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1. INTRODUCTION 

Water availability is c1itical to the economy in the state of Texas. Numerous reservoirs and conveyance st ructures have been const ructed across the State to meet the water supply needs of farmers, municipalities, industries, and power generating facilities. Despite this extensive water management system, water supply 
remains a concern because of increasing populations and uncertainties about climate stability. The rainfall map of Texas shown in Figure 1.1 clearly shows that water management is a spatial problem. The State as a whole receives about 711 mm year'1 of rainfall, while the area of the State east of the 100th me1i dian 
receives 890 mm year'1 and the area west of the 100th me1i dian receives only 457 mm year'1. In addition to water supply concerns, the assessment of non-point source pollution is another impo1t ant issue that is largely dependent on the spatial distribution of runoff. Although, the focus of this repo1t is not to address 
water supply or pollution issues directly, an improved understanding of the spatial water balance the partitioning of precipitation between evaporation, runoff, and groundwater recharge at different points in space will directly benefit those who wish to assess water resource availability and non·point source pollution 
potential across the State . 
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Figure 1-1: Mean Annual Rainfall in Texas from Oregon State PRISM Study (Daly, 1994) 

The goal of this study was to gain an improved understanding of the stocks of water in different components (air, soil, water bodies) of the hydrologic cycle and the fluxes between these components. A basic approach for determining stocks and fluxes involves the calculation of a water balance . A water balance, applied 
to a particular control volume, is an application of the law of conservation of mass which states that matter cannot be created or destroyed. To achieve a balance, the rate of change of storage of water within the control volume must be equal to the difference between its rates of inflow and outflow across the control 
surface . 

In this study, three independent water balance models were constructed to model different components of the hydrologic cycle an atmosphe1ic water balance, a soil-water balance, and a surface water balance . These models were constructed using a geographic information system (GIS). A GIS provides a framework for 
storing and manipulating spatial data and facilitates modeling on control volumes of vaiious sizes and shapes. In all three cases, the choice of modeling unit was driven by the resolution and characte1i stics of the input data. The control volumes for the atmospheric, soil, and su1iace water balance models respectively are 
(1) an imagina1y column confined ho1i zontally by the boundary of Texas and extending to the 300 mb pressure level, (2) 0.5 cells with a depth equal to the plant -extractable water capacity of the soil, and (3) 166 gaged watersheds of differing sizes and shapes. Neither the atmospheric nor the surface water balance 
involve any simulation of physical processes and are simply mass balances based on empi1i cal data . The soil-wat er balance does attempt to simulate evaporation from the soil through the use of a soil-moisture extraction function. Both the atmospheric and soil -water balance models are time-va1ying models, while the 
surface water balance model is steady-state and uses an empirical relationship to estimate mean annual runoff and evaporation in ungaged areas. One advantage of making three independent water balance calculations is that checks for consistency can be made among the three models. For example, all three models 
yield an estimate of actual evapotranspiration which is a difficult quantity to estimate, particularly at the regional scale . Previous studies at the scale of Texas have estimated only evaporation from open water surfaces and potential evapotranspiration from the land surface (TOV/R, 1983; Dugas and Ainsworth, 1983). 

Of the three methods, the surface water balance has the least uncertainty and the greatest spatial resolution. Current atmospheiic data do not seem to support accurate calculations of net moisture influx at the scale of Texas on a monthly time scale as attempted in this st udy. The soil-water balance method employed 
here is limited by the use of monthly data and its overly simplified representation of land surface hydrology. Despite their weaknesses, the atmospheric and soil-water balance methods do provide information and insights that cannot be gleaned from the surface water balance alone . 

In terms of usable runoff maps for enginee1i ng and planning, the surface water balance provides the best results. The surface water balance yields gage-calibrated maps of mean annual runoff and evaporation for the entire state on a 500 m grid. To estimate runoff in ungaged areas, a scale independent "expected" 
rainfall-runoff curve was developed. This rainfall-runoff curve represents runoff that would be expected in the absence of large amounts of reservoir evaporation, urbanization, and recharge-springflow activity. Maps of actual runoff and expected runoff were created for the entire state . A map of the differences between 
actual and expected runoff shows where human activities strongly influence runoff in Texas. By combining runoff information with the topographic information in a 500 m digital elevation model, accumulated flow maps were created and these maps show statewide spatial trends such as the increased density of stream 
networks in East Texas, while also captuiing localized phenomena such as large springflows and agricultural diversions. The maps are presented in this report in paper form and the data used to create these maps can be obtained in digital form as Arc/Info g1i ds on CD-ROM from the Center for Research in V/at er 
Resources, University of Tex as at Austin. 



2.0 LITERATURE REVIEW 

2. 1 Atmospheric Water Balance Studies 

A number of researchers have used the atmosphe1ic water balance to estimate hydrologic fluxes. Among these researchers, Rasmusson, 1967, Brubaker et al., 1994, and Oki et al., 1995, describe atmosphe1ic water balance studies at river basin, continental, and global scales. Rasmusson, 1967, analyzes the characteristics 
of total water vapor flux fields over North America and the Central Ame1ican Sea. A noteworthy observation made by Rasmusson is that a large diurnal wind system covering the central United States, part of Mexico, and the Central Ame1ican Sea produces significant diurnal variations in the transport of water vapor. By 
decomposing the vertically integrat ed vapor flux term into mean motion and transient eddy terms, where the mean motion term is at a time scale of one month and the transient eddy term desc1i bes motion at a time scale of less than one month, Brubaker et. al. also observe important vapor flux transport at sub-monthly 
time scales. Brubaker et. al. note that poleward eddy flux transport from the Gulf of Mexico is significant, particularly during the ¥tinter months. From these observations, Brubaker et . al. surmise that the use of monthly-averaged or sparse data may significantly underestimate the eddy flux component of vapor transport. 
These observations are relevant to the interpretation of our results, as discussed in Section 3.3. Brubaker et al. also note that the accuracy of runoff estimates made using atmospheric data increases with the size of the study area and cite a recommendation by Rasmusson, 1977, that a minimum area of 106 km2 should be 
used . The area of Texas is about o. 7 x 106 km2. Improvements in obse1vational networks and general circulation models may justify runoff estimation on smaller areas in the future . 

If the annual change in atmospheric water storage and surface water storage are both negligible, runoff estimates can be obtained from the vertically integrated vapor flux convergence ( - V • Q ). Using four years of data from the European Centre for Medium-Range V/eather Forecast s (1985 -1988), Oki et al. compared 
convergence values vtith the obse1ved annual runoff for 70 1iver basins throughout the world. Differences between vapor flux convergence and measured runoff va1i ed widely, although larger river basins tended to show smaller differences. On average, the vapor flux convergence was about 2/ 3 of the measured runoff. Oki 
et al. also made a more detailed st udy of the Chao Phraya River basin in Thailand which drains 178,000 km2 . Oki et al. estimated annual runoff, monthly evaporation, and monthly storage for the Chao Phraya from 1985 to 1988. The evaporation and 1i ver basin storage values were estimated by augmenting atmospheric 
data with precipitation and runoff data . In the Chao Phraya basin, the vapor flux convergence was consistently higher than observed runoff; however, the temporal va1i ations of vapor flux convergence and runoff were comparable . This was illustrated by applying a reduction factor to the convergence values. 

Significant uncertainties in runoff estimation using atmospheric data st ill exist even at the continental scale . Both Brubaker et al. and Oki et. al. compare their continental runoff estimates with those given by Baumgartner and Reichel, 1975, for river runoff. For North America, Brubaker et. al. estimate annual runoff as 
84.6 mm/year while Oki et. al. estimate 263 mm/year and Baumgartner and Reichel give 223 mm/year. Both Brubaker et al. and Oki et al. make note of the fact that poorly defined continental or basin bounda1i es may contribute to inaccuracies in runoff estimation. This problem is solved in the current study of Texas by 
using a geographic information syst em in which any arbitra1i ly defined boundary can be used to compute the water balance, although the problem remains that atmosphe1ic soundings are sparse remains. 

2 .2 Soil Water Balance Studies 

Where detailed data about soil layers, depth to groundwater, and vegetation are not available, hydrologists have often resorted to simple bucket models and budgeting schemes to model near-surface hydrology. Despite numerous unce1t ainties associated with the simple soil-water budget model like the one used in this 
study, many researchers have applied this type of model to problems ranging from catchment scale studies to the global water balance and climate change scenarios (Thornthwaite, 1948; Shiklomanov, 1983; Manabe, 1969; Mather, 1978; Alley, 1984; Willmott et al., 1985; Mintz and Vlalker, 1993; Mintz and Serafini, 1992) 
This approach is attractive because of its simplicity. The simple "bucket" model used here requires minimal input data : precipitation, potential evapotranspiration, and soil-water holding capacity. The studies by Willmott et al., Mintz and Vlalker, and Mintz and Serafini, are climatology studies that present the global 
distributions of precipitation, evapotranspiration, and soil moisture . Mintz and Serafini compare their evapotranspiration estimates for sixteen major river basins throughout the world with those derived from river runoff analysis made by Baumgartner and Reichel, 1975, and the values show reasonable agreement. 

At a smaller scale, Mather, 1978, (Chapter 4) desc1i bes the application of a soil-water budget model to several watersheds in the coast al plains of Delaware, Maryland, and Virginia . Comparisons between measured and computed runoff values are rather poor for monthly data, but better for annual data, although Mather 
suggests further refinement of the method even for annual values. In its simplest form, the soil-water budget model does not account for situations where the precipitation rate is greater than the infil tration capacity of the soil. Mather describes one approach to remedy this problem, that is, to fi rst use the SCS method to 
estimate direct overland runoff and subtract this amount from the precipitation before it is allowed to enter the soil "bucket ." This approach appears to yield better results (Mather, Chapter 4) . A similar approach of taking an initial rainfall abstraction before allowing precipitation to enter the soil column for climatological 
budgeting was used in a study of the Niger Basin desc1i bed by Maidment et al., 1996 (further desc1i ption available at http://www.ce .utexas.edu/ prof / maidment/ gishydro/ africa / africa.htm). In the Niger Basin st udy, the surplus from the soil -water budget is passed to a surface and groundwater routing model which is in 
turn calibrated with obse1ved runoff. 

2 .3 Surface Water Balance Studies 

2. 3 . 1 Water Balances of Texas 

The sU1iace water balance, a commonly used method in hydrologic studies, relies on the fact that with the exception of coast al areas, the landscape can often be divided into watershed units from which there is only one surface water outflow point . Provided that the average watershed precipitation and runoff can be 
measured with reasonable accuracy, the annual evaporative losses from a watershed can be estimated. Of course this assumes that change in storage is negligible and that there are no significant inter-watershed transfers via groundwater or man-made conveyance structures. Empilical relationships are often used to 
estimate mean annual or mean monthly flows in ungaged areas; this approach is used in this study. 

Two water balance studies that are particularly relevant to Texas are those by Ward, 1993, and the Texas Board of V/ater Engineers, 1961 . Viard presents a water balance similar to that described here in which he estimates precipitation, evapotranspiration, runoff, recharge, and water demands for four different 
hydroclimatological regions in Texas and for the State as a whole . To estimate annual runoff, Viard uses an empirical relationship between rainfall and runoff. A similar approach is used in this study, although the rainfall-runoff relationship derived here is used in conj unction \'lith a large database of measured values to 
develop spatially distributed maps of runoff. The Texas Board of V/ater Engineers (TBV /E; now Tex as V/ater Development Board) Bulletin 6001 is a study of surface runoff (1 940-1956) from the major basins and sub-basins in Texas that uses measured flow data . To estimate runoff in ungaged watersheds or watersheds with 
insufficient streamflow records, the authors of Bulletin 6001 used a proportion of the obse1v ed runoff in a watershed with similar characteristics and an additional factor to account for the difference in precipitation if necessary. One product of Bulletin 6001 is a map of Texas sub-basins with printed values of runoff. 
Improvements in computer technology since 1961 allow for more detailed electronic maps to be generated in this study, although the idea of mapping runoff values is similar. 

2. 3. 2 Runoff Mapping 

Three recently published articles by Arnell, 1995; Lullwitz and Helbig, 1995; and Church et al., 1995, describe studies of runoff mapping. All three use a geographic information system (GIS) to manage spatial data at a regional or continental scale . The paper by Arnell summarizes five approaches for deriving g1i dded runof 
maps at a 0.5 grid resolution including (1) simply averaging the runoff from all st ations \•tithin each grid cell, (2) statistically interpolating runoff between gages, (3) using an empirical relationship that relates runoff to precipitation, potential evaporation, and temperature, (4) using a soil-water balance type model, and 
(5) overlaying grid cells onto catchment runoff maps to derive area-weighted runoff estimates. Arnell evaluates all but method (4) by mapping runoff onto 0.5 grid cells over a large portion of western Europe, and then intersecting the results with seven gaged river basins to validate the results. The results show that methc 
(5) produces the most reasonable estimates. In a study similar to that of Arnell, Lullwitz and Helbig created 0.5 runoff maps for the V/eser River in Germany. Both Arnell and Lullwitz and Helbig note that 0.5 runoff maps can be useful for validating general circulation models (GCM's). Church et. al. present maps of 
evapotranspiration (ET) and runoff/ precipitation (R IP) ratios for the no1t heastern United States. Church et. al. use an interpolation method to create runoff maps. Church et al. found their results to be useful in assessing t he effects of acidic deposition. 

The approach used for runoff mapping in this st udy is different than any of the methods described above, although it is most similar to Arnell's method 5. The approach taken here combines an empirical rainfall-runoff relationship and watershed runoff balancing. 
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to """' W, "';""Wt th• h,.;ght of " ·' .omo'l'h'""' (8 -W •n) ;, th;o "°"''"'""'to ""' ' >Drimntal "''""'of'"""-r;yo" l . ' ,,,..,.,Wt or.ly'1 i " '·' ' "" "'l'i'ed to"'"'' '°' "'" of r.,,, ""' >err°'"'";"! , . ._. ,, wl-.llo r ;!"'" l .; '"°"""the "-'' '""' of "" >'.m""""' ""'"'""' <-0 "" hoi zoo"L """ of ' > sMJ "" 
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'-'-'-' "'"'"'""' '""""""' 
TWo ""'~'°'" for'°'"''"'! <Ii'~'~"'°' ( 'l •Q ) .,,... >p;>llocl 10 '°" "''"""! ""' "" •M. " ~.M. D>th «"~'°'" !'"" "'"'I""'' r<so l<>. to'°" 11"' 0>.W<I. "'' 1!1--•~•'"' "" <M'fU:ocl <llt'O<t.yl ro.'ll th< ' ! rid b-j ""'! • fin!" cl iff~·,,.,, •P!'r0>ln,,UM"' '" .JI""!""' "I""'°" h •;l»rlc•I ""'"''°''•' 
''•·•"o' '·' ,;,,,. '" .,,,,,,,.;,,., '°""'~''-"""' ;, ,,.h ""'"'"'" ""I ""'"'"'' ""~'';"""'-

{'.•O) 

P~ i • :M r><Ji" of ""' "'~"'" "''" '"""" '"' ·' hm, Q;_ "' Q. ''" th• """''· '"' m~·,dicn>l 'M'P""'"' " ol .,,,.,r ,1., i"''"°"~Y o'ono to<J "Q.""" Q.. ~'""-"1;·1 . '- i< Lon~;!uJo " r'"""' · ""' 4 ' ' L><itooo ;,, rM"'~ r h• >p0.ri<>l fo«1 of W """"'"'""'I"''"'" c>n ""doffied·fol~mn , th• ""r,;ctoh~ 1ivM ~, 
r<r"\'7i8 . "'-'· <,,-.cie~ •· 1'. T.., '""""'"' '"'''"""' dlife ·mce >o~n<im"""' W>'. '""' m c.1,rn!.110 ''"''l''"'""''ertly fmm t~'' 3ri,l"'6 -~""-

Th• 1(·" ' O> mP<I<"'""" .,.,,, ""'' for ,,,. Br><ll.,.-""' ,, , .,,.,.,. In Fi!""' ' ·' · For p::ht<'" "''' m••h ,, '°'"'"" 1 >nd \) (I • 1 '"" 101 '"' """' I ..,d ' ~ • ' >ncl '). "'"~01 , _, " " mOOWIO<f " "'. !<"''"' •• -·"' jlff•••:.::o ""''°"m"'"" " '"'"o'~''" · t«o,,,. ""' ''''"" OW!ll doof •ht•, . .,,,., ... .,, 
p<0'-1dod. Th• ""'of' ' ' ' "''"-' .,,. !»d<~'"" <llf!~~n" >ppro>Jflnlon Oki ,..,,._>If"" ''ll of'°" "I!< h<•'«'«I'! ""' bot"O d>ty of'"'"'-

The •~.I" nf the ''"'''"""" rr>rr>""'' ~leh '""";'"' _, _ l .,., 14! ,.·> ,·• 1. Tfl "''""" ""' ""' di·,·et·o,en<e ;"the ""'"'...," '"""' T"·"· "'"' '"'t"'"''"" ""' """' "'""t" leplcle<I ;, F'io .. we 1.' """ '"''"''"""' ";'" ' "" T" ·" "'""'"'•" "' ,..,,,,";,, '"'"" ' ·'- The"''""'~"'" ' T"""' "'""' io "'·"" '·" ;, ""' "'"" 
8""·"·' ' ""'' """"'~-,.""' ;n the tl<r. ;"'""'";'" '·''' "'"' ""' de;aiMi ;, the""" ""'"''' - Int.,.,.,-,;,-,, K ·' <m cecn t'-'1 oie.-,;°"'·" "-"' '''>;'~of ""1 '~''" ' ""·' <et<. lo thl• ' ·'"'· '"" '"""'. ol Tex.>< w .1< ; "'"'""'·""' '"k" ""' ; "'" ''l""' '' >tmo;pOe<i c_ ""' to ,.,,., .. ,,,,,.,, ·'"" oi "' ' h ' ·' " h;c.; '""'" ' ' the """ 
"'""'ming ~ tt. d;·.~'i"'"' •<timoto; •'td u11ng "'""' mcludod ''"" "·,,.;g:~s. • n "'"""•of <he """rgonco hr th•'"'° "• '"'""'• ...,, rn«do . ! Iris ;,-,to'SO<tioo .,," 1mJo in • proje<'»J pl>no: th• pro;O<ti"1 u..O "" >n Al- "'!"' '"""' P""Joction. 

/ 

c· 

-t-t-) 

Th'*"''''"" d""'"1:••"e '"""""' or "'"" ["'"!""-' ""· p. ""'· ;>11. "' '"' "~~·..,. '""'""' '"' <>l c.J lac<ni (l·.oecgeocoi; , . .,,..,,. ""' ,,_,,. . .., ":"'"'"J '"" ·.-.,i>t-"'e t:lG >rT'" lhe "'!m">:' tho< ""''' r !hen••'>~"°"' Thi>.,~ ··- is'"'"'"'"'' re:'""' !hen'" "'"'" " Y "'""'"! °'"-'''°""! ~ '·' .,,.., bo 
c'>ll • '·'' "'-1. &.'V><e-"' • \t• '" ' ' '""'"'""" I' ,,1,:{>''1 w.~ '"'" "' •· • ·' t~" '"" """'"' ·' ' I"""'·' o ""'""<'' "-' li• ·• I '"''"t'·'""'' ,,f LI., ~' I"'' f.m lf•, ' '"'°' <"' ' ~ " ' ~ " "" '' •w" ' ' ' "'"'"''" " '" I., ·'I'·'"''' 

Tl '"•••-« • ; ":'~'ii "" """' "" '"""''"' 1;,,. wl'"'' ' ;, ;,, "'" '".""""" ul '"''"""" "' l•llluJo ,,,. , ., ;, In Lt.• o;,.,._,;,n ,,, ' ""';" """ " ' ,, ,,.;iw •. A> '" '"'" '"" ''""" q~(Qa.'<,J ;, """""'"""" '" "''" ~"'" "" ;,, I'< ,, ,- ' >1 
J " ''" ·~ q., ;, ;,, "'" • '"'""'"' ' ""' Q,," ;,. '"" 'I '"'""'"' · Tl" " '""" ""' '"" """' ' 

boco;,.,· ,.!"'"' In !k! ,· 11 '" ~ ollt>l,,!<I ~~m tt.• -.>r <r<"·P'O<J<t " l<liov,,· 

<J, =T •Q = i (I,(!, i,C,i 1, ,,1 

'" ih» ''""" '· '"" "'""'~"""'"'""'' tt." """" ,., '"'"" "'" ut T«" "'" '""'"'" ., ""' ""' '" '"'"'' '" • , ,,. ·~·" "' ' "''"'"· "" ;,,u.;"' uj '"" "''" '"' i>'" "'" ' "'"' ,,, "'"' '""'"" "· """'"' " " ' ' "" ,.,~ '" "'""' ''"· Tit•,,,..,[("' C'E '""""-' ' U·'""' " '00.rl ~. '""'"' ' ";""'~" ;,, '"" "' '""' ";''"'"'"· 11 "~ ""'''~ 
;, ,.,;;live. l ' •~ ;.,J..,1L~ "''"' Le'"' " ~ "'" "~;"' '"" H LI•~.,.__~,,. ;, "'"'""'· t ·o~ ;"""""-~ ""''•'""'"' ; ,, li te"~ '''"· Fut "' " '-" "'''"'""'"'" ""''' , . ., ''"" Ho,lo, ol Ure· '"'--""" "-'-'Lu' (', ;, , ~~·Jc~. Tloc !uWt oo\Jluw ;, ,,.._,,, ,,;.,..; "' "' "" '"' u~· '" ''"; '-""--' • ol •LL Q, "-''"" "";"""' ;,, li te ~;>IL;"' F """'"'" .. O<J 

lLo IO!ol infl,.., L·; 1cnton ;oog tt.o "'•'1";""""' ol >II ?, YGGO.' .,..,..tl'1l 11 t)C no,;;• U.c f "'"°'"""· H t< flCl Lw ,. ,;,.,·,cow I> c.tflu~· ""'"" Jnflu~ . 
In tho.. e> lwlatl''"'· tho "1<0<llun ul <Co_,., J,,. "''"'"""~ or• O•fl"od in ~"'Olf'l'hic <µ>C9 "" "" g"""" ' lo tOl>!O,n~\" l<>l.-\ U"1 11,,, VOC"-" '"" °"''" <>!:"10nls " ob; ""•"r ln•<-' "1 ~q-.p>ic '!"CO; h""°'"", <0. '"1"U6 ol l!te ~~""' oom~:..,no; 11,1 ""' 10,.1 "-'"'"'P"'°' te <ho LO•ll> uC """" "'tl t'.'8rt:S 

" "'""" "" '' '' "~ >h• ""''"',,, th• """"-To "rimote 11.1 ·""' 10, 1""' ; he l•ri"''" and loo3Lt ""' ol "'l"" 't ""''"°'""· the le o5>h of ' ra<lhn nf '""1'"'"" o.rl ' "'''·' o' ''""'"'"" the ea~h'; "'"'" (wilh ""' "'"h ,.,,..,,..,,.,.,, ""•"' ''""" ') ""'" mH"1;1hed 0,. the """'...-" """"""" t he'"""'" ~ " " '""""' 
ol lh• '"" "")·-'""' "'~'" ' ' ·' fol '·""" 

Tit•"'"'""'" ·~ "" '"""'' "' ' """ ' ""'", ""''";,., OI ,,,,,;,,"" ""' " '" '"""'' ''"" ' ,,.. . , ,,,. .. "'"""" w"'" "''"" ,.,,., '"'""' , ""· "' " · T it •,,.. , ~ , ... ~, , .. "'" '"''" 1 ™ "'' '""~" .,, .... """' '" ""''"''' [""''; .. , ). ,, """""" u ... ,,,., ""' "'""""" ,..,.., w c;t;,., "" ' "'·" "' '"" ' . "' ' "'",;,,, J, rn, ,. ~ 
<f,e ro(l;c" of °"''"'"'"' <or, . ., <!Iii"" ; , mo el'"' of <he '4~1t<r (o-"""'-4 ri) , e is lhe,,.:ceotr1cit)'" o:,-o .ooo""''"'i· ~.t i> <lie '·°'i i1Jdin,1. <Hfer~ 1 <e llctw""n 1:-gmen ""-' pohts [toJians]. ""'-' ~~ ;, the lotltuUi" l d1ff""""" ,_,..,,.,,.,, "'l"'"'' ~' " ooi nts (rodi">]. 

l . l . 1 R•rnlt> 

F11uco >.•,-.,.,HIM ,..,,"of tho"°""''" <11 .. r"°n :o e>O<el1<IOM for , ,,, to "" u1J:ig <ho ~·•Ol~i " '"· Tho<Nrt of Fl!"" >.• """'' : ho rtsult1 or olr"'' dM'!I"'·'" <:>lct·: .. 1on on• 1p"10rl<>I ! rid (-Ion '·' ·'· ' / · •lchOJ!h not 1hown "''"· t\o fiU< '""!'"'"°'· ""·" •:» <<Ion 1.2.i .>:• ,,.. OHrly OJ'"'lcol (v.ti<hin >~ 
on, . ...,.,,!•) "'.,-.1. F11Jro l.7 ''°"'"" ol\? <in-• d>" ol i11ur<> '-' '''"'!>d ~.· ,,_, Fi!•"' ' ·' pr<M•0<' '°"'"'rl'""' of ; ".;"'I "d "~' .j~""!•= fOI" th•" mon<h p<rloJ '"h•'""' ....:: """ ~we >'"11•bl• JJ" '""' - Ju.~ 199') . Thor• or• ~!n il"'" dlff•' °"' "' bo,.._n <h""' two "tlm""' · bo1h In 

''''"'"""' nl ""'"'""'" """'""'"'" tt,e "'"' ·""' t he"'""·' '" """''"'·'""''' " ;'~'"'- ~ ·~~' '"' " '" tt.e m"'" ·'"""' '"'" '-' '" ""'"'P'•rlc"''"'·" ;, ' ·""';,11•e. '""" "'" """"''" '"""" (O· • I ' "'" ' <he "'"'~•' '"' ;, 1;o.; """ ,..,,., '"'' the l ""' ' '' '""''" mrolf """" '"'' '" '"' the '""' dato ;, -"' mm .,.,..,·· _ ""'"of 
tf..,.,. ,,.,;"""' ·'" ,,,,m o;,i.e , ; h.n nh<e""'l rn.Joo"' n0H1fi. A D ""·" "'""' '"" ·" I ,.,,,,,/f ol "-"mm '<""'' w.,.. ,.,;,,,,, ,.I Imm the ~"fa'""'·""''·'·""'" _ri,.,,I ;, """;"·' • ""I""- <t~O ""'·""rr''" ;, P""lcio, .,.,,.;f , ,.,; , , ,i,,, ·""'"""""';' """'' h,, I'""' ''" "" "·"'h'"'"' ·'ri<tOc loo 6~ t\"-eof '"'lv- • l d-~t~h 
01; "of. fi"' ioOO >groem""1: ""'""'' <on,·~·1er-.:e a:.t ot<e1"'J PJ')Off for """""' Mirl> ;n the o.n>l)Oi> of 70 Mi<> ~·,,r1 Jw;o.. ;h~,· '''° 1~po ·< '- w;c. raoi:e of eri<e> ;o ·~ h;m ""'"('' " llJ< " ' ''"' geoce nli<' re ep to"" tin"" tile ot.>er.>0J r~10 ff or t 'ie """' llW< '""'"'.''""' m>) ~·<llkt • '"' ,.._r>tioo 18 ti mes 
ir .. ,..- ti.on «<•Md ruooff. "'"""I "'""'"' of ern>r ;n m>h;n1 >hlO'fh• " llU< "lohOoni "' d"' '"'"" ;n tho'..,,;"''·'·'· 
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Lf ~ ;, '"'°"'J ""''th• <h" l&" in '""'' O~m roon.h w m"'1tll "1 tt• >ttncs;her• ;, ne-; li iib le . c.n ~"P"f·lt•on e>tirn it< """ oe n><I•"' I< - V ' Q - >'I · T >Uni ~>l@'Ni<le '""'!" mcnt~ I',• procipit>tia> ""i'"'"" for ' "' f •om the '"-""of ""'"" · .,.., {F1 1ure<.Z .'). 'Ot';h moo"":' O-'>p< 1 ~tion estim>tes "e >1ocM·1 in 
H1u:u ·i.' ood ' · '" .,;n; ,,. '"dl'I' >nct N'l.C: ;,., ,.,~,'Oly. ·ri.. •~'>!• ('"O<•P'"""" oi:im>!ts for '"'",,.,."'':It ui:ni ro;••<•<><><>l:-11on1 i>cJilt from tho'°"'';°"' cf J:<O<ipO"t;on ru,r ;on< ><.d <OO":x>!in1 th•.,..., ~ Wli"! •n •1tor<O<tior ""°"'°""' lin~•rto ch" <l0>0rit+d on "'<tior, '·'·'· t . Cl••1;· It.• 

""""""°" 9'tim"'' '"""" i<1 H1c:o J.'J .,.. '°"''°°"''' ""''"" ooiotlvo ,.,.,,.,""" .,,;m;o<os doo't h>'~ ,~1"<>1 """"''i· U> l"i th• '"Oloy<i>t•. <hi '°"'I ':; ' 0 "" ;, . "" ""' '"' th< to<>I """ ;, "" ""'· ·.<h;,f, m.,., th" th• o;moop'Mlco riu>t i><r .. ,. ;" '""'I' "" >01 mm '" ""''for, no< r<~'"" 
'~''''""'" '" ' ~'"' ' ~...__, u~· •·"'. Tk ·,, ;"'" ''""' .,,.,;.,, ,i.,~ u,,, "" .1;..,.,,..~ "";,,,,, ,, .• "";~,1 ;,, u,;, ~"'"' '" " "" ~'' '"" '"' ''· 11;,,, "'"~ "'''''• u., '""'' 'l • 61." ;, "" ,-• .-, """ ;, '"" """· ,;,;"' ' "'' - '"" """ ff '"" ,;,,, ._.;1 , , , •. ,,, '" ~"''''" '' "'''"''' '"· "'"" o.'" ~~·W> "'"'", "'""'"'" ""''" '·•· 
"""'"""°" ""'"'"'" ,,,.,...,.,, t"' ,...,,1 <l"'''l""" "tj'"" (-·JO ,,-,.,; i> "'U l<ri:e h;ih ' '·"""" to "''""' ''""" ...,; '"'"i" ;, """'""""' ""''i' m .. ; no< bo '" ''""''"' "'P·"''"°n for " ·• n>l•:F.~:·1 i•"1• "IJ•ti ·~ ... .,vcetio• •~irn>t•• •n ,.,,,,_,._ " '""'!'· ""' ''"'C<O 
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unMrt"'""~· ""'1' llo: :O d•<> on """>i:l"•rl' '"'""!:" """ .. ,,., ..,1, 100 thl! ,..__.,. , In ucootll!h .. fol<ow up wort< to ci'.o "'""' cy """'· 1''<, ""'"' ""'"''°" •h• «okce ... °'"'""' ol "' "mMp.,.ro .,...., ToM< ' '"'"" fir>< ; moftlu of '"''· Th• mol""'" '°"'°' inc...,,.. '""" aboui " · 1 '"" ;, "'""'1' 10 >< .' ,,.,. 
In Jeno, w1Ih in<I'»»< of '-' ""·"· 1 • Mm, l • ""'· 7 .8 "'"· ""' '"·' "'" h the Im''"'°"''! «on<h•. Tilt>"''"" ~m'*\ "'°""" th" ''" "'"~'" holJ< '"'" ;,ol,,ur• In <h• """' ""m" mo;tl\; , "C-n'"'P'" <h>: '"I• dl«t",.,,nci" 11 '.llm>l>d In Fl!""' '· 9 '°" l .1-0 " n bo •>;>i>hod b;• <\"' "'''"""lpooO"' 

""'"~"'""' " "''"~' '"''"''-
ro """""' h "" " "' ""' "u '"''"' ',;""'' • ''" '"" '""'""' h>e 0 1 ~> ... ,;,,, H"' '''""" ;,, • ,~ .. ,., ~;c '"' "''"'""" '""'"' w" """"'"'"'' Im-"'" ;., , h;, >tuJy. w.~;"' •l ""' ' "" -"" ''"" ' "" '"' d w'"' ""'""'" ~"'"' atH I '""""" '"" "'"'• .o« ' '"' """' • '"'' ' '" ""''""'' "'" ' '"' " ' w ~• I • lo ""'""'" "" 
""i'~Jd<,, >ii""" "II or, j l • ., st,o""' >i> tv·• flox """"' fw J>n.1>ry " " Jul;· 1'/'l . I ho ·"""""""""" . ..,,,- '"""' <ri<>ti""l'v ioo·'"'"' d•Jti'I: cl!• Mi"°""' noo; oC "" ~him i"ho• ·n on >i1ur• 3. 1'. compol'i"IJ >~u:e; '' 1' "'" "1' sttow;;ho tllffer·<"O<e in '""' " "' m>~cui~ !IU> ""'''""' "'' ""' ""' 

1973 , 

Segment 1 

1973 7 

l J 1 S.Ourccs of'"'-" 

Ti t•""''"'""'" ol """"' ' ''"" ' ,,_,;.._,; """' ""''""''"'->" "" "'""'-"·''' '"'"" wum '" '~"Wconl •""' ;,, "" ""'""'"''" "" " ' '"''""'~· ''"'" ;, "'""·'"' ol ,d Ute i ,,; .J ,,._,;,,., "'" """"'"· tt.I; '""""'"" ''"~-"" .t1 "'-'""'"'""'~' ''"" ' "'' ll ~•l ;, ..... ,,hon, <u """"I(>, "" '"'' "'~ "'' ""'' <I '"·"°' ''"' '" •<JCl< iuco 
lu """'"' ' ~ '"'"' ""'''"'""' "' '"''''""''"'"''in "" ,.,,;,,_,,.,,_, " ' "'""'" · "'"""''"' " of. "''"' ti·." Lite ""' '''"' ' '"'°'""'" ul '""' 'W'" ' ' """""'"~ ·x 1> ;u, twic~ I ,• ;'"''"" """"'""''·'"'"' •l •Uool ' '""°'' ''"" iOOO W lOO " '" (•"'-'' ' Q - 10 km!, "" "" ' """"' '"'' '"""·•'" "" ""'""°"''"- '""'"'"'I ' '""' If~· ~ , ,.,,' 
01pi"I O•ptl i> I Im") ·,,·h"" > ·~· ffil"i'" of tt .• >t•>e'l'h• ,;, W>teo' ""'°"" be footl<J. 

"°"""" of tf,• l.:1• m'i";:utl•• ol : hot•cr>Oti" utldor oo n>ido,.tion. • >m•ll orror in <Iii ""' ,." oh>po.- fl<i>: ' " '" • Oqlo 1;no ><Jm<nt m~; ; .-.. • roi.,;...i,· l>rs< impo<ll>o :ti• Mt'nflux '°"'~"'tj'"· >or ''""'"'•· =~• ''·"" '"'""I"·'"' 1 ("' f;,.J tH 11uro '· 11 ;, '· "" < 10' kl > 1 wfli<h ;, 1101•i"'I"' : o •bout 
98!0 m• , -• or "' oim ""' '"h-1 ..ten dMdlnJ "'i i\o ""' ol ;ho r•;l<n 0.1.11 <~-..I- tll1' ''''"" 1' 11;nl~oc. t ~·h" '°"'l""'j W\:h <h• noctlu. .,;:Om>l<'< !"°'n 1n """ ' · ' bel,., , "" i>ct '"' ci'~r• "' '"I""''Jn 'e< of'"'"• ' °"'' oo..,r1r; on~ lo>~"! ti\?""• m•>n> '"'' e> lcc.Mlll!I tt.• nor lnflu:< ""''~·>< '''''111!1 
" '" <lill ""'""' l'"'w""'' '"" '" '" """''"" "' ,;,.;i,, ,,.,, ,;t<II• . .I<.• '""' ' '· """'" ""'"''"°<" ~ '" ;, '"""'' Lt., """' ln'I" m t •.ot" rnlll" ,,..,;,,..,., '·"" '""' U> ,, """" """"'""" .,,,.- io Uoa ' ""' ' · T '""' l.O w"' '""''' "'"'" .,.. ;,~ "'" """' 1'7' ' " ;n..,; ,,l~ h~ '"'"· Tl" ""'" » l•dil"' - lnll<"i ' ' ' ' lhe ""'"!"""' i> (oottt"' - ioi ·"':'''-

Th mu"hflot< 
(mm) 

tf u-,.. .• i>' 1 o;; •riw;, tho iol:UX """"•i<>· ·''"'"~ "'" \hon '"''"" inM" m~r.1 Oi '"·' [nom tno1t11 ·11, n>!<:ng tho oilllJ< ·"2 • (ocm Motltt1'] r.tth•f th>n '·' (•1101 month · 1 '#Okh i< • ''"" O if;or~~. T-.. • t.olut<> '" I"' ,,f ; h• throw1~;1t .< to ,,.rr:.,, ""o i> ii'<'~\ i;1 tO. io<rtl1 oolumo of ""°' 0.1. Hi!h 
•·1iw1 of ~II ""° Jnoleo" ''" "o lnflJ< nj oui'le> ,.,i,., .,., dolO" ,... ono:ho· io " '!"''"""· m010Jn1 <h>< • '""~ '*'"""!" on or Or, "' loi"" or oolllux .. :t"""· m~1 INd " • lor!• "'"'"'"!'"''''I• ch• M:f.'"' "'"'" 

ono<hor !CU'O> of ,.. ,.,,. ... 1~'' "' to"' .nol)OI> lllfn! "'•di• \'""" 1! tll>< ""'n moW. ~yl"'-' '"'-.,""" "''' ""''!"! tll>< o-• n>lon: .O.:ly n._,, t•m-.> 'N"• "'" '''°";"""· ,.,,_ "'" "~r.;Jn1 l«k:n• on <h• p·OOJC! ol "-'O <lm•'"r.00! "'"'I""'· Lll<0 '.toclr; " d ~'" huflloJ1ty in 1hl1 "'" · """1>•1:., "'"'·' •r1,. 
u....,,,. ol "'""" ,,,.,;,,_;,,,,, ' " ..,1ocR·,· ,,.i ;., ""'iii' ~co•m·, ,, ' ;"" ,. ... '"' '·""" u,., oho ''"" ,_,;.,, ,,., '-"-I """' 1,,,. tho ,,, .. 1,-.;,. n .,,., -,· n,. "'"" '"'Y ''·'"", ,;,,;r"'""' ;,,,,. ,,, .. "'' "''"' ,,., .. .,._,,, ;., c·ecc..;,, ,;.,,.;"'~ · "' Lhe;, ,,.,1";' uf ,,.,;,u.. n,. ;.,w lb Lit °'"' "''"' .,,.,, ;,,,, "'"°"""' "'cf. d.I_,, ,.,"'-'""' 
" '" '""' ""'"'. """"'•t~J no•.tut • """ l· olu ""'"' , . .,l.,, '"" tt '"~~ ' ' """'' ' "' o·., , n.,. •~»• tl~E It om • • ·"'-'' " """"'""' " '"'" mo L;uc , """''"''"' <:., ~ l tHe ,,,..., "" ,,.,.,,., , ..JJy '''"'~"'' " ' '" ' "'""'''" " '""";'""" ;,. Q.,,. ' '"" "'" ' '"'""'""' ' "";' '''"""' ' ' '"°''" " a/, "' ' ~' '""" ll to! "'"'' ""' '""'""''·u;c,u, 
'1;olllc>,. ~, oo tt~ Mrtl·><ctll tr>•'PO~ ol ,.,.,,.,. "'"" raro:lcul.-1\' >Ion! tho Gui! o! 1""1ro •o ""' '"'"' '' m"tll>. Thu! . r1t'«ll>''°°' oo • I~·· d'''' tlm• >C•I• >r• lmpo~,,.. wto.n oonM..,.Jn! on. tr>nsport ol ""''"'f"" • <ooc luW,n ''"' '"·"'°" "f "'°'""''n, 1''7. 

Twu ' '"'""''"' ,..,u..._i., lot ._,,,. ,,,, ; ;, " '" ~;""<''~" u1 ''""''°""'"" ,.._,;,,,., ''°"< ,,_.,;,,,,,,,._, OoO,< ''""" "'"" """";o.c~ "'"' .,.,;,~ , f; ,;t. •He""'" '''~"';'"''"'" ' "" ._. ' ' ' '"h" <' ;J '"~ ""' I>\·,._,,.,. ;"" llo• . .., ,._,,.,., [.,,..i,,, i;,,., , Th• tOO~ cO U"""'"' ' ' ~""'"" ' "'"'' """'l'" ~J wHI• wlj"l ' '""' ,, <'' '" ;I 
cloc·"t.I;,,,, "'""-"'· h t !I'"'"·· u' "'I'"""~~ "'''"-' "'""' <.00 ot..~ ·,~J WC. ,;,,t,_,,i µ>A "'"'"""" "' <];,~,,~,__.,, .,; •J> U.e ,~ ;·, ,.to. ol """'>"' '""-'' "'''"'~'--" m<• '"'·"' "'"'"' 15 "'""' ~"'" "'"' ''""''""' '"""", Tl"' di""'''"" ""'' """' (, .,,., U., '~ ''" ' d twl<ll •'" t·tW•. '''" •"'-"'l' " " '"' ''"""' "'"" ' .,[,,~ ·,•J 
ccooff, "•""' "'foe O<roe> '""Cl iD<to;., •:1 1 th• 'F"'"""" ol '''"'"'"i'"'" (') •"°" "'°';""" "'"' t> >io1 '"""~"''"' - .... n U~ ""'""" '' " ;oc,j !JJ O>i"IJ moothl1 "'•·•i• '·"" '''""''· eOth t·o;a.-·l to th< f;c;t ,·.,;qn 1oc ""~"' ;"'!''°""'"" oO,..-.~ll~> oot#~·<> ,,.,;J '~""'° '""~"J "''1 "''•to <Llo·>i•l' pc·>bLeo" "'"' •J•'> 
c0>ol"tl"' '"fat""' >l<d""'- rt.• Uoit>d Ctateo "";o"al ."-<t;>.;tc .O>ji" ' c....- ;, p ·.,'"tty i.''fl'""'"i"t '"""" "''""'"'' J""'"''' ci-rul•tl"' "°"'' ~""' """"America " '"'" "' C'> moo.t , "''"i <U k'<l 'O''fl"""""' °""' " hk• •>ill "-0'i"" •b<ct 2i ""'" >'~"•' ·'"'''''""' """''"''°" "'" "' i tiJ """" in tru> " '':iy 
The'''"""' ''"~'"' mo y"' ''"'"" '""'~""'"' "';f'""1"!l tt• '''!'" """"" oi m-,k,.,; ~ ; hot flow thrn .~ tte ""'"'heo> "':"'"" 01 tte •m~"'" of <""ipi»"·'", """""'''"""' ·" '" rt m'1f . .,.,,..~l•le ""'·"!!' "'""""' ' ' ~" '"' '"·"'' '"""''" >h>t '"' ,.,.,,,.,ge "~"\ thrnt~ -1,·, I''" - '""'') ,ol ,.,-.,..,..,rte 
"""" '" " '' "" ""' ~Ol' e ""' ' ""'"' '"'"''I'""'~ ;, " " """ '"" ·''''"~" ""'' '~ """"' l< 1".4 m·n (<oe <~"''"' •1. ,,,,,;, "''< "'·" ,,.., 0\ ol " "' ""'~ "'" f"~.h~ ,, .,~ the" ·' "' '""' .~ f''" ' ''""' " ' ,., "' , ,,. '" lhi< l"'' ' 'I'"""' t.-.. ·~•-' • .. . rr. '' ""' •'"t·' ·d '" ""' 11;,·d '"'''·"' ' • ·'"·' ''" '"·'';"< '·'' ' •.hel "" "' ' '·'"" '" ' 
th' " "' ~ 'llrl,- 1Jn10 st¥ "" ,.,,;i.~. •. l.c ~»• ""' olO\I ""' t<· ''·"" "~ '~ i :tio l '""~"''°" I>''"° >«<.!\· . 

\'ih•; e>O<ol>tion! "''"'° in ''" '"-"" -•"'"·"""°with th• ~•tpJl ol > ,..,_;or.•l "'"'°"'l"flle>I cont..- o:" ,,. c.c.~ r0<olt! -·.od "'"",..,""·'bl•. "-'' "°' .,.,;,..t,. <>ti~•ttet"l' . Th• Gee, '°"' ;. .. ,.. "'°"'"' od<·, ,..,,.,,.,. thM ~ "°' "P"""" by m0>0 •>0nth.yoO..M.tiOf.> t.<"''' • "'-"" •·»llor th,. <tor ;, ....,, 
s;ruu iot;,n t>lOO.t> ' ' "' olf•n"" '"""'"'!• "" """''!°"'of motion'""' """' "' flll lo"'" V<i'h ' '' "'" °"""'>tfo>!. '"' I'"'''-"" from hi!'" ,.!O.utiOf, GCM !1f"l'"°"' bo<»m• >'t>IL>D:O ,;,,,p:. opo<"I"" In G>S <>n "' ,aj "'..,;.,,,,. ""' Ito;>< "'" •til t=il~ doll"'" ' !JI""'"<!>,,. in :hi! '""' 

»me >d<lti00>l ln~rm"lon ~·ow ld n.... O..n u"1ul !O h>.p "'"" tt.• 1·•i><M iMI""-''·" of dllfor•n< """"' ol or1~r lo <'>I<"""','. TO. "' o~ n hot1•, ""' o:cld h""' <hed "'°"' ll!h< on p-oD.,....; >O>Xi>:ocl ..,;.n u:I,;; r\onlhl i '''"!' ''-""'· H •I., wool; h> '•'' O..o l0<>""'i"!: "' ' "'''' th> 10<,.lon< whero 
cawlmcn 'e ''""""" '"" ""'" '""'" 'I '"''"'- In "'";'•'· ,,. .. .,,wet"' m"' '"' ""' '"'"''"" rne;'.d "'"' '"'"" , .. ,"In"-" '"""' ""'"""'" "'""''""' 



<1 .0 SOIL-WATER B.4LAHCE 

4. r Methodology 

4. 1. \ Model ~riptfo•ta 

lhe wil-water m ince m«i~l t-'ies a sin·;;te accounti ri 5CM'l1e oo p-edkt s.:>il-watM st.,..aie. ?.\'aporatioA, and w.-ter surplJ:. ?.urnl.us is pr?cipitatwn which does flC.t ~·r.tp.:>rate c• rem<iin in soi. storage and hduck>s t<l:h sur"'<Ke attd sul>surfa:e n.roff. the cons.e-vation c.". mass equation fi>r soil-wattir can be writt!'n ilS 
hlllO\'r..: 

ltt EqJ-atlon" 1. Sis ~urplm, P Is pn;tdp!tatlor E ~s ~.·;ipoc·Mlon. w is soil r·.->istt.in?. and t js time. Hortmntdl r ·!)Uon o! w"ter on tM l:ind U"f~e or tn the- s.~l rs not consld?red by tMs model. $").)W r·?lt was also not consfder\\d i"I thes? compu~tions. bot th1s p--obablydoes r..ct introdu« si9_r,ifica1t ~rror for ;i soltyir 
Tt:.K.i.• .. , Willmott l.'l :.11. , 1955, 1.b ... ".l .. 1il>L• J :.ima.•.<: :.t.111.1111.: U .. 1l wutJ I.a.: iuLlu~.h .. 'l.l lt.o .u.A;OU1tt lu1 :.uuvv 1111..-'(l. 

At tht islal'I«>. it woold SM-ill that th~ rr ost nat..ral s:>atitll cr,it to He in 11 soil-w11.tfr bal :;.Ac~wculd be ;i soil m~ U.iit, b1.-ttlll?~ map units. hav~ •ttry irre-;1Jl.ar shap;>s and <a wi~ rangE> o1 siurs. ~J!e climate C:.t<i tilS? pl;i:; <an important roll!> in tle' soil-water "1lil~. the <ells ~eneratl!>:t wfle-" dimat~ dat.oi ar• 
iill:it p11l.il.,,J l•1ln 1t~'t••,1 g1i!h.1 111 .1 i•~1 j .. j~ d•,i11;: fm vw ,•:. llu-~ m11Udin~ onib in tl11 : .,nt w.1l(:I l l..'l ,mo.~. Clim..-l•• J,..t..1 i11L.;s p1.1l..iL1;11 · •·.t.11 o.; ~1 il.l l11,11 ir.. , 111; oy ... I iu t l1i.,. \olol.I'.;. 

I\ major SOUl":e of Ull09f"t-'inty in ~uating t.qu11tioo >t . I is ;;stimatini; the evaporation. t.s.tim11.tion ol J\';ipor.auon is b~sed Jpon l<.1:w!C.e<l-i_g. of potantfa.l eva,ootr<Wlspiration, wat~r-hokiO£ asx+~lt'/ of me soil, ~nd ii mo~ture e:ittractiO<l functie>l. 1 hes& cor-<epts. and <i methoo for 41' .. atn.ting t.qu;itfon -1. 1 ;1'9 d~ncribed 
OOl.ow ~;ii consl~tlM oft/IQ JlOtGnt'l.;il QY<ipotr.rni;p.tr~tlon OO"IC!?pt 1s !)f(WIOOd tn th? s.octbi\ ~ . 2. 

4, 1.l t.>escription cl input da.t~ 

4.t.J. I rrtmc:1< ri1M 

Glnh..11 ,1:;t.1 .;P.<S nf 'lmir ·unmhl •1 mri1p;ll';;mre :md precipit:itinn ir1r.rpnl;'ltF!d m.; o. ~ P.ridwe'T! ohui'V!fl tr.· <ll'Wll'l'J•T ou~ fn to tM univertJty of '.)f;taw:irP tclh1..-ue.~~.u,lel.edl!:1. Ttif""..r. '~it.1 ;ire fmm rtie "G!nh.il Air Temperatur? MK! ?mci:>it.;ti;,.., n.;;.\ t.rrhi~" mmpil flfl D( o . I ~;itpc;, .;r.;I c. \<!illmtm_ TOO p·p..; rit.Hion 
;?$tin:ates wer7 pf'eYicuslyccrr~ted for £~£1? bias. l.lata fren 24.~l~ «mes.trial Stations and :l,US <l<6aoic glid PJ-ints We'll usec to estirrate the precbitatic'.f fleld , I hedima.to-.og:y is la~el;· ·epresentati\''? of tt,'? ~·g.Zlf'S l )ltJ to WtlO Wi':b ITT'>'6 weigh: £i'.'en to r~:ent f~t.1 ·1i:h1 ;-ears (l.9£«tas and Will · tott, 1'i'i0). 

Gl~l ~sthn;ites of ·~tult·9Xlr~ctabl9 water o.~c1t~" r.~ rieent.y bi«lr·t ~~l li.bte M 1 o.s ~o.:J l)\.111'19 d1'fd '.'lilt1'10tt, 1996). AS VSid tn ttu~ repo·t . \tli tennp!cMt·e"' ' '"'"l.>ft ~'Ctef :apodty is E1Qu··1~\eot to woter'·hol~~ .:opocf[y. one l'i'WJn &h~ for 4.19.~.opln~ this ~lot1l d~til~\Y~S to eh1nlN1ti me r.li'lilll for 
;issumfn~ spatfalh; hvarla'lt plar t·e;(tra~able waterr capildty fn sc.l.-wa!err balaoc? OOt'l'te>Jt<i!k-m made over 1-arqe- area>. lr.fomu .. don tibout sand, day, -3rganlc OOl'.tent. P:t1.nt rootln~ de-ptfl, and OOriz.)fl thkkness was u~:l to es!ir u-t-? t he plant-en•acttible waw <ap..'ldt-/. ri!\ure ~. I 'it!OYlS t~ Cis'libutfon cf this pao.me!E'r 
ttuoughout Texas.. Thi::' global <MOl'-agti! fur thi~ ~:uamal~t i~ !S mm while the aw<age in T~ h 1.4) mm. 

"· 1.1.J O~r. 'Kat!>~ E~uporotio.'1 Estimat!?'S 

o-exe; 
·.Naer Hol .:..ing Cepaci:-{ (mm) 
CJ€0 - 116 

~ 1 113 -·143 

143 - '165 
I 1:111 n /l·, ;m1gi:. 14:: mrn 

- 1G!i ) }fi G >bal ~mag >: O& mm 
• m-341 

F i g:u~ 4· 1: Scil~w~t« Hold ing Ct.p.Mity (mm) 

!..stitrates oi ~water ii\'aporation bO\sed upvn ~n evaipc.nition m~urt"""lents •nert prc.•.1ded t,.y A.lfr~o RY:lniue: at thi' I eio;as W~ter 1Je-1t.'1pnletl! uoa.ro (IWt>U. l<J".r..:1. lhf dilta O)OSJit oi nlonttl)' ~W'1'3.it trWS rer-"-'Oir e-.~poratioo estiniatts for one deirw cpac:--an9tes in ~nd a1r<xmd 1ex1i.. ,\\Ont t, .. -,. data for 19-lO to 
11)90 Me a .. ·ailabl.e in 1S (]uatlroin?,Les thotJ!_tlcx..t T!!Ll~ And nmn<h1·;1 d :.t<i for 1911·191)0 in ,vi '1 6:1ition."ll 28 q..a~an~le~at t"ig. bot rler of TeKas. H.e<=in nmn :hl~ •,alues. Wi!l'e O'lmputerl fmm these •lat.a a'ld used for es.timillt0?$ ni f)jtf!ntfat evap:ra1inn i1 the Y.til·Wi\H ' bal.anre m.r:J!Atinm. Fi~ur~ 4 .2 ~ l"'I~ ere :ter,ree 
quadr<angC<? index m~p, sh~ded tc- indiwte whei·eo data are- ~·..a1tabl e. F1guri' •I,:) s-.,ws mean annual 1'9;ervoir ~ration. As <ifl alt9mah•,9, ;i ·;tobat radiation dab ;e : Ceocnbed in the ne:.'Ct section hc.s recentl y beoom& available tfl;it racilibhs m~k1ng potential ~porabon est;nut9! usi~ th9 Priest19'i· Ta~i.or ~~ticn. 
This n-Moo:l wM ~lso 0015klereo for W) fn t~e !Oll··,..Mer b-1.~noe conlpuytions An ff'islghtful c:om~1150n cit these tw0 mec.hods for ll!sthl~ttng ootentlal ~rAO'Ms:;lr~tle ts dev.:11bed In se...."tlon ;1,2. 

Figu re 4-2: One Degree Qaadr\:lngle Index Mup 

4. 1.2 .4 Radiotio..-. Data 

4!lob.ll r.'MSbtion d:tta ~ re<:E<1tlym:tt:le all'ail:tble rnakes u!>ia3 t he Piieu.~Tay.or ff~thod a f-eoasible opti01 fof@"itimating potei\tiai e-.. apot'al'l~piiratbrt in lar~e sc,1le $CJ·:i~ These 1...'!b a red-eoseribed byOameot". et ol., 1~1 aod w·ernobtaioed by~noo>'1'10lls ftptocb~. tarc.~-. . gov. The data S& i rdude!. lnogwa.~ 
;;nd shortw~·,e r;ill!fa.tton f.ux estimates for a 9~ monu period 9xt•,dini from JLS 1'A!1 to Juneo 1'191. I he date. asi-e- g;hoer. on tile l~~Ci>equ;;l-a ·ec. ilid wf\id': \as ;i spatial .,;~tution of c. 'J at the !?QU<lt'r. u:imell et at.. 1'i'i2, Ci>>Cribe 11:tvan~ in h;>l.lt datr. art~ flux iest1m;ition a\golithms that imp-ow- t·~ ~.ity to a;s~s 
tlitc> r~"ldlt1tit1J• Lutl~IA tm .1 ~lul'-1, :.;,....1l11. !t lfAA- Wt<t impr:wi.~munb ll;.•'AJ u 1r11J fuJtn thll lrWm<.ttitin.-l S..1tfollil@(!t...J Clim;_t\o,ligy" f>-oj ill.1: (ISCCP/ .-nc.l dll" Eill~h R,,.Ji,1ti1)n &11,!-~l E.,,,~i1~11t {EA;::) O·;i•t! thii. 'X'rnllitu l.l;,tt<1, tf'il' r..•1Jii.'li~·1 buU~flt cumpiJn~nb thilt c.l'trllll 00 m~Jtl:'tl di10Ctly <1• I:' ~til''illed irn~,.J1;ntl) ui.i11¥ 
physic<:.l ac;pn»~s tlu1t h;..,. ~ v~li~attd .. gtnnst s.rface obW....,...t1ons. Acwd1ng t., Dame., et' '" 19"15. lcne,wa"9 flux tstira.tes fall witrin - I · 2S Wtn '- of s1,.1'11.et mt«.5'.1'9nltnts while Whitloc< et<1(., 1995, tstiru att tM ilocuracy of 1hortwa,·t ~tnatts to be within .. , . 20 \li111;i: cf ssfa09 n"l&~SJ remtntt . For 
comp..1rtv.in, tho snr,rty re.1J1rOO to q.i.1r1::.r;ltC 1 ~lm/d.;ynf ~tor 1s J!:n.tt 30 w:m2. tr. thi5 sr:1...1jy, n.x r.)t!1;.tlryr. (Qfl.1tv~l~'lt to OQl shorfJ.'Jm - rt;?C longw;i•Jt?) fs t.J~d 

4. 1.J Water-ho(din1; copoc1ty ot the soil 

Ira c..rdr,ir to c.akul01te dK> soil-w01ttir bw-!!_?t, a n ?itim;ite of the soi \'s <ibilit)' to store wat?r ~s requir~. Sr,i·<'Eral t«ntS are us?d by soil sci1?.1tists to defir? the W'<lt!'r stora~e cap<iC'ity cf soils oot.1'.o?' dlffer?m: eo-lditions. The field capadty or drained upper lin'it ist!efined as the W<it!'r ccnem c,f a sd . tlaat has reac"<?d 
~uili.ll 10111 11.il11 o;1.wity .-1t i;_.1 ~"M.d w.~ ul '11di11.t•,i-#. TI11:1 l i1:1ld t:.fl.Mdty h ~ lu111.liu111 d ~ii l \','!hl• 1:1.un.J01 >.U liL Ll<llll?ttL Th!:' p:;1 ru . .-·~;il w illi !lf:,! p.;oint u1 f.ow.:t li'u il ul d.v.Ul.il.11.1:1 \'Ml4:11 ht1'-'li111!11.1 .n l hi.o w.-t~s o.,·1l1:111 t .1.t whi1.:1 i;l.inh ~· fYJ tull'.;l:}I ;;ixls .td "lw.,;.!ll1 ~-..t.,;,inir•~ (JUl'Lil>' ul Yld.l~ h·Jrn Ut1:1 ')Oil .im.l INl;iu tu 
wilt. Ty;>latl W<"tion ·1~lviM tnod~~ with th tittd ca.~C'lty Md wtldni potn: ,, 0 10 .. :i-a (..o. 1 ~rs) ud . 1500 1-:Pii {·15 t»rs) rHptett.,tly. 1.1 .. , w~wr conttnt, (i~d eapaelt'J lnd !*'n"Uflnt wflt1ri pc>tnt i,.. <ftflntd o r,• voh ..... ,. ofwMtr per volurr.t of s.oll l»s!i. Ttt wa.ttr ""lll~bl• (or t\'Jpova.n.spll'Jritlon :1fttr 
dr.ain<ip-,f! ( r,r tit!! ""<lllillhlP w;i,t."!r·hnldn~ ra(\'lr:iry) k clf!fklf>.t"I M t tv> fiP.lci '"fVlr:lf'/ minu\ thP. J')PITl'l.=inP.nt wflrin?, nolnr. T~t.li! 4. 1 ~ho'P.'> Vlfl'lP. rvr.iral v.tlu~ inr .-.~il'l i)!fl! w;itf!r·hrulin?, ~-.p.vft\'. 

O.H 

0.14 

o.i.l 

0.24 
l) .. 3(} 

o.n 
0.3.i 

O.l6 

0.3(i 

"VC1lu<'~ ubluim:d ; ·om ASC~. !99C, Tc.ii>!<-' 2.6, v.21. 

O.fl.I 

110.10 

110.12 

11·" 
0 .2 1 

110.21 11~. •s 

For ~etini calcula:ior.s, it is ~efttl to know the to~l ;iv01.i.aNt- w;it...-·holding; c~p..'lcit'/ in a soil profil?. 'fh1s """'-'"is typi:;:;lly e· .. p!'e'"..s9'j in mm and (<in be obtilinl?d b'; int~ro\tini th!' availa:>!e water-hol.dini cap.'ldty ONe'f t t -!' effe-cti~ (j,t>;,th of the soi. l<i:Jll'f". P. one 1reter _s..) il la:P-1· witr a unifonn <1vail<ibl.PW<i:t>r· 
htiliJh~ «.'.\.1111.liltityuf O. IS 1 .. 1i. ~ t •,t..•I ,\,,\1il..-l.ll11w,,t!J' ,ht;lllin!: i;.,1 1.i.idt·y tif 1 ;I) mm. ='1• lht 1 ~1,•irl(.'81 <,ii lfih j:-01 jN•, l "1 lllf"• W<lh>I .t11;ldin!: L<.•~11.,dty mtt..mi. (tH.;•f um:fobl.- w~tl!t-~11.ilr.l in~ i:..•p.ldly i11 1.miU of nun Th'J W-1lt>'t· t1ClJir'!: 1.~1p;;_11:i ly h J4-rSJt.W witl1 ·,..·•,mi.I t11-i;J c-1.11 · i;nt 1 1'1'.~I of n·1.1ht1.11 '1 :.W1..-g1; in l 'llJ '>l.Jil is ;,l1,.'t11Jt9d '1¥ 
w (mm]. A 111.fii water-hol<hng a~c1ty implie. ~ l~r~~ 111; Jil.l i"·'i,~)(r~ratloo 1fld ~natl 41nnu~l r..ia~f ril1tlve to 1 sroil ll water-holcliog cai»clty under U~ Sill!Yli cl'°na.uc OOl:l\ioos. 

~ . 1 .4 E-;tfrNtlng Actual Evapotr.:tMplr;nlon 

To ertim;1te the acti..ot 9Y'<apotrr.;~ir<rtion int.le soil-water ?Jdset rr-ett1o:J m<in:; irwesti~_ators 1a"'9 used a sdl·n-.oisture 9Y.traction ft#ldi-:>n c • ccetlici;ot o-t ?l.'ilpotranspi 'at ioo f which r;?!ates the actual 1·ate: of 9\'apotranspiration to the pot6ntfal. rate of evapot-anspiratirm bai6d on some tunctioo ?f the <Current soil 
mohtu~ 00-.to@'nt )r.j 'M WM~"hold~ C!pttcit'/ 

E=.f '*'FE (4.ll 

U'yd-:. 1983. 1 able I, {f'f?1nttC in ~tlcrt.ewortt •• 199l, IM>lt 4 .J .!:) ~5 ~ s1.-n imry of some nloisture • .•tra.ctio 'l functt c.ns u$i-d by<hfftrt rt 1n\'titit~to1'i . . \\lnu a~ \-!i1lk.r, l'J9J, Pliur• ;, al» ith.1mates w-.-.r~\ MOUturw e-xtr~.;dQti fur.ctiOl\S. .\,I.Jn)' rtse~rchers Ji'H ttn soih show the ;enera.l p.'ltttrn ol :>eh>\oior 
tfl;i; rr:ilstul?. is einrar:erl frnn1 the <;ni, <ll the rxitemial ratO! until mme o·irlr_.-.t rnof~tur-= CDmi!"lt is reached wheo evapntr.v·npiroltinn is "IOt lonpermr rrolled ~·mi=-tenmlr'! it'_:r.I rnnt!irions . llP.l.nw i hk 1Titir;il poim, the1'P. is a df!tlilli! Ir so:I rn.-.l!.nn e:<rracdon until <he 'Niltin~ l'.!Oltn is read".?.d. Tti1 type of heha\'irw k 
ill.:st-atlKf t--1 Shutt.eo.v.:rth. 1993, fig1,. "6 .. 1.<1.3, p. -i. ·1 6 and ) ingman, tSS 1. Fi~urg. 7·21. )t\utUeworth, f993, notes that tJl6 critical moisture .:ontE:V.t d1vtded b'j the held a~city is ~picallj# b7tweet1 O.S ;ird 0.8. The type ot n °'stt. -e extraction fJ xtion j.J$t descnbed is cor· noolt• a~iEl':I t~ situi.tfons · .. ;1l90 dailydi r ut9 
da.c.- &re uwJ .. A sJ1rpll"!' ful'\Ctio.'""i tt1 .... t11ch th8 r11~fotJf ~tr~Asplr.ui~ '(l potlJ'Kf~l E-'•<'l)Otr&nspk'a'!~I\ ts i:roport1~1ul. w tM CU"l'ent "llotnwe level. f • w'V1·. hM b!!rrtr. .ii~l ixtwtl~'l b0011Jtlnt with mont l"tlydlr·11~ \'M•ts ~!'Id this futictfon Is used i.e.·& .. 

TI'll?-1'=" dll:I l 'awW·.:~,. lu 1,.--\i11i; 11fa1pl1.> !r(.i. 111ui~U·~ ll:lX.IJJ.d.ion l1.11 11...1.iu1 1~. l111fa.~ W:l:ll.l un d ft1rd ic11u4:u il11Jlli:lt.1lif .4lo11-,,, J'J 11t1L dU.n.11L fUI ll'N:' iilh:ld~ ol W:1g~t.lliu11 . A.\i11!.=£ •ll.! W.41k91 , 19~3 . lill!f litlh.J ~tul11~ thal 11l1ow J rn.i; ,•.;1 y v.ith µoti;_.nli.t. 1:1•1.-pohdt"41i1.,;.liu11 k •I a gi\11:111 ':llli. W\rl11!:!!>'> .-11ll) flld.~ .t.?::U v.i1:,. wiU1 J:MJ · 

1;1t> fndt:<. I' Ml<itlon. :ht spltb.l \1111Hfi)n of w>tt1'-hcl<lfn! «iptClt'/ ts dif'tcult t () c!tttrtt)it•. A Mw and O>Uibly t-ftttr approa.ch to ~ttnnht tht rtbidonsMp bfe:wttll ,:laint :rwptrutoo tind PottMilll t'~potr;u-.spiro\tlon ts t:> cor 'tl1>tt f vAdl sa.ttllltt·dlrtvtd (ndkts of ~~aitlo'\ 1><tivity so :h1>: f wfll rttl tct pla'l 
"IM'h1h u:1q~ .1nrl 1t.'.' r.fl."ltlil ~f't.1dnn f\Ufr.r'H .. (,IJf"'l:'ln .i"l1 Rul:h<r...-;t;o ( 19~'-) fn~:itn- rt l~ pnr.~t:illf'1'. I l;fn?, t tr'.'lr :ipr.r ');w-h t.till l'r.(jllhY?t .1n pr;rlm;'lrr. d pnrr-rrt.1l 1"!W1f1(!i1'.1nr.p1r.nloo rn qr.< ;vJui t?V:1f"•rr:il\•f!lr:ir1m. 

4. 1.S 61.#dgttinc soil moistur• t'\> yi•ld surplus 

Soil-'Mtel' bo:J!:lrt v.i!cthtions a ·a cormnonly mall@ ui.iug m i:1nthlyur Wit~· rainfa.l tuta.i. :>:taui.~ ol th'J w.iy t.lala are u;o:nJr:/tl. Comµrtir,g th~ watei :ulance ma .i momht~ basis in..olvelS the unr1:>1listi: -a~rrplioo that rain fa\h at coni.tanl low intensity thro11~·1.1t tha n~rth, a11d .:onseQLl?"ltlV su1rit1slbtinaat..,..,. niatJI? 
u!in~ monttl')•valuts ¥9 t1;pie11tl~ t ower th<in tme nl~de using daily •1;1tufl. 1n dry loca.ti?11:S, the MltM pott•tfal 9'/i\per.aition for ti ~fvtll montt u.;iy be hii:N· W r the meM ~ipit.aiti ')n t1nd bu<l~ttl "f~ with mont '"ityV11lues may ~Cl n ro si.rplus, ...,. ... tho~h t '"ltr• is JOMlt obS«\•:t runoff . fer tli~ ruJ<in, thot us. (If 
0..lD'J '•.11111'!'. I•, fll't'forrr.<I OW!f nl1-.m;hty v:i:oos. vlhr.n fr"idl'fo, 'v"t rt.:i11y t .orl-gnrfng !.rl ll t!;.y, nnt .vh'j11.:irr:l'1 'IC'!'.f'rl!'w-"nrm n....nff rh;\t nrrurt. wtlr·'l thn prYlplr;:itl'lf'I r,n~ rnt(f'?f'l'IC: ;:hr. lllfll11-;:irlnn (.11\-iMf'; ,,f dlr! '"J'dl . fJnn rlr:mhr,.1rl.: M 11~ng tl~U~ tl.11.1 1<. rh.1t Ir I~ tf1f1lnh 1.1 lntfYfl'll.1t~ rl.i l!yt',)fnfall •W'.'r q\.'l<r? . F(' r til.1'! 
xatf' ... hle stujy vnderta~:en here. tile "-se of ~i!yd.lta w~_s tlffAlN too OJmbet¥.t'lle. 

Eqll('tlon ~. 3 dtw.::rit,es. hl;w !()1l N'>:;lst\lr& soonge fs C'•"lf'IJted. 

Ill CqJatfon 4 ), w1 ts the-o.rrert ~moisture w.,1 ls~ soil me.ht.re tn the p~e-,ious dme step, P is ;>recip!t«.tioo, PC Is pot'°tfal !'Vapotranspfra..tion, Si ls th:- sorpt .n fn ii ;,lven day. f ts th~ soil-mc.imlfe extr<iction function a1d W" ts di!' Wiltf:'r-hot:llll!I c;ipacttv. \ '.'ft} 'llOrithl·,. datfl., compJtadom are made on a qoas-1· 
da.it~ basis by usunltlii thllt pr+..."IP.iUtio" MC ~entiri. e•np-, tra.ns;iiratlo-."I f.or a t1'1tn da!' ~ 9<1ua.I t(> tlaeir rispe..~ monthly~tues c'i,idKi ::t;• the number of da}-1 ill the OJn'i" t nlonn. Whio tvatu.-tif'it ~tion .!. J . 1f w1 <:'ops lit.ow :ero, ttli 'l w1 is s.et equal to 0.01: if w1 > w•. lj\fl\ tht n.~plvs for thl>t Cs)• is w1·w· 
and"''" wt equ<i. l :> w•. T~ soil-molstla'e (IXIJ action function f =11tw• was. us.9-J for this S.l\lt,t· 

'4 . 1. f> 811rlant:ing Seil Moistul'"e 

If tht lnftlal son mc.lm.11·f ts ri .. ~wn, whh:t~ h typka.ll';• tl\w cue, a babrci~~ routlrw h used to rcru t ht ntt chu·~+ tn $01: mo1swre from the be~fnnfng to the end c.f a srlf-:lf1i4 ~b. ne!ng, ptiod (N dm9 swps) to zero. To do this. thf lnltlal soil molm.11·• ls S9C to the wu...-.roldln·~ e11p11iclt}' M~ ouclgtt olc\.:1,11uons art 
m.."lrlk> .IP to t1':! thTIP peiind {P.!•1) The initi.1l <,,; ll moi .. 1ure Jt tirll <> I (w1) i'i ther 'if!\ef}IJ..11 to t"IP.<,.0il 'l\OiS11J!f! .u dme t-•I (wl'h 1) :wl 1 oo b.~i!I i~ ' f!·tnmr.umd until therliHen•nr.e 1·1;1 • wi-, 1) is 1£<;<,. th.n 3 ~fiOO f(!l:?ran.."P. 

4.1 ~<>tt'ntiaf Evopotranspirarion 

01l9 .-.~pEM..t ·.·f thl!f w"il-w'tQ; IM.'~liit tlldt in"" .. '?'i s:~ 1.ill1...i11t ufK..91 Liliu:y "''II.I iuti1 ... 1~!1it~· b ;h\in <i.t1111: 1-Nt1:111UC.l QvdJ.ll.ll1..iu')i.:11alion. b t UIG u.< ~'-'!Jl of !JOlto)I tMl """'~.._,tta11s.1-1i 1 .,1 tic.•fl i~ <t111l•1~uuui. '11 ih9lf. .. ~ 1.11:v.6W'1 io UN 111it:<.l :i~tiu• . Twv 1-vti;.,.·11J;;.l £w<i~i..in'ii;U.4Uu11 .:isU111at...r.. wE119' w11~it.IQ-EM.1 fut tl"i:i stuc.Jy, g1us.s. 
reset'l>c.lr e-,·;i!)«"atlc.n estln ates frv~\ pn coefficients Md estfmat~i nude uiin% t t,e Pr1estle>J'·- a)toi· ~:p.iado.n . AS c lscusst-d !ater, the srosi ~lofr e..,aporiltlon e.stfma.t~ are cc.r,ifdered to be~~· th~n t t,e Pw'lestlE'Jl·T~~tor E"itlm~tes for lie In tili' Sl)ll·water ~.ldg.tt cala.lat!ons. 

Thcmttlwait-!>. 1948. first J!ed tr..- conCE=i:::. of pc:t!Otial ev~;:iotr<ir.:si:iration u ;i n1~<iningf Jl mf'-:.sure of nioistu~ d<!l-,1and to rtp'.ace two comMcn ~::;.tes. fo< nlOhture d~m<ind. tfmper~tttrE> and pan eovapcra.tion .. 11ote"lti!'.l ewpotnnsi>iratio 1 rtfen to the B\il.Ji nurn r11tt of e"•apotranspiratbn fronl .- larjE> ar"'a 
t 1Jmpl1·ti!>4)1 ,1t•:l t.1rirrnml) •:11111}u-1J will. g1 h•tM 1~ -.,·~1~ 1l i1111 ,1rn l wih ,mo ll i111iln l muii.U.11 1• ~, ily. Th"il"I i:. ,1 11i ... it1- :li1111 l11:twU'l.:ll tJ10 l(mn 1111f.l'l1ti.1l 1~v,11lfJ.!rt..'fJ~)i1.1lM111 ,mtJ 1111l1.- ,ti.1I f.!••\lf:IJl~•li1111 r111m •* fn~: w.1{1:1 >l ll f,•1n 111•1:.1~ f.11 l ... )l.ll"t .-:i.!ol rnn,d.1, imp1,'IL.m1n,1111J 1 ~,ml i;lllW(l1 ~,1g1~ i11nvt-:rn i,:: ' ""'' l>'1h,11r_,pit .. 1li•"I 
bl.It 00 no; i-1ftuiOCi po-;enti~ tviliporitl\>:l fr<--n fr9i Wilitil'" sur"'11ciS. 

Sftts:i9rt. 1982, nows on pp. 214 .)nd 221 ~ 'Gm~rk::.ble sln"l!~rft'>' In tho llter~t.1'9 JnV;n~ obsen/Jtl«ns. of w;w tr..~ fr.;:,1n short ~9<~000 sorf.)oo-;. ;\nd f"OO W;:'lter w 1i.)OOS. ~ 1>0S9"; ~ pos.;!bte (l)l)!"f'i;\tl(ln tt\Jt thQ s.r:o1n.lt;:"1l lt\~l\C9 t i) w;i.tQI' .·~por .jlffv-;lt)n In l).~rm fllJ~·OO Ci)Unt<i-'b.)l ;'lnood "' l;:'lrgar rou! hn(K·;. 
value$. S1gnifltMt \li ffore1100S lk'l'-e beeo olY..er--00 lr.'tweeo poteotial eva,ootrNtSf)frMiOtl from tall ~~ath:<i JOIJ p:Jtentl a. e~:;·atlof. fr\>rn fre ,.,,,tef ~.: rfa.-es. Ire CfAl'rlOOlf' l6e(l • .. a.ue of 1 Z6 tn tt.e P1esttey·T1ylor ~oiOOn WM derived u$1111 ·:ibser ... atiooso>;er both ~l w~rer as\IJ sat..-at('(! IMC 1urlares. F« t"e 
n'IOS! part, !he teml pote.~tial E".-apo::r<impir<itic.n will be used ill this P"&n' and. a~ useG. includes water toss Cire«ly from t"'~ soil attd/or thre1..; "I pla'lt uans;:.iratiu.1. 

Althou,h not used direct1.» in ad> stud.,.. a bri&f ~ .. >f the wkJE.1·; Jred Penman equati~tt serves ;is a iood starti~ pt>int for discussin' tile e"":.tilllation ~f p-xencia. e-1apotrar1Spiration. 

4. ) .} PP.ll~n comhln(lrlnn methntl 

T'f'f'll etiu11e1 19f1U flll W.t.pt.11 .ttivu tu l'-:t.U• "'" ;.n E11 1e1~y io1-1ot <inc.I;. 1111,11J1<4msrn fu1 U1_,, l1<i11S1Jt,•1t ul w.i.t91 .. ;-:.w1 <t"':rt 1ru111 m~ ).¢:t1.11 .1t~J )UI faw. 111 tii;ht ul Ul is. l..,,,, 1J.cil.lit1u11'4l <lf.11.11'-'•':t..h~ to 111U1.eti1·.: '3o"a1Xl'.illon c.1~ ;.u 91 1.;ir~y l.lut.J~el <1.1J1u<11.:1 <*1'14.l <111 .. 9loto~11MntL ~l'Vl'·"~Jl. \litll U"\9 ""1efyy l.:ull~Ell-:1""*' 1.1cu.h, ll' il 1'9!. 
r~cfhtl-::.A ""~Ha.blt :it the -;:urbc~ (shortWJ.'le ril.dla.tfon ~b$0Jbed lesi loogM1-...e radladO(l emfned} mt it be p1 rtltfoned becween lnent ttn flt..!< :ind senslble heat f.~. aSiumlng; thl't ground h~t flux ls n~s.lglble .. TMs pattlt fon!n; Is t'yp!ci lly 11d1t~·iN1 t1slng ttie Clowt" •ado · .. nkl\ ts the rad.> e-f SMS!ble ~,ut fl.IX to l~tent 
00.lt fluic .. Apprmd~1:iting the hYOO ratio typically requir~ rre:WJ'E!ments ni teinper01turn ano 1u'nidit; at two heights. T-.e aerod'1namic <1pprf'\Jth invoh•es 3 vapor lr:vl\(n't meffidenl tine. thl! Volper ~sure gr:idien i 1'12twoo11 the ~nurawd !.l.ll' f MI! and an :i~irrMl' 'lleasura111F0Ct he;!?hi . Oeterr,.in.:r.tinn ofthe va1:0~ 
tr<ins:>>~coe'"f;c.ii;nt req•.rires measurements of v.1nd speied, humicity, and temp·9rao.re. :Srutsa'Jl't, t:t.-(""" er al., and Ui!lgO'art, present equatio1s foro.ta.itatin~ the ~owei1 ratio and ~·;i;nr t:rans;Y.111 coe:f icients. V/ithout simpl.if»i 'lf; <1.S$Jlllptions, energy budge! <i •:I th9 aerod~,'namic rrethods raqo,.ire 111etE10rol.ogkal 
n~enll:!:nts ~t two llWl"Jls. 

II y 
E ~--~+--E 

~+r b +r 2 {4.4) 

R, 

wher~ Er • ;;p: ad IZ~ - K(u)(~, - ~). ~n 1rnec ra<hatl,~ll (\'1 n 2J, lvisfoltentheat o"'""'pori~tion [J "* 1), Pw is densit'jof · .. ;ater (k~ m 3], K(u) is a ma;s tr;.r-sfer ccefficient, e, issatLVat~vep~r pressure at air terrperature, and e istheact~>al ~r pres.s1.1re. 
n .... ' ·•Ull<ltl ""'1U.itil111 i\ d. wtrigh\9J ..i\llill.igt' ol u~ rd.t,,.,. uf 9>':llJIJl<lliun tlv~ to 111:1( 1.,1c.Jiati:.ir1 (E,) .imJ tu1l.ILl'J It llWlo\ 1.Jaui.!1:11 (E., ). Pru·; i11;!d llt.4l rrn .. 11.l':ll. dW.JrnptiUI~~ ~I~ 11191 .-111.1 ~u.i,t;i, iflj.1Jl ll.tl..I "''"-' d'Y.4il.;.l>la, Y:ltioui. l umt~O t h"" P1e1111n.i,11 ~Ud.lillll :;i.,,.J.J lh1:w 11Al .tUUI .ll~ ~limdt~ ol t.''•-'IJl.l• •liuu flur11 !Nllul:\t.:.J 

sta-bces.. r t e "Evapotranspirdtir.·1'! a,..l lrriEatino \'later lteq..iremerrts .\'amJ<il, ~ Ao/.:£, l9'90. nfte•s"' ~·f:irmana! am1Mw,n of i·1oe>11f\I P'">ida "' rr ettio:h :a estimat ill! potential evapirati :Wl . .. he top siic rated methods ir ASC.E', 1,.,..., ar~ foirs of the PenmAo equation. (p.24'J) . 

•· 2.) Simp!tr 149tt'lod1 

lwo iimplE'r me.:hods th;it are mu:h easier t<> appty than fc..nus cf t"l~ s-w-.1.-n e<(U"Jl.tion were <:C.'Hider~d in rh1s stv:,·. ~pan ootffident api:roMh and t'le Priestley- I a~ttor me:hoQ. 

4.2.J. l f\m c..1t1/il'knb 

Ev<iµurllivu P.ilfl') .m~ Wtll'llUtll;· u~IXI t•J ~timdte ~n ;o.•itt9 e•i<i).11.11 ~iuu llU1!1 ll•~•u11Y ~kes ~Jl'J ·~9 vviH. T 1·9' •Ct.te "'' EW.qJIJftlti •.111 ii. ~lllM!.liMJ l.11 ll l\t<i)tlli !IC Ut9 t.h<:ug(I Ill Wd.t~· laov9l \'ll U l th ~- LCl.kQ W.tJUl<lti•.(I h 1il)l111:tt11>J l.:y fuultiJA;yil"i tho} JMll £w<lj)Oli'1io11 1.1; <i ~, .• UP-ffo .. i011L. Tyµit~l VitlW~ uf t 1~ fMJ) 1..'Nffkteot 
,,n~~ froo1 0 .67 to> 0 .78 lr, H:.t~s, so tha me.11sured ~"·aporatlc:.n fror- the pM h 'ilfghet thM that frcm t ./',e lil-<e su1iace. Pan <cefflclenu \•ary wi th tocatl>OA ~r-J se.11sc.n .. Tl\e dew'.OJ:nlent ~f grc:.» reser.-vlr evaporatlo~ esd'llil.te-S .ised ln this nuCy II descf'l>E.d bifT"'.'DO, fSH . .c.s discussed fn $eetlon 4 . .? . 1, ~pen water 
evannration and flO(;?rttial E!V.1f»('r:inspirat~on ;lrn C1ften of !.hlil.u r 1:irJ1itutle, jmti:ying the u'SE! af open water E\l.i1C)f)"atinn ~timatm ir. wiil·water b.t~i!t ca.c.1!.ation!.. 

h1 1~n. C.?.. f"e j, .. ,1,ny .•·11 R.J. T ..-)f1;1c :.'nwul tJ1.,1l, (.lld't c1;:fl.- i11 1111.Ji(iMl'Jo, k1 K1Wli'lle': 1;( 1~l 1~1ti,1li n1.M 1! ~ru1,1111l 1l1yrn-::.:. 111,.y 111• ';l,ffic·i("ld 11 + tk:lr~•111i1•; •1.11• 11 ,1·•J .,,11r_,ill11 t11;,d Ao> • ~· ,11 tlll;' E-••lh\ ')IJ' f 1''1 " ',\111:n l,11-:.'l- l.-r1ol ,m .. 'l.r .. {""Iii.: ••dt:. •f lol1rnJ1(.'ll,. uf kilum1;11;1 .. ) llJI 1•111;• ~llVt .111 '1.I, ()•i 1~l1:y .mol T.;~1111 
f9 __ wf'lid tt ;t nit 1!i(hiitto' ts ttli domin~m. <ons\r,.ir t on M~rfttioo ind 1nilyi-r:.I Ol.. l'llifous Ciliti 5-tts owi· .ilr'ld i nd oct.-1 to m.;,w tha.t thi Ml"'9Ction or mai~·~fi lS:« ti1ll ia the P'90m~n co 11btnt1tie>11 iQ..iltlon t~rds w ... il;fcl i. (.(ll'!SU.1t friction ot thi r~diiUOfl wrm i..rdtr ·il'.ju1libriurn· coil01do ·1. Ae<or.;thij to Bn.tu.trt. 
1:182, SI.at\?' and M:llro'(, 1%1, first de-111\ed the «r<::<ept of eqt.r1S ibriun1 E' .. apon1tion as -a stilte ~is reached whn ;i mO'An~ air n1<1ss 'las been ltt contae:t with ;i satur<i.ted uf;1.ce over a kr~ fetch an!l "fiprt:acte-~ •r.ip.:;• saturadon t t .ti c01ufr,!l, th-? adw<tlon (aeroc¥1<\r"k) teml in t ne PE--r "·lM ~on to qo to Z!'I'~. OO!h 
the s,:i{'J']f'-,\1r.fll'O'J ;;nd th~ trf(&l?y. T;a·~~.,,. OOC'lt\ttlons Cl'.W'S.100r the rJdl.iOOn tem' fri tM PGnnl.)o eQll..ltl(lfl to 00~ 1.:iwgr Urrlt for tlaQ: (l",.)por.iOOn fron' .l nvJla surf;:'!CQ:. The ftYm of tt'6 9V'.)Pf.ll'J.tlon «<JU.)dO'l 00\IGloPQd IJy Pr1(Y;tl1JY ;ir,:f TJ){or Is...)!; fcUO' .. ts., " roni;:c:int 1-=l tfnlQS fll!,'llrt,.:i~·s r.ictt;don term. 

~ 
E:;a--B, 

~+y (4.5) 

Os-ine; r.~kro·mtt.OroltJtical. obttM•tlons O'Vtf' OGtN'I M.tt'f1Cfis Md O<-'tt" uturattd l•nd·.s-•.irfacts foltowh·g l'J,infa1l, Prl~tl .. ; nd Ta}ll<lrumt up w1t:t1 J btst·Mtimaitt of 1 .2~ for~ l)l111~ltttl' c... Tht fatt tt_,t Q. u l"'J!ttr th•n o r-+ inc1e11.tts tut tf\lt ~<l'·'teti<ln· frtt condit:loris <lo not t:idst. Sinct 19?'?, st·.-+r~l ot••r 
~rchers ha•te co.1flrm~ th<it .. ., valO?s in th? rail~ t.16· 1 .l~., -e consistent with o~l'V<\tio:ns un~· simil<ir condi tions. ::.ome reseilrclel's Mw foond sigrrifk<'ntly bwer ..-atues far '!he t.1. cO?ffidert. but th.?se cO?f'ider1ts. we1~ found for different types of suf;ces (i.e. ta.ti \?;ertatbtt or bare soil as OJ:POsed to tras> and 
open wutr). Thtr• hA,_.. ;i.,fO bffn IAdl <~dcfs tllat tt.e «eot' ffcltnt nl.-)' tichlbit sf!nlfli:ant SU:IOIVI \'Sriulo" (81'\UAil't, :>. lll ) . 

f11it.r.Ll'Y T .1ylu1 c:.linkllt..".. !uw ~·llJW'l1 ¥?:.I .1~·1.-'\:1111..11l wiU1 l~-:.i111t·l1.a t11f..'>.J:UU.ll11•."1t-., l•J1 WUt p.:..lk .ini.I :.C.t:11.11kll 1..-vJi»t1,iir.a.;i1.)tiU11 m hu11itJ di11wll.."..: how•h')I, U11: P1 il-:J.by T J}'JJI 1..'t(u.11..iut• ;ulr..t.mti:tUy • .. ·1,bo)',,lini.t lt::i. OOl h 11.·Jk ,u J ::O..i:.t:n..ol t'V..l1JUlJ.111:.uir ..tli•.•11 in JI it.I clil• ut~. The ..lt.IV1...'dio11 l•I 1.!1 y .ti1 lu i11 1 ~.it1:'<J 

<•qK is likely t o be ~reater io <iri:I dimates l:o=caus.e .arse satur<ited are.is ~re ra1·e. re!.'J.tirtS i .. a more tlomhaot ro.e C'lf the ad\<ecdM tem1. ~ high0't c. c.oeffid ent ma~ 00 requir~ in ali :I dinates (A.;CE, 19'90) . ?.a!.eCI on :.rid !.ites st1.-dii!d h ASC£, ll-90, 3 ·r.tlue oi cr.~1 . ?- I. 1'S seerm more apprnpri;ite for add regioi'IS. 
Shuttlewort ··· 1'1':13. si:;it~; d'l./lt tl€' Yli':stley·fa)ia.· metOOd i; ttie "p·?fe-: r.9:1 r-adiatioo·t.;is?d r·?thod for estimatir'! reference crop e-1<1,ootrans.:jratio.'"l.· Shuttleworth. 1 'f'H . nc.tes that ~-rars using t t e lllie-stJ.e-r fa-;lor mi?thocl .-~ en the order of 1 J~ or o. ?'J mml·:la.y. ·,..·-.ictK"~r is gr~lt«. and d'-ilt estimat?S should o;'.ybe 
n'<-.le fo1 pe1ir.1th !J( ltm &iy.. ()t l t·~lt'. 

Fi~111 -4 . .&, Figuru .i.5, anU F~ u ..:..6 a;a ma~ ul rne~n ta-·npEral JI ~. tn!hln n'lt 1-.uliaticn dbt1i1Juti v •.• mi.I n' l!an pt.1lk.,1tial ;rvaput1.u1spi -"4lio11 -1iltk> JSing b <J P1~ley·Ta-,1• .. n11;1t!DJ. II. tump;.uiwn bl!t~n Fi~vu .: • .i ·,..!1ich Yiun~ h :r nn.Mn .41lntJ'-ll Prie--.1.l!ly·Ta)toc polll'rrtial i'••apotr.i11~i1<1tiun >1.''!:I Fi'pta -..3 w!rilh 
d'IC-NJ tn.t f'"OSS ,..str1e-1r tvipoi·1.tion is q.iite ~hg. It fs e!tN t~at t:ht Mgtlts.t ~luts cf i•;tf\'Oir fvlllPQ..,tion J ' t 1n V:ttt Tt~a.s witl ~ d+:"tMinf trtnd rl~ ta.s:w•rd. Tht eonvtr~ is true fo· tht P1tstl"f" Taylor est iml'ttt w'tr• U-+ lawtrt \'lluts oorur in \',.st Ttx,;i_s wfth 11 :i fncr+a.si~ trtnd t')W'Nds : ut Tt~as. 
Thf. ' f!<lvin for thP. nnn·lrru!rl'vP., lnvt pntPntlA. P."1.lir·-·ir.-.tr'f)1rM1no P.\1fm~t ::.; frMl rhP. P1P.\tlf!l(·T~ylnr mP.<hnti In l!~f T~'<l\ I<; rr.u ra.'htion anti tf't'llpF!l'fHt "P. ,l;iu rh;n Wf>l'P. m~\ur~·l 11ru!P~ r><•A·ro1rl'!nrfa nntlrlnr,., h.'1\'P hP.P.r ,~I. Th! P'tlt>-;.tlfl!'!fT;iylor f!\ttnur~ ;ire> "l:Optirrfnn.'11 M thP. nf!r r.:idfar1rm (rf~ur+" a. ~) M rtlP. 
earth'-; surface. In wet::er are;.s ot £Mt Tex-01s. there is more water .,,. the land S'Jrface ar.::I itl the ;itmosphere to ailw.trb incoming solal'" radiation .artd this resolts Wi 1ish01· r-et radi;;.tico .,alues.. In addition, gr.g.:.ter doud CCl'IEI'" ;.nd waiti?' '•"«P' ' ia the attlln'Sphere trap a larger pe 'o:tita.ss of the looswave radiation emitied 
from the e<irth. Spatial ""riatioo of surlac• tilbedo t fr.;i.::ti«'t of incident shortwa•~ radiation ref.('ct~) :;.I.so cootrib_tes to t;i_s trend because drier , le-ss v!'geta.te-d .-reas in v/(l!S: Tex;is t<!l-ld to h11•1-e. high•r <1.bi!odos. tn <idditbn to spa.tial b'!'nlh cal.Md by mohture -.ari"tion net rdi;ition values incr~M!' from oorth to south 
!Jt.,·~nr.P nf Uic• c.111t h'.. :J1,r•: .. md 1U. t ilt 11,:l.-lM~ tn 1.111-: ~·· i lw )jll.1li:il 1).1lt~111., h Pl i1.~ll1;y T.1:ih1 111.,lf.1-•11ti,1 1,:v"l""•• ti1•1 .,J111vv11 iu F'i~FJ 4.E> 1~:ofl b't1. ti-~ ~.'o1li,1l 11oo•l l1:1 ir__. n( b;1111n vhsnJ .111c.l 111-:l 1,uli.1lirn1 in F1;;t111,.", .i..4 ,1 •11 f -4.S. 

S9CaUS;? th9 net radi~~ior at the ?arlf$ ;urf;i~ is d~tlt/ r~ta~ tc ttle W$tness c'" the ar~, it m<i)' ~a ~ter i t. 1·o~;it9 for <ictual 9Yapotr<ir-;~iri\tion d\/lr :iot'91ltial e'o'ol.:>)tl'lllf'IS:iirati?l. In ~ion ; , J . l a 1lap .,f 80W9fl ratios for I exas is computed. Ni oisctiS$9':1 in t t i: ~«ticn, useo1 net radi11tioro and temp9rature d~:a. 

i.'lloog wh:h" m~pof e-0'.N>?" rJttcv. m)y bG Jn =-1oorn~tf\'i1' ;ir,.p.,,.,e:fl to ~Urr.;tfn~ (W;:'lf>GQtlon th.)t Fl;!tinlfnJoos tM l.IS9 o' UIQ difficult pot(>'n(l;il. l?'"J l>OtJ".)l'lSpir.ltbl\ cor>CG(>t. 

r-lTt;Xal! 
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fi gure ~-5: Meiul Annual ttet R4di<ttion Estillldtes frorn t he ERBE PrOlttam 

Ill term; of niOlute au9.-Jtude, the stats-...1de :i..•eril£T reser\'-)lr evai;:.orat1on fs rue!\ hi ·~~?r 1G?O nlftl ·~:ear-1 than ct,r Prlestie>J-Tll 'yl')r ~nlma!e 1no r· 111 ye:i.r-' : howe·ter, the v<ilues Ir ~s~ Tex~s i\re morE- eonJCl~rable because tile towM~ re$e!'llO!r E"npo;•titloo *dmues and hfghen PrlestlE-y·n\•li:.r esdnui:es botl\ e<OJr 
here. Look in~ illt the reqilts ol ;:he next sectiai, differences i11 the ~P·-"'tilll a11tf tempor,-il :iIDibuticm 00.ween too twn pomr1tfal evapcration est imams make a ll'g 1Jifferfll'lC£' in the resulting sur:>!U!... 

4.J RHufct 

The "estlts fo:+n\ the ~I W(lter l'l,-.l~nce .:.re oM:inthly fi(ltniltes of EW(lp(l~thn, 5t. i;:lus, and Y'l nloiswrs ff'i rJ~rR o.s grid ctll ~ring the <Jut°'. F'l·~ore 4.7 mvs t.'' me-~n Mnu(ll surpl.os es.tln :itecl hlm tw.:; sepc.rne t -" ·::utatlons. ctw- ffrst Wng t~t Ptiestle-rra~l or p')tent b e'lafl'\tran;4"Jl~<ldcn method 31\d thP. se<:ontJ 
u$lng \he reseM>ir e~<"i.ltioo as pot(-."Ual eYaPQ':la lSpi10ltion. ~h~ the Prtestlo}')'·Ta>'·or pot.°''K'M t-.. apot1<1nspi(at1·JI\ niethod )'tell.ls"' "" J~age of 8S ff•)l )-;>l ( ' of ~ufplu "0'"0$S tile 5\.lte while tte U$e~ the l'eief'Vl)ir evJPQratioo nethod jfetds 42 mm yoor-1 <lnll ti)'} observetl ruo->f: (i8.4 mm }'00'·1 frorn 5-ectloo S) ts 
illm~lhefe. be::vtrerer• tfle-;e two -?itim<ites. A major problem is tlaat thi s soi.·'"'<'ter ba1anc? mc<l?I. prercica. v.>rc. ruoof'" for (TlUCh c,f tM> ~tate even tAoo9h it is knowr, that sorre 1"1..1., f ' C«Urs in t'l-?Se araoas. 1 t1e tirn~ ·:listributior, * prt.:bitatic..-,, acrual ~poration. ;oil rr.jjs,:ur..-. and surplus for tw0 cetls -:.re sl'.-0wn it, iture 
.: • .!. In the O!!ll on t1~teft. t.he·1o:1h;r-hol.din! caP01dty {162.! mm) is nav<tr fl:'otc t.e-;J, br:Jt fvr tlwO:'ll on th!! ;gh~ the water-holdiri!capadtyti l mm) i: e11;~ durfag w."eflmonth~ o-Jt of the )'e'ilr <atld-.ur;>!tA h.gE:'llt'r.lt?d. 

n-c:-cno 
Sul~l ~C (IWYl,) :311') 

0' 
1:::1 , . '50 

so . 1'.10 
~ ·oo - 300 
- :~on . 411x 

flgur1t 4·7: t..l\nool Surplus from Sotl·water ealtw1c1t 

J'"t,..VJ .J AGCNO 
fisU1'& 4-6: Soil·wat~r &llnce Month ly R~ulU for Two Cell~ 

The ~f:!!lf'l\n: that 1hf! w<itPr-hnh!ln.~ <anarii"t P.'1tinlilt~ ll.a\(!n vill ·watr hu'!~ec C"31\ hf 1f!F!n In rl~ul'P.\ "-~ nrvl .J, tt'.t ri~urP 4.? \ l'tM'f<,. ;hp nlP..;n ;1nnua l Viii n ai'\11,"f! (mn l anrf ri~.mo> 4. 10 v. ,WI\ tt:. nlf;.=in <lnntr.:r. ... 10 mni\t11rf! '11vt.fiP.11 by ch"! watP.1' b.'llrfln~ r;ipoi.-iry. ThP diffP.l'P.l'll'P.\ in l"i~ur~ 4. 9 nnrl -'· 10 nrrur vvhfre tllP. 
scit watar-holding capacit-1 has a timitini;; e i1!?":t en EWapcratbn relative to !U'l'Ollntling cells. 

ftgur~ 4·9: Mean :..nnwl Son Mchtur~ \mm) 

~J~~~.~ tmrn' o ~.2. l5 .~ ' 

H :s:.i.3 -:.i •Ui 
54.6 . ll.9 

m 11.s . 114.1 
- 1::14.1 ·:S I~ 

The •ucllmentary sail-water b.llance aw•o.1ct .15et'.I in this study 1>1·cr.oi:l!!'S a quatiL1tive s.m;e of h:aw precipi tation is partitinned tiet· ... ·een n.ni-ft, e•1a1io·atioo, and sc-il moi<.turn uc;rage. n~ \I.II'!) . .£ and soil n101sturn \':ilt.e awnp-Jted wiLi thk mode.. ;irn inrnq•'ett?d better as ir.iE'it!!!. of relati'..e wen-i!'S.S rather th.-.n alw.t.ute 
?nilra~ bec;iuse l'l';)f\9 <11'9 alibn:.ted ai;alnst measullld •J11IJ9'S. use of a montt,1-,· tiM9 step, a ;1mplified re;»esentat1;,n d s ;>iC and plant l\ydl'C'.0£Y• the amt>i ; uity in applying &a potential e-;a ;ntr~rspir;ition 0011~pt to dry K9as, <ind t.u e n'Crs in '?!tim11tin~ pct>Jotfal e-vapotranspiratton ~re maj (l· tinlitations of this 
nw:.Je.I. Tho N0091 rim;: si:ep ~nflOt ;icmunt for nOl'l'"ll runoff,~ 1mpon.;i"lt n'llQCh.)nfsm for runiif genqrJtion. Thi? S4iU.w;itGr b.lt;inr.q m,;1(JGI ts J~ tn«,"lpl'!tG h~rolOJY mr.-O?l i:«Ju!<'} 1t Is ·.~y dlHlcult ro CJ.lft<~t~ .,g.,1nst OIYAl'\•t>d \Qloos. (OJl(ln-·~" $0tl-~tei· b.."\l.)nO? me<». wtth n *19.lr«1 runol' fs thQ only re~lis.tlc w~y 
oo del111e aC.CJfate n.)(}ff +Y.idilWt<'$. ;.. simpllt1e<l .:ou;Alng of the so!t · watt~ balanoo model ro a surlaoo n.moif mooel ..,~JC.~ io ~ f("(eot study tli-:Je'Vel(·p l Gl5·!>l5';l<'J watef ::t.1tintng tool for the Niger River s1s1n in \·!est ;J.-ka (410 ldi'»er.t et ol., 1996, http: ll vlww. ce.ut~etlu I i:"·o: t r lJ.hlmeot I GfSHydfQ / 
;:;fricil I africa.htm) I Ms 'l'lodt-. t.-ns calibr<ited :or monr.Ny nows b.it not Yati~ted. A. more detailed ~ppro11ch to this type c'" s:tlfv· ~ould be ta~:-?n IY1 i'l1~er.1en:ir.f a oontinuoui stf't'.ilm flow simul;itioo model witt. ·:Sail:; time stt>pping (orlfSS): nowe-1er. im~tementin9 tt.n cype of m.:ideC on a ret i"" tl\e size d I ?icas is a 
ftlrn1ii.Jable ta:;k. 
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6. 0 CONCLUSIONS 

Three water balance methods - an atmospheric water balance, a soil-water balance, and a surface water balance - have been used in an attempt to gain an improved understanding of the stocks of water in different components of the hydrologic cycle and the fluxes between these components. Long term average values 
indicate that the air flowing over Texas cani es 7800 mm year·1 of moisture, of which 720 mm year'1 becomes precipitation, from which 78 mm year·1 becomes surface runoff, all of these quantities being spatially averaged over the State . The runoff estimate of 78 mm year'1 comes from the surface water balance which 
has the least uncertainty and highest spatial resolution of the three methods. Compa1i ng mean annual runoff estimates from the other two methods to this figure is one way to assess the accuracy of these methods. 

Given adequate data, the atmospheric water balance is a promising method for estimating regional evaporation, runoff, and changes in basin storage; however, data used in this study were not at a high enough resolution to make accurate calculations for Texas. Estimates of mean annual divergence over the State were 
made using both observed rawinsonde data and the output data from a general circulation model. Both methods show that there is significant uncertainty associated with atmosphe1ic water balance calculations at the scale of Texas, yielding runoff estimates of 1206 mm year'1 and 379 mm year'1 which are about 15 times 
and 5 times greater than the observed runoff respectively. A review of literature indicates that the magnitude of the errors found in these calculations are not unheard of, although results for some regions have proven much more accurate, pa1ticularly when the water balance is assessed over larger areas. Assuming that 

monthly changes in atmosphe1ic storage are negligible, estimates of monthly evaporation were made for 1992 using the relation ( E = V • Q + p ). The 1992 evaporation estimates based on the obse1ved data are not physically realistic while the estimates generated using the general circulation model output show 
reasonable monthly trends except in January, February, and March. Several sources of error were identified including the sparseness of obse1vations, errors associated with taking the difference between two large numbers, and using monthly average flux values when a significant amount of mass transpo1t can occur at 
smaller time scales. The contributions of the fi rst and third sources of error mentioned here may be reduced as better data sets become available and if more detailed calculations are made. 

The soil -water balance is a climatological approach which is instructive, but also contains substantial unce1t ainties. The main reasons for the uncertainties in the soil-water balance are a simplified representation of land surface hydrology, the use of monthly average rainfall data, and the fact that there is no calibration 
with obse1v ed data of either soil moisture or runoff. Because of these assumptions, the soil -water balance model predicts zero runoff over large areas of the State where surface runoff actually does occur. The soil -water balance does provide qualitative information about the space and time variability of soil moisture and 
evapotranspiration that are not revealed by the annual surface water balance, but a way to confirm these results has not been worked out. 

Use of the soil-water balance requires an estimate of potential evapotranspiration. One approach taken to estimating potential evapotranspiration was to use the P1i estley-Taylor method because a net radiation data set desc1i bed by Darnell et al., 1995, was available . The other approach was to use gross rese1voir 
evaporation estimates (TV/DB, 1995) derived using pan coefficients. As expected, the P1iest ley-Taylor method was not appropriate for arid areas in \'.lest Texas and it is seen that net radiation may be a better surrogate for actual evapotranspiration rather than potential evapotranspiration. 

To facilitate the sU1iace water balance, 166 USGS gaging stations were selected for analysis, and a 500 m digital elevation model was used to delineate the drainage areas for each gage. A 5 km grid of mean annual precipitation and mean annual runoff values compiled for each gage (both time averaged from 1961-1990) 
were used to derive a relationship between mean annual precipitation (mm) and the mean annual su1i ace runoff (mm). This relationship is given in Equation 5.2 and applies in areas without unusually large groundwater recharge, springflow, urbanization, or rese1voir impoundment . Applying this relationship to the 
precipitation grid, a grid of expected runoff was derived . While the precipitation in Texas ranges from about 200 mm year'1 in West Texas to 1483 mm year'1 in East Texas, the expected runoff va1i es from near o in \'/est Texas to 41 7 mm year'1 in the wettest pa1t s of East Texas. 

In locations where information about observed flows was used, the differences between expected runoff and obse1ved runoff could be determined, and Figure 5. 14 is a map showing where deviations from expected runoff occur. On this map, areas where observed runoff is much higher than the expected runoff correspond t 
watersheds where inter-watershed transfers are received or urbanization has caused high runoff coefficients, while the areas where obse1ved runoff is much lower than expected correspond to watersheds from which recharge is transferred to other watersheds or the impacts of ag1iculture are significant. Adding the g1i d of 
deviations from expected runoff to the g1i d of expected runoff yielded a grid of actual runoff for the State (Figure 5.15). Accumulated flow maps were also created, using these runoff maps and a 500 m digital elevation model to define the drainage network. Using va1ious line colors and line thicknesses to represent 
accumulated flow, these maps reveal st atewide spatial trends such as the increased density of stream networks in East Texas, while also capturing localized phenomena such as large springflows. The runoff grids developed in this study have several potential uses. The grid of obse1v ed runoff may be useful in estimating non 
point source pollution loads in a manner similar to that desc1i bed by Saunders and Maidment, 1996. Use of the expected runoff grid or a similar grid may be helpful in assessing the amount of water available for human use. Accumulated flow maps may be useful in att1i buting digitized stream networks with flow data . 

A grid of mean annual expected evaporation was estimated by subtracting the grid of expected runoff from the precipitation g1i d. The values of expected evaporation range from 200 mm year'1 in \I/est Texas to 1066 mm year'1 in East Texas. Using the evaporation g1i d, the net radiation grid, and a temperature g1i d, a ma 
of mean annual Bowen ratios for the State was created. These Bowen ratio values vary from 4.6 in \'/est Texas (sensible heating of air dominates evaporation in a dry area) to 0.24 in East Texas (latent heat absorbed by evaporation dominates over sensible heating of air in a wet area). 

As spatial data sets from remote sensing continue to improve along with tools like a GIS for manipulating spatial data, hydrologists can think in terms of water maps both in the atmosphere and on the land surface rather than thinking just in terms of point measurements. \'forking with a GIS allows for the computation of 
water balances on arbitrary control volumes and simplifies the use of complex spatial data . A large amount of data for the state of Texas has been compiled during this st udy, and his data will be useful to others in the future . A CD-ROM is available from the Center for Research in \'later Resources (CR\VR), University of 
Texas at Austin, that contains the data and programs used to make the computations described in this repo1t. A description of the contents of this CD-ROM is provided in the Appendix to this report. Data used to plot the figures presented in this report are included on this CD-ROM and these data fi les are indexed in Part c o 
the Appendix. 
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