test" shuttle missions will vary
from system to"system. Some systems may'inVOIVe so little
"wuncertalnty that> 1t would be approprlate “£o- 1aunch dlrectly

a proof-test experlment in an operatlonal conflguratlon,‘




B - .

piobabiy'oﬁfé"ffééifiyéfl An\example of such ‘an 1nstrument
would be a conventional 5-mm atmospheric temperature sounder
Any limb-scanning instrument might reasonably be flown
for any or all of the four listed purposes, whereas a
pressure-sounding 5-mm-radar might be flown initially
primarily to collect data for design purposes. A large
phased array (say 10 m square) might be flown first pri-
marily to obtain design data concerning callbratlon, inter-
ference, soil behavior on a global scale, etc. An SMMR/ _
Temperature Sounder- 1nstrument such as _the - basellne concept,

B NRE e e T TP Ry ¥ e Pt b T R L e S s N Lol s LR ot e D S e a0

might fly for 501ent1f1c and de51gn purposes, and 1f suc-i=7"

cessful as a proof test. The prec1se rationale for any
specific mission should be’ part of any detalled fllght
proposal.

8 9 Cost-Effectlveness

Three issues are dlscussed here:
1) . User-group investment as a cost -constraint.

2) Multi-purpose versus'single-purpOSe'facilities;'

3),'Facility4development sequence:,.multifstep versus_y.

51ngle step development.

DRI I .
PR AL

8 9 l User group 1nvestment as a cost constralnt

K EX

Any new observatory fac111ty entalls 1n1t1al capltal
costs plus system operating costs, ‘the correspondlng costs
borne by user groups should also be>cons;dered. _These user
costs can be measured in dollars, time, and performance.

User expenses generally occur in the areas of research,

software-development” and vaTlidation, communications system "~ 7

development, data operations, and user training. The time

required to introduce an acceptable operational product can
be several years; for example, even now the impact of satel-
llte data on numerical weather predlctlon is only beglnnlng
;'to be felt.}w

The pr1nc1pal constralnt thlS con51deratlon 1ntroduces

“is that the number of changes in observatory products that'

8-26
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can be efficiently assimilated by a-user group per decade is
probably limited. Unnecessary intermediate steps in the
development of a monitoring capability not only burdens user
groups by extra validation and reprogramming of procedures,

but also by introducing possibly awkward lapses of data.

Such a lapse could occur, for example, with the loss of ESMR

data for operational sea ice monitoring by the Navy.
In general, larger costs are associated with larger user
groups and more complex data products; the problem 1is most

severe 1n synoptic monitoring of weather and severe storms,

and’ least severe for atmospherlc and mesospheric research.

- N S “ PR
..';._,‘. e, . .
!

8.9.2 Multi-purpose versus single—purpose‘facilitieS“”

It is fortunate that a large fraction of the potential

e Seremes

; users of" pa551ve microwave data can be well served by ‘the

same observations; thiS'suggests that'multi-purpose missions
may offer a significant opportunity to maximize cost
effectiveness. 1In Table 8. 9 1 are listed various data L
applications and various alternative microwave observing |
systems. ‘The degree to which each system can ‘serve each
appllcation 1s indlcated qualitatively RN i) N
It is difflcult to estimate costs for such systems With
precision, bt rough eéstimates are’ presented in the table '
for the costs of development plus a 51ngle flight unit and
a single flight spare. 'These estimates have not been ap-
proved or validated by any agency, but are con81stent w1th

historical costs.

.The primary. conclusion:-to be: drawn.‘from:these estimates:

is that the best opportunity for establishing a multi-user
facility would be a v 4 m scanned antenna similar to the
baseline system described in Section 8.6. Most of the other
systems have more limlted although important, constituen-

c1es.

another and should benefit qreatly from flying on the same:

. These various systems generally would complement one;iu*:t
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Zamend 2

platform, but it is not essential. In Table 8.9.2 are
listed the principal advantages of combining various pairs

of sensors on the same platform.

8.9.3 Facility development sequence: multi-step versus

single-step

As discussed in Section 8.8, considerable savings in

time and in engineering and other costs can be achieved if
one can move more dlrectly to- proof test models w1thout

‘developlng spec1al shuttle experlments as a separate step.
....The degree. to. which, each measurement concept mlght beneflthf'”'"ﬁxinﬁ':

from 1) sc;entlflc shuttle fllghts,. 2) sc1ent1f1c and

engineering development fllghts,'and 3) proof-test and

.subsequent operatlonal fllghts As., estlmated in. Table : 8.9 1 b g o T

‘ In general those systems 1nvolv1ng multl frequency

scanned reflectors are suff1c1ently 1like the Nlmbus—G and

SeaSat SMMR 1nstruments that llttle.addltlonal development

work seems necessary. The dynamics- and'thermal behavior‘of*“'

steadlly rotatlng reflector antenna systems can presumably

be studied - falrly well on the ground Antennas 10-m or

larger are suff1c1ently different :from ‘their predecessors

that spec1al development fllghts mlght be approprlate, .......

issues 1nclude deployment, callbratlon accuracy, sc1ent1f1c 1

character of the data, etc. The llmb scannlng spectrometer,‘

pressure sounding transmlssometer, and a 51mple synthetlc
aperture radar probably require one or more scientific or

engineering development fllghts before an operatlonal proof— L

Lot

PR PN ,-.‘:'. PR RS

" test ‘model”is ‘launched. ”

8.10 Recommendations

8.10.1 Systems development

The systems development optlons that appear most -

Zdes1rable and cost effectlve are. llsted below and 1n

""f'ﬂ'”mgure 8. 10 Lot T T e
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I.  IMAGING SPECTROMETER - -~ ' [Cost Effectiveress;: “Highest]

Applications

Numerical weather prediction

Climate :monitoring

Severe .storm monitoring

Oceanography, sea ice monitoring

Hydrology., snow cover, agriculture

- Nominal Specifications

*Window channels,io H O bands (1 190 GHz)

' ", 4 meter aperture

2 .Z

12 hour full earth coverage (per satellite) e
5 km resolution, 90 GHzZ - T ' o
, 14 km resolution, 18 190 GHz . ‘ .
304170 km'resolition, 10-1i:4 Gz T T

Comments

NOAA's System,'85 or an ocean, satellite are. promis—.

ing and representative candidates for prov1ding ‘the

platform because of their operational character, .. .

data faCllltles, and multi—user orientation.!

~Advantagés of such an observatory include.

a) .

b)

o)

d)

o)

‘Most users would be largely satisfied by such
a system. : C '

The cost of such a system is much 1ess than the
sum of several less powerful systems, each

designed to serve special user groups.

By taking advantage of presently planned programs e
(SMMR, Tiros-N, MSU, etc.) little technology

development is required, and one might go
directly to an operational configuration with
only modest proof-testing.

The operational character - of this approach will

zwbencourage early .user. inVestmentuand acceptance.

Such.a compact system might more readily be REUEI

combined With other sensors in a synergistic way.
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II.  LIMB-SCANNING MICROWAVE SPECTROMETER

[Cost Effectiveness: Very High)
Initial Applications

Upper atmospheric studies

Climate monitoring

Nominal Specifications .
02, HZO' 03, clo, HZOZ’ and CO resonances
(60-600 GHz)
v 1.8 m aperture - ' Ve .
12- hour full earth coverage, SLngle track

e 3-km vertlcal resolution .
- - 300- km horlzontal resolutlon'f

Comments
..~.Man's activities:iare- hav1ng an: increasing- and:*
perhaps‘dangerous effect_on the upper atmosphere,
a region.that is only‘partially understood.
'Mlcrowave llmb scannlng 1nstruments .are. capable

of 31gn1f1cant and unique contrlbutlons to’ thlS
', 1ncrea51ngly 1mportant problem

ITI. l 4 GHz lO—METER PHASED ARRAY . [Cost Effectivenecss:. Hjig.h]:,

Apollcatlons

8011 m01sture measurement

Nomlnal Spec1f1cat10ns

1.4 GHz, radio astronomy band

l10-meter square aperture
'_2 day full earth coverage above. m 30°. latitude..
? (once in daytlme, once at nlght)

400-km polar orbit, 1000-km swath width

10-40 km resolution

Comments

"are of concern and deserve spec1a1 attentlon.

rd

M.mmJu&:“%,5ﬂﬂnCa11bratlon and crop yleld estlmate procedures.-fmr#yﬁﬁmmum

e e T R e R
4 T 4



IV. GEOSYNCHRONOUS MICROWAVE ATMOSPHERIC SOUNDING RADIOMETER
[Cost Effectiveness: High]

Applications

Severe storm monitoring

Nominal Specifications

0,. H,0 resonances, window channels (100-190 GHz)

4.4-m aperture ,
. 800-x 800" km maps every 30. mlnutes
';_25 45 km resolutlon, mldlatltudes
(25 km at 183 GHz) e

Comments

Cloud penetratlon ablllty makes thlS a, valuable
part of a multi-sensor severe storm monltorlng

system.

V. PRESSURE SENSING RADAR TRANSMISSOMETER . Cee
[Cost Effbctzveness. High]

Applications = - .. ..o .t LR ~_.:‘,#;,a;u~.;,

Numerical.weather,predigtionu,};gaa;u‘

_Nomlnal Spec1f1catlons ;TNJ;”R;,JW;-}M{ﬁ”L,HﬁH_

O2 w1ngs, H20 .channels for compensatlon (20-70 GHz).

0.5 x 4 m aperture _ . .
Nadir measurements, % 100 km resolution

Works only over ocean

3 .'-'~-P01ar Orblt R A N R R R P N ;'.'- B I D IR A U TR TP P

n~ 1-3 mb accuracy in surface pressure’ (To be

determined)

Comments

Instrument concepts and measurement accura01es

oo MUSE FAESE be tOStedur i it de A Prsfrnp S i e S




VI. STUDY OF SYNOPTIC LOW-RESOLUTION SYNTHETIC APERTURE
RADAR [Cost Effectiveness: Moderate]

Applications

Support sea ice and severe storm monitoring

Nominal Specifications

Resolution v 1 km? To be determined.

Full coverage'capability, selected transmission

Comments : S , ‘
Prior SAR studies should. 51mp11fy task Ultimate f"
"utlllty could be 51gn1f1cant. S T -

“Viiﬁ,!DEVELOPMENT OF. 1oo—m REFLECTOR ANTENNA RADIOMETER
SYSTEM . . . .. . . .. - . [Cost Effectiveness: . Low]

Appllcatlons

Agrlculture, hydrology '
Oceanography (coastal zones)
Severe storm studies

' Nomlnal Spe01f1cat10ns :
1.4-10 GHz (2-3 channels)
1100-m aperture, multi-beam or’ scanned
>.400—km orblt, 0.3-3. km resolutlon e SR
”2 3 day repeat cycle mlnlmum (once 1n daytlme,w . | o

once” at nlght)
. - Scheduled  targets only, ‘scan rate‘restrictions,*‘ DRRE

Comments
Impact of coverage constraints on ultimate utility
is yet to be determlned. High present cost is a o

"major” obstacle how.

8.10.2 Technology development

Low noise receivers and antenna structures are the two
areas in.greatest need of further development,. specifically-
.'.lL, Improve broadband ./ Teceivers. at frequenc;es :20-100.. GHz,,:;ﬁyh,ﬁi

1ncrease bandw1dths to Ky ‘1 GHz over whlch receiver’ nOLSe‘




2)

3)

4)

5)..

6)

,would be. requlred.mu

temperatures are less than «v t200 + 10v (GHz) ] °K.
Develop space-qualified narrowband receivers for
100-3000 GHz; reduce receiver noise temperatures below
10v°K (v in GHz) with a goal of V°K.

Develop asymmetric Dicke-switching radiometers that
approach AT _ = (T + TA)//?§ (a factor of v 2
improvement) .

Reduce radiometer weight and power requirements so as to

reduce power, angular—momentum, -and. thermal problems for‘;

"large radlometrlc systems. N . - :
#Develop de51gns for -3=5.m. reflector antennas w1th beam

eff1c1enc1es above m 90 95% and capable of scannlng )
n 30 rpm. Beamw1dths no smaller than ~ 4 arc mlnutes
Develop a 100-m dlameter antenna ceneept for.muitiebeam o
or single-beam use. Deployment, stability, beam steering,

and cost problems are of primary concern.

'»8-35
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Appendix A: Orbit Selection for Earth Observation Missions*

A.l General

In earth observation applications, the orbit selection
process 1s usually simplified by a restriction to circular
orbits, imposed by the need to maintain uniform viewing con-
ditions. With that restrlctlon, the prlmary orbit charac—
teristics remaining to be determined reduce to only two:

the altitude (h) and,the 1nc11nat10n (1).

Tever, so.a, -major . part of. the orblt selectlon task. lS con-f."

cerned with developlng these relatlonshlps 1n sultable fbrms’

to provide a basis for ratlonal orblt seléction procedures.
The brief dlscu551on of that subject whlch follows 1s.’_
zorganlzed around two 1mportant areas of mlss1on performance
which depend on h and i, namely, orbit plane precession and

coverage pattern development.

A.2 Orblt plane preceSSLOn.~:

The dependence of orbit plane prece551on on h and i .is .

shown graphlcally 1n Flgure Al
" nodal’ precession rate (Q) as ‘2" fundtion of h and i, along
with .several .other useful precess1on-dependent quantities..:
The latter are largely self- explanatory, except . for the
"nodal day" (Dn),_whlch is. defined. as the earth.rotat;on
period relative to the (precessing) orbit plane. This
parameter is useful in determining coverage pattern charac-
_terlstlcs, as described later in this section. . ... .. .. -
' The spec1f1c procedures to be followed in applylng '
design aids such as Figure Al to particular orbit selection
problems varies considerably from case to case. Some ap-
plications, for example, require sun-synchronous orbits to
_malntaln solar illumination of the.sensor fields of view,
.~and. thls requlrement restrlcts the- 1nc11natlon Value to a

4.'narrow range near 100°' as’ 1nd1cated by Flgure Al

*Prepared ble. c. King.

A number of other .
important mission parameters depend on - these ch01ces, how—-rw'

The graph glves the ba51c o
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Other applicationsvmay he freedof.the sunésynchronism
restriction and call instead for some other precession-
dependent characteristic, such as a desired rate of change
of viewing time of day (solar). It is feasible, for exam-
ple, to obtain a-complete sweep of viewing times of day each
month by selecting a nodal rate relative to the sun of 6
revolutions per year, i.e., (Q)G = *6, since the ascending
and descending portions of the orbit each make separate
complete (24- hr) tlme sweeps, w1th .every orbit plane revolu—
tlon. “The above 51gn ch01ce mlght be made. based on other '

_con51deratlons, such .as. the more economlcal launch 1nto theﬂqw
low—lncllnatlon, dlrect (eastward) orblt obtalned by choos-‘;
ing (Q) = -6. ' S ' -

Stlll other appllcatlons may requlre partlcular ranges‘

‘or values of both h and- i, ‘with the resultlng prece551on‘ o

rate assuming only secondary importance. -

A.3 Coverage pattern selectlon

A second 1mportant mlss1on characterlstlc which" depends
on h and i lS the earth coverage sequence and. pattern. . The.
de51red pattern characterlstlcs are usually determlned by
the sensor flelds of ‘view- (swath w1dth), the earth latltude
zones of. 1nterest, and .any. sequenc1ng or;. repetltlon requlre—--ifh
ment, such as a need to re-v1ew each area of coverage every

N days.

A.3.1 Pattern characteristics

Figure A2 provides'a'convenient means of correlating
period (or altitude). A 5-day repeat cycle period, for ex-
" ample, is obtainable at any of an extended series of orbital

altitudes, as indicated by the points along the N = 5
ordinate line. Each p01nt (dot) is defined by simultaneous

number of nodal days and orb1ta1 revolutlons, respectlvely,

- -




per complete pattern repetition“cycle. Pattern repetition
is .guaranteed by the integral value constraint on N and R.
Apparent omissions in the array of points in Figure A2
occur where the integral values of N and R are not rela-
tively prime and therefére represent redundant multiples of
shorter period cycles (obtained by removing common factors
from N and R). The "minimum-drift" orbits (large dots) are
those in which the swath progression sequence is consecutive,
i.e., adjacent swaths are. covered on'consecutive days. Patf._

terns represented by the smaller dots- exhlblt 1ncrea51ng

- values of: the "dally drlft " whlch produces a. sklpplng mo-"”'"”“'"'

htlon in the dally progress1on, in whlch the” sklpped over
swath positions are covered later in the cycle in subsequent
. .sweeps across the area. The characterlstlc number of :posi- h
. tions sklpped in a given pattern is determlned by the dlffer-
ence between its R-number and that of the néarest minimum-
drift pattern. The apparent dlrectlon of daily drift is
eastward for p01nts (patterns) 51tuated to the left of the
nearest zero drlft line and westward for p01nts to the rlght.
' Note that the absc¢issa scales in Flgure A2 are strictly’

applicable only.. to. sun synchronous orblts.g ThlS restrlctlonlw,f

can be circumvented, however, if the 1nteger N is defined 1n:
'nodal days, and the’ abscissa scales are ‘adjusted- u51ng ‘the ~7"

relatlonshlp R qu-;.if . e

T = TssDn/D

where T is the correct period for the unrestricted orbit
precessing, at.a.rate.corresponding to D_, and T__-is the.
value indicated directly in Figure A2 for sun- synchronous
orbits (having D, =D= 1440 min, the mean solar day). In
actual practice, the procedure consists of selecting the
desired pattern (N,R) in Figure A2 and reading the corre-
spondlng T ss dlrectly,‘enterlng that T .. value 1nto

'”*?”Flgure NG and readlng the-value of D correspondlng to

the 1nc11nat10n or prece551on rate de51red. The correct
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ﬁ;(mlrror—lmage) sets of passes, ascendlng "and” descending;
over all latitudes traversed Local correlation and mapplng

period T would then be obtained using the above correction
formula, and the corresponding h value obtained using the
abscissa scales of Figure A2.:  The cycle period is known to

be N nodal days (of Dn'minutes each) .

A.3.2 Selection factors

The characteristic revolution .numbers N and R are of
primary importance in the pattern selection process, since

they effectively define (for a given i)ﬂthe complete pat- .

‘tern of the’ nadlr trace (Klng, 1976) The 51gn1f1cance of o
*AN the repetltlon cycle perlod, is- already clear~-— it de— #5~-”-w5=

flnes the time 1nterval between succe551ve passes (1n the"

same dlrectlon) over a glven 51te. The orbital revolution

. number R is .also of'prlmary,lmportancefin_that“rt;determinesg,'

the "fineness" of the pattern, i.e., the interval s between
adjacent nadlr trace cr0551ngs ‘of the equator (in one direc~
tlon) in the complete pattern (s = 360° /R)(Klng, 1976) .

Thus R also determlnes the’ mlnlmum swath width w-needed to .
obtain full coverage (ln one dlrectlon) at the equator, via

the relation

Woin ES/8in T L3600 /R gin T e
Conversely, given an available swath width, this eqiation’ "
will yield & minimum value of R required for full coverage -
in one direction. This number, along with the desired =
number for N, serves to guide the selection of a particular
pattern (and correspondlng orblt in an acceptable altltude

B U A PRI

range)  from Figure’ ‘A2."

A.4 Reference

King, Joseph C., Quantization and symmetry in periodic cov-
erage patterns with applications to earth observation,
J. Astro. Sciences, V. XXIV, n. 4, Oct.—Dec. 1976.

1Complete perlodlc patterns always exhlblt two symmetrlc

of the twoc sets reqtlre more deta‘lEd dnalysis.




Appendix .B: General Theoretical Aspects of Passive Micro-

wave Remote Sensing¥*

B.1l The Forward Problem

‘Planck's equation for thermal emission as a function of
temperature can be linearized to within 0.1 K for tempera-
tures greater than (\)/23)2 where v is the frequency in GHz.
Consequently microwave thermal-emission is usually measured
as a brlghtness temperature,=and the 1nten51ty of em1351on

from the terrestrlal surface is related llnearly to the

.....

‘fproduct of- 1ts temperature and ltS em1551v1ty (whlch may

itself be.a functlon of temperature) When the contrlbutlon
of the atmosphere is added, the brlghtness temperature of
.the .earth may. be wrltten as | e e

R o
Tg = Tgatm T [sT + (e~ l)TBsky] (1)
where 7! is. upward—propagating'radiation-from'the atmo-

Batm
sphere, T is atmospherlc opac1ty, e is’ surface em1551v1ty,r
TS is surface temperature, and TBSkY‘
radiation from the atmosphere and from extraterrestrlal

Sources, which “is reflected ‘from the surface. " In‘the ‘cage’ T

thatvthe.surface 1s.nonspecularw5thls3factzmusthbe»conSld-l,u,Hb,_u.

ered in computlng TBsky ' IR R . L

‘The surface of the earth is very dlverse, and the

microwave signature of each category of surface (land,

water, ice) differs dramatically from the others. Since the
. type of surface observed 1s appllcatlon related the reader

is referred to chapters 2 3, and 4 for dlscuss10n of emis-
sion from surfaces.

In contrast, atmospheric emission and opacity is of
~general relevance, in the sense that if it is the state of
the atmosphere 1tself that is of 1nterest then the charac-

g

*Prepared by P. W. Rosenkranz. e
' B-1

1srdownward-propagat1ngv

‘y7terlst1cs of Propagatlon of radlatlon in the atmosphere#ﬂf‘y,&Lgmuhﬁﬁgﬁ




determine the opportunities for remote sensing; whereas if
the surface is of interest, then the atmosphere must be suf-
ficiently transparent. Figure Bl illustrates the microwave
spectrum of three mafof constituents of the atmosphere.
Molecular oxygen contributes the very strong absorption
band centered on 60 GHz, and also an isolated line at 119 GHz.
Since oxygen is uniformly mixed in the atmosphere, measure-
.ment of radiation from either of these resonances can be
used to infer the. atmospheric'temperature profile. Atmo¥
spheric em1551on from these resonances 1s most convenlently'm
. .described. by .means’ of-welghtlng‘functlons, as, dlscussed ini- iﬁ}EFwéﬁ,
chapters 5 and 6. - Water vapor adds llnes at 22 and 183 GHz..:- SR
Not shown in Flgure Bl are numerous narrow lines due to
ozone and other mlnor constltuents. Ehese:are.desgflbeﬁkin,";~P_;“c

'chapter 7
Although the microwave region of the spectrum has
" several characterlstlcs that glve it unlque value for remote
sensing, the one that has value in almost all. appllcatlons
is the spectral characterlstlc of cloud transmlttance. In
a spherlcal cloud droplet the lowest" order mode of e1ectro4
magnetlc resonance. .OCCurSs: w1th a. .free- space wavelength some-ﬁ
what longer than the c1rcumference -of the droplet (and '
'dependlng weakly on the dlelectrlc ‘Constdnt of the droplet)
A typical nonraining cloud has droplets with radii of a few
tens'of:microns[”corresponding to submillimeter wavelength
resonances. For raindrops, the corresponding wavelengths
are typically several millimeters. For a given drop size,
the spectra of absorption’ and:scattering in-the ‘resonant== - """
region are quite,complicated. However, due to the numerous
higher order resonances and the distribution of drop sizes,
a cloud containing any significant amount of.liquid water is
essentially opagque to wavelengths less than or of the order
of the. fundamental resonance wavelength At. longer wave-

T a e ol rhee - e X -

flengths,zabsorptlon falls rapldly; approachlng ‘an asympfote‘i
of X 2.~ Scatterlng falls even more rapldly, w1th an '
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asymptote of A-4. Therefore in the long wavelength (or
small droplet) limit, extinction is essentially equal to
absorption. This is the case for which the upper curve in
Figure Bl is computed. It would perhaps .be an over-
simplification to speak of a microwave or radio window
through clouds, since there is some extinction at all wave-
lengths. Nevertheless, the possibility of seeing through
clouds provides a strong motivation for use of this part of

the spectrum.

B. 2 The Inverse Problem q. Jai-l _f;:ifi*h; ; ‘”"Zsf,aw*~

S L e el P el et N, -0

The bas1c goal of remote sen51ng is to 1nterpret 'fo7l+ljfr”
radiometric measurements made at various wavelengths.and.
Dolarlzatlons in terms of geophy51cal parameters, where
'each of ‘the measurements is sensitive ‘to éach"6f the
‘parameters to different degrees. The. number of methods -
of solution for such a general problem is vast, but
ARodgers.(1976) makes some useful classifications. One1>
class of solutions is.called "exact" by Rodgers, in the -

sense that a forward calculation- from the solution:param—.

eters w1ll reproduce the measurements exactly ThlS L
'property mlght seem de51rable, but 1n practlce such solu;““w“w
tions tend~t0'exh;b1t~unacceptable.ampllfrcatlongofwrf-;x'“~~
measurement errors, .especially when the number ofvmeasure-
ments is more - than two or three. . Thus one is led to seek.a -
solution to the inverse problem that-is constrained, or
regularized. '

. Generally. speaking, the forward problem at microwave. . .. . .
wavelengths is approximately linear for rather wide ranges
of the geophysical parameter values. We shall assume that
the -mean values have been subtracted from both the measure-
ments and the parameters. Then the forward problem can be
modeled by ' S S |

R T (A DR

where d is a vector or column matrix whose elements.are the :



measurements from the instrument’channels, P ie the vector
of parameters, and e is a vector of measurement errors,
assumed to have zero mean. As an example, if p is a tem-
perature profile, then the rows of the matrix K are
weighting functidéns. K may not be sguare.

A linear solution to the inverse problem is expressed

as

p=Dd 2)
where p is the estlmate of the parameter vector and D is '_
called the determlnatlon matrlx,h The optlmum llnear solu-l'

'Ltlon in the presence of measurement error is obtalned by
requiring the estimate error (E - p)'to be ‘unicorrelated *

with the data vector:

< (é — ;_)) 9T> .=

o

()
Angle brackets denote the expectation value, superscript_.T
denotes the transpose,,and 0 is the ‘zero matrlx. It can be
shown that eq. (4) 1s equlvalent to requlrlng the mean .
square estimate error to be minimum. Then. substltutlon of

. egs.: (3) -and (2) ~givesi oMl el ST

flo
T

¥<gg->5.'[_1s<pp$r + BT (5)

where E is the covariance matrix of measurement errors and
is. normally -diagonal. . ~:=i" B 1 L IR S RS
A closely related solution is known by the term

-"minimum information," in which the parameter covariance

matrix <p pT> in eq. (5) is replaced by a diagonal'matrix.
This solutlon is sub optlmum, but 1s often found to glvev
'satlsfactory results.. '

et PRV DGR3 ,‘.. st

A’ qua51-opt1mum nonllnear solutlon to the 1nverse

problem can sometimes be constructed by 1dent;fy1ng the
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elements of the data vector d with ad hoc nonlinear func-
tions of the brightness temperatures, d(T;). The trick is
to £ind nonlinear functions that satisfy eq. (2) with small
errors. '

.However, the discussion so far has ignored the fact
that a radiometer does not measure the brightness temperature
of the earth, but rather an antenna temperature. If the
"true" brightness temperature of the earth at wavelength i is
denoted by ai(x,y), then the-antenna'temperature'is'

e =~f-ky'“"Adi(X1YX”=7ﬁTGLTx?‘£‘x;iY’;;gY)7E?Tifiylifax'EdY7”gV”:}fﬁLﬁda{&
R R T

' where“Gi(x;Y) is;the7gain”patternrof~the“ahtenna“atqmaveh“"
length i, mapped onto the earth in coordinates x.and y. .
Nevertheless, egs. (3) and (5) have generally been
used to interpret: satelllte mlcrowave data, by first making -
corrections to d.in’ more or less rlgorous ways for theﬁ*”'f
antenna sidelobes.. This .appraoch is satisfactory when the ..
main beams of the antenna patterns are the same 51ze at
"each wavelength, ‘which has’ been true for most of the multl-’"“ﬁ e
wavelength instruments: launched ~£0.- date._iﬁ,u-wn,wq”=iumm;,,‘
‘ Attainment of the hlghest p0551b1e spatlal resolutlon
at each wavelength however, requires use of the largest
practlcal antenna in a diffraction-limited mode.' For such .
a system the beamwidth is proportional to the wavelength
_d1v1ded by the antenna dlameter, :::: One p0551ble approach to.
inverting such data is to smooth the shorter wavelength
images to make their resolution the same as that of the
longest wavelength used to infer a particular parameter.
Such an approach is workable, but clearly not optimum.
- To obtain the optimum solution, consider - the two-
“ﬂadlmen51onal Fourler transform of the data (antenna ?&*f{*3¢$&%5“1

temperatures)




a, (u,v) ='1~4{di(x‘,y).} - T

where u and v are coordinates in transform space, corre-
sponding to x and y. It will be obvious from the arguments
whether the spatial functions or their Fourier transforms

are intended. The transform of eq. (6) is
= * 3 .
d; (u,v) G¥(u,v) &, (u,v) + e, (u,;v) (8)

where superscript* denotes complex con]ugate.A The brightness
temperature d(u,v) 15 glven by : o T

L I e B P AR -

where K is the same matrix'that occurs in eq. (2). Then
d(u,v) = G*(u,v) K p(u,v) + e(u,v) (1o>
where G(u,v) is a diagonal matrix of antenna pattern trans-
forms. The optlmum linear solutlon, of the form (3), follows
‘from the condition . (4), where ‘the transpose is replaced by
the conjugate transpose (denoted-by superscr1pt-)<because we
are deallng w1th complex quantltles..hThe‘determinationh

matrlx 1s

Q(u;Vll=A§(o(v) 5? gkﬁf§)ig%(g;G)pgvg(ﬁ;&):gf'g(ﬁ,V),”'"

-1

+ E(u,v1° (11)

where

CS(u,v) = <p(u,v) p(u,v)> T (12)
is the spectral cross-power density matrix for the parameters,
and E(u,v) is the same for the measurement errors. '

A solution analogous to the m1n1mum—1nformatlon method

w_lS obtalned by replac1ng S(u v) Wlth

kf;(;);if'




':”elther ‘case; " a’ non tr1v1al amount OF ‘data proce531ng 1s4““
implied. However, it should be remembered that the solution- .

(13)

L ...J
‘where Gy is the standard deviation of parameter i. Eg. (13)
is equivalent to modeling the geophvsical parameters as white

noise. Clearly many models intermediate between a minimum-

information approach and a'complete second—order statistical

,descrlptlon of the. geophy51cal parameters are p0551ble.

The way 1n whlch (ll) produces an. optlmum solutlon 1s

" gain at a given wavelength the matrix 1n51de the brackets‘

is domlnated by the error power. Thus the correspondlng

'channel is deempha51zed in the inversion. Although the

spatial and transform coordinates have been writteén as ‘con- °
tinuous, they would actually be grldded with resolutlon equal
to that of the’ shortest wavelength. If the data grld is )
composed of 1ndependent measurements, then the errors will be
white noise. But if the'longer wavelength’data 1s inter=
polated from a coarser grld the error power w1ll drop off at’

h1gh spatlal frequenc1es. However, the dlagonal elements of

E(u,v) cannot be set to ‘zero in"eq: :{11) atany’spatial fre-T T

gquency Ssince they provide regularization of the 'solution.
The estimated parameter images.can be obtained in two

ways:

plx,y) =
= £jg(x -x',y -y") g(x',y') dx'dy'’ (14b)

Whether a Fast Fourier Transform or a deconvolution algorithm
proves to be faster for a glven system is a questlon of

1mplementatlon, and 1s out51de the scope of thlS report._hIn“

RN .- e A e el
K -. A e, T

1 { D (u V) d (u V) } ,_\_.." ..A_f';.':_;,g,_' R ( l4a)' ui._.::-"'.‘» S .
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(14) combines antenna pattern corrections and inversion in
a single step.

In conclusion, it can be said that an optimum linear
.solution to the inverse problem for high~resolution micro-
wave data is attainable. Complications arise if the pro-
jected antenna pattern changes across the scan, but scan
geometries that maintain a constant incidence angle‘will
minimize this problem. How sérious it will be remains to
be seen. Further research is.alsd needed. on the probléms
of nbnlinearity'andjmodelipg'of'£hé;statistics'offgeoé'f_L
'-.phyéicali?afametéré;g}" i e e e




"*Rosenkranz, P W.,_Shape of the 5 o oxygen band 1n the
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