View metadata, citation and similar papers at core.ac.uk

+
brought to you by .{ CORE
provided by NASA Technical Reports Server

NASA CR- ,
fES 7D 7

UNIVERSITYfOF OKLAHOMA OFFICE OF RESEARCH ADMINIS TRATION

ATMOSPHERIC RESEARCH LABORATORY

‘Worman, Cklahoma

(NASA=CR=141707) THE CORRELATION OF SKYLAB
L~BAND BRIGHTHESS TEMPERATURES WITH

N75-19620
ANTECEDENT PRECIPITATION {Oklahoma Univ.)
21 p HC . $3.25

CSCL 14D Unclas
o L S 7 G335 13450

THE CORRELATION OF SKYLAB L-BAND BRIGHTNESS TEMPERATURES
* . WITH ANTECEDENT PRECIPLITATION

by

A

2

MARSHALL J, MCFARLAND

2N

WoeN .

1{1&&1
A ED3Y

- .Q}RSZBE7
Q&
& s
,§§- Vi L
=
o

This research was supported
by
National Aeronautics and Space Administration

Resea:ch Grant

NAS 9-13360

February, 1975


https://core.ac.uk/display/42889632?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

- AB3TRACT

The S194 L-band rédioﬁéter flowﬁ on thae Skyl%b miésion
mgasuréd terrestrial radiation at the microwave waﬁelength of
21.4_cm. Thé,terrain'émissivity at this wévelengthris strqngly
dépendent on the_soil mo;sturé ;ontént, Whicﬁ canlhe inférred- ;
VfrOm antecgdént precipitatidn. For the Skylab data acéuisition
pass from the Oklahoma panhandle to.snutheastern Texas qﬁ 11 June
1973, Ehe $194 brightness temperatures are highly cofrelatednwith
anﬁecedent preciﬁitation from thé precéding eleven day pgriod,
buﬁ very litﬁlé correlation was appareﬁt for the précediﬁg five
déy period. Thé correlafion'coefficient between.the averaged
antecedent précipiéation index valueés and the corresponding S194
brightness températures between 230 X an&'270.K, ﬁheirégion of -
apparent responée to soil moisture in the data, was -9.97. The
equation of the lineax least squares line fitted Lo the data was:
APT {cm) = 31.99 - 0.114 Tﬁ (K), wheve APL is thg antecédénﬁ pre-

cipitation index and TB is the 5194 brightness temperature.



THE CORRELATION OF SKYLAB T-BAND BRIGHTNESS TEMPERATURES
‘ WITH ANTECEDENT PRECIPITATION '

Introduction

The accurate determihation of the temporal_and sﬁatiai NSRS
distribution of soil moisture is of impoftaﬁce:in several disci-
pli@as. The ﬁeteorologist is‘interestéd iﬁ fhe moisture contenﬁ
of the upper severalrcentimeters of the soil due to the governing
effects of sqil moistufe on the soil thermal properties,.the evaéb-f
transpiration rates, and the fesulting influencé on the heaﬁ.and
moistute transport at the atmosphere-earth boﬁndary.l As an exaﬁple,ir
studies éf the seﬁere thundgrstorm indicate that the inflow air
source fegion.ié from the near surface 1ayer of the atmosphere
(Maxwitz, 1972; Da&ie;-Jones, 1974, andtSasaki? 1973).  The addi-
tion of either heat or moisture to the inflow air addé energy-fo_
thé storm. Beebe (1974) found that fhe tornadn frequency maximéi
in the Texas panhandle was centered in the regién bf intense ilrri-.
gation and attributed the muxima to the increased water vapor con-—
tent of the lower atmosphere as é result of évépotranspirétion from
the irrigated fields. The hydrologist is iﬁtereéted in the soil
moisture content because the soil moisture in the upper several
centimeters largely determines the‘amounﬁ of precipitatibn wﬁich
appears as surface runoff, the compoment iesponsible for flboding}

The productivity of agricultural areas and rangeland is a function



of the soil meisture available for plant growtﬁ. If the moiSture.
content.could be monitored, better usage of rangeland and iméroved
crop vield estimates are possible, |
Before the advent of remote sensing techﬁology, accurate
soil measﬁréments.wé;e possible through such direcit methods as
neutron scattering probes, tensiometers, and ovenrdrying and weigh--
ing. These methods all share commoﬁ problems; they are time-con--
suming and représéntative of only ver&lsmail'areés._-Measuremeﬁts
of 501l moié;uré distfibﬁtiqn’pver large areas, espacially thééé
‘.With differiﬁg vegetative.COver and soil type and fhosernqt‘regd—
Cily éccessigle, are not possibie by direct'méthdds. Because‘bf a
pronouriced need for soil moisture information, thoge hydrologists
responsiblerféy rivér stage forecasting and flood warnings have
_developed va}ious ?ar;#eteré derived from precipitation measure;
ments to quaqtify thé soil moistﬁre over the faiflyvlarge areaé |
éncompassed by river watersheds. |
Based on the 6bviou§ but cbmplex rélationéhips bétween pre-~
cipitation,‘eﬁéééggé&é;i;ggi;£;“éﬁffaéé aﬁd subsurface runoff,'aﬁd |
soil mbistufé;rthé Prééipitation hiétory over an area is commdnly
ﬁséd to-infer the s0il moisture. From thig,'the aﬁount of‘prébipi-
gati@n required to produce flooding givén the inferréd,soil ﬁois‘
ture content can:be empirically determined."Many ﬁodéls.fbr char--
acterizing the precipitation'history have ﬁéén devised; one of
the simplest in'concept and computation is (Linsley,rKohler, and
Paulhus{ 1958}:.

: n -
APT = L K P,



where API = antecedent precipitation index, and-Pi = daily precipif -
tatioﬁ for each_day.froh n days previous te the cufrent day. VThe
parameter K which is less than unity characterizes the loss of
moisture from the so0il due to evapotranspiration and subsurface
runoff. The values nommally are empirically assigned in the range
0.85 to 0.95 as a'functionlof soil tYpe, slope; séason, and vege-
tative cover. The value may either be constant or may vary as a

function of time.

Remote Sensing of Soil Moisture

Thé remofe sensing of soil moisfuré-is possible throqgh
seferal physical properties_of water énd the water-soil mixtures.
Water has a greatar'specific heat than soil, so for a given input
| of heat eﬁgrgy, fhé temperature of moist éoillwill Be-lowér than
Tthat of‘dry soii.' Similarly, afterrradiationai cooliﬁg,lthé moist

soil will have é higher témperaturerdug to its thermal inertia.
Thus remote sensing in thg thermal infrared at tﬁo or more fimes-
 during'the.day cén be used £dlindiredtly determine the émount of
‘water présent in the surface 1ayer of'soii (Blanchard, Gfeely, an&
Goetrelman, 1974). |
| Another remote‘sensing techniqﬁé is bééed on the darkening

(decreased reflectance) of soil as it is prbgreésively ﬁoisténed,
apparently as a.result of the optical effects of surrounding the
soil particles with free water. ‘Within a nérrcw range 6£ soil typés
and for bare earth, remote sensiﬁg in the optical to near infrared
can be used to determine the soil moisture areal ﬁistribution.

Both of these techniques, although successful under con-



trolled conditions, most notably bare ground, are completely over-
shédowad in scope and importance by remote sensing inrthe micro-
. wave portion of the spectrum., Water has the highest dieleétri§
constant of naturally occurring abundant materiais; soils havg
~very low diele;tric/constants at microwave frequencigs; Wﬁen
varying éﬁ&uﬁts_of water are added ﬁo the sbil, the resuiting
mwixtoure will héve;a dielectrié,constant proportional to the rela-
tive amounts of water, soii, and air:préseﬁt (Poe, E&gerton, and
Stogryn, 1571); However, if small amouﬁts of water-a¥e aéded to
éomﬁleﬁely dry soil, the water is tightly bound to the soil ﬁgffi—'
-cles (wffﬁ a struéturg_resembling that of ice which has a low dif.
electric constant), and the dielectric éonstant_cf the ﬁixturé ,A
_ d;es not appreciably change (Schmugge,lGloerson,_and Wilhéit;219721
Vahd Schﬁngge, et.al., 1974). This low Waterlcontent-proﬁably.cbéréQ
sponds to hygroscopic water so is rot availéble for evapotranspira-
tion and plant growth. With a gréater water cqntent, ﬁhe ﬁafer
: apéears as free water in tﬁe s0il pore spaceé and prodﬁces thé di-
electric constant éhaﬁges #reﬂicted and observed in the ;oii-water~
air mixture as the moisture content‘ranges'from the wilting ﬁointrf
to field capacity. |

.Since the emissivity in tﬁe microwave wa%eleﬁgths of radia;
ltion is strongly. influenced.by the dielectric coﬁstant,‘remote éené-_
ihg in the microwave f;equencies hag a significant poténtié;'in the

determination of so0il moisture.

Microwave Remote Sensing of Soil Moisture |

Although soil moisture has a pronounced influence on the



microwave emission, the factors of soil typé, éurface roughness, -
and vegetative cover also affect the emissivity. The soil fype
and soil hoisture determine the soil emissivity; the surfacelr0ugh;
néss and vegetative cover modify thé emission from therunderlyiné-
soil by scattering and surface emission (Newtﬁn, Lee, Rouse, and
Paris, 1974). -Thereffects of surface foughnessrand veggtative
cover gre'wavélength dependent. The effect of small sﬁale varia—l'
-tiuhs of soil type and soil moistufe i§ miniﬁized in remote sens-
ing from aircrafe or eartﬁ satalliﬁe éiéitudes.since ﬁhe antenna.
a receives radiafion that is effecﬁi&eiy.iﬁtegraﬁed over a fairly

" large ground area, thus providingrsoil moiéture iﬁfo?mation repre-
sentative of large areés (Eagleman and Ulaby, 1974).

Afllonger wave}engths, the skin &egtﬁi(therdepfh of the
surface 1ayef coptribﬁting to the total eﬁittéd micfowave radia~-
tiqn) in;reaseé. Although some investigators have reported skin:
depths in excess of the free spaﬁé-ﬁavelengthratrL—band‘wavelengths
‘(Poe'ahd.Edgertbn,-19?2), a generai cbnsensﬁs of theiskin dépth is -
of the order of several centimetérs'undeF varyiﬁg field conditions.
The major significance is Ehat réﬁote'sgnsing ian L-band microwave |
ﬁan provide measursments of the sub-surfaée'sqii.mdisture conteﬁt_
.under varying ¢on&itions of solil type, surféce féughness, and vege-~
tative cover, | |

A further advantage of the léngér wavelength is that étmé-
sphere and weather phenomena including clouds aﬁd-p:ecipitation are
essentiélly transparent to the emitted microwaverfadiatioﬁ due t6

the.small particle size in relation to the waveléngth; At L-band



wavelengths, remote sensing operatidn'is not restricted by ad-
verse Weather‘conditions.' At shérter microwave Waveiengthé, N
such as the one to ten centimeter range commonly used for weather
raéar, however, the larger cloud particles and precipi;ation
particles are effective scatterers and aﬁsofbers of emitted micfo-zr'-
wave ra@iafion.r |

For L-band wﬁvelengthé, the‘terrainréppéreqﬁ radiometric
temperatufe (the brightness temperaturg) recéived at thé antenna‘
cén be expressed as the éroéuctjof tﬁélemissivit?'and the actual
or thermoﬁétric temperature of the radiating terrain skin‘ﬁépth,_

- The atﬁosphéric_eﬁission and the surf;ce reflection of éky radia—
tion compenents of the ﬁrightness temﬁeraeure ére botﬁ.very small
(Allison, et.alf, 1974 and Blanchard,'1974);_ Since the emissivitiés
are less than one and absolute sﬁiface temperafuées range from 270 K

to 310 K, the'brightness temperature is more sensitive to'changés
in émissivity thaﬁ to normal changes in sgrface-temperatu;e; Again,
the averaging effect of the lérge footpriﬁt is advéntageous.

The Skylab sﬁil moisture experiﬁent conducteﬁ by pr. J. R. ,iL-
Eagleman @f thelUniversity of Kansas has produged-excellent results
in the correlation of 5194 brightnesé ?émperéfure and soii moisture
(Eagleman, 1974; Eagleman and Ulaby, 1974; and Eégleman, et.al.,
1974). For five data sets of tracks of 100 to 300 km length in
Kansas and Texas, soil moisture meésﬁrements a; six aepths for six
kﬁ intervals along the ground track centerline were correlated ﬁith
ﬁhe 5194 brightness temperatures. The correlation coefficieﬁts of

brightness temperature to soil moisture (percent water by weight)



ranged frém —0.808.t0 ~-0.984 for the uppermost 2.5 cm layer and
«0.765 to -0.979 for the uppermost 7.5 cm layer for the five data
"sets (Eagleman, 19?4).

Since the half power fooﬁprint has a diameter in excess
of 100 km, the 100 kmlto 300 km track iengths represént few inde-
peﬂ#ent measureméhts. Anbéher greaferrproblem 1ies ian the repre?
- sentativeness of center-line sqil moisture measureﬁents at selected.'
sités to the aétual soil moisture within the fooﬁprinﬁ area, espe;
"ucialiy if the fﬁotpriﬁt araa 1is noﬁ éuiﬁed fof cénveﬁtional soilxu
'rmoistureksampling, or if evapotranspiration or precipitafion ocduﬁs_
- 'betwaen'th; timé4consuming sampling and‘the 5ensor pass time. .HQQ':
ever, in.view of the éood agreement between the.daﬁa sets, these
high éorfelatiﬁns‘are iﬁdicative éf the résponsa of thé.sl94 ﬁ?band

radiometer to s0il moisture.

Skylab 5194 L-band Radiometer and Data Acquisition

The S194 L-band ra@ibmeter was one of six sensors kﬁbwn .
cqi}eétive1y as the Earth ﬁeSOurces Experiment Package-(EREP) fiown'_
on the NASA MannedVSK?LAB missions from Méy 1973'to Februa;y 1974.
The I-band radiometer measuréd te;reatrial surfacelbrightnags teﬁ-r
perétﬁres along the satellite ground track in the miéfowave radia-

. tion band centered at 21.4 em wavelength (1.41 GHZ).-'ThE footprint,
or sénsor iﬁstantaneogs ground vieﬁing area, at the half power point
(-3dB) is a circular area with a 115 km diameter érea for the 15
degree viewing angle. A footprint size of approximately 280 km
diameter accounted for.90 percent of the totai eﬁergy received at

the antenﬁa. The spacecraft altitude was 439.24 km (237 nmi) with



an altitude velocity of 7.65 kmf/sec. The $194 data gc@uisition.
rate was approximately three data points pef second (one data point
per 2.48 surface kiometers). In this study; every third daté poin#,
termed a measurement point, was used in the correlations. -Fér the
halfpower footprint of llS;km diameter, the footprint ovérlap'ffom
one measuremeﬁt point fo ﬁhe next was near 87 percent. " The foot-
prlnt overlap for each data p01nt was near 95 percent - For tﬁe
930 km 1ength of the ground track used in this study (Flgure 1)
there were eight Lndependent sansor footprlnt areas ‘at the half-‘
~ power footprint size, | |
F;r a more detailed descrlpélon of the 5194 Radlometer and
descrlptlons of the other EREP sensors, see the “Skylab EREP In-A'
vestigator's Data Book“ (NASA, 1972a) and the "Summary of Flight
Performance of the Skylab,Earth_Reéourées Exéeriment Packaée (EREP}",
(NASA, 1974). 'The sS194 data used in the study was gaéhered_in"
suppoft of the severe storm environments (EPH-582) task of étmO*.-
spheric investigations (NASA, 1972b); o

.The S194 brlghtness temperatures over the study area ranééd
" from 229.8 K to 275.2 K. Tnese values for an assumed emlttlng skin
depth temperature of.298 K, the approximarts air ﬁemperatufe along
the ground track at the time of the data paés, would pfoduce an emis=-
51v1ty range from .77 for very moist terraln and .92 for very dry
terrain; both vegetated, Beyond the study area, the brlghtness tem~
peratures decreased to 95 K over thé Gulf of Mexico for aﬁ'emissiv~‘.
ity of .31 (water temperature assumed to be near 300 K frqm aifborne-
PRT—S thermal infrared readings).

The study area includes the loose sandy soils and sparse

8



vegetative cover af the high plaiﬁs of the Texas and Oklahoma pan-
handles to the tight élay soilé and heavily veéetated terrain of
castern Texas. The weather conditions at the time of the pass at
1518 to 1520 GMT thlB to 1020 CDT) variéd from thin broken cirrus
(not visible in the Sl9OAlcolor phbtography) over the TexasAand'f'
'_‘Oklahéma parhandlas to mﬁlti~layered overcast conditions frcﬁ jﬁst
:soutﬁ-ofrﬁﬁe Red River'to thé Loﬁisiana Border. 'Precipiﬁating
moderate éﬁuﬁderstormslwith an éfeal coverage of 30 percent ﬁere
cccurring from the Fort Wofth area to near 100 mileS‘southeasﬁ
:along the ‘ground track. Their rainfall améunts were generally
-light since the cells; as determined from GSW Weathér radéf filh,r
were three to five miles in diameter and were ﬁoving toward the
north at 20 kKnots. The air temperatures along the track raﬁged

from 294 K to 299 K.

-Corfelaﬁion of 5194 Bfightness Temperatures and API

Since soil moistg;é'meaéurementé were not availaﬁle alcng-
the ground track, the soil ﬁoistufe was parameterizéd by the ange;'
:_cédent-precipitation iﬁdex. The-antecedent precipitation.indexr
(API) was calculated for each of the 180 precipitation repofting"
étations of the NOAA Climatological netﬁork aloﬁg the grouﬁd tfack
(NOSA, 19§3a and 1973b). Thé grouﬁdltrack, the sensor viewing -~ -
area (115 km diameter), aﬁd tﬁe location of the brecipiéatién re-
po?ting stations are shown in Figufe 2. 'Two sets of API were'céié
culated for each station. One API set was calculated for the pre-

ceding eleven days (1-11 June) precipitation data and the other -



APT set was calculatéd for the preceding five days. The éet for
eleven days was then plotted énd contoured to investigaterthe coﬁ—
tinuity of the API values and possible influence-of events not |
represented from centerline values. This paﬁtgrn is shown in |
Fignre 3.

The prééipitation totals for the first eleven days of
qunerl973 ranged from zéfo.in the Texas and Oklaﬁomé panhandles
to‘ﬁear 25 cm (10 iﬁéhes) in fhé Dallas aréa. VTd,eiimiﬁate the.
influence of very high daily point ?élues of precipiﬁatioﬁrin ﬁﬁe
calculatiqn of the APT, tﬁe maximum daily fainfail for‘the APT |
calﬁulafion ﬁaé arbiﬁra?ily-set at 5.08 em (2.0 incheé).,;The.phys—;.
ical rapionalé for the_asspmption is'that aﬁoénté iﬁ.excess of_.. :
75.08 cm contribute to immediape runoff but probablyldo not cgnﬁri~
bute-ﬁo increased soil moistufe. |

The arfthmetic éverage of the API for therlls Emrdiameﬁef"
footpriﬁt coincidént with the position of thé.SPaceCraft fbf‘evéry
third data point was then calculated for correIAtion with the.51§4 :
brightness tgmperétures.‘ The value of tﬁe paraﬁeter K was”éet aﬁ.
0.9 éfte? trails witﬁin the range 0.85 to 0.95 éhéwed the best
corfelation-oﬁ APL to 5194 brightﬁess 6emperatﬁres at that value,
although the correlations were good for all vaiﬁés in the range;
The 5194 brightness temperatﬁre at'eﬁery third data poinﬁ (one. 
measuremeﬁt point) and ;ﬁe footprint API are displa&ed in Figures
4a; 4b, and 5. Several features are noteworthy:

1) There is a pronounced correlation between tﬁe Slé&.
brightness temperature and the eleven-day APT aVeraged over tha
footprint.
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2) There is very little céfrelatioq between the 5194
brightness.teméerature and the five-day ARPI. As evident in
Figure 4b, there had been no precipitation oﬁer much of the gfound
" track within the previous five days. 'If the 5194 ;s gsed as tﬁe_

"ground truth"

for the API accuracy as a soil moisture indicator,
thean the APT muét includa precipitation daté forra-longer period
'_than five days, the number of dajs-gsed in the antecedent_ﬁéisture
conditiohs {AMC) in the Soil Conservation Service Handboékuﬁfu
Hydrology (1?72). ’

| 3)i Tﬁe-cofrelation-is best for values of the AﬁI abova
1.75, whicﬁ'is consistent with théory fof‘IOW ﬁoisturé vélue5f  
fTﬁié relationship is especially evident'from Figure 5. |

4) lThe influence of surf#ce watér.of pfecipitation‘and_

lakes is not feadily apparent, possibly due ta the small_éféal
extent in compériéon with the sensor footprint. The surface ﬁafer

of precipitation may contribute to the lowest S194 values, but

this cannot be confirmed.

Conclusions

In at least one datca set of aPI‘and 5194 brightness fem-
ﬁeraﬁures,‘severallsignificant points emerged., Imn addition to the
known capability of L-band remote sensors to accurately detect
'soil moisture for sméll bare-ground areas,'the.L-band appears well-
Suited as a sensor for the spatial mapping of soil moisture over
large inhomogeneous areas with respect to soll type, vegetative

cover, terrain, and weather. Alsoc the API even in a very simple

form appears to be an accurate index of soil moisture but only

11



when a precipitafion his;ory in excess 6f five days ié include&;
the optimal precipitation history period may be asrlong as:dqe
month, As tbeée‘study results are qonfirmed by indepen&ent data
sets, the APT may ba refiﬁed as an accufate soil moisture indica-
'“for for metedrological and agricultural applications'and ijand
microwave radiometry may be used to &evelop and refine ﬁodels of

evapotranspiration and runcff.

iz



ACKNONLEDG}[_EN':S i

This reseérch was con&uctéd under SKYLAﬁ Expariment Pro-
jeét Number:582, Severe Sfofm Envirﬁnments bj_Dr. D. E, Pitts,
Dr. Y. K; Sasaki;.ﬁnd Mr. J. T.:Leé ana under NASA coﬁtr&cé.NAS _f'

79;13350 with ﬁr.rY.-K.‘Sésaki of'thelUnifersity of Oklaﬁoma, o
' D;. . E.;Pitts, Jphnéon Space Centéf; Houston, Te#as, provided
thé SKYLAE daté and Mrf J..T. Lee, ﬁationél‘Seyeré StormS‘Labora~lf
tory (NOAA; ERL) ﬁorman, Oklahoma, pfovided the‘radar and'pfecipif
tation data, Dr. Y. K. Sa_saki, Dr. .D. E. -Pitt's',.and Dr. Bruce
Blanchard, Southemn Plains Watershed Résearéh Cénter (USDA;ARS);

\

Chickasha, Oklahoma, provided invaluable assistance., \

Y

13



REFERENCES

Allison, L;-J;, E. B. Rodgers, T. T. Wilheit, and R. Wexler, 1974:
A multi-sensor analysis of Nimbus 5 data on 22 January 1973,
Goddard Space Flight Canter, Preptlnt X 910~ ?4-20 54 pp.

Beebe, R. C., 1974: Large Scale irrigation and severe storm en- _
‘hancement. Symposium on Atmospheric Diffusion and Air Pollu-
tion, Amexrican Meteorological Society, Boston, Mass., 392-395.

.fBlanchard, B. J., 1974: Passive microwave measurement of watershed
runoff capability. ©Doctoral Dissertation, University of
0klahoma, 88 pp. S .

Blanchard M B., R. Greely, and R. Goettelman, 1974: Use of visible,
near-infrared, and thermal infrared remote sensing to study
soil moisture. Ninth International Symposium on Remote Sensing
of Environment, Environmental Research Instltute of Mlchlgan
Ann Arbor, 693- ?00 -

Davies-Jones, R. P., 1974: Discussion of measurements inside high-
- speed thunderstorm updrafts. Journal of Applied Meteorology,
13, No. 6, 710-717, ' : ,

Eagleman, J. R., 1974: Moisture detection from Skylab. Ninth Interj'
national Svmposium on Remote Sensing of Environment, Environ-
mental Research Institute of Mlchlgan, Ann Arbor, 701 705

Eagleman J. R., E. C. Pogge N. K. Moore, N. Hardy, W. Lin, and L.
League, 1974: Detection of moisture and moisture related
phenomena from Skylab. University of Kansas, Lawrence, Kansas,

- 18 pp. '

Eagleman, J. R., and F. T. Ulaby, 1974: Remote sensing of soil mois-
ture by Skylab radiometer and scatterometer sensors, Unpub-
lished manuscript, University of Kansas, Lawrence, Kansas,

17 pp.

Linsley, R. K. Jr., M, A. Kohler, and J. L. H, Paulhus 1958
‘Hydrology for Engineers. MeGraw-Hill, New York 340 pp.

Maxwitz, J. D., 1972: The structure and mofion of severe hailstorms.
Part I: Supercell storms. Journal of Applied Meteorologzy,
1l, Wo. L, 166-179.

14



NASA, 1972a: Skylab EREP investigator®s data book. Principal Investi- .
gator Mapagement Office, Johnson Space Center, Houston, Texas.

NASA, 1972b: Appendix B - Mission requirements: Earth resources re-
quirements Skylab missions SL-1/SL-2, SL-3, and SL-4. Skylab
Program Offices, NASA Manned Spacecraft Center and Marshall
Space Flight Center, December 1972,

A NASA, 1974: Summary of flight performance of the Skylab earth re- |
sources experiment package (EREP). NASA Johnson Space Center,
Houston, Texas, 44 pp. :

Newtonr, R. W., S. L. Lee, J. W, Rouse Jr., and J. F. Paris, 1974: On
X the feasibility of remote momitoring of soil moisture with
microwave sensors. Ninth International Symposium on Remote
" Sensing of Environment, Environmental Research Institute of -
Michigan, Ann Arbor, chhlgan 725-738.,

- NOAA, 1973a: Cllmatoloalcal data - Oklahoma, Environmental Déta'
Service, NOAA, Asheville, N, C., Vol. 82, No. 6, June 1973
25 pp. .

NOAA, 1973b: Cllmétoloalcal data - Texas. Envirommental Data Ser-
vice, NOAA, Asheville, N.C., Vol. 78, No. 6, .June 1973, 49 pp.

Poe, A., and A. T. Edgerton, 1972: Soil moisture mapplng by ground
and airborne microwave radiometry., 4&th Annual Earth Resources
Program Review, Vol. IV, pp. 93-1 to 93-23.

Poe, ‘A., A. Stogryn, and A, T. Edgerton, 197l: Determination of
soil moisture content using microwave radiometry. Summary
report 1684R-2, Aerojet-General Corporation, ELl Monte,
California, 18 pp.

Sasaki, Y. K., 1973: Mechanlsm of squall- llne formation as suggested
from variational analysis of hourly surface observations.
Eighth Conference on Severe Local Storms, American Meteorologi-
cal Society, Boston, Mass., 300-307.

"~ Schmugge, T., P. Gloerson, and T. Wilhéit, 1972: Remote sensing of
s0il moisture with microwave radiometers. Report Mo, X-552-
72-305, Goddard Space Flight Center, Greenbelt, Maryland

32 pp.

Schmugge, T., P, Gloefson, T. Wilheit, and F, Geiger, 1974: Remote
sensing of soil moisture with microwave radiometers, Journal
of Geophysical Research, 79, No, 2, 317-323,

Soil Conservation Service, 1972: SCS National Engineering Handboole -
Section 4 - Hydrologv. U,S. Dept. of Agrlculture, Soil Con-
servatlon Service, August, 1972,

"15



" COLOURADO FANSAS -

. MISSOURI

HEW
HEXICO

LOUTSTANA

TEXAS

- Fiéuic 1. Skylab grdund track, 1518 - 1520 GMT, 11 June 1973.

5

Location of the precipitation reporting stations used
in the computation of antecedent precipitation. The
approximate (duc to map projection) sensor footprint

area is shown as the circular areas at each end of
the study avea. '
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. 0f API are not always representatxve of the averaged
-+ APL within the seusor footprint area.
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Figure 5, Correlation of 5194 brightness temperature to

antecedent precipitation index (API). The lack -

of respeonse of the brightness temperature at
low API values, which correspond to low soil

~moisture, is consistent with theory. For the -

units in inches the linear least squares line
fitted through the data points between 230 K

and 270 K is: API = 12.61 - 0.045 Tp. For API

in ¢m, the equatiom is: API =31.99" - 0.114 7.

The correlation.coefficient for the brightnessB

temperature range 230 to 270 K was -0.9715.

19

ANTECEDENT PRECIPITATION INDEX (em) -



