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An Accounting System for Water and Consumptive Use 
Along the Colorado River, Hoover Dam to Mexico 

By Sandra J Owen-Joyce and Lee Raymond 

Abstract 

An accounting system for estimating and 
dtstnbuttng consumptive use of water by vegeta­
tion to water users was developed for the 
Colorado Rtver from Hoover Dam to Mextco 
The accounting system IS based on a water-budget 
method to estimate total consumptive use by 
vegetation from Hoover Dam to Morelos Dam 
Consumptive use by vegetation ts apportioned to 
agncultural users by using percentages of total 
evapotranspiration by vegetation estimated for 
each dtverter of water Evapotranspiration for 
each dtverter IS estimated from ( 1) digital-Image 
analysis of data from the Landsat satellite to deter­
mine vegetation types and areas for each diverter 
and (2) water-use rates to determine the quantity 
of water used by each vegetation type Evapo­
transpiration IS estimated for each of four reaches 
of the nver-Hoover Dam to Davis Dam, Davts 
Dam to Parker Dam, Parker Dam to lmpenal 
Dam, and Impenal Dam to Morelos Dam--to 
Incorporate spatial vanattons tn the weather data 
used to calculate water-use rates 

The Lower Colorado Rtver Accounting 
System was used to esttmate and dtstnbute 
consumptive use by vegetation In calendar year 
1984, consumptive use by vegetation was 
2,069,900 acre-feet. About 4,283,200 acre-feet of 
water was exported to Cahfomta, 391,400 
acre-feet was dtverted to the Wellton-Mohawk 
area 1n An zona, 1 ,3 58, 1 00 acre-feet was used for 
agnculture In the flood platn of the Colorado 
Rtver, 1,055,800 acre-feet was transpired by 

phreatophytes or evaporated from open-water 
surfaces along the nver, and 40,600 acre-feet was 
consumed by domestic and muntctpal users 10 and 
adJacent to the flood plain Total water loss from 
the Colorado Rtver tn the Untted States below 
Hoover Dam dunng 1984 was about 7, 129, 1 00 
acre-feet About 18 percent was consumptively 
used In Anzona, 67 percent In Cahfomta, less 
than 1 percent In Nevada, and about 15 percent 
was used by phreatophytes or evaporated from 
open-water surfaces 

The accounting system produced reliable 
(less than 1 percent difference from the previous 
method) results for 1984 when, because of an 
unusually large quantity of flow In the nver, the 
computed consumptive use by vegetation was less 
precise than anticipated On the basts of the anal­
ysts for 1984, the accounting system should yteld 
accurate estimates of consumptive use by agncul­
tural users for all years To Improve the estimate 
of consumptive use by vegetation, errors In 
computed flow at the mainstream gages should be 
further reduced More accurate computation of 
discharge at the maJor dams along the Colorado 
Rtver wtll also facthtate the use of water budgets 
for subreaches of the nver to refine the estimates 
of consumptive use by vegetation along the nver 
Water-use rates for vegetation types that more 
accurately reflect spatial and temporal vanabihty 
of evapotranspiration need to be developed to 
Improve the distnbution of consumpttve use by 
vegetation, the Identification of mtnor crops and 
multiple-cropped areas also needs to be Improved 

Abstract 



INTRODUCTION 

The Colorado Rtver, which has Its headwaters 
as far north as Wyommg, discharges mto the Gulf of 
Cali forma m Mexico (fig 1) The Colorado River 
dramage basm mcludes about 246,700 mi2 m the 
Umted States (White and Garrett, 1987, p 319) The 
basm ts dtvtded mto the upper and lower basms at the 
Compact pomt 1 (fig I) The lower basm mcludes 
parts of Anzona, Califorma, Nevada, New Mexico, 
and Utah The use of water for trngatton, domestic, 
mumctpal, and mdustnal purposes has a htgher 
pnonty than the use of water for hydroelectnc-power 
generation and recreatiOn Power generation and 
recreation are managed so that availability of water for 
htgh-pnonty uses IS not affected The nver also Is the 
source of water for a large dtstnbutton system that 
provides water to agncultural and densely populated 
areas m California and Anzona outstde the study area 
Water Is exported to parts of stx counties m the coastal 
plam of southern Cahforma, mcludmg the cities of 
Los Angeles and San Dtego, and to Phoemx m 
Anzona Along the nver, the dommant mfluence on 
the dtstnbutton of water IS the dtverston for trngatton 

The lower Colorado Rtver system consists of 
the natural dramage basm of the Colorado Rtver 
below Hoover Dam (stte 1, pl 1 ), excludmg the Btll 
Wtlliams Rtver basm above Alamo Dam (stte 12, 
pl 1 ), the Gtla Rtver basm above the streamflow­
gagmg station near Dome ( stte 4 7, pl 1 ), and the 
dramage area m Mexico (fig 1) The south boundary 
of the study area comctdes wtth the mternatwnal 
boundary between the Umted States and Mexico Part 
of the mternatwnal boundary Is defined by the 
Colorado Rtver Thts 23-mtle reach of nver Is 
between the northerly mternattonal boundary (NIB), 
the pomt where the boundary between California and 
Mexico mtersects the nver, and the southerly mtema­
ttonal boundary (SIB), the southernmost pomt on the 
nver where the boundary between Anzona and 
Mexico mtersects the nver Water delivered to the 
reach below the NIB IS available for use by Mexico 

1 Although the Colorado Rtver Compact refers to thts pomt as 
Lee Ferry,"* **a pomt m the mam stream ofthe Colorado Rtver 
one mtle below the mouth ofthe Pana Rtver," thts and many other 
U S Geologtcal Survey reports refer to tt as the Compact pomt to 
avotd confusiOn wtth the commumty of Lees Ferry at the conflu­
ence Lee Ferry '" used m thts report only when quotmg the Com­
pact ( U S Congress, 1948, p A 17-A22) and the Decree (U S 
Supreme Court, 1964) 

In the Umted States, accountmg for the use and 

dtstnbutton of Colorado Rtver water m the lower basm 

Is reqmred by law (U S Supreme Court, 1964) In 

1984 the U S Geological Survey (USGS), m coopera­

tion wtth the Bureau of ReclamatiOn (USBR), began a 

study to develop an accountmg system for water and 

consumptive use along the Colorado Rtver between 

Hoover Dam and Mexico (fig 2) to enable the Secre­

tary of the Intenor to meet legal responstbthttes stated 
m a Decree (US Supreme Court, 1964) Precise 

accountmg of the dtstnbutton and use of water from 

the lower Colorado River has become mcreasmgly 
Important because of mcreasmg demands for water m 

the Umted States and Mexico The Colorado River 
Compact of 1922 apportiOned m perpetuity the 

exclusive benefic tal consumptive use of 7 5 mtlhon 
acre-ft/yr of water each to the upper basm and to the 
lower basm (U S Congress, 1948, p A 19) The Rto 
Grande, Colorado, and TIJuana Treaty of 1944 allotted 
a guaranteed annual quantity of 1 5 million acre-ft of 
Colorado River water to be delivered to Mexico (U S 

Congress, 1948, p A831-A885) Baste apportiOn­
ments to the upper and lower basms and the treaty 
delivery to Mexico total 16 5 mtlhon acre-ft/yr, whtch 
exceeds the natural flow of the nver Average annual 
virgm flow (estimated flow without regulatiOn or 

dtverston) at the Compact pomt (fig 1) was about 
15 1 million acre-ft between 1906 and 1983 (John 

Bilhngs, hydrauhc engmeer, Bureau of ReclamatiOn, 
oral commun , 1986) 

As of 1984, apportiOnments to the upper and 
lower basms were not fully used and the delivery to 
Mexico was fully satisfied m accordance with the 

treaty In the lower basm, California, wtth the excep­
tion of 1983, has used more than Its baste apportiOn­
ment of 4 4 mtlhon acre-ft/yr, usmg VIrtually all or 

part of the unused apportiOnments of An zona and 

Nevada Anzona Is expected to take Its full apportion­
ment of 2 8 mtlhon acre-ft/yr when the Central 

Anzona ProJect (CAP) Canal IS completed m the 

1990's, and Nevada Is proJected to use Its full appor­
tiOnment of 300,000 acre-ft/yr shortly after the year 
2000 The upper basm Is proJected to use Its full 
apportiOnment by 2040 (Jeffrey C Addtego, hydraulic 
engmeer, Bureau of ReclamatiOn, oral commun , 
1986) 

2 An Accountmg System for Water and Consumptive Use Along the Colorado R1ver, Hoover Dam to Mex1co 



( 

OREGON 

__ j_ 

CALIFORNIA 

<.5' 
">ake 

IDAHO 

Base trom U.S. Geological Survey 
Hydrologic Unit MaP ol the United States 

'-v .. A- .) 

~- --------
----i ~ _ _p_ 

2 

ARIZONA : I . 

\ ~) \ 
I . 
I • ~ 

... O T I '\ .... o ... _ U~< ,
1 

ucson 1 f ____ _ 
... .;v T'ED .. -----

-... S]' I _l----- -
tvtc'"'x-; ....... ~s. ... s ' I .· : c,o~-l ' E"' {\ s 

co -----.1-----~--- -... ~ ' e ', 

0 Phoenix 

~oMILES 

0 100 KILOMETERS 

Figure 1. Colorado River basin and study area. 

\ntroduct\on 3 



115 30' 
36 

115 30 ' 

o' -'V~ ) 
30' '1<0 ~<) " . . \.._ . 

0
1>A ':-"1 I . \ (') \ 

35 

' '/'. . 0 
"1 . Lake 0 . 

/ ' ' Mohave 1 0 · ·--- \ 

\.. ' Davis ~ \. 

""' , Dam 

\ .. l 

3/ 
c. 
z . 

30' \\ 

34 

30' 

33 

o · 

~~~ 
~;·\ 
~\ 
~ . 
"P · 

.--./ 

<
· Palo 
Verde 
.Valley 
. \ 

. . ) 
\~ .· 

·.__.J 

"'- · 

Base from 
U S. Geological Survey , 
1·500 ,000 , State base map 

0 

I I ', ,' I 'i 
20 MILES 
I 

20 KILOMETERS 

11 4' 11 3"30 ' 

.~· · ~·· 

Figure 2. Lower Colorado River from Hoover Dam to 
Mexico and the areas (shaded) where the flood plain is used 
for agriculture and irrigated with water from the Colorado 
River. 

Legal Framework 

The flow of the Colorado River has been appor­
tioned among seven basin States and Mexico by 
various documents and laws known, collectively, as 

"The Law of the River." The most significant to this 
study are the Colorado River Compact of 1922 and 
the U.S . Supreme Court Decree, 1964, Arizona v. 
Cal(fornia. 

Colorado River Compact 

The Colorado River Compact (Compact), 
signed on November 24, 1922, apportions the waters 
between the upper basin States and the lower basin 
States and acknowledges the obligation of delivery of 
water to Mexico (U.S . Congress, 1948, p. A l7- A22). 
The Compact established Lee Ferry, Arizona, as the 
point on the Colorado River where the apportioned 
waters between the upper and lower basins would be 
measured. 

The requirement for participation of the USGS 
and USBR is stated in Article V of the Compact as 
follows: 

The chief official of each signatory State 
charged with the administration of water 
rights, together with the Director of the 
United States Reclamation Service and 
the Director of the United States Geologi­
cal Survey shall cooperate, ex-officio: 
(a) To promote the systematic determi-

nation and coordination of the facts 
as to flow, appropriation, consump­
tion, and use of water in the Colorado 
River Basin, and the interchange of 
available information in such matters. 

(b) To secure the ascertainment and 
publication of the annual flow of the 
Colorado River at Lee Ferry. 

(c) To perform such other duties as may 
be assigned by mutual consent of the 
signatories from time to time. 

U.S. Supreme Court Decree, 1964, 
Arizona v. California 

The U.S. Supreme Court Decree (Decree), 
1964, Arizona v. California, apportions the waters of 
the lower Colorado River basin to the States of 
California, Arizona, and Nevada in terms of consump­
tive use. Consumptive use is defined in the Decree as 
"* * *diversions from the stream less such return flow 
thereto as is available for consumptive use in the 
United States or in satisfaction of the Mexican treaty 
obligation" (U.S. Supreme Court, 1964). The Decree 
is specific about the responsibility of the Secretary of 
the Interior in providing the identification of the users 
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of Colorado Rtver water and publication of the quantt­
ttes of dtverston stated mdtvtdually for each dtverter 
Also, mformatwn about releases through regulatory 
structures on the nver and the dehvenes of water to 
Mextco must be provtded Arttcle V of the Decree 
reads as follows 

V The Un1ted States shall prepare and 
ma1nta1n, or prov1de for the preparation 
and maintenance of, and shall make 
available, annually and at such shorter 
Intervals as the Secretary of the lntenor 
shall deem necessary or advisable, for 
1nspect1on by Interested persons at all 
reasonable t1mes and at a reasonable 
place or places, complete, detailed and 
accurate records of 

(A) Releases of water through regula­
tory structures controlled by the 
Un1ted States, 

(B) D1vers1ons of water from the main­
stream, return flow of such water to 
the stream as 1s available for con­
sumptive use 1n the Un1ted States or 
Jn sat1sfact1on of the Mex1can treaty 
obligation, and consumptive use of 
such water These quant1t1es shall 
be stated separately as to each 
d1verter from the mainstream, each 
p01nt of d1vers1on, and each of the 
States of Anzona, Cahforn1a and 
Nevada, 

(C) Releases of ma1nstream water pur­
suant to orders therefore but not 
diverted by the party ordenng the 
same, and the quant1ty of such 
water delivered to Mex1co 1n satiS­
faction of the Mex1can Treaty or 
d1verted by others 1n sat1sfact1on of 
nghts decreed herein These quan­
tities shall be stated separately as to 
each d1verter from the mainstream, 
each po1nt of d1vers1on, and each of 
the States of Anzona, Cahforn1a and 
Nevada, 

(D) Dehvenes to Mex1co of water 1n sat­
ISfaction of the obligations of Part Ill 
of the Treaty of February 3, 1944, 
and, separately stated, water pass­
Ing to Mex1co 1n excess of treaty 
requirements, 

(E) D1vers1ons of water from the main­
stream of the G1la and San Fran­
CISCO R1vers and the consumptive 

use of such water, for the benefit of 
the G1la Nat1onal Forest 

The amount of data requtred to Implement the 
Decree ts large because consumptive use ts the stan­
dard of measure and the tdenttficatwn of the quanttty 
used by each dtverter ts requtred Low hydraulic-head 
condtttons generally assoctated wtth return flows 
make the data collectiOn complex The Decree defines 
consumptive use to mclude water drawn from the 
mamstream by underground pumpmg, therefore, the 
USBR accounts for water pumped from wells that tap 
the flood-plam aqutfer as pumpage from the roam­
stream The USGS calculates the quanttty of water 
pumped by usmg current-meter measurements, traJec­
tory and onfice measurements, and power records, and 
by momtonng the crop acreage trrtgated and applymg 
a water-use-per-acre factor A provtswnal monthly 
table of dtverswns and returns ts published by the 
USGS The USBR publishes an annual tabulation of 
dtverswns and returns to the Colorado Rtver Most of 
the hydrologtc mformatwn contamed m the annual 
report ts furntshed by the USGS (Condes de la Torre, 
1982, p 5-7) 

The Decree defines tnbutanes as"* * *all 
stream systems the waters ofwhtch naturally dram 
mto the mamstream of the Colorado Rtver below Lee 
Ferry " The Decree does not affect the nghts or pnon­
ties to water many of the lower basm tnbutanes of the 
Colorado Rtver m the States of Anzona. Caltfornta, 
Nevada, New Mexico, and Utah---except the Gtla 
River System--until the tnbutary flow reaches the 
mamstream 

After the Decree by the U S Supreme Court 
(1964) set forth the apportiOnment of the water m the 
lower Colorado River, several methods were devel­
oped to estimate consumptive use along the Colorado 
Rtver None of the methods, however, provtded for 
the dtstnbutwn of consumptive use among water users 
as specified m the Decree EvolutiOn of the methods 
has reflected advances m technology, whtch have 
resulted m more reliable estimates of consumptive use 
by vegetation but at mcreased expense The tech­
nology of computer processmg of remotely sensed 
data from satellites offered a more cost-effective tech­
mque by whtch vegetatiOn types could be Identified 
and acreages by type compiled for mdtvtdual water 
users Therefore, a regiOnal approach was taken to 
develop a system by wluch annual consumptive use 
of Colorado River water could be estimated and 
dtstnbuted man equttable manner among users by 
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combmmg the water-budget method and the remote­
sensmg techmque mvest1gated by Raymond and Rezm 
(1989) 

Purpose and Scope 

The purpose of this report Is to document the 
Lower Colorado River Accountmg System (LCRAS) 
developed to estimate consumptive use by vegetation 
of Colorado River water and to account for that use by 
water users Included m the report Is a detailed 
descnption of ( 1) the d1stnbut10n and use of water 
along the Colorado River between Hoover Dam and 
Mexico (see study area, figs 1 and 2) as of 1984, 
(2) the network of streamflow gages established and 
operated to meet the reqmrements of the Decree, and 
(3) the data reqmred by the Decree and for estimatmg 
values for components of a water budget for the nver 
The two maJor parts of LCRAS are descnbed usmg a 
s1mphfied model, followed by a detailed descnpt10n of 
the water-budget method and the remote-sensmg tech­
mque The flow components reqmred for the water­
budget method and the remotely sensed data reqmred 
for the remote-sensmg techmque are also documented 
Application to calendar year 1984 Illustrates the use of 
LCRAS, which Is followed by an evaluation of the 
accountmg system Annual data m this report are 
based on the calendar year 

Previous Investigations 

Dunng the 1960's, comprehensive studies made 
by the USGS of the Colorado River area downstream 
from Davis Dam mcluded reports on geology, ground­
water resources, water quahty, and paleohydrology 
Results were published as a senes of chapters of 
USGS Professtonal Paper 486 (Hely and Peck, 1964, 
Hely and others, 1966, McDonald and Hughes, 1968, 
Hely, 1969, Irelan, 1971, Metzger and Loeltz, 1973, 
Metzger and others, 1973, Olmsted and others, 1973, 
Loeltz and others, 1975, McDonald and Loeltz, 1976, 
Patten, 1977) and by Metzger ( 1965, 1968) and Loeltz 
and McDonald ( 1969) These studies mdtcated that a 
substantial quantity of water applied for 1rngat10n IS 
returnmg to the Colorado River as ground-water 
discharge from the alluvmm The States of California 
and Anzona have requested credit for IrrigatiOn water 
from their respecttve States that returns to the 
Colorado River as ground water 

Methodology was not avatlable to quantify 
ground-water movement through long reaches of the 
nver adJacent to 1rngated lands, therefore, the USGS 
developed a techmque that was acceptable to the 
States ofCahforn1a, Anzona, and Nevada (Condes de 
la Torre, 1982, p 6) The techmque mvolved 
hydraulic analyses of ground-water flow at 18 cross 
sectiOns normal to the nver m the Yuma area (Loeltz 
and Leake, 1983a, b) Extensive data were reqmred to 
Implement the techmque, and the estimates of ground­
water return flows were approximatiOns of return 
flows only from each side of the nver Dunng 1983, 
htgh flows m the nver destroyed about half the data­
collectiOn sites used to obtam data m the Yuma area 
Replacement of the data-collectiOn sttes and recahbra­
tion of the cross-sectiOnal models were not JUStified 
because the techmque d1d not fulfill an Important 
reqmrement of the Decree, namely, the asstgnment of 
consumptive use to each water user 

In Parker, Palo Verde, and Ctbola Valleys, 
ground-water budgets were used to estimate ground­
water return flow from areas under whtch ground 
water drams to the nver (Leake, 1984, Owen-Joyce, 
1984) Consumptive use by vegetatiOn was estimated 
with a water budget for the area of each valley dramed 
by dramage ditches Consumptive use per umt area IS 
assumed equal for the area dramed by dramage ditches 
and the area dramed by the nver, when crop data are 
available, adJustments are made for the unequal distn­
butiOn of vegetation types (Leake, 1984, Owen-Joyce, 
1984) 

The USGS also mvestigated the remote-sensmg 
techmque of estimatmg consumptive use of water 
along the lower Colorado River Consumptive use by 
vegetation can be closely approximated by (I) usmg 
remote-sensmg techmques to Identify vegetation types 
and calculate acreages of each vegetation type and (2) 
multiplymg the areas of each vegetatiOn type by the 
associated water-use rate (Raymond and Rezm, 1989) 

AdditiOnal studies compared the ground-water 
budget method and the remote-sensmg techmque of 
estimatmg consumptive use by vegetation Estimates 
of consumptive use by vegetatiOn calculated as the 
residual m a ground-water budget showed reasonable 
agreement with estimates calculated as the product of 
areas of vegetation types determmed from Landsat 
digital-Image analysts and predetermmed water-use 
rates m Palo Verde Valley (Raymond and Owen­
Joyce, 1986, 1987, Owen-Joyce and Kimsey, 1987) 
and Parker Valley (Owen-Joyce, 1988) In both 
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valleys, estimates of consumptive use by vegetatiOn 
were wtthm 10 percent The Palo Verde and Parker 
companson studtes mdtcated that measured dtversiOns 
mmus return flows underestimated consumptive use 
by vegetatiOn because the dramage dttches mtersect 
water from several sources Rtver seepage, tnbutary 
runoff. and ground water enter the dramage dttches 
and are credtted as surface-water return flows 
Because of the nature of the hydrologic system m 
Ctbola Valley, Owen-Joyce (1990) found that the 
remote-sensmg techmque was the best avatlable 
method to esttmate consumptive use by vegetatiOn 
dunng penods of nsmg and sus tamed htgh flows m the 
nver 

Many other studtes provtded mformatwn on the 
lower Colorado Rtver dramage area used for thts 
study VegetatiOn and wtldhfe habttat studtes by 
Anderson and Ohmart ( 197 6, 1982a, b, 1984a, b) 
mclude npanan vegetatiOn-type maps, whtch were 
used to Identtfy vegetation types for the tmage classifi­
catiOns A geohydrologtc reconnaissance study of the 
Lake Mead NatiOnal RecreatiOn Area provtded mfor­
matwn on the Hoover Dam to Davts Dam reach 
(Bentley, 1979a, b, c, Laney, 1981) Ground-water 
studtes provided mformatton on areas that dram to the 
lower Colorado Rtver that mclude Ranegras Plam 
(Bnggs, 1969, Wtlkms and Webb, 1976), Sacramento 
Valley (Gillespie and others, 1966, Gillespie and 
Bentley, 1971, Pfaff and Clay, 1981 ), Eldorado and 
Pmte Valleys (Rush and Huxel, 1966), and the Btll 
Wtlhams Rtver area (Wolcott and others, 1956, Sanger 
and Littm, 1981) Hydrologic data reports provtded 
mformat10n on Palo Verde Valley (Moyle and 
Mermod, 1978), Chuckwalla Valley (Gtessner, 1963a), 
Rtce and Vtdal Valleys (Gtessner, 1963b ), Yuma area 
(U S Bureau of ReclamatiOn, 1983, l985a, b), and 
Anzona (U S Geologtcal Survey, 1985, White and 
Garrett, 1986, 1987, 1988) 
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A Task Force on Unmeasured Return Flows to 
the Colorado Rtver was formed m July 1970 to 
provtde mput from mterested agencies mto mvesttga­
twns along the lower Colorado Rtver that pertam to 
the 1964 Decree The task force mcludes representa­
tives from the States of California, An zona, and 
Nevada, BIA, USBR, and USGS Meetmgs are held 
when necessary to dtscuss work m progress or 
completed, to resolve problems that anse, and to 
exchange data and mformatlon The authors wtsh to 
acknowledge the cooperatwn of the representatives 
that served on the Task Force from 1984 to 1989 

DESCRIPTION OF THE STUDY AREA 

The Colorado Rtver reach between Hoover Dam 
and Mexico was divided mto subreaches at the maJor 
dams because digital data sets from multiple Landsat 
Images were large and because agnculturallands 
cover much of the flood-plam areas withm the 
subreaches between the dams, m Mohave Valley, 
Parker Valley, Palo Verde Valley, Ctbola Valley, and 
the Yuma area (fig 2) The subreaches are referred to 
m this report by the names of the dams that bound the 
subreach In all the subreaches, except for Impenal 
Dam to Morelos Dam, the agnculturallands are 
between the dams Morelos Dam, wtth an associated 
streamflow-gagmg statwn upstream at the NIB where 
water leaves the Umted States, Is where Mexico 
dtverts Colorado Rtver water Agnculturallands m 
the Umted States adJacent to the reach between the 
NIB and SIB streamflow-gagmg statwns are south of 
Morelos Dam m Yuma Valley but are mclusive to this 
reach because of trngatton wtth water dtverted from 
the nver at Impenal Dam 

Between Hoover Dam and Mexico, water from 
the Colorado Rtver Is used mamly for agnculture and 
by phreatophytes on the flood plam, that part of the 
Colorado River valley mundated by floods pnor to the 
constructwn of the dams Phreatophytes are npanan 
vegetatwn that obtam water from the nver and from 
the shallow alluvial aqmfer that IS hydraulically 
connected to the nver Crops are grown on the culti­
vated areas, more than one crop Is grown on some of 
these areas dunng a gtven year (multiple-cropped 
areas) In this report, the net vegetated area mcludes 

the cultivated area and the area of phreatophytes The 
total vegetated area mcludes the net vegetated area and 
the additional effective area where there are multiple 
crops 

The cultivated area Is 70 3 percent of the net 
vegetated area (table 1) The net vegetated area was 
classified by usmg dtgital-tmage data from the Landsat 
satellite m 1984 In a few areas, crops are grown on 
older alluvial terraces adJacent to the flood plam 
Most of the water used to Irrigate croplands Is diverted 
or pumped directly from the nver Water also Is 
pumped from wells m Mohave Valley, the Yuma area, 
and on the terraces that are hydraulically connected to 
the nver 

In addttlon to crops, several types of phreato­
phytes that vary m denstty cover the uncultivated 
flood-plam areas of the valleys and the narrow nver 
banks m the canyon reaches between the valleys In 
the reaches between the dams, phreatophytes cover 
from 23 9 to 100 percent of the net vegetated area 
(table 1) Only small areas of phreatophytes are scat­
tered between Hoover Dam and Davis Dam, where the 
prmctpal use of the nver Is for recreatiOn The nver 
also supplies water for domestic, mumctpal, and 
mdustnal use Agncultural, domestic, mumcipal, and 
mdustnal water uses are allocated to users, whereas 
water use by phreatophytes Is not allocated 

Hoover Dam to Davis Dam 

The reach of the Colorado River between 
Hoover Dam and Davis Dam IS m the Lake Mead 
NatiOnal Recreatwn Area (pl 2) The nver Is confined 
by bedrock, and npanan vegetatiOn Is sparse except on 
the small areas of alluvmm that are present at the 
mouths oftnbutary streams (pl 1) Small quantities of 
water are pumped for use m the recreatiOn area Water 
Is stored m Lake Mohave behmd Davis Dam Dunng 
low lake stage, water flows 10 to 12 mt between 
Hoover Dam and the north end of Lake Mohave, 
whereas Lake Mohave Is backed up to Hoover Dam 
dunng htgh lake stage (Bentley, 1979a, p 21) 

Davis Dam to Parker Dam 

In the reach between Davis Dam and Parker 
Dam, Mohave Valley begms about 6 mt below Davis 
Dam near Bullhead Ctty, where the flood plam of the 
nver wtdens, and extends about 40 mt to Topock, 
where the nver enters a canyon (fig 3) Most of the 
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Table 1. Crop and phreatophyte areas and evapotransp1rat1on calculated from vegetat1on class1f1cat1ons of Landsat satellite 
d1g1tal 1mages 1n the reaches between the dams along the lower Colorado R1ver, Hoover Dam to Mex1co, 1984 

Net 
vegetated Percentage Percentage 

R1ver reach and area, of net Evapotranspiration, of total 
vegetation type 1n acres1 vegetated area In acre-feet2 evapotranspiration 

Hoover Dam to Davas Dam: 

Crops 0 
Phreatophytes 706 

Total (rounded) 706 

Davas Dam to Parker Dam. 

Crops 20,981 
Phreatophytes 17 416 

Total (rounded) 38,397 

Parker Dam to lmpenal Dam: 

Crops 163,556 
Phreatophytes 51.400 

Total (rounded) 214,956 

Jmpenal Dam to Morelos Dam: 

Crops 90,494 
Phreatophytes 46 614 

Total (rounded) 137,108 

Hoover Dam to Morelos Dam: 

Crops 275,031 
Phreatophytes 116.136 

Total (rounded) 391,167 

1 Summanzed from tables 26, 28, 30, and 32 
2Summanzed from tables 27, 29, 31, and 33 

flood plam ts on the Anzona stde of the nver Land ts 
dtvtded m a checkerboard pattern between the Fort 
Mohave Indtan Reservation and the States, whtch 
mclude pnvate ownership (pl 2) All the agncultural 
lands m thts reach are m Mohave Valley Water ts 
used for agnculture by the Fort Mohave Indtan Reser­
vatiOn and the Mohave Valley Irngatton and Dramage 
Distnct The nver supphes water to population 
centers at Needles, Cahforma, Laughlm, Nevada, and 
Bullhead Ctty, Rtviera, Bermuda Ctty, Golden Shores, 
and Lake Havasu Ctty, Anzona (pl 2) Topock Marsh 
ts at the south end of the valley and ts part of Havasu 
National Wildlife Refuge (pl 2) The refuge contmues 

00 0 00 
1000 2.983 1000 

2,980 

54 6 111,379 57 I 
45 4 83.589 42 9 

195,000 

76 I 654,948 71 0 
23 9 267.377 29 0 

922,300 

66 0 346,060 60 8 
34 0 223.447 39 2 

569,500 

70 3 1,112,387 65 8 
29 7 577.396 34 2 

1,689,800 

south of Topock to north of Lake Havasu City The 

nver flows m a bedrock-lmed channel untiltt wtdens 

mto the north end of Lake Havasu m Chemehuevi 

Valley From Lake Havasu Ctty to Parker Dam, Lake 

Havasu State Park bounds the nver on the Anzona 

stde Part of the reach on the California side of the 

nver ts wtthm the Chemehuevt Indian Reservation 

(pl 2). Between Davis Dam and Parker Dam, the 

pnnctpal consumptive use of water from the Colorado 

Rtver ts the dtverswn and exportatiOn to Cahfornta 

through the Colorado Rtver aqueduct and to Anzona 

through the CAP Canal (pl 1) 

I I 
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EXPLANATION 

FLOOD PLAIN 
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AREA WHERE GROUND-TRUTH DATA 
WERE COLLECTED TO CALIBRATE 
THE CROP CLASSIFICATIONS 
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0 

I II 

0 

RIVER PUMP(S) 

10 MILES 
I 

10 KILOMETERS 

CONTINUOUS- RECORD STREAMFLOW­
GAGING STATION-Number corresponds 
to site numbers in tables 2-5 

MEASUREMENT SITE-Number corresponds 
to site numbers in tables 2-5 

Figure 3. Flood-plain areas, location of streamflow-gaging stations and measurement sites, and crop­
calibration area in Mohave Valley. 
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Parker Dam to Imperial Dam 

Between Parker Dam and Impenal Dam, one 

contmuous flood-plam area Is di~Ided by meanders of 

the nver mto Parker, Palo Verde, and Cibola Valleys, 

which con tam about 60 percent of the agncultural area 

below Davis Dam Parker Valley IS between the cities 

of Parker and Ehrenberg, Anzona (fig 4) In Parker 

Valley, most of the flood plam hes m the Colorado 

River Indian Reservation (CRIR) (pl 2) on the 
Anzona side of the nver (fig 4) At Headgate Rock 

Dam, water IS diverted from the nver to croplands m 

Anzona Water IS pumped from the nver to small 

farms on both sides of the nver The populatiOn 

centers are Parker and Poston, Anzona Palo Verde 
Valley Is between Palo Verde Dam and the old nver 

channel on the California side of the nver (fig 5) The 
agncultural area, which covers most of Palo Verde 
Valley, Is m the Palo Verde Irngation Distnct (PVID) 

(pi 2) Water IS diverted from the nver at Palo Verde 
Dam The population centers are Blythe, East Blythe, 

Palo Verde, and Ripley, California Cibola Valley Is 

southeast of Palo Verde Valley on the Anzona side of 
the nver (fig 5) Most of the flood plam Ism Anzona, 

however, after channehzat10n and reahgnment of the 

Colorado River were completed m 1970, part of the 

flood plam IS now west of the nver (fig 5) Agncul­

turallands are divided between Cibola Valley Irnga­
tiOn and Dramage Distnct (ClOD) and Cibola 

NatiOnal Wildlife Refuge (CNWR) (pl 2) Water IS 
pumped from the nver at vanous sites (fig 5) The 

populatiOn centers are Cibola and a concentratiOn of 

houses along the boundary between the refuge and 

CIDD, whtch parallels the road along the base lme 

(fig 5) South of Ctbola Valley, the flood plam 

narrows and the nver flows to Impenal Dam through 

an area of phreatophytes The Ctbola Nattonal Wtld­
hfe Refuge extends southward from the valley to the 

boundary with the Impenal NatiOnal Wildlife 

Refuge In three areas east and south of Parker, m 
Vtdal Valley, and on Palo Verde Mesa, agncultural 

lands are on the terraces ab~ve the flood plam These 
agnculturallands are assumed to be usmg Colorado 

Rtver water because much of the water was pumped 

from wells that are downgradient from and hydrauh­

cally connected to the nver 

Imperial Dam to the Border with Mexico 

The Yuma area begms at Impenal Dam, 
mcludes the flood plams of the Colorado and Gila 
Rtvers and Yuma Mesa, and extends to the southerly 
mternatwnal boundary with Mextco (SIB) The Yuma 
area ts divided by geographic features that correspond 
to the agncultural-area boundanes Laguna Valley IS 
between Impenal and Laguna Dams (fig 6) and 
mcludes Mtttry Lake Wildlife Area and part of the 
Yuma Provmg Ground (pi 2) The flood plam below 
1m penal Dam on the Anzona side of the nver, east of 
the city of Yuma, and northeast of Yuma Mesa Is 
dtvtded mto the North and South Gila Valleys by the 
Gila River Yuma Valley ts south of the ctty of Yuma, 
west of Yuma Mesa, and southeast of More los Dam 
On the Cahfornta side of the nver are the lands of the 
Fort Yuma Indian ReservatiOn, which mclude the 
Reservatton Divtston and the Bard Water Distnct, and 
some non-Indtan land The Yuma Island area consists 
of land between an abandoned channel and the current 
channel of the Colorado Rtver where the Cahfornta­
Anzona border has been determmed to be west of the 
nver, whtch results m some Anzona land bemg on the 
Cahfornia stde of the nver (pi 2) Most of the Irnga­
twn water 1s dtverted at Impenal Dam and dtstnbuted 
to both sides of the nver through an extensive network 
of canals Additional water IS pumped directly from 
the nver at vanous sttes or mdirectly from the nver at 
many wells The populatiOn centers are Yuma, the 
Manne Corps Atr StatiOn, Somerton, Gadsden, and 
San Lms m Anzona, and Wmterhaven and Bard m 
California 

Measurement of Flow 

The USGS operates contmuous-recordmg 
streamflow-gagmg statiOns at each regulatory struc­
ture controlled by the Umted States, maJor diversions 
mto canals at diversiOnary structures, and maJor 
returns from dramage ditches (figs 7 and 8) The flow 
data are pubhshed annually m USGS Water-Data 
Reports (Whtte and Garrett, 1986, 1987, 1988) Most 
of the streamflow-gagmg stations are or were operated 
to meet the reqmrements of Decree accountmg 
(table 2) Other streamflow-gagmg statiOns are oper­
ated to meet the needs of other agencies (table 3) 

An appraisal of the streamflow-gagmg statiOns 
operated by the USGS to meet the reqUirements of 
Decree accountmg determmed the JustificatiOn, 
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Table 2. Evaluattor. of data collected at streamflow-gagmg stattons operated by the U S Geologtcal Survey 

[Statton name CAP, Central Anzona ProJect, CRIR. Colorado Rtver lndtan Reservation PVID. Palo Verde lrngatJOn Dtstnct Justification D,U S 
Supreme Court Decree ( 1964). N, Justtficatwn tor statiOn no longer vahd See text for detailed explanation Purpose R releases from reguldtory 
sttuctures, D. dtverswn from the nver at a dtverswnary strm,ture for use m the dramage basm, RF, return tlow hom trngatton that dtscha~ges mto 
dramage ditches, E, dtverston of water fot export out of the dramage basm Accuracy E, about 95 percent ot the dally dtschargcs arc wtthm 5 pet cent 
of the true value, G. about 95 percent ot the dally dt"charges are wtthm I 0 percent, F, about 95 percent ot the dally dtschat ge" are wtthm 15 pet cent, 
P, about 95 percent of the dally dtscharges have less than "F" accuracy Is all the tlow defined by the purpose of the gage measwed? Y yes, N. no] 

Is all the flow 
defmed by the 

S1te Station Just1fl· purpose of the 
number1 number Station name cat1on Purpose Accuracy gage measured? 

I 09421500 Colorado Rtver below Hoover Dam D R E N 
3 09423000 Colorado Rtver below Davts Dam D R G y 

7 09423550 Topock Marsh mlet near Needles D D G N 
8 09423650 Topock Marsh outlet near Topock D RF p N 

II 09424150 Colorado Rtver aqueduct near Parker Dam D E G y 

14 09426650 CAP Canal at Havasu Pumpmg Plant 
near Parker D E G y 

16 09427520 Colorado Rtver below Parker Dam D R G y 

17 09428500 CRIR Mam Canal near Parker D D G y 

19 09428505 Gardner Lateral sptll near Parker D RF F y 

20 09428508 Upper Mam dram near Poston2 D RF F y 

21 09428510 CRIR Poston wasteway near Poston D RF F y 

22 09428511 Poston wasteway sptll gates2 D RF F y 

24 09429000 Palo Verde Canal near Blythe D D G y 

25 09429010 Colorado Rtver at Palo Verde Dam D R G y 

26 09429030 Palo Verde dram near Parker D RF F N 

27 09429060 CRIR Lower Mam dram near Parker D RF F N 
28 09429130 PVID Ohve Lake dram near Blythe D RF F N 
29 09429155 PVID F Canal sptll near Blythe D RF F y 

30 09429160 PVID D-10-11-2 sptll near Blythe D RF F y 

31 09429170 PVID D-10-11-5 sptll near Blythe D RF F y 

32 09429180 PVID D-23 sptll near Blythe D RF F y 

34 09429190 PVID D-23-1 sptll near Blythe D RF F y 

35 09429200 PVID C Canal sptll near Blythe D RF F y 

36 09429210 PVID C-28 upper sptll near Blythe D RF F y 

37 09429220 PVID Outfall dram near Palo Verde D RF G N 

38 09429225 PVID Anderson dram near Palo Verde1 D RF F y 

39 09429230 PVID C-28 lower sptll near Blythe D RF F y 

41 09429280 Ctbola Lake mlet near Ctbola N N 
42 09429290 Ctbola Lake outlet near Ctbola N N 
44 09429490 Colorado Rtver above Impenal Dam N 

45 09429500 Colorado Rtver below lmpenal Dam D R G y 

46 09429600 Colorado Rtver below Laguna Dam D R G y 

52 09522400 Mtttry Lake dtversiOn at lmpenal Dam D D G N 
53 09522500 Gtla Gravtty Mam Canal at lmpenal Dam D D G y 

54 09522600 North Gtla Mam Canal D D G y 

55 09522650 North Gtla Mam Canal No 2 D D G y 
56 09522700 Wellton-Mohawk Canal D E G y 
57 09522800 South Gtla Mam Canal D D G y 
58 09522850 Gtla Gravtty Mam Canal at pumpmg plant D D G y 

59 09522900 Untt B Mam Canal D D G y 
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Table 2 Evaluation of data collected at streamflow-gagmg stations operated by the U S Geological Survey-
Contmued 

Is all the flow 
defmed by the 

S1te Stat1on Just1f1- purpose of the 
number1 number Station name cation Purpose Accuracy gage measured? 

60 09523000 AII-Amencan Canal near Impenal Dam D D G y 
61 09523200 Reservatton Mam Canal D D G y 
62 09523400 Tttsmk Canal D D G y 
63 09523600 Yaqut Canal D D G y 
64 09523800 Ponttac Canal D D G y 

65 09523900 Walapat Canal D D G y 
66 09524000 Yuma Mam Canal at Stphon-Drop Powerplant 

near Yuma D D G y 
67 09524500 DtversJOns from Yuma Mam Canal between 

Stphon-Drop Powerplant and Yuma 
Mam Canal wasteway D D G y 

68 09525000 Yuma Mam Canal wasteway at Yuma D D p y 
69 09525500 Yuma Mam Canal below Colorado Rtver stphon 

at Yuma D D G y 

70 09526000 DtversJOns from Yuma Mam Canal for 
muntctpal supply for Yuma D D G y 

71 09527000 Ptlot Knob Powerplant and wasteway 
near Ptlot Knob D RF G y 

72 09527500 AII-Amencan Canal below Ptlot Knob 
wasteway D E G y 

73 09527900 Mtttry Lake outlet channel near Yuma N N 
74 09528600 Laguna Canal wasteway D RF G y 

75 09528800 Levee Canal wasteway D RF G y 
76 09529000 North Gtla dram No I D RF F y 
77 09529050 North Gila dram No 3 near Yuma N N 
78 09529100 Fortuna wasteway near Yuma N N 
79 09529150 North Gtla Mam Canal wasteway D RF G y 

80 09529160 South Gtla Pump Outlet Channel No 3 
near Yuma D RF G y 

81 09529200 Bruce Church dram D RF F y 
82 09529240 South Gtla Pump Outlet Channel No 2 

near Yuma D RF G N 
83 09529250 Bruce Church wasteway D RF G y 
84 09529300 Wellton-Mohawk Mam Outlet dram near Yuma N 

85 09529360 South Gtla Pump Outlet Channel No 
near Yuma D RF G y 

86 09529400 South Gtla dram No 2 near Yuma N N 
87 09529420 South Gtla Termmal wasteway D RF G y 

88 09529440 South Gtla Pump Outlet Channel No 4 D RF G y 
89 09529600 Reservation dram No 7 N ,, 
90 09529700 Reservatton Mam dram No 6 N 
91 09529800 Reservatton dram No 2 N 
92 09529900 ReservatiOn dram No 3 N 
93 09530000 Reservatton Mam dram No 4 D RF F y 
94 09530200 Yuma Mesa Outlet dram at Yuma D RF G y 

95 09530400 ReservatiOn dram No II N 
96 09530500 Dram 8-B near Yuma D RF p y 
97 09531800 Mam Outlet Dram ExtensiOn above Morelos Dam 

(MODE 2) N 

1 Locations plotted on figures 3-6 and plate I 
2S1tes 20 and 22 are used to compute the flow at Site 21 
1S1te 38 was d1scontmued when Palo Verde lrngat1on D1stnct destroyed the dram m May 1984 
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Table 3. Streamflow-gaging stations operated by the U S 
Geological Survey for other agenctes 

[Agency MWD, Metropolitan Water d1stnct of Southern Callforn1a, 
USCE. US Army Clops of Engmeers, USBR, Bureau of Reclamation] 

Stte Statton 
number1 number2 Statton name Agency 

2 09422500 Lake Mohave at Davts Dam MWD 

6 09423500 Colorado Rtver at Needles MWD 

12 09426000 Bill Williams Rtver below USCE 
Alamo Dam 

15 09427500 Lake Havasu near Parker MWD 
Dam 

43 09429300 Colorado Rtver below Clbola USBR 
Valley (at Adobe Rums)1 

47 09520500 Gtla Rtver near Dome USBR 

48 09529700 Gtla Rtver near mouth4 USBR 

49 09521100 Colorado Rtver below Yuma USBR 
Mam Canal wasteway at 
Yuma 

1 Locat1ons plotted on plate I or figure 6 
2 Ass1gned by the U S Geolog1cal Survey 
1U S Geolog1cal Survey d1scontmued s1te September 30, 1988 

Bw eau of ReclamatiOn began operatmg statiOn as nver-stage gage 
4U S Geological Survey d1scontmued s1te June 30, 1983 

purpose, and accuracy of the dtscharge record and 
evaluated each gage as to whether all the flow that 1s 
defined by the purpose of the gage 1s measured 
(table 2) For example, to avoid backwater from the 
nver, some gages on dramage dttches are located some 
dtstance upstream from the nver Such locatiOns mean 
that flows entenng ditches between the gages and the 
nver are unmeasured For statiOns where additional 
explanatiOn Is reqmred to descn be why the data are 
not fully representative of the mtended purpose of the 
s1te, see the sections m th1s report entitled "Dams and 
Reservmrs," "Dtverswns," "Return Flows," and "Tnb­
utary Inflow " LCRAS uses data collected at many 
extstmg measurement sites operated by the USGS but 
also uses data collected at sttes for other agencies and 
data collected by other agenctes 

The USBR operates nver-stage gagmg statiOns 
(table 4) and uses data from some of the streamflow­
gagmg statiOns operated by the USGS along the lower 
Colorado Rtver for water management Rtver-stage 
data are used to route water downstream to users and 
to mom tor the mflow of storm runoff from tnbutanes 
to the nver that would reqmre modtficatwns to 

releases at the dams Rtver-stage data also are used to 
estimate the quantity of mflow from tnbutary runoff 
for use m LCRAS 

OccasiOnal flow measurements are made of 
water pumped from the nver or pumped from wells on 
the flood plam Diversion of nver water by pumps m 
the nver or pumps m wells on the flood plam IS 
computed by the USGS from power records 
Pumpage data are published annually by the US 
Bureau of ReclamatiOn ( 1985d, 1986a) 

Table 4. Rtver-stage gagtng stattons operated by the 
Bureau of Reclamatton 

Stte Statton 
number 1 number2 Statton name 

4 (3) Colorado Rtver at Btg Bend 

5 e> Colorado Rtver at Boy Scout Camp 

9 e> Colorado Rtver at Gaslme Bndge 

10 09424000 Colorado Rtver near Topock (at RS-41) 

13 09426620 Btll Williams Rtver near Parker (below 
Mmeral Wash)4 

18 e> Colorado Rtver at Parker 

23 e> Colorado Rtver at Water Wheel 

33 09429188 Colorado Rtver at Taylor Ferry 

40 (3) Colorado Rtver at Lower Ctbola Bndge 

1 LocatiOns plotted on plate I 
2 Ass1gned by the U S Geological Survey 
1No U S Geolog1cal Survey streamflow-gagmg statiOn numbers were 

ass1gned to these s1tes 

The InternatiOnal Boundary and Water Commis­
siOn (IBWC) operates contmuous-recordmg stream­
flow-gagmg stations m the Colorado Rtver at the NIB 
(site 50, fig 6) and SIB (site 51, fig 6) wtth Mexico 
and at s1tes (s1tes 98-106, fig 6) between the NIB and 
the SIB to fulfill the reqUirements of a treaty wtth 
Mextco and to account for the quantity of water that IS 
delivered each year to Mextco (table 5) The IBWC 
uses the data to compute the mflow to Morelos Dam, 
where water 1s dtverted for use m Mexico Flow 
measured at the NIB upstream from Morelos Dam and 
return flows to the nver between the NIB and SIB are 
used m LCRAS Flow and related data are published 
annually m the Western Water Bulletm by the Interna­
tiOnal Boundary and Water CommiSSion, Umted States 
and Mexico ( 1984) 
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Table 5 Streamflow-gagmg stat1ons operated by the 
International Boundary and Water CommiSSion to fulfill treaty 
requirements w1th Mex1co 

S1te Stat1on 
number1 number2 Stat1on name 

50 09522000 Colorado Rtver at Northerly InternatiOnal 
Boundary above Morelos Dam near 
Andrade 

51 09522200 Colorado Rtver at Southerly International 
Boundary near San Luts 

98 09531850 Cooper wasteway 

99 09531900 Mam Outlet Dram ExtensiOn below 
Morelos Dam (MODE 3) 

100 09532500 Eleven Mtle wasteway 

101 09533000 Twenty-one Mtle wasteway 

102 09533300 Wellton-Mohawk Bypass dram at 
Anzona-Sonora Boundary 

103 09534000 Mam dram at Southerly InternatiOnal 
Boundary near San Luts 

104 09534300 West Mam Canal wasteway 

105 09534500 East Mam Canal wasteway 

106 09534550 Two-Forty-Two well field lateral near 
San Luts 

1 LOl,atJOns plotted on figure 6 
2 Ass1gned by the U S Gcolog1cal Survey 

LOWER COLORADO RIVER 
ACCOUNTING SYSTEM 

The Lower Colorado Rtver Accountmg System 
(LCRAS) ts a method that estimates and distnbutes 
consumptive use by vegetatiOn to water users along 
the lower Colorado Rtver LCRAS ts composed of 
two maJor parts (fig 9) Ftrst, the water-budget 
method ts used to estimate annual consumptive use by 
vegetation between Hoover Dam and Morelos Dam 
Second, annual consumptive use by vegetatiOn ts 
dtstnbuted to agncu1tura1 water users by usmg a 
remote-sensmg techmque from whtch percentages of 
total evapotranspiration are estimated for each dtverter 
from dtgital-Image analysts of satellite Images, esti­
mated water-use rates by vegetatiOn types, and digi­
tized boundanes for dtverters LCRAS combmes the 
output from the water budget with the output from the 
remote-sensmg techmque to apportiOn annual 
consumptive use by vegetatiOn of water from the 
lower Colorado Rtver by pomt of dtversiOn, diverter, 
and State as reqmred by Supreme Court Decree The 
LCRAS computer program, which runs on a micro-

computer, IS documented by von All worden and others 
(1991) 

The followmg sections descnbe the develop­
ment of the algonthms used m LCRAS The water­
budget equatiOn that estimates consumptive use by 
vegetatiOn Is descnbed first, followed by a descnptton 
of the algonthms used to apportiOn consumptive use 
by vegetation to water users usmg estimates of evapo­
transpiratiOn Each part mcludes defimt10ns of all the 
components used m the method 

Estimation of Consumptive Use by Vegetation 

The water-budget method can be used to 
account for streamflow depletiOn (outflow) from a 
specific area dunng a specified penod as mflow mmus 
change m storage Change m storage mcludes change 
m reservoir storage and change m storage m the allu­
vial aqmfer that Is hydraulically connected to the nver 
(fig 9) A water budget for the lower Colorado River 
mcludes the followmg mdependent components 
(figs 9 and l 0) ( 1) flow m the nver at the upstream 
boundary, (2) flow m the nver at the downstream 
boundary, (3) change m reservOir storage, ( 4) water 
exported out of the study area, (5) consumptive use by 
vegetatiOn, (6) open-water evaporatiOn, (7) precipita­
tion, (8) tnbutary mflow, (9) domestic, mumcipal, and 
mdustnal consumptive use, ( l 0) return flow to the 
nver below the downstream boundary from a dtver­
sion m the budget reach, and ( 11) change m storage m 
the alluvial aqmfer The first five components make 
up more than 90 percent of the budgeted water Of the 
five prmcipal components, only consumptive use by 
vegetatiOn Is not directly measured A water budget Is 
considered a vahd method because the errors of 
measurement of the maJor components do not mask 
the computed amount of consumptive use by vegeta­
tiOn 

A water budget that estimates total consumptive 
use of water from the Colorado River between Hoover 
Dam (upstream boundary) and Morelos Dam (down­
stream boundary) for a fimte time mterval can be 
expressed as 

!1S !1S 
CU =IF-OF--' __ a (1) 

(/ !1t 11t ' 

where 

cu(l = total consumptive use, Ill acre-feet, of 
Colorado Rtver water, 
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LOWER COLORADO RIVER ACCOUNTING SYSTEM 

WATER-BUDGET METHOD REMOTE-SENSING TECHNIQUE 
Consumptive use EvapotranspiratiOn 

Compile data collected from gagmg stattons, Image processmg of satellite data determmes 
weather stattons, utlhty records, populatiOn vegetatiOn types and acreages 
records, and other sources, and load to mput 
files T 

T D1g1t1ze d1verter boundanes by ustng 
Calculate consumptive use by vegetatiOn as Geographic InformatiOn System (GIS) 

software 

CUv = Qu~+P+ Tr-Qd~-QeJ.- T 
Q,f -E-CUd-tlSr-tlS0 • 

where Overlay d1verter boundanes on classified 
1mages and sum vegetatiOn areas by type for 

CU,. = consumptive use by vegetation, each d1verter 

Qu~ = flow at the upstream boundary, T p = prec1p1tatwn, 
T, = tnbutary mflow, Calculate water-use rates by vegetatiOn by 

Qd~ = flow below or at the downstream usmg the Blaney and Cnddle ( 1950) formula 
boundary, T 

Qe-r = exported water, 
Q,, = return flow to the nver below Estimate evapotranspiratiOn by vegetatiOn 

the downstream boundary or types and sum evapotranspiratiOn by crops 
flow mto Mex1co from a for each dtverter 
dtverston m the budget reach, 

E = open-water evaporatiOn, T 
cud = domestic, mumc1pal, and 

mdustnal use, Calculate evapotransp1ratton by d1verter as a 
tlS, = change m reservmr storage, and percentage of total evapotranspiratiOn 
tlS0 = change m storage m the alluvial 

aqmfer 

T T 

II II 

Calculate consumptive use by dtverter by usmg the percentage of total 
evapotransptratwn by d1verter mult1phed by consumptive use by 
vegetatiOn ( C Uv) from the water budget 

F1gure 9. Flow chart of the Lower Colorado Rrver Accountrng System 

I 

IF = 
OF = 

total mflow, m acre-feet, to the reach, 

total outflow other than c u( 1 ' Ill 

11t = time mterval (one calendar year for 
th1s study) 

~Sr = 
acre-feet, from the reach, 

change m reservOir storage, m acre- Total mflow to the reach can be expressed as 

feet, m the reach, 

~Sa = change m storage m the alluvial 
aqmfer, m acre-feet, m the reach, and IF = Qu~ + P + T,, (2) 
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where 

Qu~ = flow m the Colorado River, m acre­
feet, at the upstream boundary of the 
reach, 

P = precipitation, m acre-feet, that falls on 
the net vegetated area and open-water 
surfaces m the reach, and 

T, = tnbutary mflow, m acre-feet, m the 
reach 

PrecipitatiOn can be expressed as 

where 

(3) 

p = annual precipitation, m mches, at 
representative weather stations for the 
reach or subreaches, 

A" = net vegetated area, m acres, m the 
reach or subreaches, and 

Aw = area, m acres, of the open-water 
surfaces m the reach or subreaches 

The net vegetated area (A) was calculated from 
multttemporal, multispectral Image classifications of 
mdtvtdual subreaches of the nver The area of open 
water (Aw) was calculated from smgle-unage classi­
fications of mdtvidual subreaches of the nver 

Total outflow other than C[{_r from the reach 
can be expressed as 

where 
OF = Qd~ + Q, t ' (4) 

Qd~ = flow m the Colorado River, m acre­
feet, below or at the downstream 
boundary, and 

Qrf = quantity, m acre-feet, of water from a 
dtversiOn m the reach that returns to 
the nver below the downstream 
boundary or flows mto Mexico 

Consumptive use of Colorado River water 
(equation 1) mcludes mdtvtdual components and can 
be expressed as 

Qex = quantity, m acre-feet, of water 
dtverted from the nver and exported 
out of the study area, 

CUv = consumptive use by vegetation, m 
acre-feet, of Colorado River water, 

E = evaporatiOn, m acre-feet, from the 
open-water surfaces m the reach, and 

c~ = domestic, mumctpal, and mdustnal 
consumptive use, m acre-feet, of the 
reach 

It Is Important to separate the consumptive use of 
Colorado Rtver water mto tts component parts for 
accountmg purposes as stated m the Decree because 
not all the water lost from the nver Is charged to water 
users Qex , C Uv , and CUd are apportioned to water 
users E 1s considered an mstream loss C U,. Is the 
most complex component because It mcludes con­
sumptive use by crops and consumptive use by 
phreatophytes Consumptive use by crops IS appor­
tioned to agncultural water users, whereas consump­
tive use by phreatophytes, hke evaporatiOn, ts 
considered an mstream loss Separatmg consumptive 
use by vegetation mto Its component parts IS accom­
plished m the second part of the LCRAS method 

EvaporatiOn from the nver, reservOirs, lakes, 
marshes, and flooded areas can be expressed as 

E = Awxe, 

where 

(6) 

e = evaporation rate, m feet, for that reach 
of the nver 

The value of e was determmed for the mdividual 
reaches as descnbed m a subsequent sectiOn entitled 
"EvaporatiOn Rates " 

The water budget used to compute consumptive 
use by vegetatiOn of Colorado Rtver water m terms of 
the mdependent flow components (see figs 9 and 10) 
defined m equations 2, 4, and 5 IS 

(7) 

where 

(5) Equation 7 ts the completion of the water-budget anal­
ysts as shown m figure 9 The remote-sensmg tech­
mque ofLCRAS ts used to separate CUv mto tts two 
component parts, crops and phreatophytes, and to 
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distnbute consumptive use by crops to agncultural 
water users 

Distribution of Consumptive Use by 
Vegetation 

Estimates of evapotranspiratiOn are used to 
distnbute the computed consumptive use by vegeta­
tiOn to water users LCRAS uses estimates of annual 
water-use rates by vegetatiOn types to estimate annual 
evapotranspiratiOn To mcorporate the spatial vana­
ttons m precipitatiOn, temperature, and evaporatiOn 
between Hoover Dam and Mexico m LCRAS, the 
nver was divided mto four subreaches The four 
subreaches for whtch mdtvidual calculatiOns of evapo­
transpiratiOn were made are (1) Hoover Dam to Davis 
Dam, (2) Davis Dam to Parker Dam, (3) Parker Dam 
to Impenal Dam, and (4} Impenal Dam to Morelos 
Dam These four subreaches were also used to esti­
mate precipitatiOn (equatiOn 3) and open-water evapo­
ration (equation 6) as components of the water budget 
for the total reach to mcorporate spatial vanatwns m 
precipttatwn and evaporatiOn along the Colorado 
Rtver 

EvapotranspiratiOn ts the loss of water from a 
land area through transptratton by vegetatiOn and 
evaporatwn from the sotl surface under the vegetatiOn 
Evapotransptratwn estimated for spectfic users of 
Colorado Rtver water can be expressed as 

where 

11 

ETu = L (A, X U,), (8) 
I;::: I 

E Tu = estimated evapotransptratwn, m acre­
feet, for a user u of Colorado Rtver 

n 

A, 

u, 

water, 
= the area, m acres, for vegetation type 1, 

= water-use rate, m feet per year, for 
vegetatiOn type 1, 

n = number of types of vegetation m a 
user's area, and 

= the total vegetated area 

The areas for each vegetatiOn type A, were calculated 
from multttemporal, multispectraltmage classifica­
tions of mdtvtdual reaches of the nver The values of 

U, were calculated for each vegetation type by usmg 
the Blaney-Cnddle formula (Blaney and Cnddle, 
1950) as dtscussed m the subsequent sectwn entitled 
"Water Use by VegetatiOn" 

For each dtverter, the number of acres of each 
crop A, was multtphed by the respecttve water-use 
rate U, to obtam the amount of evapotranspiratiOn by 
that crop Total evapotransptratwn by dtverter was 
obtamed by summmg the computed evapotranspira­
tiOn for each crop m the area served by each dtverswn 
Evapotransptratton by phreatophytes was summed 
separately by State for each subreach and for the total 
reach Total evapotranspiratiOn by crops and phreato­
phytes for any spectfied reach ts 

where 

X 

ET, = L ETu' (9) 
u=l 

E T, = esttmated evapotransptratwn, m acre­
feet, for a reach r of the Colorado 
Rtver, and 

x = number of users m reach r 

Total evapotranspiratiOn for the reach from Hoover 
Dam to More los Dam ( E 1) ts 

4 

ET =LET, (10) 
r=l 

The ratw of evapotransptratwn by each user 
(ETu) to total evapotranspiratiOn (ET) multtphed 

by consumptive use by vegetation for the Hoover Dam 
to More los Dam reach ( C U,_,) results m adjusted esti­
mates of consumptive use by vegetatiOn for each 
dtverter ( C U..,u) Consumptive use by phreatophytes 
ts not asstgned to a particular water user For the 
purpose ofprovtdmg mformatton, consumptive use by 
phreatophytes ts summed and hsted separately by 
State The adJusted consumptive use by crops for a 
user ( u) ts 

( ETu) 
CUvu = CUv ET (ll) 

In summary, consumptive use by vegetation for 
the lower Colorado Rtver ts computed usmg a water 
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budget and ts dtstnbuted among users usmg an appor­
ttonment techmque based on the relattve amount of 
evapotranspiratiOn computed for each water user 
Thts apportiOnment techmque allows the effects of 
errors m the estimate of C U..J to be dtstnbuted eqm­
tably to all users LCRAS Is rehable only If the maJor 
mdependent components of the water budget are accu­
rately measured and computed, the mmor mdependent 
components are accurately measured or estimated, and 
the apportiOnment ts based on accurate measurements 
or estimates of water-use rates and areas for the 
vanous vegetatiOn types Before LCRAS ts apphed, 
the complex system to dtstnbute flow m the study area 
ts defined 

DISTRIBUTION OF COLORADO 
RIVER WATER 

DepletiOn of streamflow occurs as the Colorado 
Rtver flows southward from Hoover Dam to Mextco 
(fig 11) The pnnctpal components of streamflow 
depletiOn, hsted m order of magmtude, are ( 1) dtver­
stons exported to areas outstde the study area, (2) 
consumptive use by crops trngated with nver water, 
(3) consumpttve use by phreatophytes on the flood 
plam, (4) evaporatiOn from open-water surfaces, 
mamly the reservotrs and the nver, and (5) domestic, 
mumctpal, and mdustnal consumptive use (fig 1 0) 
Below Davis Dam, nver water Is diverted to crops on 
the flood plam m Anzona and Cahfomta and IS 
exported to mtenor regiOns of Cahfomta and Anzona 
LCRAS ts apphed to the flood plam of the Colorado 
Rtver (fig 2) and other adJacent areas on terraces 
where crops are grown 

A shallow alluvial aqmfer underhes the nver 
and flood plam and IS m hydraulic connectiOn wtth the 
Colorado Rtver (fig l 0) Water levels m the aqmfer 
change m response to changes m nver stage In Parker 
Valley, Palo Verde Valley, and the Yuma area where 
ground-water levels are near the land surface, dramage 
ditches are used to remove excess water and thereby 
promote crop growth When releases from the reser­
voirs satisfy downstream water reqmrements, most 
reaches of the nver adJacent to the croplands dramed 
by dramage dttches gam water from the aqmfer The 
nver loses water to the aqmfer through seepage, and 
ground water moves away from the nver m areas 
where the flood plam ts narrow and covered wtth 
phreatophytes and m Mohave and Ctbola Valleys, 
whtch do not have dramage dttches Rtver water that 

enters the ground Is transptred by phreatophytes and, 
m places, flows out of the flood plam mto bordermg 
areas beneath the older alluvtal terraces In years of 
htgh flow when the annual average nver stage nses, 
some of the nver reaches that normally gam flow from 
the aqmfer become losmg reaches 

Most of the agncultural areas are on the younger 
alluvmm of the flood plam but, m a few areas, land on 
the older alluvtal terraces has been culttvated Crop­
lands on the terraces are ( 1) east and south of the town 
of Parker, (2) m Vtdal Valley, where less than 10 acres 
of cttrus are grown, (3) on Palo Verde Mesa, and (4) 
on Yuma Mesa (pl 2) On Palo Verde and Yuma 
Mesas, crops are Irrigated wtth water dtverted from 
the Colorado Rtver and water pumped from wells In 
some places, the ground-water gradient IS toward the 
terraces from the nver, mdtcatmg that nver water IS 
flowmg to the terraces Water pumped from beneath 
the terraces IS a mtxture of nver water and tnbutary 
water Pumpage of these mtxed waters Is assumed to 
be Colorado Rtver water for Decree accountmg 
purposes (U S Supreme Court, 1960, p 317) 

Along the lower Colorado Rtver, the extensive 
network of streamflow-gagmg statiOns at regulatory 
structures, diversiOns, and dramage ditches (figs 7 and 
8) provtdes streamflow data for Decree accountmg and 
the water budget of LCRAS Data also are collected 
to compute flow from pumps m the nver and from 
wells The complex system of dams, canals, pumps, 
and dramage dttches used to meet water-use and 
power demands Is descnbed m the followmg sectiOns 
Also mcluded are histoncal mformation and a descnp­
tion of the streamflow-gagmg stations that gives JUSti­
ficatiOn for the locatiOn of some streamflow-gagmg 
stations where the distnbut10n of flow IS complex 

Dams and Reservoirs 

Flow m the lower Colorado Rtver Is regulated 
by a senes of dams Downstream from Hoover Dam, 
the northernmost and largest dam, are Davis Dam, 
Parker Dam, Headgate Rock Dam, Palo Verde Dam, 
1m penal Dam, Laguna Dam, and More los Dam (pl 1) 
Flow ts gaged below Hoover, Davts, Parker, Impenal, 
and Laguna Dams and 1 1 mt above Morelos Dam at 
the NIB Flow decreases downstream and follows the 
same trend from year to year (fig 11) 

Several of the dams dtvtde the nver mto dtstmct 
reaches where the dams are located m bedrock 
outcrops that constnct the nver and flood plam 
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- - COLORADO RIVER BELOW HOOVER DAM 

-- COLORADO RIVER BELOW DAVIS DAM 

-- COLORADO RIVER BELOW PARKER DAM 

-- COLORADO RIVER ABOVE IMPERIAL DAM 

-- COLORADO RIVER AT NORTHERLY 
INTERNATIONAL BOUNDARY 
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Figure 11. Annual flow in the Colorado River below Hoover Dam, 1935-85, below Davis Dam, 1950--85, 
below Parker Dam, 1935-85, above Imperial Dam, 1950--85, and at the northerly international boundary, 
1950-85. 

Consumptive use by vegetation can be conveniently 
calculated for the reaches between these dams. Flow 
in the Colorado River near the dams is confined in 
bedrock-lined channels and underflow through the 
bedrock is minimal; therefore, the releases of water 
through the regulatory structures measured at stream­
flow-gaging stations below the dams represent the 
flow that enters or leaves a reach. 

Water stored in reservoirs behind Hoover, 
Davis, and Parker Dams (pl. 1) is released to meet 
downstream water requirements, to make storage 
available for flood control, and to generate power. 
Annual change in storage is required for LCRAS and 
was calculated as the difference between the reservoir 

contents at midnight on December 3 l of one year and 
that of the previous year. 

Hoover Dam (pl. 1) is a concrete arch-gravity 
structure completed March 1, 1936. Flow has been 
regulated since storage began February 1, 1935. 
Water is stored for irrigation, municipal , industrial , 
and power uses. The municipal water supplies for 
Boulder City, Henderson, and Las Vegas, Nevada, are 
pumped from the reservoir, Lake Mead. Lake Mead 
has a usable capacity of26,159,000 acre-ft (White and 
Garrett, 1987, p. 96). Annual change in storage 
ranged from - 6,973 ,000 to 8,891,000 acre-ft from 
1936 to 1984 (fig. 12). The dam provides flood 
control , river regulation, and hydroelectric-power 
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F1gure 12. Annual change 1n reservo1r storage for Lake 
Mead, 1936---84 

generation, the reservoir provides recreation and fish 
and wtldhfe habttat Hoover Dam ts operated and 
mamtamed by the USBR 

Davts Dam (pl 1 ), 68 mt downstream from 
Hoover Dam, ts an earth- and rock-fill structure The 
dam was completed m Apnl 1949 and storage began 
January 17, 1950 The dam provides for the regulatiOn 
of flow to meet downstream demands m the Umted 
States, to satisfy the requtrements of the Treaty of 
1944 wtth Mextco, and to generate power The 
reservOir, Lake Mohave, has a usable capactty of 
1,810,000 acre-ft (Whtte and Garrett, 1987, p 111) 
Annual change m storage ranged from -566,000 to 
174,000 acre-ft from 1951 to 1984 (fig 13) Davts 
Dam ts operated and mamtamed by the USBR 

Parker Dam (pl 1 ), 83 mt downstream from 
Davis Dam, Is a concrete-arch structure Storage 
began when the dam was completed on July 1, 1938 
The dam provides flood control, power generation, 
and regulatiOn for trrtgatton demand Parker Dam Is 
operated and mamtamed by the USBR The reservOir, 
Lake Havasu, has a usable capac tty of 619,400 acre-ft 
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Figure 13. Annual change 1n reservo1r storage for Lake 
Mohave, 1951--84 

(Whtte and Garrett, 1987, p 132) Annual change m 
storage ranged from -107,200 to 89,800 acre-ft from 
1939 to 1984 (fig 14) Water IS pumped from Lake 
Havasu mto the Colorado Rtver aqueduct and CAP 
Canal (pl 1) 

Head gate Rock Dam (pl 1 ), 14 m1 down­
stream from Parker Dam, ts a rock- and earth-fill 
structure used for the dtverswn of trngatton water to 
the Colorado Rtver Indtan ReservatiOn m Parker 
Valley, Anzona The dam was completed m 1941 
The stable pool behmd the dam, known as Moovalya 
Lake, IS used extensively for recreatiOn 

u..i 
(!)I-<(W 
a:W 50 olL 
I-I 
en~ 
a:o -<( 0 OLL 

fi:o 
wen 
eno 
wz -50 a:<( 
zen 
-::J 
wo 
(!)J: -100 
Zl-
<Cz 
J:-
(.) 

F1gure 14. Annual change 1n reservoir storage for Lake 
Havasu, 1939--84 
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Palo Verde Dam (pl 1 ), 58 mt downstream from 
Parker Dam, Is a rock- and earth-fill structure used for 
the diverston of trngatwn water to Palo Verde lrnga­
tiOn Distnct m Palo Verde Valley, California The 
dam, completed m 1958, Is owned and operated by 
Palo Verde lrngat10n Distnct 

Senator Wash Dam (pl 1) and Its small auxiliary 
reservOir was bUilt m 1965 about 2 mi upstream from 
lmpenal Dam on Senator Wash--a tnbutary to the 
Colorado River (Hely, 1969, p 9) Water Is pumped 
from the nver to the reservOir for subsequent release to 
help avoid waste or water shortage m meetmg dehv­
enes ordered from upstream reservOirs Senator Wash 
ReservOir provides 13,840 acre-ft of storage capacity 
(White and Garrett, 1987, p 148) Annual change m 
storage ranged from -5,550 to 5,750 acre-ft between 
1966 and 1984 (fig 15) Senator Wash Dam IS owned 
by the USBR and operated by lmpenal lrngatiOn 
Distnct 
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Figure 15. Annual change 1n reservoir storage for Senator 
Wash Reservoir, 1966--84 

1m penal Dam (pl 1 ), 14 7 mt downstream from 
Parker Dam, IS a concrete-diversiOn structure with 
gates that was completed m 1939 The dam proved to 
be an effective sediment trap when the reservOir 
capacity of 85,000 acre-ft was qmckly reduced to 

1,000 acre-ft soon after tts completiOn (Fradkm, 
1984) Dredgmg allows for mtmmal storage behmd 
the dam lmpenal Dam IS owned by the USBR and 
operated and mamtamed by lmpenal lrrtgatiOn 
Dtstnct The dam 1s used for the diversiOn of water 
mto the All-Amencan Canal and the Gila Gravity 
Mam Canal The All-Amencan Canal mtake ts at the 
west end of Impenal Dam Water ts used for power 
generatiOn and trrtgatiOn m Yuma, Coachella, and 
Impenal Valleys. The Gila Gravity Mam Canal mtake 
IS at the east end of 1m penal Dam Irngation water ts 
dehvered to North Gila and South Gila Valleys, Yuma 
Mesa, and the Wellton-Mohawk Canal 

Laguna Dam (pl 1 ), 5 mt downstream from 
Impenal Dam, Is a low diversiOnary structure bmlt m 
1909 by the USBR The dam ts operated and mam­
tamed by lmpenal Irrigation Distnct The settlmg 
basm behmd the dam was filled by sediment wtthm 
weeks of Its completton (Fradkm, 1984) Sedtment 
from the All-Amencan Canal destltmg basms ts 
discharged back to the nver above Laguna Dam 
Dredgmg keeps the channel open and provtdes for 
mmtmal storage Water dtverted at Laguna Dam was 
dehvered to Yuma Valley through the Colorado River 
stphon (north of stte 69, fig 6) from 1912 to 1945 

Morelos Dam (pl 1 ), 27 mi downstream from 
Impenal Dam, Is a concrete-dtversiOn structure wtth 
multiple gates and was bmlt by Mextco m 1950 The 
dam ts 1 1 mi south of the northerly mtemat10nal 
boundary With Mexico and 21 9 mi north of the south­
erly mtemat10nal boundary The dam ts used to dtvert 
water mto the Alamo Canal, which supplies water to 
Mexico's network of canals m the Colorado lrrtgatiOn 
System and to Mextcah Valley 

Records of releases of water through regulatory 
structures controlled by the Umted States are reqmred 
by the Decree LCRAS requtres as mput vanables the 
quantity of flow below Hoover Dam and at the NIB 
and the net change m storage for all reservOirs A 
potential refinement of LCRAS requtres computed 
annual flow of the nver below Davis Dam, below 
Parker Dam, and at Impenal Dam The use of water 
budgets for four mdivtdual reaches defined by the 
dams IS a potential means of refimng estimates of 
consumptive use by vegetatiOn 

The Colorado Rtver above Impenal Dam 
streamflow-gagmg statton (site 44, fig 6) Is operated 
by the USGS as part of the NatiOnal Stream-Quality 
Accountmg Network (NASQAN) program (Whtte and 
Garrett, 1988, p 19) Flow data at this station, needed 
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by LCRAS, are computed from stattons that are 
requtred by the Decree Records of flow above 1m pe­
nal Dam are based on the combmed datly total flow of 
the Colorado Rtver below Impenal Dam (stte 45), All­
Amencan Canal near Impenal Dam (stte 60), Gtla 
Gravtty Mam Canal at Impenal Dam (stte 53), and 
dtverstons to Mtttry Lake (stte 52, fig 6) 

Records of flow for the Colorado Rtver below 
several dams commonly are based on the stage­
discharge relatiOns defined by current-meter measure­
ments At Hoover Dam, the flow records are based on 
veloctty measurements usmg acoustic veloctty meters 
(AVM's) m the dtscharge ptpes wtthm the dam 
Current-meter measurements made at the Colorado 
Rt ver below Hoover Dam streamflow-gagmg station 
(stte 1, pl 1) are used to check the dtscharge deter­
mmed from the AVM's The AVM's are operated by 
the USBR and the check measurements are made by 
the USGS 

In 1986, an analysts of flow records at Hoover 
and Davts Dams (figs 11 and 16) revealed that the 
AVM's probably were mtroducmg persistent error 
After correctiOn for storage m Lake Mohave was taken 
mto account, there was a computed gam m annual 
flow between the gages at Hoover and Davts Dams 
(sttes 1 and 3, pl 1) smce the AVM's were mstalled m 
1976 Because losses of nver water to evaporatiOn 
and transptratton commonly exceed tnbutary mflow 
for thts reach, sources of computational and measure­
ment errors were exammed for the reach 

C/) 1 5 
z 
0 
:J 
...1 

~I- 1 0 
zw -w 

-u. 
WI Uw 05 za: 
wu 
II:<( 
Wu. 
tto 
Ci 0 
3: 
0 
...1 
u. -05 

1940 1950 1960 1970 1980 1990 

F1gure 16 Difference 1n annual flow between the Colorado 
R1ver below Hoover Dam and the Colorado R1ver below Dav1s 
Dam accounting for the change 1n reservo1r storage 1n Lake 
Mohave, 195o-85 

Ten current-meter measurements of dtscharge 
made between August 12, 1981, and March 12, 1986, 
showed a persistent dtfference from the AVM measure-

ments The dtfference between the AVM and the 
current-meter measurements was calculated as 

where 

D = dtfference, m percent, between the 
AVM and the current-meter 
measurements of dtscharge, 

QAvM = A VM measurement of dtscharge, m 
cubtc feet per second, and 

Q = current-meter measurement of em 
dtscharge, m cubtc feet per second 

The AVM measurements of dtscharge are, on the aver­
age, 2 1 percent less than the current-meter measure­
ments, and 9 of the 10 measurement patrs show more 
dtscharge for the current-meter measurements 

Inflow, reportedly from leakage around Hoover 
Dam and from spnngs that flowed before the dam was 
constructed, occurs m the reach between the dam and 
the cableway Further analysts was made to determme 
the quantity of thts mflow by usmg 65 patrs of AVM 
and verttcal-axts current-meter measurements For 
dtscharges less than 10,000 ft1/s, there was no stgmfi­
cant dtfference between the measured dtscharges at the 
99 percent level of stgmficance (table 6) Therefore, 
the quantity of spnng flow and seepage between the 
dam and the cableway ts constdered mstgntficant rela­
tive to the quanttty of flow m the nver On the basts of 
the avatlable current-meter measurements for flows 
above 10,000 ft1/s, the average dtfference m dtscharge 
ts 2 6 percent, whtch ts statistically stgntficant The 
measunng condtttons at the cable~ay for htgh flows 

Table 6. Evaluation of pa1rs of discharge measurements 
made by us1ng vert1cal-ax1s current meters and acoustic­
velocity meters (AVM's) below Hoover Dam 

Average difference 
between AVM and 

current-meter 
Discharge, In cubic Number of measurements, 

feet per second measurements 1n percent 

Less than I 0,000 15 -0 I 

I 0,00~20,000 26 -19 

20,00~30,000 33 -3 0 

More than 30,000 12 -2 7 
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are not 1deal because of a large eddy on the nght bank 
The eddy and turbulent cond1t1ons change w1th t1me 
and the quant1ty of flow Although the current-meter 
measurements seldom can be rated better than good 
(wtthm 5 percent), there ts no known bias, therefore, 
httle, If any, of the computed dtfference 1s considered 
a result of possible overregistratwn by current 
meters Because the computed difference generally 
mcreases w1th mcreasmg discharge and turbulence, 
some of the d1fference could be from overreg1strat1on 
or from the possible maccurate defimtwn of the 
boundary for the eddy (H W H.Jalmarson, hydrologist, 
U S Geological Survey, wntten commun , 1986) 

On the basts of a relation between the discharge 
from current-meter measurements and discharge from 
the AVM's, the AVM's underregtster an average of 
about 2 percent for medmm and htgh flows At 
5,000 ft1/s, there appears to be no b1as, and the under­
registratiOn mcreases linearly about 1 percent for each 
10,000 ft1/s above 5,000 ft3/s to 35,000 ft3/s The 
AVM's underreg1ster by 1 percent at 15,000 ft 1/s and 
about 2 percent at 25,000 ft1/s, at about 35,000 ft'/s, 
the apparent underregtstratwn appears to reach a 
maximum of about 3 percent (H W HJalmarson, 
wntten commun , 1986) Upgrades to the AVM's have 
been mstalled at Hoover Dam Any necessary correc­
tiOns to AVM dtscharge hke those shown above wtll 
be made and mcorporated mto LCRAS 

Before the AVM's were mstalled at Hoover Dam 
m 197 6, ratmgs for the powerplant turbmes were used 
to compute d1scharge On the average, current-meter 
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measurements made by the USGS closely agreed w1th 
the turbme dtscharges, however, there were large 
undesirable short-term dtfferences The use of AVM's 
potentially can result m unb1ased records of discharge 
wtth less vanance between the current-meter measure­
ments and the ratmgs used to compute dtscharge at 
Hoover Dam 

Exported Water 

Colorado R1ver water 1s dtverted and exported 
out of the study area Water ts exported to Cahfornta 
m the Colorado Rtver aqueduct and the All-Amencan 
Canal Water ts exported to Anzona m the CAP 
Canal The exported water does not return to the 
nver, therefore, exported water ts considered to 
be consumptively used All the exported water ts 
measured at streamflow-gagmg statiOns, and LCRAS 
utthzes these flow quantities m the water budgets 

The Colorado Rtver aqueduct (pl 1) was com­
pleted by the Metropolitan Water Dtstnct (MWD) of 
Southern Cahfornta m 1941 Pumpmg to reservOirs m 
southern Cahfornta began January 7, 1939 Water ts 
pumped mto the aqueduct from Lake Havasu (stte 11, 
pl 1) and delivered to the metropolitan areas on the 
coastal plam of southern Cahfornta from north of Los 
Angeles to San Dtego The quanttty of water exported 
m the aqueduct annually ranged from 30,700 to 
1,273,537 acre-ft between 1939 and 1985 (fig 17) 

F1gure 17. Annual flow d1verted from the Colorado R1ver and exported to Cahforn1a 1n the Colorado R1ver 
aqueduct, 1939--85 
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On March 8, 1985, the USBR began pumpmg 
water from Lake Havasu mto the CAP Canal (stte 14, 
pi 1) to test the pumps The exportation of water to 
Anzona m the CAP Canal totaled 33,500 acre-ft m 
1985 Water was delivered as far east as the ctty of 
Phoemx Water delivery to the ctty of Tucson ts 
scheduled for 1991 After the canalis completed to 
Tucson, the pumps and canal will be operated and 
mamtamed by the Central Anzona Water Conserva­
twn Dtstnct (CAWCD) 

Water was first dtverted to the All-Amencan 
Canal m October 1938 From October 1938 to 
October 1940, dtverted water was used to pnme the 
canal Water dehvenes began m 1940 and full flow 
occurred m 1942, when lmpenal Valley no longer 
used the Alamo Canal The All-Amencan Canal 
supplies water to areas m Cahfornta and Anzona 
along the Colorado Rtver Water also ts exported to 
Impenal and Coachella Valleys m California Annual 
dtverswns near Impenal Dam (stte 60, figs 6 and 8) 
ranged from 793 to 8,368,000 acre-ft between 1938 
and 1985 (fig 18) Annual dtverswns below Ptlot 
Knob wasteway (stte 72, figs 6 and 8), exported 
to Impenal and Coachella Valleys, ranged from 
2,865,000 to 3,699,000 acre-ft between 1960 and 1985 
(fig 18) Part of the flow dtverted to the All-Amencan 
Canal returns to the nver as seepage between lmpenal 
Dam and Pilot Knob and through the Pilot Knob 
Powerplant and wasteway The quantity of water 
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returnmg to the nver annually through the powerplant 
and wasteway (stte 71, figs 6 and 8) ranged from 0 to 
4,865,000 acre-ft between 1939 and 1985 (fig 18) 

Diversions 

Water from the Colorado Rtver ts dtverted at 
dams for use m the study area Streamflow-gagmg 
statiOns are located to measure the quantity of water 
dtverted at the dams as reqmred by the Decree Water 
dtverted at the dams Is delivered to many md1v1dual 
users (see table 7 for the quantity of water pumped by 
water users m 1984) Dtverswns to md1vtdual users, 
although reqmred by the Decree, are mternal to the 
surface-water budgets as delineated by the boundanes 
selected for LCRAS 

Water 1s pumped from the Colorado Rtver for 
use m Mohave Valley, Parker Valley, and the Bard area 
m California and m Mohave Valley, Ctbola Valley, and 
Yuma Valley m Anzona Water 1s pumped from wells 
on the flood plam for use m Mohave Valley and on the 
Cali forma stde of the nver m the Yuma area The 
quantity of water pumped Is computed from power 
records, Sites are VISited btannually and discharge ts 
measured when the pumps are m operatiOn 

Most of the water diverted or pumped from 
the nver 1s used for Irngatwn of croplands Water 
diverted at Headgate Rock Dam mto the CRIR Mam 

F1gure 18 Annual flow diverted from the Colorado R1ver mto the AII-Amencan Canal near lmpenal Dam 
1938-85, flow diverted to lmpenal and Coachella Valleys 1n the AII-Amencan Canal below P1lot Knob 
wasteway, 1960-85, and flow return1ng to the nver through the P1lot Knob Powerplant and wasteway 
1939-85 , 
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Table 7 D1vers1ons and pumpage from the Colorado R1ver and pumpage from wells on the flood pla1n between Hoover 
Dam and Mex1co, 1984 

[State AZ, Anzona, CA, Caltfomta, NV, Nevada Type P, pump m the nver, W, well on flood plam or mesa, D, dtverston at the dam, X, unknown 
Water use A. agttcultural, M, mumctpal, I, 1rngat10n other than agnculture, S, steam plant, X, unknown] 

Water Quantity, 
Water user State Type use m acre-feet 1 

Hoover Dam 

Willow Beach AZ w M 90 
Cottonwood Cove NV w M 439 
Katherme AZ w M 370 
Davis Dam Government Camp AZ X M 142 
Davis Dam L C R D Project AZ X M __@ 

Total (rounded) 1,100 

Davas Dam 

Southern Cahforma Edison Company NV X s 14,198 
Clark County Parks and Recreation 

Department NV p X 6 
Big Bend Water Distnct NV p M 31 
Wiebke, Armm T NV p X 8 
Portenter, Warren W NV p M 42 
Welles. John C NV p A 8 
Kntght, John B NV p A 5 
Boy Scouts of Amenca NV p A 10 
Mohave Water Conservation Distnct AZ w M 108 
Soto Brothers CA w A 1,512 
Deason. Richard (Tn-State) CA w A 1,200 
Deason, Richard (Tn-State) CA w A 960 
Deason, Richard (Tn-State) CA w A 960 
Mohave Valley lmgatwn and 

Dramage Distnct AZ P,W A 23,496 
Fort Mohave Indian Reservation AZ P,W A 41,377 
Fort Mohave Indian Reservation CA P,W A 20,760 
City of Needles CA w M 3,334 
San Bernardmo County CA w M 15 
Lake Havasu lmgatwn and Dramage 

Distnct AZ w M 9,085 
Consolidated Water Utilities Ltd AZ p M 291 
BLM Permittees CA X M ~ 

Total (rounded) 117,600 

Parker Dam 

Parker Dam Government Camp CA D M 171 • 
Lye, R L CA w A 60 
Town of Parker AZ w M 851 
Colorado R1ver Indian ReservatiOn AZ w M 7 
Colorado River Indian ReservatiOn CA P,W A 3,670 
Colorado River Indian Reservation--

Big River CA w M 890 
Colorado River Indian Reservation--

South Farm AZ p A 8,954 
Rayner, Jack, Jr AZ p A 936 
Rayner, Jack, Jr AZ w A 231 
Ehrenberg Improvement AssoctattOn AZ p M 145 
Arakelian Farms AZ p A 2,520 
Cibola Valley lmgation and Dramage 

Distnct AZ p A 15,580 

32 An Accounting System for Water and Consumptive Use Al!)nQ the Colorado Rtver, Hoover Dam to Mextco 



Table7 D1vers1ons and pumpage from the Colorado R1ver and pumpage from wells on the flood pla1n between Hoover 
Dam and Mex1co, 1984--Contmued 

Water Quantity, 
Water user State Type use In acre-feet1 

Parker Dam--Contmued 

Sprawl (Towery, A) AZ p A 3,600 
Clbola Nat1onal Wlldhfe Refuge AZ p A 5.434 

Total (rounded) 43,000 

lmpenal Dam 

Yuma ProJect Reservation DIVI'>IOn-
lndmn Umt CA D A 26,751 

Yuma ProJect Reservation D1v1~1on-
Bard Umt CA D A 40,452 

Yuma Provmg Ground AZ D M 9 
Warren Act Contractors AZ D A 4,848 
C1ty of Yuma AZ D M 17,527 
City of Wmterhaven CA w M 80 
Manne Corps A1r Stat10n AZ D M 1,775 
Southern Pac1fic Company AZ D M 48 
County of Yuma AZ D M 12 
Yuma Mesa Fnut Growers Assocmt10n AZ D M 12 
Un1ver'>1ty of Anzona Test Stat10n AZ D A 697 
Yuma Umon H1gh School AZ D M 200 
Camille, Alec, Jr AZ D X 26 
Desert Lawn Memonal AZ D I 150 
North Gila Valley lrngat10n D1stnct AZ D A 40,551 
Yuma lrngat1on D1stnct AZ D A 55,917 
Yuma lrngat10n Dl'itnct AZ w A 8,7R7 
Yuma Mesa lrngat1on and Dramage 

D1stnct AZ D A 213,157 
Un1t B lrngat10n and Dramage D1stnct AZ D A 34,526 
Yuma County Water Users Assoc1at10n AZ D A 274.299 
Yuma County Water Users Assoc1at10n AZ w A 11.144 
Cocopah lndmn ReservatiOn AZ D A 627 
Cocopah lnd1an ReservatiOn AZ w A 3.666 

• Fort Yuma lndmn Re'>ervatiOn AZ w A 1,779 
Dulm, Arhn AZ w A 219 
Dulm, Arlm AZ w A 930 
Sturges, Steve AZ w A 12,098 
Yowelman, R AZ w A 720 
Auza, Pete AZ p A 1,590 
Auza, Pete AZ w A 1,590 
Ott, Judd T AZ w A 195 
Ott, Judd T AZ w A 345 
Cameron Brothers AZ w A 29 
Harp, R AZ w A 1,458 
Vuka'>OVICh AZ w A 3 
Vukasov1ch AZ w A 424 
Sunk 1st of Yuma AZ w A 484 
Nunnaley AZ w A 73 
Curt1s, A (Jennmgs, A ) AZ p A 81 
Power, B1ll AZ p A 1,980 
Power, R E (P Power) AZ p A 1,920 
Hall, An~ll AZ p A 480 
Burrell AZ w A 192 
Cole (R Land) CA w A 461 
Perez, F (Slade) CA w A 819 
Barrett (R Harp) CA w A 858 
Spencer, M CA w A 630 
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Table 7. Drversrons and pumpage from the Colorado A rver and pumpage from wells on the flood plain between Hoover Dam 
and Mexrco, 1984-Contmued 

Water user 

Imperial Dam--Contmued 

Martm, M (A Dees) 
Schaffer, F (R Harp) 
Wilson (R Harp) 
Easterday, A 
Evans, E (R Harp) 
Harp, R 
Easterday, Kenneth 
Sm1th, R (P Power) 
Musgrave (Barkley Company) 

Total (rounded) 

GRAND TOTAL 

State Type 

CA w 
CA w 
CA w 
CA w 
CA w 
CA w 
CA w 
CA w 
CA w 

Water 
use 

A 
A 
A 
A 
A 
A 
A 
A 
A 

Quantity, 
m acre-feet1 

350 
631 
449 
425 
480 
882 

1,377 
2,026 

___21 

771,300 

933,000 

1 Most of the pumpage quant1t1es were reported by the U S Bureau ot Reclamation ( 1986a, 1987) except tor a few add1t10nal water users 1dcnt1ticd dunng 
th1s study 

Canal (stte 17, fig 4) Is used for trngatwn of reserva­
tion croplands on the flood plam on the Anzona stde 
of the nver Annual dtverswns ranged from 7,290 to 
663,200 acre-ft between 1915 and 1984 (fig 19) 
Water dtverted at Palo Verde Dam mto Palo Verde 
Canal (stte 24, fig 5) Is used for Irrigation of croplands 
m Palo Verde Valley by Palo Verde Irrtgatwn 
D1stnct Annual dtverswns ranged from 131,100 to 
1 ,006,000 acre-ft between 1922 and 1984 (fig 19) 
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Water ts diverted from the Ali-Amencan Canal 

to the Reservation Mam Canal (stte 61}, Tttsmk Canal 
(stte 62), Yaqut Canal (site 63), Pontiac Canal (stte 
64}, and Walapat Canal (stte 65, figs 6 and 8) for the 

trrtgatton of croplands m the Reservation Dtvision of 

the California part of the USBR Yuma ProJect Water 

also Is diverted from the Yuma Mam Canal to the 
ReservatiOn DivisiOn (site 67, figs 6 and 8) Annual 

diversiOns to the Reservation Dtvtsion ranged from 

... ~ 

,., , .... , , ,,,.,.. ...... , 
I ,, , 

~ .... , , .... ~ 
~' ,, 

,~ ....... , ,., 
~'COLORADO RIVER INDIAN 

/ RESERVATION MAIN CANAL 

1955 1965 1975 1985 

F1gure 19 Annual flow drverted for rrngatron rn Parker Valley rn the Colorado Rrver lndran Reservatron Marn 
Canal, 1915--84, and for lrngatron rn Palo Verde Valley rn the Palo Verde Canal, 1922-84 
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62,700 to 95,300 acre-ft between 1966 and 1985 the Yuma Mam Canal are momtored at the Stphon­
Drop Powerplant (s1te 66, figs 6 and 8) and ranged 
from 280,000 to 1,443,000 acre-ft between 1939 and 
1985 (fig 21) Water m the Yuma Mam Canalis 
dehvered to the ReservatiOn Dtvtston and Yuma 
Valley Dtv1s10n for 1rngatton and the Ctty of Yuma for 
mumctpal use The Yuma Valley Dtvtston and the 

(fig 20) The Yuma Mam Canal turnout ts 13.7 m1 
downstream from the All-Amencan Canal mtake at 
Impenal Dam Water 1s dehvered to Yuma Valley on 
the An zona s1de of the nver through the Colorado 
Rtver stphon, whtch was completed m 1912 Annual 
dtverswns of water from the All-Amencan Canal mto 
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F1gure 20 Annual flow d1verted from the G1la Grav1ty Ma1n Canal to North G1la Valley, 1966-85, and to South 
G1la Valley, 1966--85, and from the AII-Amencan Canal to the Reservation DIVISIOn of the California part of the 
Bureau of Reclamation Yuma ProJect, 1966--85 
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F1gure 21. Annual flow 1n the Yuma Ma1n Canal at the S1phorr-Drop Powerplant, 1939-85, Yuma Main 
Canal below the Colorado R1ver Siphon, 192~5. and flow released back to the nver at the Yuma Ma1n 
Canal wasteway, 1931--85 
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Ctty of Yuma are on the Anzona stde of the nver and 
the quanttty of water actually dehvered across the 
nver ts computed m the Yuma Mam Canal below the 
Colorado Rtver stphon (stte 69, figs 6 and 8) Annual 
flow through the stphon ranged from 265,800 to 
405,000 acre-ft between 1924 and 1985 (fig 21) 
Another station momtors the d1vers10n from Yuma 
Mam Canal for the Ctty of Yuma (stte 70, figs 6 
and 8), annual dtvers10ns ranged from 5,410 to 
16,510 acre-ft between 1965 and 1985 (fig 22) 
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Water has been dtverted mto the Gtla Gravtty 
Mafn Canal at the east end of 1m penal Dam smce 
1944 (stte 53, figs 6 and 8) Annual dtverstons at 
Impenal Dam ranged from 60,910 to 938,700 acre-ft 
between 1944 and 1985 (fig 23) The Gtla Gravtty 
Mam Canal supplies water to areas m Anzona along 
the Colorado Rtver and to the lower Gtla Valley The 
Wellton-Mohawk Canal, a maJor branch off the Gtla 
Gravtty Mam Canal, has delivered water from the 
Colorado Rtver mto the lower Gila Valley smce 

1975 1980 1985 

F1gure 22. Annual flow diverted from Yuma Ma1n Canal for the C1ty of Yuma, 196~5 
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Figure 23. Annual flow diverted from the Colorado A1ver mto the G1la Grav1ty Ma1n Canal, 1944-,<35, and from 
the G1la Grav1ty Mam Canalmto the Wellton-Mohawk Canal, 196&-85 
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1952 Water d1verted mto the Wellton-Mohawk 
Canal (s1te 56, figs 6 and 8) IS used for 1rngat10n m 
the Dome, Wellton, and Mohawk areas of the lower 
G1la Valley The quantity of water d1verted mto the 
Wellton-Mohawk Canal has been measured smce 
October 1965 and ranged from 286,900 to 533,500 
acre-ft/yr between 1966 and 1985 (fig 23) 

Water IS diverted out of the Gila Gravity Mam 
Canal mto the North Gtla Mam Canal (site 54) and 
North Gtla Mam Canal No 2 (stte 55, figs 6 and 8) for 
delivery to croplands m the North Gtla Valley DivtstOn 
of the USBR G1la ProJect m Anzona Annual diver­
Sions ranged from 39,790 to 67,160 acre-ft between 
1966 and 1985 (fig 20) Water ts also dtverted mto 
the South G1la Mam Canal (stte 57, figs 6 and 8) for 
the 1rngat10n of croplands m the South G1la Valley 
DtvtstOn of the Gila ProJect Annual d1vers10ns 
ranged from 24,130 to 38,600 acre-ft between 1966 
and 1985 (fig 20) Water IS pumped from the Gtla 
Gravtty Mam Canal at a pumpmg plant (stte 58, figs 6 
and 8) and dehvered to Yuma Mesa for the 1rngat10n 
of croplands m the Yuma Mesa Dtvtston of the Gtla 
ProJect and Yuma Auxthary Dtv1s1on Umt B of the 
Yuma ProJect The quantity of water pumped annually 
to Yuma Mesa ranged from 221,600 to 286,900 acre-ft 
between 1966 and 1985 (fig 24) The quantity of 
water dtverted to the Yuma Auxthary Dtvtston Umt B 
IS momtored at the Umt B Mam Canal streamflow­
gagmg station (site 59, figs 6 and 8) and ranged from 
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28,860 to 39,110 acre-ft/yr between 1966 and 1985 
(fig 24) 

Some of the water pumped from the nver 1s 
used to support the wildhfe hab1tat m the marshes 
along the nver Water IS d1verted mto Topock Marsh 
mlet (site 7, figs 3 and 7) for delivery to Topock 
Marsh m Havasu Nat10nal W1ldhfe Refuge, which Is 
operated by the U S Fish and W1ldhfe Serv1ce Two 
pumps m the mlet deliver water for the Irngatwn of 
adJacent croplands The elevatiOn of the water m 
Topock Marsh ts mfluenced by nver stage, water 
flowmg back and forth between the nver and the 
marsh through the levees, and return flows from 
1rngat10n that dram to the marsh 

C1bola Lake mlet (s1te 41, figs 5 and 7) Ism the 
C1bola National Wildlife Refuge, wh1ch IS operated by 
the U S F1sh and Wildhfe Service Pumps at the mlet 
are used occasiOnally to pump water from the nver 
mto the lake The streamflow-gagmg stations at 
C1bola Lake mlet and outlet (sites 41 and 42, figs 5 
and 7) ongmally were operated for 6 years to deter­
mme an estimate of consumptive use for the lake The 
water-surface elevation of the lake IS mfluenced by the 
elevation of the nver The data collected at the mlet 
and outlet are not representative of mflow and outflow 
quantities of the lake because water flowmg back and 
forth between the nver and lake through the levees IS 
not mcluded and cannot be momtored accurately As a 
consequence, the USBR, USGS, and U S Ftsh and 
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F1gure 24. Annual flow diverted to Yuma Mesa at the G1la Grav1ty Mam Canal pump1ng plant, 1966-85, and 
mto Umt B Ma1n Canal, 1966-85 
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Wtldhfe Servtce agreed to asstgn a consumptive use of 
5,000 acre-ft/yr for the lake 

Water ts dtverted from the nver at Impenal Dam 
(stte 52, figs 6 and 8) to mamtam the water-surface 
elevation m Mtttry Lake, whtch ts on the flood plam 
adJacent to the nver m the Mtttry Lake Wtldhfe Area 
(pl 2) The elevatiOn of the lake ts mfluenced by the 
elevatton of the nver surface because water flows back 
and forth between the nver and the lake as the nver 
level nses and falls Mtttry Lake mlet and outlet 
streamflow-gagmg statiOns (sttes 52 and 73, figs 6 
and 8) were established to momtor the total mflow 
and outflow of the lake to compute consumpttve use 
Because the water-surface elevatiOn of the lake ts 
mfluenced by the elevatiOn of the nver, total mflow 
and outflow are not momtored 

Return Flows 

Some of the water dtverted from the Colorado 
Rtver returns to the nver m the study area and ts avatl­
able for use downstream Records of the return flows 
avatlable for use downstream are reqmred by the 
Decree Surface-water return flows are momtored m 
an attempt to determme credtt for water bemg returned 
to the nver In Parker Valley, Palo Verde Valley, and 
the Yuma area, dramage dttches are used to lower the 
water table and prevent crop damage Water m the 
dramage dttches flows mto the nver Some of the 
dtverted water returns dtrectly to the nver from canal 
sptllways or m wasteways Streamflow-gagmg 
stattons are postttoned to measure the quantity of 
water that returns to the nver as surface-water flow m 
the study area (see table 8 for return flows measured m 
1984) Most of the return flows are mternal to the 
LCRAS surface-water budget because they return to 
the nver m the same reach m whtch the dtvers10n 
occurs and, therefore, are not requtred by LCRAS 
Thts cntenon ts met by all the returns except those that 
return to the nver downstream from Morelos Dam and 
the NIB, where Qd,. of the water budget IS determmed 
The quanttttes of water that ongmated from water 
dtverted upstream from Morelos Dam and return to the 
nver south of Morelos Dam or flow across the border 
mto Mextco are requtred water-budget components 
(Q, 1, figs. 9 and 10) 

Dtverted water returns to the nver from Parker 
Valley and Palo Verde Valley In Parker Valley, water 
returns through the Gardner Lateral sptll (stte 19), 
Poston wasteway (stte 21, mcludes dramage from 

Upper Mam dram and sptlls from Mam Canal), Palo 
Verde dram (stte 26), and Lower Mam dram (stte 27, 
figs 4 and 7) Annual surface-water return flows from 
Parker Valley ranged from 13,700 to 407,600 acre-ft 
between 1946 and 1984 (fig 25) In Palo Verde 
Valley, water returns through Ohve Lake dram 
(stte 28), F Canal sptll (stte 29), D-1 0-11-2 sptll 
(stte 30), D-10-11-5 sptll (stte 31), D-23 sptll (stte 32), 
D-23-1 sptll (stte 34), C Canal sptll (stte 35), C-28 
upper sptll (stte 36), Outfall dram (stte 37), Anderson 
dram (stte 38), and C-28 lower sptll (stte 39, figs 5 
and 7) Annual surface-water return flow from Palo 
Verde Valley ranged from 424,600 to 580,400 acre-ft 
between 1961 and 1984 (fig 25) The flow data for 
these sttes m Palo Verde Valley are furntshed by Palo 
Verde Irngat10n Dtstnct 

Flow measured m the Palo Verde dram 
(site 26, figs 4 and 7), Lower Mam dram (stte 27, 
figs 4 and 7), and Outfall dram (stte 37, figs 5 and 7) 
ts not an accurate representatiOn of dramage return 
flows from apphed 1rngat10n water that was dtverted 
at the dams The streamflow-gagmg statiOns on the 
Lower Mam dram and Outfall dram are upstream from 
the mouths of the drams because of backwater prob­
lems dunng htgh flow m the nver Dramage water 
entermg these drams between the statiOns and the 
mouths ts not measured Dunng htgh flows m the 
nver, the flow measured at the Palo Verde dram and 
Outfall dram streamflow-gagmg statiOns does not 
represent total dramage water from the dtversiOns 
because nver seepage flows mto the drams and ts 
measured as dramage water (Owen-Joyce and Ktmsey, 
1987, Owen-Joyce, 1988) 

Dtverted water returns to the nver m the Yuma 
area through wasteways, dramage dttches, and 
dramage wells Return flow from the North Gtla 
Valley Irngatton Dtstnct IS momtored at Laguna 
Canal wasteway (stte 74), Levee Canal wasteway 
(stte 75), North Gtla Mam Canal wasteway (stte 79), 
Bruce Church wasteway (stte 83), North Gtla dram 
No 1 (stte 76), and Bruce Church dram (stte 81, figs 6 
and 8) Annual surface-water return flows from North 
Gtla Valley ranged from 5,340 to 52,510 acre-ft 
between 1961 and 1985 (fig 26) 

Stx gates along the Gila Gravtty Mam Canal 
open automatically when the water surface m the canal 
exceeds a set elevatiOn Flow through these gates 
rarely reaches the Gtla or Colorado Rtvers because the 
flow mfiltrates mto the smls downstream from the 
gates Only the gate on Fortuna wasteway (stte 78, 
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Table 8 Surface-water return flow computed at streamflow-gaging stations along the lower Colorado R1ver between 
Hoover Dam and Mex1co, 1984 

[Statton name CRIR, Colorado Rtver lndtan Reservatton, PVID, Palo Verde lrngatton Dtstnct, NIB, northerly mtemattanal boundary, SIB, southerly 
mtemattonal boundary Method of determmatton C, calculated, M, measured or computed, R, reported, dashes, not determmed] 

S1te 
number1 Stat1on name 

Colorado River below Hoover Dam 

Colorado Raver below Davas Dam 

Colorado Raver below Parker Dam 

19 
21 
22 
26 
27 
28 
29 
30 
31 
32 
34 
35 
36 
37 
38 
39 
42 

Gardner lateral sptll near Parker 
CRIR Poston wasteway near Poston3 

Poston wasteway sptll gates 
Palo Verde dram near Parker 
CRIR Lower Mam dram near Parker 
PVI D Ohve Lake dram near Blythe 
PVID F-canal spill near Blythe 
PVID D-10-11-2 spill near Blythe 
PVID D-10-11-5 sptll near Blythe 
PVID D-23 sptll near Blythe 
PVID D-23-1 spill near Blythe 
PVID C-canal spill near Blythe 
PVID C-28 upper spill near Blythe 
PVID Outfall dram near Palo Verde 
PVID Anderson dram near Palo Verde 
PVID C-28 lower spill near Blythe 
Cibola Lake outlet near Cibola 

Total (rounded) 

Colorado Raver above lmperaal Dam 

73 
74 
75 
76 

77 
78_ 
79 
80 
81 
82 
83 
85 
86 
87 
88 
93 
68 
94 
96 
71 
97 

Mtttry Lake outlet channel near Yuma 
Laguna Canal wasteway 
Levee Canal wasteway 
North Gila dram No 1 

Gila Raver 
North Gtla dram No 3 near Yuma 
Fortuna wasteway near Yuma 
North Gila Mam Canal wasteway 
South Gila Pump Outlet Channel No 3 near Yuma 
Bruce Church dram 
South Gila Pump Outlet Channel No 2 near Yuma 
Bruce Church wasteway 
South Gila Pump Outlet Channel No I near Yuma 

South Gila dram No 2 near Yuma 
South Gtla termmal wasteway 
South Gtla Pump Outlet Channel No 4 
ReservatiOn Mam dram No 4 
Yuma Mam Canal wasteway at Yuma 
Yuma Mesa outlet dram at Yuma 
Dram 8-B near Yuma 
Ptlot Knob Powerplant and wasteway near Ptlot Knob 
Mam Outlet Dram ExtensiOn above Morelos Dam (MODE 2) 

Total (rounded) 

Colorado Raver at NIB 

99 
100 
101 

Mam Outlet Dram ExtensiOn below Morelos Dam (MODE 3) 
Eleven Mile wasteway4 

Twenty-one Mile wa~teway4 

Total (rounded) 

Flow, In 

acre-feet 

1,760 
79,920 
38,880 
48,200 

143,700 
7,710 

12,240 
1,370 
5,510 

14,620 
6,090 

19,070 
187 

426,200 
152 

9,900 __ o 

815,500 

(4) 
05 

2,060 
7,720 

0 
595 

1,860 
14,550 
1,050 

17,650 
1,310 

22,940 
762 
750 

8,940 
43,390 

6,810 
22,390 

7,360 
4,865,000 

1490 

5,026,600 

370 
1,530 
__ 0 

1,900 

Method of 
determmatlon 

M 
c 
M 
M 
M 
R 
R 
R 
R 
R 
R 
R 
R 
M 
R 
R 
M 

M 
M 
M 
M 

M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 

M 
M 
M 
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Table 8. Surface-water return flow computed at streamflow-gag1ng stat1ons along the lower Colorado R1ver between Hoover 
Dam and Mex1co, 1984-Contmued 

S1te 
number1 

Colorado Raver at SIB 

Water to Mex1co not m nver. 

98 Cooper wasteway5 

Station name 
Flow, In 

acre-feet 

721 

Method of 
determination 

M 
I 02 Wellton-Mohawk Bypass dram at Anzona-Sonora boundary 
I 03 Mam dram at SIB near San Luts5 

71 4 M 
99,380 M 

104 West Mam Canal wasteway5 

I 05 East Mam Canal wasteway5 
0 M 

4,090 M 
106 Two-Forty-Two well field lateral near San Luts 3.020 M 

Total (rounded) 107,300 

GRAND TOTAL 5,951,300 

1 Locattons shown on figures 4-8 
2No surface-water return flows m thts reach 
1Equal to Colorado Rtver lndtan Reservatton Poston wasteway near Poston mmus Poston wasteway sptll gates 
4No dtscharge record Gage mundated by Colorado Rtver, October I, 1984, to March 31. 1985 (Whtte and Garrett, 1988, p 282) 
5Surface-water return flows from trrtgattOn water dtverted from the Colorado Rtver at lmpenal Dam and applied to fields m Yuma Valley These tetwn 

flows enter the nver south of More los Dam or flow mto Mextco wtthout entenng the nver Total flow m 1984 was about I 05.700 acre-feet 
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Figure 25. Annual surface-water return flows from Parker Valley, 1946-84, and Palo Verde Valley, 1961-84 

figs 6 and 8) 1s gaged to mom tor emergency releases 
of water m case of floods or canal mamtenance 

The Wellton-Mohawk Mam Outlet dram ts a 
conveyance channel mto whtch water ts pumped from 
dramage wells to lower the water table m the Wellton­
Mohawk Irngat10n and Dramage Dtstnct These wells 
are outside the Colorado River flood plam The water 
ts sahne and ts not discharged mto the Colorado Rtver 
but flows through the Wellton-Mohawk Bypass dram 

mto Mextco and ts dtscharged mto the Santa Clara 
Slough Water can be released from the dram through 
five outlets mto the Gtla Rtver or Colorado Rtver 
Wtth the completiOn of the Bypass dram m 1977, all 
the discharge from the Mam Outlet dram, wtth the 

exceptiOn of releases dunng repatr work or floodmg, 
has flowed mto Mextco Dunng 1984, some water 
was dtscharged mto the Gtla Rtver Flow m the dram 
ts momtored so that the USBR can gtve credtt to the 

40 An Accounting System for Water and Consumptive Use Along the Colorado R1ver, Hoover Dam to Mex1co 



Wellton-Mohawk Irngat10n and Dramage Dtstnct for 
trngatiOn return flows One of the outlets from the 
Bypass dram to the Colorado River Is Mam Outlet 
Dram ExtensiOn (MODE) 2 (site 97, figs 6 and 8) at 
the north end of the Bypass dram, which will be used 
to momtor releases from the Yuma Desaltmg Plant 
The plant will reportedly desalt most of the water m 
the dram before It Is discharged to the Colorado River 
for use by Mexico 

Dramage wells are used m South Gila Valley 
Four sites momtor the return flow from the dramage 
wells South Gila Pump Outlet Channels No 1, 
No 2, No 3, and No 4 (sites 85, 82, 80, and 88, 
respectively, figs 6 and 8) Spills from canals are 
momtored at the South Gila Termmal wasteway (site 
87, figs 6 and 8) Dramage water IS momtored at the 
South Gila dram No 2 (site 86, figs 6 and 8), which Is 
a buned 2-foot-diameter concrete pipe that mtercepts 
excess water The outlet for the dram Is subject to 
backwater from the nver and fillmg by sand and silt 
when the nver IS high Dunng the 1983 high flows m 
the Colorado and Gila Rivers, the outlet and 0 5 mt of 
the dram pipe were mundated and exposed by the high 
flow and completely filled m with silt and sand 
Annual surface-water return flows from South Gila 
Valley ranged from 941 to 67,220 acre-ft between 
1961 and 1985 (fig 26) 

Return flow to the nver from dramage wells 
along the edge of Yuma Mesa Is momtored m Yuma 
Mesa Outlet dram (site 94, figs 6 and 8) The purpose 

of the wells ts to mtercept the excess water from the 
Yuma Mesa Division and prevent bank erosion along 
the mesa The water pumped from the wells Is 
conveyed by underground conduit to the nver Annual 
discharges from Yuma Mesa Outlet dram ranged from 
1,230 to 58,670 acre-ft between 1970 and 1985 
(fig 27) 

Excess water diverted mto the All-Amencan 
Canalis returned to the nver at the Ptlot Knob Power­
plant and wasteway (site 71, figs 6 and 18) and IS used 
to generate power Excess water also ts returned to the 
nver from the Yuma Mam Canal through the Yuma 
Mam Canal wasteway (site 68, figs 6 and 21 ), the 
control at thts site Is not sensitive at low flows 

Five sites were established withm the Reserva­
tiOn Dtvtston to determme leakage from the All­
Amencan Canal ReservatiOn dram No 2 (site 91 ), 
dram No 3 (site 92), Mam dram No 6 (site 90), 
dram No 7 (site 89), and dram No 11 (site 95, figs 6 
and 8) As the elevatiOn of the water m the canal 
changed, the flow at these sites did not change These 
sites are used by the USBR man mtenm method of 
accountmg for unmeasured return flows from the All­
Amencan Canal These drams do not enter the nver 
directly but enter or are part of two mam drams---­
Mam dram No 4 (site 93) and Dram 8-B (slte 96, 
figs 6 and 8)--that are momtored where they enter 
the nver The streamflow-gagmg statiOn on Mam 
dram No 4 momtors the return of water to the nver 
from dram No 2, dram No 3, Mam dram No 6, and 
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dram No 7 The streamflow-gagmg statiOn on Dram 
8-B momtors the return of water to the nver that 
mcludes the flow from dram No 11 Annual surface­
water return flows from the ReservatiOn Division m 
Mam dram No 4 and Dram 8-B ranged from 34,810 to 
57,850 acre-ft between 1960 and 1985 (fig 26) 

For 1983-85, htgh flows m the Colorado River 
m the Yuma area raised the water table above the land 
surface m some areas The USBR mstalled eight 
dramage wells near the Colorado and Gila Rivers that 
pumped water from the aqmfer mto the Bypass Canal 
and the nver to allevtate problems from the nse of the 
water table caused by nver seepage mto the aqutfer 
Pumpmg began Apnl 24, 1984, and contmued unttl 
July 1985 In 1984, about 7,800 acre-ft of water was 
pumped from the dramage wells (US Bureau of 
ReclamatiOn, 1985b, p A21) 

In Parker, Palo Verde, and Ctbola Valleys and 
the Yuma area, ground water drams directly mto the 
nver from beneath some cropped areas adJacent to the 
nver Methods to estimate the quantity of ground 
water that returns to the nver have been developed and 
documented m previous reports (Loeltz and Leake, 
1983a, b, Leake, 1984, Owen-Joyce, 1984, 1988, 
1990, Owen-Joyce and Kimsey, 1987) 

The dtstnbutiOn of water through the network of 
dams, diversions, dramage ditches, and pumps ts 
complex, and It IS difficult to precisely meet the gagmg 
reqUirements of the Decree The quanttty offlow m 
the Colorado River below Hoover Dam plays a maJor 
role m the mteract10n of flow between the nver and the 

alluvial aqmfer, whtch Is under and adJacent to the 
nver throughout much of the study reach Dunng the 
high flow of 1984, for example, an unusually large 
quantity of flow passed through the system to Mextco 
and nver water entered the alluvtal aqutfer throughout 
much of the study reach The unusually htgh flow also 
scoured the bed and banks of the nver channel, and the 
ratmgs used to compute dtscharge of the nver were 
less precise than normal Thus, the apphcat10n of 
LCRAS for years with abnormal quantities of flow m 
the nver ts further comphcated 

APPLICATION OF THE 
LOWER COLORADO RIVER 
ACCOUNTING SYSTEM 

The apphcat10n of LCRAS to the lower 
Colorado Rtver IS Illustrated usmg calendar year 1984 
To aid future users of LCRAS, the descnpt10n of the 
apphcat10n follows the step-by-step process used to 
estimate and distnbute consumptive use by vegetatiOn 
to water users The process occurs m four maJor steps 
First, the compilatiOn and estimatiOn of the mdepen­
dent water-budget components are discussed, whtch 
mclude the general method of esttmatton, any adJust­
ments reqmred for conditiOns dunng the year bemg 
evaluated, and the estimated quantity of the com­
ponents for 1984 Second, consumptive use by 
vegetation Is estimated as the residual m a water 
budget Thtrd, the estimation of evapotranspiratiOn 
Is descnbed, which mcludes the tdenttficatiOn of 
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vegetation types and calculatiOn of total acreage for 
each type by dtverter, esttmatton of water-use rates for 
each vegetatiOn type, and calculatiOn of evapotranspi­
ratiOn by reach Fourth, consumptive use by vegeta­
tion ts apportiOned to water users usmg the estimates 
of evapotransptratton determmed for each user 

To meet the reqmrements of the Decree on an 
annual basts, LCRAS should provtde rehable results 
under all condtttons that affect the lower Colorado 
Rtver Calendar year 1984 was preselected for study 
durmg proJect planmng, pnor to the htgh flows that 
began m 1983 Although 1984 was a year of unusu­
ally htgh flow m the nver, the htgh flow did not 
prevent collectiOn of the data reqmred for LCRAS 
A year that contamed anomalous condttions also 
provided an added test of the reliability of LCRAS 

Water-Budget Components 

All the maJor water-budget components for 
LCRAS are measured, and some of the mmor compo­
nents are estimated Measured components mclude 
flow m the mamstream, maJor tnbutanes, dtverstons, 
return flows, and change m reservou storage Flow 
below Hoover Dam reqmres an adjustment, and mflow 
from the Btll Wtlhams Rtver Is estimated Other mde­
pendent water-budget components that have to be esti­
mated are unmeasured tnbutary mflows, precipitatiOn, 
evaporatiOn from open-water surfaces, domesttc, 
mumctpal, and mdustnal consumptive use, and 
change m storage m the alluvtal aqmfer The collec­
tion and esttmatton of these water-budget components 
are descnbed, and any adjustments reqmred for 1984 
are documented 

Flow Components 

Annual flow data for each of the sttes reqmred 
by LCRAS are compiled and entered mto a data file 
(table 9) Annual flow data for calendar year 1984 are 
published by the USGS (Whtte and Garrett, 1988) and 
IBWC (InternatiOnal Boundary and Water Commts­
ston Umted States and Mexico, 1984) 

For use m LCRAS, the flow reported below 
Hoover Dam for 1984 was mcreased by 2 1 percent 
(see analysts of flow data descnbed m the section 
entttled "Dams and ReservOirs") In 1984, daily flow 
below Hoover Dam was reported to range from 15,600 
to 37,500 ft'ls and the mean was 29,490 ft'/s (Whtte 
and Garrett, 1988) In 1984, Qu~ and Qd~ were 
exceptiOnally large because mflow from the upper 

basm m 1983 filled the maJor reservotrs and flowed 
over the sptllways Releases from the dams contmued 
through 1984 and mamtamed the htgh flows m the 
nver throughout the year Flow below Hoover Dam m 
1984 was 2 9 times the flow m 1982, and flow at 
Morelos Dam m 1984 was 10 7 times the flow m 1982 

Tributary Inflow 

Tnbutanes are defined m the Decree as the 
waters of all stream systems that naturally dram mto 
the mamstream of the Colorado Rtver, mcludmg reser­
vOirs thereon The Btll Wtlhams and Gtla Rtvers and 
surface-water and ground-water flow m the Colorado 
Rtver valley and from adJacent basms provtde tnbu­
tary water to the Colorado River The Decree does not 
affect the nghts or pnonties of the States to the water 
m the tnbutanes except for that m the Gila Rtver 
Tnbutary waters are accountable under the Decree 
upon entry mto the mamstream of the Colorado Rtver 
Estimates and areal dtstnbutton of tnbutary mflow 
to the lower Colorado Rtver were summanzed 
(Owen-Joyce, 1987) and provtded to the States for 
thetr allocatiOn of tnbutary mflow Methods of 
esttmatmg captured and uncaptured tnbutary mflow 
need to be developed and mcorporated mto LCRAS 
Tnbutary water that ts captured by the States and 
does not reach the Colorado Rtver ts not an mflow 
component m a water budget for the nver 

Bill Williams R1ver 

Flow m the Btll Wtlhams Rtver ts measured 
below Alamo Dam, about 36 mt upstream from Lake 
Havasu (stte 12, pl 1 and fig 7) The streamflow­
gagmg statiOn was established by the USGS to mom­
tor releases from Alamo Dam for the U S Army Corps 
of Engmeers The Corps of Engmeers uses the data to 
operate the dam for flood control, for storage, and to 
mamtam a base flow of 10 ft3/s to meet a downstream 
water nght The accuracy of the data collected ts 
good (95 percent of the data are wtthm l 0 percent of 
the true values) The average annual flow below 
Alamo Dam between 1940 and 1983 was 84,770 
acre-ft (Whtte and Garrett, 1986, p 122) Flow m 
1984 was 111 ,800 acre-ft 

Below Alamo Dam, tnbutary mflow to the 
Btll Wtlhams Rtver ts unmeasured Between the 
streamflow-gagmg statton and the mouth, average 
annual runoff was estimated to be 4,000 acre-ft 
(Metzger and Loeltz, 1973, p 35), average annual 
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Table 9. Flow computed at streamflow-gaging stations and change 1n reservoir storage along the lower Colorado R1ver 
between Hoover Dam and Mex1co, 1984, complied for 1nput Into the Lower Colorado R1ver Accounting System computer 
program1 -

[Statton name NIB, northerly mternattOnal boundary, SIB, southerly mternattOnal boundary] 

Stte Station 
number2 number Statton name 

I 09421500 Colorado Rtver below Hoover Dam 
2 09422500 Change tn storage Lake Mohave 

3 09423000 Colorado Rtver below Davts Dam 
II 09424150 Colorado Rtver aqueduct 
12 09426000 Btll Wtlhams Rtver below Alamo Dam 
14 09426650 Central Anzona ProJect Canal 
15 09427500 Change tn storage Lake Havasu 

16 09427520 Colorado Rtver below Parker Dam 
(4) Change tn storage Senator Wash 

44 09429490 Colorado Rtver above lmpenal Dam 
52 09522400 Dtverston to Mtttry Lake 
53 09522500 Gtla Gravtty Matn Canal 
56 09522700 Wellton-Mohawk Canal 
60 09523000 Ali-Amencan Canal 
72 09527500 AII-Amencan Canal below Ptlot Knob 
45 09429500 Colorado Rtver below lmpenal Dam 
47 09520500 Gtla Rtver near Dome 
50 09522000 Colorado Rtver at NIB 
98 09531850 Cooper wasteway 

100 09532500 Eleven M tie wasteway 
101 09533000 Twenty-one Mtle wasteway 
103 09534000 Mam dram at SIB 
104 09534300 West Matn Canal wasteway 
105 09534500 East Mam Canal wasteway 

1 Lower Colorado Rtver Accountmg System computer program ts documented by von All worden and others ( 1991) 
2Locattons shown on figures 4--6 and plate I 
3 Adjusted flow value, measured flow of 21,411,000 acre-feet was mcreased by 2 I percent 

Flow or 
change 1n 

storage, tn 
acre-feet 

121 ,861 ,000 
-150,000 

21,658,000 
I ,237,230 

111,800 
0 

53,100 

20,464,000 
652 

19,106,000 
9,790 

754,800 
391,400 

8,269,000 
3,046,000 

10,080,000 
266,000 

15,431,000 
721 

1,530 
0 

99,380 
0 

4,090 

4Quanttty pubhshed wtth the data for the Colorado Rtver above lmpenal Dam gagmg statton m the annual US Geologtcal Survey Water-Data Report 
for Anzona (Whtte and Garrett, 1988) 

ground-water dtscharge was esttmated to be 
4,000 acre-ft (Metzger and Loeltz, 1973, p 36) 

A water budget stmtlar to that used by Owen­
Joyce ( 1987) to estimate the average annual flow can 
be used to esttmate the annual quantity of water that 
reaches Lake Havasu, whtch was 75,600 acre-ft m 
1984 (table 1 0) Components m an annual budget 
mclude annual flow measured below Alamo Dam, 
prectpttation that falls on vegetatwn and open-water 
surfaces, estimates of evapotransptratton by vegeta­
twn, evaporatton from the open-water surface, and 
esttmates of average annual runoff and ground-water 
dtscharge Evapotransptratwn can be esttmated on an 
annual basts tfthe types and acreages of the vegetatwn 
growmg on the flood plam are known The types and 
acreages were comptled for thts study from tmage 
classtficattons of satelhte dtgttal-tmage data (table 11) 

In 1984, evapotransptratwn was esttmated to be 
46,670 acre-ft Evapotransptratwn for the Btll 
Wtlhams Rtver was calculated accordmg to the 
general procedure descnbed m the subsequent sectwn 
entitled "Calculatwn of Evapotransptratwn by Reach " 

Surface water was not dtverted for trngatton 
along the Btll Wtlhams Rtver below Alamo Dam 
Ground water pumped for trngatton was partially 
replaced by recharge from the nver Evaporation 
from the open-water surface was esttmated to be 
2,880 acre-ft by usmg the length and an average 
wtdth of the nver from topographtc maps The 
surface area could not be calculated from an open­
water classtficatton of dtgttal-tmage data because 
the nver ts too narrow for the resolutton of the 
satelhte tmages and the water surface ts obscured 
by vegetatwn 
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Table 10. Water budget for the 8111 W1lhams R1ver below 
Alamo Dam, 1984 

Component 

Inflow. 

Flow below Alamo Dam 
Prec1p1tat1on 
Unmeasured average annual runoff 
Ground-water d1scharge 

Total (rounded) 

Outflow: 

EvapotranspiratiOn by crops and phreatophytes 
Evaporation from water surface 

Total (rounded) 

Flow reachmg the Colorado R1ver1 

1Computed res1dual of the water-budget method 

Quantity, 
In acre-feet 

111,800 
5,340 
4,000 
4.000 

125,100 

46,670 
2.880 

49,500 

75,600 

Table 11. Areas by vegetation types and evapotransp1rat1on 
along the 8111 Williams R1ver below Alamo Dam, 1984 

Crops. 

Vegetation 
type 

Cotton 
Alfalfa 

Total (rounded) 

Phreatophytes· 

Dense 
Med1um 
Sparse 

Total (rounded) 

GRAND TOTAL 

Evapotrans-
Area, m Water-use, p1rat1on, 
acres 1 in feet 1n acre-feet 

642 
1.180 

1,822 

1,724 
I ,451 
4.144 

7,319 

9,141 

16 48 
15 38 
14 30 

2,202 
7 670 

9,870 

11,172 
7,806 

17.819 

36,800 

46,670 

1 Types and areas of vegetatiOn were complied from 1mage class• ficat10ns 
of satellite d•g•tal-1mage data 

2Calculated usmg equat1on 13 and weather data for Parker. Anzona 
(table 18) 

1Calculated usmg equat1on 14 and weather data for Parker, Anzona 
(table 18) 

Gila R1ver 

Flow m the Gtla Rtver ts measured near 
Dome, about 12 mt upstream from the confluence 

wtth the Colorado Rtver (stte 47, pl 1 and fig 8) 
The streamflow-gagmg station was established by 
the USGS for the USBR to momtor the tnbutary 
mflow from the Gtla Rtver basm where tt enters the 
Colorado Rtver valley The accuracy of the data ts 
good (95 percent of the data are wtthm 10 percent of 
the true value) Flow ts htghly vanable because of 
regulatiOn by reservoirs and many dtvers10ns for trrt­
gattOn above the streamflow-gagmg station Annual 
flow ranged from 0 to 4,665,000 acre-ft between 
1903 and 1984 Flow m 1984 was 266,000 acre-ft 
(Whtte and Garrett, 1988) Flow measured near 
Dome conststs of two components--Gila Rtver 
water (tnbutary mflow) and return flow from 
upstream trrtgat10n wtth Colorado R1ver water m 
the Wellton-Mohawk area Durmg low-flow years, 
flows near Dome are solely trrtgat10n return flow 

Flow measured m the Gtla R1ver near Mohawk, 
upstream from Dome and the area trrtgated w1th water 
from the Wellton-Mohawk Canal, was 233,900 acre-ft 
m 1984 (Wh1te and Garrett, 1988, p 258) The dtffer­
ence m flow between the Mohawk and Dome gages 1s 
mfluenced by seepage from the nver mto the alluviUm 
when flows are h1gh, subsequent returns from bank 
storage when htgh flows recede, runoff from the 
mtervemng 2,420 m12 of dramage area, and trrtgatton 
return flows All flow measured near Mohawk IS con­
sidered tnbutary mflow In 1984, flow near Mohawk 
was reduced to 0 by mtd-June and remamed at 0 for 
most days through December except for runoff from 
three small local storms In contrast, there was flow 
all year near Dome More runoff events occurred 
between June and December near Dome than near 
Mohawk Estimatmg the quantity of trrtgat10n return 
flow from dtverted Colorado Rtver water mtxed wtth 
the flow from runoff events and bank-storage returns 
from runoff events near Dome ts not posstble usmg 
only streamflow records Flow records wtll have to 
be analyzed each year to determme tf the source of 
the flow near Dome can be tdenttfied or dtvtded mto 
components For the 1984 computation, the total flow 
near Dome ts assumed to be tnbutary mflow because 
tnbutary mflow makes up most of that flow. 

Flow m the Gtla Rtver between Dome and the 
confluence wtth the Colorado Rtver consists of flow 
that ongmates upstream from Dome and return flow 
from trngatton wtth Colorado Rtver water on the adJa­
cent flood plam. Durmg low-flow years, flow near the 
mouth (stte 48, fig 6) ts htgher than that near Dome 
because trrtgatton return flow enters the reach between 
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the sttes Durmg htgh-flow years, flow near the mouth 
IS lower than near Dome because water from the Gtla 
River mfiltrates and recharges the aqmfer 

Unmeasured Tnbutary Inflow 

Unmeasured tnbutary mflow consists of 
surface-water and ground-water mflow to the flood 
plam of the Colorado River or to the nver and reser­
vOirs from vanous tnbutary areas In previOus studies, 
average annual quantities of unmeasured tnbutary 
mflow were estimated as a function of mean annual 
precipitatiOn for 1931---60 These estimates were 
determmed to be vahd for use m 1984 because mean 
annual precipitatiOn for 1951-80 dtd not dtffer signifi­
cantly from that of 1931--60 (Owen-Joyce, 1987) 
Although 1984 was a wet year and mflows from 
tnbutary washes were reported by the USBR (Carl 
Mayrose, oral commun , 1986) m Pmte Wash, Sacra­
mento Wash, and Mmeral Wash (a tn butary to the 
Btll Wilhams River), mflow quantities could not be 
defined At times, storm runoff from tnbutanes can be 
observed on hydrographs of mamstream gages, but 
none could be seen for 1984 Estimates of average 
annual tnbutary mflows were compiled and Itemized 
by State and reach (Owen-Joyce, 1987, table 3) 
These estimates are used m LCRAS (table 12) 

Unmeasured tnbutary mflow to the Colorado 
River between Hoover Dam and Mexico Is a small 
component m the water budget Estimated average 
annual unmeasured tnbutary mflow to the Colorado 
River Is 96,400 acre-ft, or about 1 percent of the 7 5 
milhon acre-ft/yr of consumptive use of Colorado 
River water apportiOned to the lower-basm States 
About 62 percent of the tnbutary mflow ongmates m 
Anzona, 30 percent m California, and 8 percent m 
Nevada (Owen-Joyce, 1987) 

The dynamic nature of the hydrologic system 
makes the quantificatiOn of unmeasured tnbutary 
mflows difficult, and the quantity can be estimated 
only by mdirect means as a reqmred component m a 
water budget Tnbutary ground-water mflow 
commmgles with water that ongmated as mfiltrated 
surface water diverted from the Colorado River m the 
flood-plam aqmfer Commmgled waters are pumped 
from wells that tap the flood-plam aqmfer for Irnga­
twn, such as m Mohave Valley and the Yuma area, and 
for domestic and mumctpal use along much of the 
nver Data on the quantities oftnbutary water used by 
the States before entry mto the Colorado River are not 
available For the purpose of Illustratmg LCRAS, It 

Table 12. Est1mates of unmeasured tnbutary Inflow by 
reaches of the lower Colorado R1ver comp1led for 1nput 1nto 
the Lower Colorado R1ver Accounting System computer 
program 1 

R1ver reach and source Inflow, 1n acre-
of tnbutary mflow feet per year 

Hoover Dam to Davas Dam 
Sprmgs 3,080 
Unmeasured runoff 2,100 
Ground-water d1scharge 200 

Eldorado Valley 1.100 

Total (rounded) 6,500 

Davas Dam to Parker Dam 
Unmeasured runoff 

Dav1s Darn to Topock 12,000 
Topock to Parker Darn 15,000 
Wh1pple Mountams 1,150 

Unmeasured runoff from tnbutary streams 
PJUte Wash 1,000 
Sacramento Wash 2,500 
B1ll W1Iharns R1ver subarea 4,000 

Ground-water d1scharge 
Dav1s Darn to Topock 0 
Topock to Parker Darn 880 
PJUte Valley 2,300 
Sacramento Valley 10,000 
Chernehuev1 Valley 260 
Blll W1lharns R1ver subarea 4.000 

Total (rounded) 53,100 

Parker Dam to Imperaal Dam 
Unmeasured runoff 

Wh1pple Mountams 1,150 
B1g Mana-R1vers1de Mountams 2,300 
Palo Verde-Mule Mountams 1,200 
Dome Rock-Tngo-Chocolate Mountams 16,200 

Unmeasured runoff m tnbutary streams 
V1dal Wash 1,300 
Bouse Wash 4,800 
Tyson Wash 2,600 
McCoy Wash 800 
Mllp1tas Wash 1,200 

Ground-water d1scharge 
Bouse Wash 1,200 
Tyson Wash 350 
V1dal Wash 250 
Chuckwalla Valley 400 

Total (rounded) 33,800 

Impenal Dam to Morelos Dam 
Ground-water d1scharge 

G1la R1ver 1,000 
Unmeasured runoff m Yuma area 2.000 

Total (rounded) 3,000 

GRAND TOTAL 96,400 

1 Lower Colorado R1ver Accountmg System computer program IS docu-
men ted by von All worden and others ( 1991) 
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was assumed that all the estimated tnbutary mflow 
entered the Colorado River 

Precip1tat1on 

Little or no recharge to the aqmfer occurs 
because a mean annual precipitatiOn of less than 8 m 
(Metzger and Loeltz. 1973, p 35) throughout most of 
the study area Is much less than the potential evapo­
transpiratiOn However, precipitatiOn that falls 
dtrectly on vegetation Is available for consumptive use 
by the vegetatiOn and affects the quantity of Colorado 
River water lost to evapotranspiration The quantity 
of precipitatiOn falling on vegetation and on the nver 
surface ts one of the mput components m the water 
budgets used to calculate consumptive use by vegeta­
tiOn PrecipitatiOn as an mflow component IS calcu­
lated by usmg equation 3 A com pan son of precipi­
tatiOn m 1984 with the mean annual precipitation 
for 1951-80 shows that 1984 was a wet year, and 
that prectpttatwn ranged from about 33 to 128 percent 
Ingber than the mean at all statiOns (table 13) 
Complete records of monthly prectpltatwn were 
available for some ofthe stattons m 1984 (table 13) 

Prectpttatwn as well as temperature data are 
required to esttmate evapotranspiratiOn, therefore. the 
data sets are dtscussed together Weather stations for 
the mdtvtdual reaches were selected so that the data 
represented meteorological condttiOns m agncultural 
areas m the reach StatiOns located on the flood plam 
m agncultural areas best represent conditiOns that 
affect vegetatiOn on the flood plam If data at these 
statiOns were mcomplete, statiOns wtth the least 
change m- meteorological condtttons were selected as 
replacements In some areas, automated weather 
statiOns could be used to provtde the necessary data 
Weather statiOns selected for use m 1984 were 

Weather statton 

Wtllow Beach 

Bullhead Ctty 

Parker 

Parker 

Blythe 

Yuma Valley 

Reach or area 

Hoover Dam to Davts Dam 

Davts Dam to Parker Dam 

Parker Dam to Poston, Anzona 

Btll Wtlltams Rtver flood plam 

Poo;;ton to Impenal Dam 

Impenal Dam to Morelos Dam 

The Parker Dam to Impenal Dam reach covers 
approxunately I 1 o latttude and mcludes an elevatiOn 
change from about 400 ft at Parker Dam to about 
300ft at Impenal Dam A companson of precipitatiOn 

and temperature from Parker, Anzona, at the north end 
of the reach wtth precipitatiOn and temperature from 
Blythe, Cahforma, m the southern part of the reach 
shows defimte dtfferences m local weather patterns, 
therefore, the reach was subdtvtded to calculate evapo­
transpiratiOn The boundary separatmg areas that used 
data from the Parker weather station from areas that 
used data from the Blythe weather station was placed 
at latitude 34 o N , near Poston, Anzona, whtch ts also 
the boundary between the north and south Landsat 
scenes used m the vegetatiOn classificatiOns Parker 
and Palo Verde Valleys have simtlar growmg condi­
tions and have considerable overlap m latttude near 
Palo Verde Dam 

Evaporation from Open-Water Surfaces 

Evaporation Rates 

EvaporatiOn rates from open-water surfaces are 
reqmred by LCRAS to estimate the quantity of water 
lost by evaporatiOn from the reservotrs, nvers, 
marshes, and other smaller water surfaces Annual 
evaporation rates vary throughout the lower Colorado 
Rtver valley, but only two statiOns collect pan­
evaporation data, one near Lake Mead and the other at 
Yuma PreviOus studtes have made estimates of 
mean annual lake evaporatiOn for Lake Mead, Lake 
Mohave, and Lake Havasu (Harbeck and others, 1958, 
Meyers, 1962, U S Bureau of Reclamation, 1985c) 
These studies also estimated a pan-to-lake coefficient 
for Lake Mead Between Hoover Dam and Mexico, 
mean annual lake evaporatiOn estimated for 1946-55 
ranged from about 6 4 ft near Yuma to more than 7 2 ft 
m the area extendmg from Topock to north of 1m penal 
Dam (Meyers, 1962, pl 3) Mean annual lake 
evaporatiOn for Lake Mead estimated for 1941-53 
was 6 56 ft, and the pan-to-lake coefficient was 0 60 
(Harbeck and others, 1958, p 59) From a regressiOn 
analysis that used 1975 data from Boulder C1ty, 
Nevada, the U S Bureau of ReclamatiOn ( 1985c) 
corrected the Boulder C1ty pan evaporatiOn for use at 
Lake Mead The calculated coefficient between the 
corrected Boulder City pan evaporatiOn and the Lake 
Mead mean annual evaporation estimated by Harbeck 
and others ( 1958) was 0 57, which compares well With 
the 0 60 value The 0 57 value was used to estimate 
lake evaporation for Lake Mohave usmg data from the 
Davis Dam No 2 weather station for 1967-76 and for 
Lake Havasu usmg data from the Parker ReservOir 
statiOn for the same penod The average annual 
evaporation rate was 7 31 ft from Lake Mohave 
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& Table 13. Prec1p1tat1on at selected weather stat1ons along the lower Colorado R1ver, 1984, and mean annual prec1p1tat1on, 1951-80 
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[Weather statton NV, Nevada, AZ, Anzona, CA, Cahfomta] 

River reach 

Hoover Dam to 
Davis Dam 

Davts Dam to Parker 
Dam 

Bill Williams 
River 

Parker Dam to 
Impenal Dam 

Impenal Dam to 
Morelos Dam 

Weather station 1 

Boulder City, NV 

Search I Ight, NV 

Wtllow Beach, AZ 

Bullhead City, AZ 

Needles Airport, CA 

Lake Havasu, AZ 

Alamo Dam, AZ 

Parker Reservoir, CA 

Parker, AZ 

Blythe, CA 

Blythe Atrport, CA 

Ehrenberg, AZ 

Yuma Airport, AZ 

Yuma Cttrus StatiOn, AZ 

Yuma Provmg Ground, AZ 

Yuma Valley, AZ 

1 Locations shown on plate I 
2Nattonal Chmattc Data Center (1951-84a, b. c) 
3Data collect10n at the stte began after l95l 

Elevation, Monthly (1984) prec1p1tat1on, m mches2 

m feet 
above 

sea level2 Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec 

2,525 0 00 0 06 0 03 0 09 0 05 0 00 0 08 5 08 3 I 2 0 03 I 64 2 46 

3,540 0 00 0 00 0 00 0 06 0 00 0 17 4 97 0 66 0 18 0 12 I 60 4 07 

800 0 00 0 00 0 05 0 00 0 00 0 02 I 83 I 85 0 75 0 27 0 76 2 93 

580 0 00 0 00 0 00 0 0 I 0 00 0 00 3 12 I 28 0 08 0 00 1 62 4 25 

914 0 00 0 00 0 00 0 02 0 00 0 00 0 59 I 60 0 38 0 00 0 64 2 60 

482 0 01 0 00 0 00 0 04 0 05 0 00 0 11 0 61 0 91 0 00 0 46 2 41 

1,480 000 000 000 000 000 017 094 355 051 000 137 352 

738 

425 

390 

268 

465 

324 

206 

191 

120 

0 00 0 00 0 00 0 00 0 00 0 00 0 98 0 77 0 49 0 00 0 54 4 20 

003 000 000 000 000 000 091 035 106 000 043 379 

0 06 0 00 0 00 0 00 0 03 0 00 1 09 2 28 0 00 0 00 0 56 3 77 

0 06 0 00 0 00 0 00 0 02 0 00 2 44 0 11 0 00 0 00 0 10 3 33 

0 04 0 00 0 00 0 00 0 02 0 00 I 19 0 72 0 00 0 00 0 54 3 16 

0 14 0 00 0 00 0 55 0 00 0 00 2 1 1 1 08 0 21 0 00 0 53 1 57 

0 26 0 00 0 00 0 43 0 00 0 00 3 12 0 63 0 14 0 00 0 45 1 77 

0 10 0 00 0 00 0 58 0 00 0 00 I 39 1 76 0 35 0 00 0 52 1 72 

0 00 0 00 0 00 0 45 0 00 0 01 2 51 1 15 0 04 0 00 0 32 1 62 

4Four years have mtssmg record, therefore, no average calculated 

91 • ~ 

Annual 
prec1p1tat1on, 

m mches 

19842 

12 64 

11 83 

8 46 

10 36 

5 83 

14 77 

10 06 

6 98 

6 57 

6 06 

7 79 

5 67 

642 

619 

6 80 

610 

Mean annual 
prec1p1tat1on, 

m mches 

1951-80 

5 54 

7 28 

e> 

e> 
4 39 

e> 

e> 

e> 
409 

e> 
3 75 

3 93 

e> 
2 89 

3 07 

(4) 



and 7 39 ft from Lake Havasu Average pan evapora­
tiOn for Yuma Cttrus Statton for 1931-84 was 9 09 ft 
(InternatiOnal Boundary and Water Commtsston, 
Umted States and Mextco, 1984), whtch ts eqUivalent 
to a lake evaporatiOn of 545ft usmg the 0 60 coeffi­
ctent Average pan evaporation was about 156m 
or 13ft at Davts Dam for 1955-76 (InternatiOnal 
Boundary and Water CommissiOn, Umted States and 
Mextco, 1976, p 51) Usmg a pan-to-lake coeffictent 
ofO 60 (US Bureau ofReclamatiOn, 1985c, p 4-1) 
results m an average annual evaporatiOn rate of 7 8 ft, 
whtch mdtcates that the average annual evaporatiOn 
rates for Lake Mohave and Lake Havasu could be too 
low Data are not avatlable, however, to assess the 
area represented by thts htgher value Also, evapora­
tiOn rates for large bodtes of water can dtffer from 
those for the free-flowmg nver surface, but data were 
not available to evaluate thts hypothesis 

Average annual evaporation was selected from 
the available data for each of the reaches for use m 
LCRAS (table 14) by companng the average values 
wtth the values observed m 1984 In addttton, above­
average precipitatiOn m 1984 would cause evaporatiOn 
to be lower than average Pan evaporatiOn at Yuma 
Cttrus Statton m 1984 was 8 38 ft, whtch corresponds 
wtth a lake evaporation of 5 03 ft by usmg the 0 60 
coeffictent Thts value ts 23 percent lower than the 
average annual value selected for the Impenal Dam to 
Morelos Dam reach of 650ft (table 14) Evaporation 
from Lake Mead for 1984 was 542ft (Whtte and 
Garrett, 1988, p 83), whtch 1s 17 percent lower than 
the average annual value of 6 56 ft Therefore, to 
account for the effect of the wetter year, the average 
annual evaporatton rates were reduced by 20 percent 
for use m LCRAS m 1984 (table 14) 

Table 14. Evaporation along the lower Colorado R1ver 

AdJUSted 
1984 

evaporation, 
R1ver reach 1n feet1 

Hoover Dam to Davts Dam 5 85 

Dav1s Dam to Parker Dam 5 91 

Parker Dam to lmpenal Dam 5 68 

lmpenal Dam to Morelos Dam 5 20 

B11l W1lhams R1ver 5 00 

Open-Water Surface Areas 

Landsat satellite tmages m dtgttal form were 
obtamed for use m tdenttfymg and determmmg the 
acreages of crop types (see subsequent sectiOn entttled 
"IdentificatiOn of VegetatiOn Types and Acreages by 
Dtverter"), however, the Images were also used to 
tdenttfy and determme the areas of open-water 
surfaces m the lower Colorado Rtver flood plam 
A smgle-tmage classificatiOn techmque was used to 
determme the areas of open water rather than a multi­
spectral, multttemporal classificatiOn, whtch ts used 
for vegetatiOn tdenttficatiOn A multispectral, multi­
temporal classificatiOn gtves a poor classificatiOn of 
water because the band ratios reduce and combme the 
spectral responses of nonvegetat10n-cover classes 
The areas of open water obtamed from the tmage 
classificatiOns were used to estimate evaporatiOn 
from open-water surfaces as part of the calculatiOn 
of consumpttve use 

InterpretatiOn of the smgle-tmage classificatiOns 
to determme areas of open water was made by 
observmg the spectral charactenstlcs of the classes 
Water absorbs most of the red [0 5-0 6 J..Lm (micro­
meters)] and near-mfrared (0 8-1 1 J..Lm) radtatiOn that 
falls on tt Potential open-water classes were selected 
on the basts ofthts reflectance response Calibration 
of the classificatiOns was made by observmg the loca­
tiOns of the potential open-water classes relative to the 
mapped locattons of the nver and tts reservOirs, whtch 
are the only open-water areas m the flood plam Inter­
pretatiOn of the smgle-tmage classificatiOn resulted m 
the IdentificatiOn and groupmg of open-water classes 
mto clear, moderately turbtd, and turbtd water for 
1984 The sum of the areas of these three groups for 

Mean 
annual 

evaporation, Source of mean annual 
m feet evaporation data 

7 31 U S Bureau of Reclamation 
(1985c, p 19) 

7 39 U S Bureau of Reclamation 
( 1985c, p 29) 

7 10 Meyers ( 1962, pi 3) 

6 50 Meyers ( 1962, pi 3) 

6 25 Meyers ( 1962, pi 3) 

1 Adjusted 1984 evaporatton equals 80 percent ot the mean annual evaporation 
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each of the reaches IS the open-water surface from 
which evaporatiOn occurs (table 15) 

Table 15. Evaporation from open-water surface areas along 
the lower Colorado R1ver, 1984 

Open-water 
surface area, Evaporation, 

R1ver reach In acres In acre-feet 1 

Hoover Dam to Dav1s Dam 25,400 148,700 

Davts Dam to Parker Dam 22,000 129,800 

Parker Dam to Impenal Dam 10,300 58,300 

Impenal Dam to Morelos Dam 1,390 7,200 

Btll Wtlhams Rtver 2576 2,880 

TOTAL (rounded) 59,700 346,900 

1 Evaporation rates used to calculate evaporation from open-water 
surfaces m the d1 ffe1 ent reaches are hsted m table 14 

2Calculated for 36 miles of nver that averages 132 feet 111 w1dth 

Calculation of Evaporation from Open-Water Surfaces 

Evaporation from open-water-surface areas m 
each of the reaches was calculated by usmg equatiOn 6 
(table 15) Computed evaporatiOn IS the product of the 
open-water-surface areas (table 15) and the adjusted 
evaporatiOn rates for 1984 (table 14) 

Domestic, Municipal, and Industrial 
Consumptive Use 

In LCRAS, domestic, mumcipal, and mdustnal 
uses are collectively referred to as domestic use, 
whtch conforms to the Decree defimt10n Water 
used by cities, towns, and mdtvtduals along the nver 
that obtam thetr water supply from the nver or shallow 
alluvtal aqmfer Is considered to be domestic and 
mumcipal consumptive use Domestic and mum­
ctpal consumptive use was estimated two ways 
( 1) domestic and mumctpal consumptive use was 
assumed equal to pumpage when there were no return 
flows to the nver, and (2) water consumptively used 
by cttles and towns was estimated as the product of 
the resident populatiOn and restdent per captta con­
sumptive use when there were unmeasured returns to 
the nver (table 16) In 1984, domestic and mumctpal 
consumptive use totaled 40,360 acre-ft between 
Hoover Dam and Mextco 

Domestic and mumctpal consumptive use 
was equal to pumpage m areas such as Wtllow Beach, 
Cottonwood Cove, and Kathenne wtthm the Lake 
Mead NatiOnal RecreatiOn Area The restdent pop­
ulatiOn ts small, but the number of annual vtsttors 
that use the facthties ts large (table 16) Water was 
pumped from wells, and effluent ts treated m lagoons 
and evaporated Irngatwn ts mmor and conststs of 
watermg ornamental shrubs (Gary Bunney, Asststant 
Supenntendent, Lake Mead NatiOnal RecreatiOn Area, 
oral commun , 1988) 

Industna1 consumptive use was equal to 
pumpage at the Mohave Steam Plant m Laughhn 
Total evaporatiOn results m no return flows to the 
nver (George Blake, Colorado Rtver Commtsston 
ofNevada, oral commun, 1988) 

In most of the ctttes and towns along the nver, 
domestic and mumctpal consumptive use was esti­
mated by usmg rest dent populatiOn and estimates 
of per captta consumptive use (table 16) that were 
supphed by the States (Thomas Perry, Anzona 
Department of Water Resources, wntten com mum , 
1988, Rtchard E Angelos, Colorado Rtver Board of 
Cahfornta, wntten commun , 1988) A maJor problem 
wtth esttmatmg the populatiOn ts that some smaller 
towns are umncorporated and census populatiOn 
mcludes those towns wtthm much larger areas 
Another problem ts that the Colorado Rtver area 
supports htgh recreatiOnal use year round and has a 
large number of wmter vtsttors Wmter vtsttors stay 
m trailer parks that are not part of any town but are 
scattered along the nver 

Change in Storage m the Alluvial Aquifer 

Some of the nver water dtverted to trrtgate 
crops mfiltrates to the underlymg alluvtal aqmfer and 
returns to the nver In some reaches, water also seeps 
from the nver mto the alluvtal aqmfer To determme 
tf thts water needs to be accounted for m the water 
budget, change m storage m the alluvtal aqmfer was 
mvesttgated under the assumption that any other 
mflows or outflows to the alluvtal aqmfer are small 
compared wtth mfiltratton from trrtgatwn and seepage 
from the nver channel 

Change m storage m the alluvtal aqmfer of the 
flood plam was shown to be small m relatiOn to 
consumptive use by vegetation dunng 1984 Storage 
mcreased 1,400 acre-ft m Palo Verde Valley 
(Owen-Joyce and Ktmsey, 1987, p 44), mcreased 
2,600 acre-ft m Parker Valley (Owen-Joyce, 1988, 
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Table 16. Data on domestic and mumc1pal consumptive use along the lower Colorado R1ver between Hoover Dam and 
Mex1co 

Resident Resident 
per cap1ta Pumpage consumptive 

consumptive Number With no use, 1n 
Resident use, in of returns, acre-feet 

population acre-feet vls1tors m acre-feet (1) X (2) 
(1) (2) (3) (4) (5) 

Anzona 

Hoover Dam to Davts Dam 

Wtllow Beach 25 ( 1987) 177,604 ( 1984) 90 
Kathcnne I 00 ( 1987) 1,083,571 (1984) 370 
Dtverston at Davts Dam ----------------- --------------------- 1142 
LCRD ProJect ----------------- --------------------- 160 

Davts Dam to Parker Dam 

Bullhead Clty-Rtvtera 15,895 (1984) 0 03 --------------------- 477 
Bermuda City 500 ( 1987) 003 --------------------- 15 
Golden Srores 650 ( 1987) 0 03 --------------------- 20 
Topock 25 (1987) 003 --------------------- 08 
Lake Havasu City 17,645 (1984) 0 03 --------------------- 529 
Mohave Water ConservatiOn 

Dtstnct ----------------- --------------------- 1108 
Lake Havasu lrngatton 

and Dramage Dtstnct ----------------- --------------------- 19,085 
Consoltdated Water 

Utthttes Ltd ----------------- --------------------- 1291 

Parker Dam to lmpenal Dam 

Town of Parker 2,530 ( 1984) 013 --------------------- 329 
Poston 260 (1988) 0 03 --------------------- 8 
Ehrenberg I ,204 ( 1988) 0 03 --------------------- 36 
Ctbola 293 ( 1985) 003 --------------------- 9 
Martmez Lake 10(1980) 0 03 --------------------- 03 

lmpenal Dam to Morelos Dam 

Yuma (Ctty) 45,960 ( 1984) 0 09 --------------------- 4,136 
Yuma (County) 19,406 (1984) 0 03 19,465 (1984) 582 
Yuma Provmg Ground 1,100 (1982) 003 --------------------- 33 
Manne Corps Atr Statton ----------------- --------------------- 11,775 
Southern Pactfic Company ----------------- --------------------- 148 
Yuma County ----------------- --------------------- 112 
Yuma Mesa Frmt Growers Assn ----------------- --------------------- 112 
Yuma Umon Htgh School ----------------- --------------------- 1200 

Below Morelos Dam 

Somerton 4,320 (1984) 0 03 --------------------- 130 
Gadsden e) ---------------------
Town of San Luts 2,575 (1984) 003 --------------------- 77 

Cahforma 

Davts Dam to Parker Dam 

Needles 5,100 (1984) 30 39 --------------------- 1,989 
Havasu Lake (Tratlers) e> ---------------------
San Bernardmo County ----------------- --------------------- 115 
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Table 16. Data on domestiC and mumc1pal consumptive use along the lower Colorado R1ver between Hoover Dam and 
Mex1co-Contmued 

Resident Resident 
per cap1ta Pumpage consumptive 

consumptive Number with no use, In 
Resident use, 1n of returns, acre-feet 

population acre-feet v1s1tors 1n acre-feet (1) X (2) 

Cahforn1~ontmued 

Parker Dam to lmpenal Dam 

Earp 
Parker Dam and Government Camp 
Vtdal 
Ctty of Blythe 
East Blythe 
Rtpley 
Palo Verde 
Btg Rtver 
BLM Permtttees 

lmpenal Dam to Morelos Dam 

Bard 
Wmterhaven 

Nevada 

Hoover Dam to Davts Dam 

Cottonwood Cove 

Davts Dam to Parker Dam 

Laugh 1m 
Mohave Steam Plant 
Clark County Parks and RecreatiOn 
Portemer, Warren E 

(1) 

4 1,500 
5 136 

536 
7,512 (1984) 

~1,940 
5450 
5 332 

I ,532 ( 1986) 
896 (1986) 

95(1984) 

(2) 

0 75 
0 88 
0 07 

30 29 
0 25 
016 
0 07 

0 06 
009 

0 30 

(3) 

172,001 ( 1984) 

(4) 

1 890 
1206 

439 

14,198 
16 

142 

(5) 

1,125 
120 

3 
2,178 

485 
72 
23 

92 
81 

29 

1 U S Bureau of ReclamatiOn ( 1986a) No returns reported for these diversions (Carl F Mayrose, U S Bureau of Reclamation, oral commun , 1988) 
2Unmcorporated area, populatiOn estimates are not available 
31ncludes water use by motels 
4 Earp population IS 533 The utility official estimates Earp's population ts as much as 2,000 because of year-round recreation, an average population IS 

I ,500 for the year 
5Estimate 

p 57), and mcreased 4,500 acre-ft m Ctbola Valley 
(Owen-Joyce, 1990, p 33) In the Yuma area, storage 
decreased by 2,650 acre-ft m 1984 (US Bureau of 
ReclamatiOn, 1985b, p 8) Ground-water-level data 
were not available to make an estimate for Mohave 
Valley or along any other reaches between the areas 
hsted above For the purpose of thts study usmg 1984 
data, change m storage ts assumed to be neghgtble, 
although further work IS needed to assess the vahdtty 
of thts assumption along the entire reach below 
Hoover Dam and for use With other years 

Estimation of Consumptive Use by Vegetation 

For 1984, the nver between Hoover Dam 
and Morelos Dam was treated as a smgle reach 
to estimate consumptive use by vegetation usmg 
equation 7 Computed consumptive use by vegetatiOn 
was 2,069,800 acre-ft (see table 17 for an Itemized 
hstmg of the water-budget components and quantities 
used m 1984) CalculatiOns of precipitatiOn, domestic 
consumptive use by mumctpahties, and evaporation 
from open-water surfaces are esttmated separately for 
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Table 17. Water budget for the Hoover Dam to More los Dam reach of the lower Colorado R1ver, 1984 

[Component NIB, northerly mternat10nal boundary, SIB, southerly mtematiOnal boundary] 

Component 

Inflow· 

Flow below Hoover Dam 
Prec1p1tat10n 

Hoover Dam to Dav1s Dam 
Dav1s Dam to Parker Dam 
Parker Dam to lmpenal Dam 
lmpenal Dam to Morelos Dam 

Bill Wtlhams R1ver 
Flow m Gtla R1ver near Dome 
Unmeasured average annual tnbutary runoff 

Hoover Dam to Davts Dam 
Dav1s Dam to Topock 
Topock to Parker Dam 
Wh1pple Mountams 
B1g Mana Mountams 
Palo Verde-Mule Mountams 
Dome Rock-Tngo-Chocolate Mountams 
Yuma area 

Unmeasured tnbutary stream 
Pmte Wash 
Sacramento Wash 
V1dal Wash 
Bouse Wash 
Tyson Wash 
McCoy Wash 
M1lpttas Wash 

Tnbutary ground-water dtscharge 
Spnngs below Hoover Dam 
Colorado R1ver valley 
Eldorado Valley 
Dav1s Dam to Topock 
Topock to Parker Dam 
Pmte Valley 
Sacramento Valley 
Chemehuev1 Valley 
Vtdal Wash 
Bouse Wash 
Tyson Wash 
Chuckwalla Valley 
G1la R1ver 

Total (rounded) 

Quantity, m 
acre-feet 

121,861,000 

18,500 
51,900 

137,400 
70,600 

275,600 
266,000 

2,100 
12,000 
15,000 
2,300 
2,300 
1,200 

16,200 
2,000 

1,000 
2,500 
1,300 
4,800 
2,600 

800 
1,200 

3,080 
200 

1,100 
0 

880 
2,300 

10,000 
260 
250 

1,200 
350 
400 

1.000 

22,569,300 

Component 

Outflow other than consumptive 
use by vegetatton: 

Flow at NIB (Morelos Dam) 
Colorado Rtver aqueduct 
Central Anzona ProJeCt Canal 
AII-Amencan Canal below Ptlot Knob 
Wellton-Mohawk Canal 
Domestic consumpttve use by muntctpaltttes 

Hoover Dam to Davts Dam 
Davts Dam to Parker Dam 
Parker Dam to lmpenal Dam 
Impenal Dam to Morelos Dam 

Evaporation from open-water surfaces 
Hoover Dam to Davts Dam 
Dav1s Dam to Parker Dam 
Parker Dam to lmpenal Dam 
Impenal Dam to Morelos Dam 

Surface-water return flows 
below Morelos Dam 

Eleven Mtle wasteway 
Cooper wasteway 
Twenty-one Mtle wasteway 
Mam dram at SIB 
West Mam Canal wasteway 
East Mam Canal wasteway 

Total (rounded) 

Change m storage 

Lake Mohave 
Lake Havasu 
Senator Wash 

Total (rounded) 

Consumpttve use by vegetatton 1 

Quantity, m 
acre-feet 

15,431,000 
1,237,230 

0 
3,046,000 

391,400 

1,101 
26,805 

5,484 
6,971 

148,700 
129,800 
58,300 

7,200 

1,530 
721 

0 
99,380 

0 
4 090 

20,595,700 

-150,000 
53,100 

652 

-96,200 

2,069,800 

1 Adjusted for A VM error 
2Fiow reachmg the Colorado Rtver ftom the Btll Wtlhams Rtver calculated m table 10 
1Computed restdual ot the water-budget method 

four subreaches of the nver, therefore, the mdtvtdual 
reach estimates are listed separately m table 17 

Yuma Valley and Yuma Mesa are two areas 
mcluded m the calculation of consumptive use of 
Colorado Rtver water (fig 6) Although most of Yuma 
Valley ts downstream from Morelos Dam, the water 
delivered to the valley IS dtverted from the Colorado 

Rtver at lmpenal Dam For thts study, water pumped 
from wells for 1rrtgat10n of crops on Yuma Mesa was 
assumed to be Colorado Rtver water Another factor 
affectmg thts reach ts the mabthty to account for 
underflow to Mextco from water apphed to fields 
south ofMorelos Dam or on the mesa (pl 2) For thts 
study, underflow to Mextco was assumed neghgtble 
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because of pumpmg from the Two-Forty-Two Well 
Ftel~ lme of wells east of San Lms that parallels 
the border wtth Mextco 

Unused water that was dtverted for trngatton at 
Impenal Dam returns to the nver above and below 
Morelos Dam The flow that returns to the nver below 
Morelos Dam ts accounted for m the water budget that 
esttmates consumptive use by vegetation to prevent 
thts flow from bemg counted as consumptive use 
Surface-water return flows from Yuma Valley below 
Morelos Dam are from Eleven Mtle, Cooper, Twenty­
one Mtle, West Mam Canal, and East Mam Canal 
wasteways and from Mam dram Flows at these sttes 
are measured by the IBWC to account for the annual 
quanttty of water that flows mto Mextco 

Estimating Evapotranspiration Using 
Remotely Sensed Data 

Dtrect separatiOn of consumptive use by 
dtverte~s spectfied by the Decree--ts dtfficult m 
the lower Colorado Rtver flood plam, owmg pnmanly 
to the problem of correlatmg subsurface return 
flows wtth thetr pomts of ongm The followmg 
method proposed by Raymond and Rezm ( 1989) 
and Raymond and Owen-Joyce ( 1987) was used to 
calculate evapotranspiratiOn by vegetatiOn m each 
reach ( 1) vegetatiOn types and dtstnbutton are 
tdentified by computer analysts of dtgttal satellite 
tmages to produce vegetatiOn maps, referred tom 
thts report as vegetation classtficattons, (2) water-use 
rates are estimated for each vegetatiOn type, (3) the 
boundanes of the subareas served by each dtverter are 
dtgtttzed and used to dtgttally separate the vegetated 
area of the reach by dtverter, (4) the evapotranspira­
tion for each vegetatiOn type m a dtverter's subarea ts 
computed as the product of the area and the water-use 
rate of each vegetatiOn type to calculate the annual 
volume of water used by each type, and (5) the water 
used by each vegetatiOn type m each dtverter's subarea 
ts summed to gtve the evapotranspiratiOn by each 
dtverter The followmg secttons descnbe m detatl the 
techmque of calculatmg evapotranspiratiOn for each 
reach 

Identification of Vegetation Types 
and Acreages by D1verter 

Multispectral, multttemporal classificatiOn of 
Landsat satellite tmages m dtgttal form was used to 
classtfy vegetatiOn types for the lower Colorado Rtver 

flood plam m 1984 Raymond and Rezm ( 1989) 
showed that multispectral, multitemporal vegetatiOn 
classificatiOns usmg three tmages collected at dtfferent 
ttmes dunng the growmg season correctly tdenttfied 
80 to 90 percent of the area covered by the maJor crops 
m Parker and Palo Verde Valleys Other sources of 
data from whtch vegetatiOn types can be tdenttfied, 
separated, and quantified are available and could be 
used m the future The use of field reconnaissance, 
aenal photography, and satellite tmages m dtgttal and 
photographic form to classtfy vegetatiOn ts dtscussed 
by Raymond and Rezm ( 1989) 

The vegetatiOn-classtficatiOn techmques 
descnbed m the followmg sectiOns have been devel­
oped for Landsat satellite Images m dtgttal form but 
could be modtfied for other data sources, mcludmg 
dtgttal and analog vtdeo-tmagmg techmques Data 
for the 1984 vegetation classificatiOns were collected 
by the multispectral scanner (MSS) aboard the 
Landsat 5 satellite The number of potentially avail­
able tmages was hmtted by ( 1) thts satellite passmg 
over a gtven area of the Earth's surface at a gtven tune 
once every 16 days, (2) occastonal cloud cover, and 
(3) confltctmg uses of commumcatlon satellites or 
ground stattons that prevent collectiOn of data from 
the Landsat satellite on some overpass dates 

The multispectral, multitemporal classtficatton 
techmque was used for all classtficattons except to 
calculate the ( 1) areas of phreatophytes for the Hoover 
Dam to Davts Dam reach and (2) areas of vegetatiOn 
types along the Btll Williams Rtver below Alamo 
Dam, where the smgle-tmage classificatiOn techmque 
was used Phreatophyte classtficatiOn was by denstty 
class only, thts techmque works faster and easter than 
the multispectral, multttemporal techmque Fteld 
reconnatssance of the Btll Williams Rtver flood 
plam showed that small amounts of alfalfa and 
cotton were planted m some areas of the flood plam 
Dense, medmm, and sparse phreatophytes were the 
dommant vegetatiOn types, however, the smgle­
tmage classtficatton was selected to gtve the best 
classtficatiOn of these types 

Landsat tmages obtamed on August 28 were 
used to determme areas of phreatophytes and open 
water for all areas descnbed above except the Hoover 
Dam to Davts Dam reach That reach, whtch ts m a 
Landsat-orbttal path dtfferent from that of the rest of 
the flood plam, was classtfied by usmg an tmage 
obtamed on March 20 A file contammg values of the 
four raw-data bands of each tmage was classtfied by 
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usmg the maxnnum-hkehhood classtficatton 
algonthm (Graham and others, 1985, p A14-Al7) 
Georeferencmg was not reqmred because no dtverter 
boundanes needed to be dtgitlzc~d from maps The 
boundanes of the Colorado River flood plam were 
dtgitlzed dtrectly on the video-chsplayed Images by 
usmg the techmque de sen bed m Graham and others 
( 1985, p POLY 1-3) to obtam the areas of phreato­
phytes that used Colorado River water and the areas 
of open-water surfaces The boundanes of the Bill 
Wtlhams River flood plam were digitized dtrectly 
on the vtdeo-displayed Image to determme the areas 
of phreatophytes that used tnbutary water that would 
otherwtse flow mto Lake Havasu Phreatophyte 
classes were Identified and separated as descnbed 
m the section "General Interpretation of the 
Classification " 

F1eld Reconnaissance 

Previous studies of the lower Colorado 
River flood plam (Raymond and Owen-Joyce, 1987, 
Raymond and Rezm, 1989) have shown that correct 
tdenttficatton of vegetatton typc~s by the Image­
analysts method reqmres detailed knowledge of 
representative sttes for cahbratton purposes The 
dtgitaltmages only contam mformatton about the 
spectral charactensttcs of the electromagnetic radta­
tton sensed by the satelhte Ground-truth data are 
reqmred to establish the relation between the remotely 
sensed data m the tmages and the vegetation types 
on the ground Crop type for every field m the cah­
bratton stte ts requtred to provtde a block of data for 
correct mterpretatton of the vegetatton classtfica­
ttons Phreatophyte spectes, d1 stnbutton, and stand 
density also are reqmred Vanattons m plantmg and 
harvestmg tunes for each maJor crop are constdered m 
the selectton of data-collectton dates dunng the 
growmg seasons Methods and scheduling of Irnga­
tton, occurrence and dtstnbutton of volunteer vegeta­
tton m the fields, and mowmg schedules for hay 
crops are some Important factors that mfluence the 
correct calculatton of evapotransptratton Much of 
thts mformatton can be acqmred from the literature, 
local records, or conversattons wtth personnel m the 
area, but expenence has shown that field reconnais­
sance ts essenttal for understandmg the study area 

A general field reconnaissance of the entire 
lower Colorado Rtver flood plam and the adJacent 
terraces was made before begmnmg the 1984 calcula­
tton of evapotransptratton The field reconnaissance 

consisted of field tnps m 1984 and use of a complete 
set of aenal photographs taken m August 1985 at an 
approximate scale of 1 32,000 Fteld reconnaissance 
of the Hoover Dam to Davts Dam reach was accom­
plished enttrely by usmg aenal photographs Spectfic 
obJectl ves were ( 1) dehneatton of the total area for 
whtch evapotransptratton would be calculated, (2) 
selectton of one or more calibration sites that were 
representative of each reach, and (3) selectton of 
approximate dates for mappmg the vegetation to get 
the necessary mformatton with the fewest tnps to the 
sttes The reconnaissance mcluded a survey of crop 
and phreatophyte types, Irrigatton practtces, distnbu­
tton of dtverters, and hydrology and geomorphology 
of the flood plam Potential problem areas were noted 
as well as places where special care m mterpretatton 
mtght be necessary m the analyses 

Dehneat1on of the Total Vegetated Area 

To calculate evapotranspiratiOn, all areas to 
whtch water dtverted from the nver or pumped 
from the flood plam was apphed were mcluded m the 
analysts Crops are grown m Mohave Valley m the 
Davts Dam to Parker Dam reach, m Parker, Palo 
Verde, and Ctbola Valleys m the Parker Dam to 
lmpenal Dam reach, and m the Yuma area m the 
Impenal Dam to Morelos Dam and Morelos Dam 
to the SIB reaches (fig 2) 

Identtficatton of the species, stand mtx, and 
stand dens tty of phreatophytes also was made for each 
reach to cahbrate the vegetatton classificattons Many 
phreatophyte areas located between and m cropped 
fields complicated the mterpretatton of the subsequent 
classifications The flood releases of 1983 and 1984 
changed the areas of phreatophyte dtstnbutton, areas 
covered by phreatophytes m 1984 were not always the 
same as those shown m earher photographs and maps 

The Btll Wtlhams Rtver flows mto Lake 
Havasu (pi 1) JUSt upstream from Parker Dam 
Reconnaissance showed that dense phreatophytes 
were transpinng water m the reach between the 
gage below Alamo Dam and the confluence wtth the 
Colorado Rtver The Btll Wtlhams River therefore 
had to be mcluded m the area for which evapotrans­
piration was calculated to determme the quantity of 
dtscharge to the Colorado Rtver 

The boundanes of the areas used to calculate 
evapotransptratton were mapped (pl 2) All areas that 
used water from the Colorado Rtver or pumped water 
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on the adJacent terraces are mcluded for consistency m 
the calculatiOns 

Selection of Calibration S1tes 

Vegetation classificattons reqmre InterpretatiOn 
and cahbrat10n mat least one area m each valley 
where the vegetation types are known The statisttcal 
charactensttcs of different vegetatiOn types at vanous 
times durmg a year generally are not sufficiently 
distmct to posittvely tdentify each type without calt­
bratton Therefore, detailed vegetatiOn maps were 
made for one or more calibratiOn sttes on the flood 
plam for each reach 

Calibratton sites were selected m each of the 
five agncultural areas of the flood pla10 Mohave 
(fig 3), Parker (fig 4), Palo Verde, and Cibola (fig 5) 
Valleys and the Yuma area (fig 6) CalibratiOn sites 
were not selected for nonagncultural areas contammg 
only phreatophytes These areas were calibrated by 
vegetatiOn-type maps published by Anderson and 
Ohmart ( 197 6) Each of the agncultural areas m the 
flood plam and each of the phreatophyte areas between 
them are referred to as subreaches of their respective 
reach 

CalibratiOn Sites were selected accordmg to four 
cntena 

( 1) Crop mtx-A cahbrat10n site should have a 
crop mix that Is representattve of the area bemg classi­
fied The correct crop mix 10 all grow10g seasons IS 
the most Important charactenstic to accurately classify 
the crop types All crops, except mmor crops planted 
m only a few fields, should be represented 

(2) ProportiOn of crops--The proportiOn of 
crops 10 the calibratiOn site should approximate the 
proportion found m the total area On the lower 
Colorado River flood plam, maJor crops such as alfalfa 
tend to form two or more classes m the vegetatiOn 
classificatiOns Some of these classes can be 
mismterpreted If the calibratiOn Site con tams too 
few alfalfa fields to represent all the classes 

(3) Physical charactenstics of the site­
Unbroken areas of each cover type should be as 
large as possible to distmgmsh among the cover 
types and to determme charactenstics of each type 
Otherwise, border pixels covenng part of the field 
and part of an adJacent area could dommate and 
obscure the classificatiOn of a small field Either 
the stte should be easily accessible by road If 
ground transportation IS used for reconnaissance, or 
permission for low-flymg aircraft must be obtamable 

(4) Cost ofrevisitmg the site--Fmally, the Site 
should not be too large to survey 10 about a day on the 
ground or an hour by plane or helicopter to keep the 
cost of revts1t10g as low as possible 

CalibratiOn sites selected for the lower Colorado 
River are shown m figures 3--6 One calibration site 
was selected for Mohave Valley because the crop mix 
was fairly umform over the area and no double crop­
p10g occurred Two calibratiOn sites were used for 
Parker Valley m order to mclude all the double crop­
pmg and diversity of crop mixes One calibratiOn site 
was selected for Palo Verde Valley because crop data 
by fields are compiled annually for the entire valley by 
Palo Verde IrrigatiOn Distnct and are available to 
augment field reconnaissance If reqmred Cibola 
Valley IrrigatiOn and Dra10age Distnct was mapped 
entirely because It Is relatively small and because the 
area planted With crops changed m each of the 3 years 
pnor to 1984 A few fields m the southern part of the 
Yuma area were not mcluded 10 the 1984 Landsat 
Images of the area (fig 6) Crops were Identified m 
these fields by field reconnatssance Areas of the 
fields were digitized from maps and areas by crop 
types were subsequently added to the crop areas from 
the Yuma classificatiOn The smgle Yuma cali brat10n 
site selected to calibrate the Image classification IS 
adJacent to these fields (fig 6) 

Selection of Calibration Dates 

SelectiOn of the best times to map vegetation 10 
an area depends on the growmg seasons of the crops m 
that area In Mohave and Cibola Valleys, only alfalfa, 
cotton, wheat, and bermuda grass were found durmg 
the field reconnaissance, therefore, one tnp m May 
when all these crops were grow10g and could be Iden­
tified m the fields was sufficient to map the vegetatiOn 
m 1984 Field reconnaissance of the flood plam of the 
Bill Williams River below Alamo Dam showed that 
only phreatophytes and small amounts of alfalfa and 
cotton grew on the flood plam 

Parker Valley, Palo Verde Valley, and the 
Yuma area have a complex mix of vegetatiOn types 
and many multiple-cropped fields In 1984, lettuce 
was the only wmter vegetable crop mapped m Parker 
and Palo Verde Valleys Several additiOnal wmter 
vegetable crops----mcludmg cauliflower, broccoli, and 
cabbage-were mapped m the Yuma area Melons, 
tomatoes, and omons were grown m the spnng and 
early summer 10 all three areas, therefore, three crop­
mappmg tnps were reqmred--wmter (January) for 
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spnng lettuce, cauliflower, broccoli, cabbage, and 
wheat, late spnn.g (May) for cotton, melons, tomatoes, 
and omons, and fall (October) for fall lettuce Alfalfa, 
bermuda grass, and other perenmals were mapped on 
all tnps In the Yuma area, late summer crops, such as 
mtlo and peanuts, necessitated an addtt10nal recon­
naissance tnp m August The dates are somewhat 
flextble m each growmg season and depend not only 
on the crop mtx each year but also on vanattons m 
local weather condtttons that could delay or advance 
crop plantmg, development, or harvestmg ttmes 

Preparation of Crop Maps 

Base maps were prepared at a scale of 1 48,000 
for the agncultural areas from USGS 1 24,000-scale 
topographic maps Boundanes of the fields were 
drafted onto the base maps from the aenal photo­
graphs Dunng each crop-mappmg tnp, fields 
were coded with thetr crop types At the end of the 
year, a umque color or pattern was selected for each 
crop type or multiple-crop mtx found dunng the tnps 
A master map was then made for each cahbratton 
stte, usmg the color-pattern codes, to calibrate the 
vegetatiOn classificatiOns (pl 3) 

Selection of Image Dates 

Growmg seasons of the maJor vegetatiOn types 
were used to tdenttfy tmage dates for the 1984 vegeta­
tiOn classtficattons from the tmages available Image 
dates were selected to correspond to the maxtmum 
ground cover of the vegetatiOn types to be classtfied 
Another Important temporal feature was the absence 
or dormancy of a crop on one or more of the tmage 
dates The tdenttficat10n of maJor crop types, such as 
cotton (summer) and wheat (wmter), was atded 
stgmficantly by the presence or absence of these 
crops at key tunes of the year 

The path of the Landsat satellite ts from north­
east to southwest over the Earth's surface Although 
the path ts contmuous, the data are separated 
mto tmages of approxunately 115 m1 m length for 
processmg by Goddard Space Flight Center Two 
Landsat 5 tmages, whtch overlapped approximately at 
Poston, Anzona, were reqmred to cover all the 
Colorado Rtver flood plam from Davts Dam to the 
southern part of the Yuma area The same overpass 
dates were selected for both the north and south 
tmages to mtmmtze vanabthty caused by dtfferences 
m atmosphenc haze, sun angle, and percentage of 
ground cover wtthm a growmg season 

The Image dates selected for the 1984 classifica­
tiOn were February 17, May 24, and August 28 MaJor 
vegetatiOn types m the February 17 Image were 
lettuce, cauliflower, and early wheat VegetatiOn types 
m the May 24 tmage were senescent wheat, melons, 
safflower, and spnng phreatophytes Cotton and 
summer phreatophytes were the prmctpal vegetatiOn 
types mcluded m the August 28 tmage Many fields 
prepared and trrtgated for fall crops also were evtdent 
on the August tmage Perenmal crops, such as cttrus, 
alfalfa, and bermuda, were present on all nnage dates 

Georeferencmg 

Georeferencmg ts the process of estabhshmg the 
geographic locatiOn of each ptxel m an tmage and 
codmg that mformat10n as an attnbute of the ptxel 
Georeferencmg ts requtred when tmages are combmed 
wtth other spattal-data layers, such as the boundanes 
of the areas served by dtversiOns from the nver, by 
matchmg map coordmates The coordmate system 
used for the 1984 classtficatton was the Umversal 
Transverse Mercator (UTM) proJection The UTM 
proJeCtiOn 1s dtvtded mto zones 1 ,000,000 m wtde 
The lower Colorado Rtver flood plam 1s near the east 
edge of zone 11 Because the UTM proJection ts flat 
and the Earth's surface ts curved, the proJeCtion 
becomes mcreasmgly dtstorted near the edges of each 
zone 

Four steps were reqmred to georeference the 
1984 Images ( 1) ground-control pomts, such as road 
mtersecttons and field corners, were tdenttfied on the 
tmages, and the row and column numbers of the corre­
spondmg ptxels were determmed, (2) the UTM 
coordmates for these pomts were dtgtttzed from 
USGS 1 24,000-scale topographtc maps, (3) a 
georeferencmg program (Graham and others, 1985, 
p PMGE 1) matched the row and column numbers to 
the UTM coordmates and mapped the tmages by 
generatmg UTM coordmates for each ptxel, and (4) 
the ptxels were resampled to 50 m x 50 m (0 62 acres) 
georeferenced ptxels As much as posstble of the area 
outstde the flood plam was tnmmed from the georefer­
enced tmages before the analysts m order to mcrease 
processmg effictency and to mtmmtze the amount of 
mtsleadmg or extraneous mformatton to be processed 

Band RatiOS 

The band-ratiO techmque (Taramk, 1978) was 
used to enhance the reflectance charactensttcs of 
the vegetated areas The Landsat MSS records the 
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reflectance of the ground cover m four bands of the 
spectrum green, 0 4-Q 5 Jlm, red, 0 5-0 6 Jlm, and 
two near-mfrared bands, 0 7-Q 8 and 0 8-1 1 Jlm 
Healthy vegetatiOn reflects a htgh percentage of near­
mfrared radtation and absorbs a high percentage of red 
radiation, whereas nonvegetated areas tend to reflect 
or absorb about the same amount of radtatton m both 
the near-mfrared and red spectral bands Thts charac­
tensttc reflectance response allows vegetated areas to 
be separated from nonvegetated areas The reflectance 
values of pixels m the near-mfrared (0 8-1 1 Jlm) 
band were dtvtded by their correspondmg values m 
the red band to obtam mfrared/red band rattos 

Image Classification 

The purpose of tmage classification ts to group 
together those ptxels that have snntlar reflectance 
charactensttcs on the Image dates selected The 
assumptiOn ts made that all the ptxels m each class 
represent the same type of ground cover In an "tdeal" 
classificatiOn, the number of classes generated would 
be equal to the number of dt fferent kmds of ground 
cover m the unage In reality, the number of classes 
generally ts greater or less than the number of cover 
types because of one of the followmg conditiOns 
( l) border pixels that con tam more than one ground­
cover type, (2) dtfferent ground-cover types, such as 
crops and volunteer vegetatiOn or phreatophytes, that 
have simtlar spectral charactensttcs through ttme, and 
(3) smgle ground-cover types, such as mowed and 
unmowed alfalfa, that differ m appearance over the 
area classtfied 

The band ratios for each of the three tmage 
dates were combmed mto a smgle data file for each 
classification Each file was then classified by usmg 
the maxnnum-hkehhood classtficatiOn algonthm 
(Graham and others, 1985, p Al3-Al7) The output 
from each Image classification was a table contammg 
the sequential number of each ground-cover class, the 
number of pixels m the class, and the mean value of 
the pixels m each of the three band ratios m the 
combmed-tmage file 

General Interpretation of the Class1f1cat1on 

The number of classes resultmg from an tmage 
classificatiOn vanes wtth the number of cover types 
havmg different reflectance charactenstics m the area 
covered by the Images For the 1984 classificatiOns, 
the number of classes ranged from 28 m Mohave 
Valley to 45 m the Yuma area InterpretatiOn of 

classes for the flood-plam area was made by usmg 
the output tables and the crop maps prepared for 
each calibratiOn stte 

Most of the classes m each classificatiOn 
represented vegetation ground-cover types because 
the band ratios enhanced the vegetation-reflectance 
charactensttcs The reflectance charactensttcs of 
non vegetated types of ground cover m the Images 
were mmtmtzed, whtch caused them to be compressed 
mto only a few ground-cover classes The output 
tables were used to separate vegetation classes, whtch 
had htgh band-ratiO values, from nonvegetat10n 
classes, whtch had low values The dates on whtch 
high or low band-ratio values occurred were Indicative 
of the growmg seasons of spectfic vegetatiOn types 

In most areas, the crop mix was too complex 
to be separated usmg only spectral and temporal 
charactensttcs, crop maps prepared for the calibratiOn 
sttes also were reqmred to separate vegetation types 
Vegetation classes were Identtfied throughout each 
classificatiOn as the vegetatiOn type they represented 
m the calibratiOn site Some classes were so small or 
dtscontmuous that they were not represented m the 
calibratiOn stte The vegetation types were then deter­
mmed by spectral and temporal charactenstics alone 
In cases where two or more vegetatiOn types had 
the same charactenstics and were combmed m the 
same class, the type covermg the largest area m the 
cahbratton site was selected because It had the 
highest probability ofbemg correct Some mmor 
vegetatiOn types therefore might not have been 
correctly Identified wtth thts approacp 

Different cntena were used to tdentify and 
separate phreatophytes Crops usually are grown 
m fields that have regular geometnc shapes m the 
lower Colorado River flood plam on the Umted States 
side of the border The dtstn buttOn of phreatophytes 
generally follows that of the old nver meanders 
because of the phreatophytes' dependency on sml 
mmsture (and therefore soil type) Some phreato­
phytes, however, grow m and between cropped fields 
Crop types and density generally are umform m a 
field, whereas phreatophytes grow m mixed stands of 
vanable denstty, these characteristics provtde a basts 
for separatmg crops from phreatophytes Landsat 
MSS resolutiOn proved msuffictent for separatmg 
phreatophyte spectes from each other m these mtxed 
stands Phreatophyte classes were tdenttfied and 
separated by denstty by usmg spectral and temporal 
charactenstics m the output tables and by usmg 
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vegetation-type maps for the lower Colorado River 
flood plam comp1led by Anderson and Ohmart (1976) 

Photographs, maps, and Landsat false-color 
composites showmg the general occurrence and distn­
butlon of ground-cover types outside the flood plam 
were used to mterpret classes m those areas In most 
cases, a few pixels from each of these classes also 
occurred m the flood plam and had to be Identified to 
complete the classificatiOn All nonvegetatwn classes 
and parts of vegetatton classes that occurred outstde 
the flood plam were then tgnored for the rest of the 
analyses 

Separation of the Classification 
by Diverter Boundanes 

To calculate evapotranspiratiOn by dtverter and 
pomt of dtverswn, the vegetated areas m the flood 
plam are separated mto the subareas served by each 
d1vers1on EvapotranspiratiOn can then be calculated 
for each vegetatiOn type m the subarea and summed to 
obtam evapotransp1ratton by dtverter 

ldent1f1cat1on of Boundanes 

The boundanes of each subarea are established 
first In tins context, the term "diverters" mcludes all 
users of water from the nver-whether that water ts 
diverted or pumped, transptred dtrectly from the flood­
plam aqutfer by the vegetation, or used to mamtam 
wtldltfe habttat Many of the dtverters spectfically 
named m the Decree have subareas wtth well­
established and mapped boundanes, such as lndtan 
reservatiOns, mthtary reservations, national wtldhfe 
refuges, and Federal, State, and local parks and 
recreation areas These boundanes, mtersected by the 
boundanes of the flood plam, were used for separatmg 
the 1984 vegetatiOn classificatiOn Subareas m whtch 
all the water used ts transptred by phreatophytes, such 
as m the wtldhfe refuges, had to be mcluded because 
phreatophyte transpiration ts part of total consumpttve 
use by vegetation and therefore also ts a part of the 
estunated total evapotranspiratiOn 

Irngatton-dtstnct boundanes were well estab­
lished m most cases and were obtamed from the 
USBR or from the records of the trrtgatton dtstncts 
The boundanes were not as obvtous between subareas 
that used water dtverted from the nver or pumped 
from wells on the flood plam and those that used 
water pumped from wells on the adJacent terraces 
Irngatwn-dtstnct and USBR records were used to 

establish these boundanes wherever posst ble, but 
a few areas requtre further clanficatwn for the 
operatiOnal accountmg system 

The boundanes of subareas served by non­
contract dtverters and those of subareas pumpmg 
water that might be defined as tnbutary mflow are not 
complete m the 1984 calculations The boundanes of 
subareas from whtch subsurface flows do not return to 
the lower Colorado Rtver or are not available for reuse 
m the Umted States also have not been firmly estab­
ltshed m all areas Boundanes of subareas served by 
each dtverter (pl 2) are the most accurate that could be 
determmed at the ttme of the study 

Mapping the Boundanes 

Boundanes of all the subareas established for 
the lower Colorado Rtver flood plam were drafted 
onto USGS l 24,000-scale topographtc maps The 
polygons formed by the subarea boundanes, mter­
sected by the map boundanes where applicable, were 
each dtgtttzed from the separate maps (Graham and 
others, 1985, p DGTZ l-2) The UTM coordmates 
were generated by the software for each dtgtttzed 
pomt to georeference the polygons 

Separation by D1vener 

Dtgtttzed polygons were mapped to the classi­
fied Images for each reach by matchmg the corre­
spondmg UTM coordmates The polygons served as 
the boundanes for those subareas of the classified 
tmages wtthm them The classtfied tmages were 
separated by the polygons mto the subareas or parts 
of subareas belongmg to each dtverter (Graham and 
others, 1985, p PLYX l) Each of these parts of the 
classtfied tmage then became a separate file 

The number of acres covered by each vegetatton 
type m each subarea of the classtfied tmages was 
determmed as follows ( l) the number of ptxels m 
each class was summed, (2) the sums were multtphed 
by 0 62 acres per georeferenced ptxel, and (3) a table 
was generated showmg the class numbers, number of 
ptxels for that class m the subarea, percentage of the 
subarea covered by that class, and the number of acres 
m the polygon covered by the class A techmcal 
descnptton of these three steps ts found m a report by 
Graham and others (1985, p PLYA 1-4) The number 
of acres of each vegetatiOn type m the polygons was 
obtamed by summmg the number of acres of each 
class tdenttfied as that vegetatiOn type The number of 
acres of each vegetatton type m each subarea was then 
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generated by summmg the polygons wtthm that 
subarea F10al output from the tmage classificatiOn 
was a table for each reach of the nver that conta10s 
a descnptwn of each class, a descnptwn of each 
subarea, and a hst show10g the classes grouped 10to 
each cover type 

Water Use by Vegetation 

VegetatiOn, whtch conststs of crops and phreato­
phytes, uses water from the lower Colorado River In 
1984, the maJOr crops were alfalfa, cotton, wheat, 
lettuce, melons, bermuda grass, citrus, and safflower 
The rest of the vegetation consists of phreatophytes, 
which 10clude saltcedar, mesqmte, arrowweed, salt­
bush, cottonwood, and willow, 10 stands of vanous 
compositiOns and densities Consumptive use of 
Colorado River water by crops Is charged to users by 
po10t of diversiOn, diverter, and State as specified 10 
the Decree Consumptive use by phreatophytes, 
which ts part of the consumptive use by vegetatton 
calculated 10 the water budget of the nver, Is separated 
from consumptive use by crops 10 LCRAS so that It IS 

not charged to agncultural water users 

Weather data, used 10 LCRAS to estimate 
evapotranspiratiOn, are available from the Natwnal 
Chmattc Data Center for a number of statwns through­
out the study area (pl 1) An adequate number of 

weather stations are 10 or near the Colorado Rtver 
valley, where temperature and precipitatiOn data are 
collected Avatlabihty of weather data for stations 10 
each of the nver reaches allows local weather condt­
ttons to be 10corporated 10to the calculatiOns of evapo­
transpiratiOn and consumptive use by vegetation The 
data are not complete for some years, therefore, the 
statiOns used to calculate the amount of prectpttatwn 
falhng on vegetatiOn (see section of report entitled 
"Prectpttatwn") and the prectpttatton and temperature 
data used to estimate water-use rates need to be evalu­
ated on an annual basts pnor to 10put 10to LCRAS 

To calculate water-use rates, complete records 
of both temperature and prectpttatwn have to be avail­
able for the statton selected to represent the reach 
StatiOns with complete monthly records used for each 
reach 10 1984 were selected from those hsted 10 tables 
13 and 18, stattons wtth 10complete data were not 
10cluded 10 tables 13 and 18 In 1984, avatlabthty of 
complete records of temperature and prectpttatwn at 
the same weather stations on the flood pla10 resulted 10 
the same stations be10g used to calculate precipitation 
that falls on the vegetated area and water-use rates 

Average water-use rates by vegetatiOn type are 
reqmred to calculate evapotranspiratiOn These rates 
vary wtth local weather condttions---parttcularly 
temperature, precipitation, solar radiatiOn, and 
w10d speed Temperature and precipitation data are 

Table 18. Monthly mean temperatures at selected weather stat1ons along the lower Colorado R1ver, 1984 

[Data from National Chmat1c Data Center ( 1951-84a, b, c)] 

Monthly mean temperature, m degrees Fahrenheit 
R1ver Weather 
reach stat1on1 Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec 

Hoover Dam to Boulder Ctty 49 9 52 3 59 7 64 I 81 3 83 0 87 6 85 6 81 8 644 55 I 45 3 
Davts Dam Wtllow Beach 516 54 6 62 9 67 5 83 7 87 6 92 5 89 8 87 I 69 0 58 6 49 0 

Davts Dam to Bullhead Ctty 57 I 58 5 664 71 7 87 2 89 6 96 2 93 7 89 3 70 8 59 4 51 3 
Parker Dam Needles Atrport 55 3 58 4 65 3 70 5 86 2 89 I 94 I 92 5 88 8 70 3 59 8 51 3 

Lake Havasu 54 8 57 4 65 7 70 5 86 6 90 2 95 I 94 2 89 9 72 0 61 0 51 7 

Parker Dam to Parker Reservotr 55 6 58 2 66 3 70 7 87 I 89 0 93 2 92 2 88 8 69 9 59 8 50 8 
lmpenal Dam Parker 55 9 58 0 66 2 71 I 85 2 87 7 93 0 92 5 88 0 69 8 59 0 51 9 

Blythe 55 0 56 8 65 0 69 I 84 3 85 5 919 910 86 7 69 3 58 5 52 I 
Blythe Atrport 56 7 58 3 67 0 70 6 85 5 87 5 93 2 92 2 89 4 719 60 5 53 I 
Ehrenberg 58 0 60 I 65 5 716 86 3 89 0 93 I 92 6 90 0 71 9 614 53 8 

lmpenal Dam to Yuma Atrport 60 0 61 5 67 8 70 8 85 9 87 7 92 6 92 4 90 6 73 5 63 2 56 0 
Morelos Dam Yuma Cttrus Statton 55 7 56 7 64 0 67 2 81 2 83 9 904 89 2 87 2 69 6 58 8 52 8 

Yuma Provmg Ground 58 6 59 6 66 5 69 7 84 4 86 8 91 I 914 89 I 71 8 61 5 54 3 
Yuma Valley 56 9 58 8 648 67 2 80 6 83 0 89 I 88 4 86 8 704 59 8 53 9 

1 Locations shown on plate I 
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avatlable at most of the weather stations m the study 
area, but solar-radiation and wmd-speed data are not 
The availability of only temperature and precipitatiOn 
data limits the chmce of formulas available to estimate 
water-use rates Wmd-speed and solar-radiatiOn data 
would allow use of other formulas, whtch mclude 
the effects from changes m local conditions on the 
estnnatton of evapotranspiratiOn 

The Blaney-Cnddle formula (Blaney and 
Cnddle, 1950) can be used to calculate water-use rates 
by vegetatiOn type provided that emptncal water-use 
coefficients have been computed The Blaney-Cnddle 
formula was modified to adJust water-use rates for 
crops for precipitatiOn vanations throughout the flood 
plam Emptncal water-use coefficients are not avail­
able for mtxed stands of phreatophytes, therefore, 
annual (K factors) and monthly (k factors) water-use 
coefficients were esttmated dunng thts study for 
phreatophyte mixtures along the lower Colorado River 
for use m LCRAS 

Water-Use Rates for Crops 

Water-use rates for a particular crop type vary 
with ( 1) local weather condtttons, (2) dens tty dtstn­
butwn, and (3) farm-management practices, such as 
plantmg and harvestmg dates, crop vanety, and 
amount and scheduling of trngatton Differences 
m weather conditions owmg to temperature and pre­
cipitatiOn vanatwns were accounted for by adJustmg 
the water-use rates for these vanables Data were 
msufficient to adJust the water-use rates for the effects 
of solar radtatwn and wmd speed Vanatwns m 
evapotranspiratiOn owmg to denstty distnbutwns 
were accounted for by the vegetatiOn classtficatwns, 
from which only the areas of actual ground cover for 
each vegetation type were calculated Accountmg for 
vanations wtthm and between mdtvtdual fields that 
resulted from dtfferences m management practices 
was beyond the scope ofthts study 

Water-use rates were calculated by modtfymg 
the formula developed by Blaney and Cnddle ( 1950) 
to mclude precipitatiOn The modtfied formula ts 
expressed as 

where 

U = ~ [ (tmdm) Pm] 
L.J k/11 1 00 - T2 . 

m =I 

U = crop trngatwn water-use rate, m 
acre-feet per acre per year. dunng 
the growth of the crop, 

(13) 

k
111 

= monthly emptncal water-use 
coefficient that ts dependent on 
the type and location of the crop, 

t
111 

= monthly mean temperature, m 
degrees Fahrenheit, 

d m = percentage of daylight hours of the 
year that occur dunng a particular 
month, and 

p
111 

= monthly precipitatiOn, m mches 

Monthly prectpttatwn was mcluded m the formula 
used to estimate evapotranspiratiOn by crop types 
because crops are shallow-rooted plants compared 
with phreatophytes, and precipitation that falls 
on trngated sml can be used by the plants Crop 
use of prectpttatwn reduces the use of trngatwn 
water Empincal water-use coefficients for the crops 
(table 19) were obtamed from field tests conducted 
by the U S Department of Agnculture near Phoemx, 
Anzona (Ene and others, 1965, 1982) Monthly mean 
temperatures and monthly prectpttatton were used for 
the vanous agncultural areas as follows ( 1) Bullhead 
City, Anzona, for Mohave Valley, (2) Parker, Anzona, 
for Parker Valley north of latitude 34 o N and for 
the Btll Wtlliams Rtver area below Alamo Dam, 
(3) Blythe, Cahforma, for the part of Parker Valley 
south of latitude 34 o N and for Palo Verde and 
Ctbola Valleys, and (4) Yuma Valley, Anzona, for 
the Yuma area (pi 1) The monthly percentage of 
daylight hours (table 20) was Interpolated from 
Cruffand Thompson (1967, p Ml7) 

Water-use rates were calculated for each of the 
crop types Identified m each of the reaches for 1984 
by usmg LCRAS (table 21) Water-use rates for crop 
types calculated by usmg weather data from Parker are 
slightly htgher than those calculated by usmg weather 
data from Bullhead Ctty because average monthly 
temperatures are htgher and prectpttatton ts lower 
dunng the summer m Parker than m Bullhead Ctty 
Wheat, a wmter-sprmg crop, has about the same 
water-use rate m both areas Water-use rates calcu­
lated by usmg weather data from Blythe are slightly 
lower than those for the same crop types calculated by 
usmg Parker data, with the exception of fall lettuce 
The dtfferences could be attnbuted to slightly htgher 
precipitatiOn and lower temperatures m Blythe dunng 
the wmter-sprmg-summer months than m Parker 
Water-use rates were calculated for crops m Ctbola 
Valley by usmg weather data from Blythe because 
contmuous weather records were not available from 
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Table 19. Empmcal water-use coeff1c1ents for crops 1n the lower Colorado R1ver valley 

[Data from Ene and others ( 1965, table I)] 

Monthly emp1r1cal water-use coeff1c1ent 

Vegetation type Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec 

Cotton 0 00 0 00 0 00 009 0 27 0 60 I 20 I 40 I II 060 0 27 0 00 
Alfalfa 00 92 I 21 I 25 I 36 I 36 I 22 I 10 I 33 95 80 00 
Bermuda 00 00 00 66 79 I 06 I 17 I 10 89 71 00 00 
Sorghum 00 00 00 00 00 00 44 I 48 I 05 35 00 00 
Wheat 43 80 I 63 I 63 42 00 00 00 00 00 04 30 
Cttrus 39 48 41 46 47 55 58 63 64 63 59 40 • 
Brocco It I 02 54 00 00 00 00 00 00 20 74 I 19 99 
Melons 00 00 00 12 51 I 42 63 00 00 00 00 00 
Cauhflower 96 00 00 00 00 00 00 00 20 66 I 33 78 
Fall lettuce 00 00 00 00 00 00 00 00 04 35 67 94 
Safflower 14 33 80 I 92 I 49 I 56 34 00 00 00 00 00 
Sprmg lettuce 04 35 67 94 00 00 00 00 00 00 00 00 
Dry omons 34 56 I 23 172 43 00 00 00 00 00 00 00 
Mtlo 00 00 00 00 00 00 44 I 48 110 34 00 00 
Com 07 44 I 50 I 49 00 00 00 00 00 00 00 00 
Dates 5 17 00 00 00 00 00 00 00 00 00 00 00 
Tomatoes 2 00 00 00 00 00 00 00 00 00 00 00 00 

Table 20 Monthly percentage of total daylight hours of the year 

[Data from Cruff and Thompson ( 1967, p M 17)] 

Monthly percentage of daylight hours of the year 

Latitude, 0 N. Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec 

24 7 58 7 17 8 40 8 60 9 30 9 20 941 9 05 8 31 8 09 7 43 7 46 
26 7 49 7 12 8 40 8 64 9 38 9 30 9 49 910 8 31 8 06 7 36 7 35 
28 7 40 7 07 8 39 8 68 946 9 38 9 58 916 8 32 8 02 7 27 7 27 
30 7 30 7 03 8 38 872 9 53 9 49 9 67 9 22 8 34 7 99 7 19 7 14 
32 7 20 6 97 8 37 8 75 9 63 9 60 9 77 9 28 8 34 7 93 7 II 7 05 
34 710 6 91 8 36 8 80 972 9 70 9 88 9 33 8 36 7 90 7 02 692 
36 6 99 6 86 8 35 8 85 9 81 9 83 9 99 9 40 8 36 7 85 6 92 6 79 
38 6 87 6 79 8 34 8 90 9 92 9 95 10 10 9 47 8 38 7 80 6 82 666 
40 6 76 6 73 8 33 8 95 10 02 10 08 10 22 9 54 8 38 7 75 672 6 52 
42 6 62 6 65 8 31 9 00 1014 10 21 10 35 9 62 8 40 7 70 6 62 6 38 
44 649 6 58 8 30 9 05 10 26 10 38 1049 9 70 8 41 7 63 6 49 6 22 
46 6 33 6 50 8 29 912 10 39 10 54 10 64 9 79 8 42 7 58 6 36 604 
48 617 6 42 8 27 918 10 53 10 71 10 80 9 89 8 44 7 51 6 22 5 86 
50 5 98 6 32 8 25 9 25 10 69 10 93 10 99 10 00 8 44 7 43 6 07 5 65 

• 
a weather statiOn closer to the agncultural areas of evaporatiOn also tndicate that the evaporatiOn tn the 
Ctbola Valley Yuma area could be the lowest or among the lowest 

Water-use rates for crop types calculated by measured on the flood plam between Hoover Dam and 
ustng weather data from Yuma Valley are lower than Mexico, although It IS the most southerly reach with 
those calculated by usmg data from the stations north 

the lowest average elevatiOn 
of Impenal Dam for all crops except fall lettuce The 
Yuma Valley weather station Is m the middle of a large Alfalfa consistently used almost twtce as much 

agncultural area where temperatures are not as water per umt area as cotton and almost three tlmes as 

extreme as those recorded by weather stations north of much as wheat throughout the flood plam (table 21) 

Impenal Dam OccasiOnal records of wmd speed and Thts relatiOn between water-use rates for the three 
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Table 21. Water-use rates for vegetation types and dens1t1es along the lower Colorado R1ver, 1984, calculated by the Lower 
Colorado R1ver Accounting System 

Monthly water-use rate, m feet 
River reach and 
vegetation type Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec Total 

Hoover Dam to Davts Dam-
Wtllow Beach, Anzona 1 

Phrcatophytes 
Medtum 0 00 0 22 041 048 072 0 75 0 81 0 73 0 62 0 33 0 21 0 00 5 28 
Sparse 00 18 32 38 57 60 65 58 50 26 17 00 4 21 

Mohave Valley-
Bullhead Ctty, An zona 1 

Alfalfa 00 31 56 66 97 I 00 72 70 82 44 14 00 6 32 
Cotton 00 00 00 05 19 44 70 92 68 28 00 00 3 26 
Wheat 14 27 75 86 30 00 00 00 00 00 00 00 2 32 

Phrcatophytes 
Dense 00 28 52 61 90 92 I 01 92 77 41 25 00 6 59 
Medtum 00 24 43 51 75 77 84 76 63 34 21 00 5 48 
Sparse 00 19 34 41 60 62 67 61 51 27 17 00 4 39 

Btll Wtlltams Rtver-
Parker, An zona 1 

Alfalfa 00 31 56 66 95 98 87 77 73 43 24 00 6 50 
Cotton 00 00 00 05 19 43 85 99 59 27 06 00 3 43 

Phreatophytes 
Dense 00 28 52 60 88 91 98 91 75 40 25 00 648 
Medtum 00 24 43 50 73 75 81 75 63 33 21 00 5 38 
Sparse 00 19 34 40 59 60 65 60 50 26 17 00 4 30 

Parker Valley north of 
latttude 34 o N -
Parker, Anzona 1 

Alfalfa 00 31 56 65 94 96 86 76 73 44 24 00 645 
Cttrus 13 16 19 24 32 39 37 42 30 29 17 00 2 98 
Cotton 00 00 00 05 19 43 84 98 59 28 06 00 3 42 
Fall lettuce 00 00 00 00 00 00 00 00 00 16 20 00 36 
Melons 00 00 00 06 35 I 01 41 00 00 00 00 00 I 83 
Sprmg lettuce 01 12 31 49 00 00 00 00 00 00 00 00 93 
Wheat 14 27 75 85 29 00 00 00 00 00 00 00 2 30 

Phreatophytes 
Dense 00 28 52 60 87 89 96 90 75 40 26 00 643 
Medtum 00 24 43 50 72 74 80 75 63 34 21 00 5 36 
Sparse 00 19 34 40 58 60 64 60 50 27 17 00 4 29 

Parker Valley south of 
latitude 34 ° N , Palo 
Verde and Ctbola 
Valleys--Blythe, 
Cahforma 1 

Alfalfa 00 30 55 63 93 94 83 59 80 43 23 00 6 23 
Cttrus 12 16 19 23 32 38 35 26 39 29 16 00 2 85 
Cotton 00 00 00 05 18 41 82 80 67 27 05 00 3 25 
Fall lettuce 00 00 00 00 00 00 00 00 02 16 18 00 36 
Melons 0 00 0 00 0 00 0 06 0 35 0 98 0 39 0 00 0 00 0 00 0 00 0 00 I 78 
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Table 21 Water-use rates for vegetation types and dens1t1es along the lower Colorado R1ver, 1984, calculated by the Lower 
Colorado R1ver Accounting Syste~Contmued 

Monthly water-use rate, m feet 
R1ver reach and 
vegetation type Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec Total 

Parker Valley south of 
latttude 34 • N , Palo 
Verde and Ctbola 
Valleys-Blythe, 
Calt forma 1--contmued 

Spnng lettuce 
Wheat 

Phreatophytes 
Dense 
Medmm 
Sparse 

Yuma Area--Yuma Valley, 
Anzona 1 

01 
13 

00 
00 
00 

11 
26 

28 
23 
19 

30 48 
74 83 

51 58 
42 49 
34 39 

00 
28 

86 
72 
57 

00 
00 

87 
73 
58 

00 
00 

95 
79 
64 

00 
00 

88 
74 
59 

00 
00 

74 
62 
50 

00 
00 

40 
33 
26 

00 
00 

25 
21 
17 

00 90 
00 2 24 

00 6 32 
00 5 28 
00 4 23 

Bermuda 
Cttrus 
Cotton 

00 
13 
00 
00 
05 
01 
15 

00 
16 
00 
00 
II 
12 
27 

00 29 51 70 64 
21 
66 
00 
04 
00 
00 

66 
33 
86 
00 
00 
00 
00 

53 
38 
67 
02 
00 
00 
00 

33 
29 
28 
16 
00 
00 
00 

00 
18 
07 
21 
00 
00 
00 

00 3 66 
19 19 30 36 00 2 72 
00 01 17 40 00 3 12 

Fall lettuce 
Safflower 
Sprmg lettuce 
Wheat 

00 00 00 00 16 55 
36 90 96 I 04 00 3 46 
30 42 00 00 00 85 
74 76 27 00 00 2 19 

Phreatophytes 
Dense 
Medmm 
Sparse 

00 
00 
00 

29 
24 
19 

51 56 81 84 91 
76 
61 

85 
71 
57 

74 
62 
49 

41 
34 
27 

26 
22 
17 

00 6 18 
42 47 68 70 00 5 16 
33 38 54 56 00 4 II 

1 Weather stat ton used to calculate water-use rates for each of the areas noted 

crops has remamed relatively constant m similar 
studies done previOusly along the lower Colorado 
Rtver flood plam (Raymond and Owen-Joyce, 1987, 
Owen-Joyce, 1988, Raymond and Rezm, 1989), 
although the actual values of the rates fluctuated 
from area to area and from year to year 

Water-Use Rates for Phreatophytes 

Water use by phreatophytes ts an Important 
part of the total evapotranspiration and has to be 
mcluded m the calculatiOns, even though consumptive 
use by phreatophytes ts not charged to the dtverters 
Water-use rates have not been well estabhshed for 
phreatophytes growmg m mtxed stands of vanable 
denstty Culler and others ( 1982) determmed water­
use rates for mixed phreatophytes of dtfferent 
densities m south-central Anzona 3 50ft for dense 
phreatophytes, 2 50 ft for medmm phreatophytes, and 
1 50 ft for sparse phreatophytes Investtgattons by 

McDonald and Hughes ( 1968), Rantz ( 1968), Boyle 
Engmeenng CorporatiOn (1976), and L W Gay 
(School of Renewable Natural Resources, Umverstty 
of Anzona, oral commun , 1985) mdtcate that 
the Culler rates are not unreahsttc for a mesqutte­
saltcedar-arrowweed mtx that ts mostly mesqutte By 
1984, most phreatophyte commumttes along the lower 
Colorado River were dommated by saltcedar, which ts 
a change from mesqutte-dommated commumttes m 
the past Saltcedar has a higher water-use rate than 
mesqutte (US Bureau of ReclamatiOn, 1963, p 30) 

Emptncal coefficients are available for some 
phreatophyte spectes from studies done by the U S 
Bureau of ReclamatiOn ( 1963, 1973) to estimate 
annual water use by phreatophytes along the lower 
Colorado Rtver The annual water-use rates and 
emptncal coefficients estimated by the USBR are for 
growth at 1 00-percent-volume density and mclude 
only ground-water use (U S Bureau of Reclamation, 
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1963, p 30) AdditiOnal work by the USBR on estt­
matmg water use by phreatophytes defined a relatiOn 
between evapotranspiratiOn and the dens tty of vegeta­
tive cover (US Bureau of Reclamation, 1973, p 3) 
The most recent maps of phreatophyte commumty 
types were compiled for 1986 (Younker and Andersen, 
1986) Usmg the data and the methods developed m 
these studies, the USGS and USBR developed the 
followmg method to estimate empincal coefficients 
for mixed stands of phreatophytes of vanable density 
These coefficients are used m LCRAS to estimate 
evapotranspiration by phreatophytes with the Blaney­
Cnddle formula (Blaney and Cnddle, 1950) 

The lower Colorado River flood plam was 
separated mto dtvtstons, and the areas of phreatophyte 
commumty types were compiled for each dtviston 
(Younker and Andersen, 1986) To use these data, the 
dtvtsions were grouped to correlate with the reaches 
used m LCRAS The Davis Dam to Parker Dam reach 
contams the Mohave, Topock Gorge, and Havasu 
divisions The Parker Dam to Impenal Dam reach 
contams the Parker, Palo Verde, Ctbola, and Impenal 
divisiOns The Impenal Dam to Morelos Dam (near 
NIB) reach contams the Laguna and Yuma dtvtstons 
The Ltmttrophe dtvtston ts the reach between Morelos 
Dam and the SIB The Davis Dam to Morelos Dam 
reach contams all the divisions except the Ltmitrophe 
dtvtston and ts used to represent the reach from 
Hoover Dam to Morelos Dam m LCRAS 

Annual evapotransptratton rates and K factors 
were selected from Younker and Andersen ( 1986) to 
match the phreatophyte spectes or commumty types 
mapped along the lower Colorado Rtver m 1986 
(table 22) For commumty types, a rate or factor was 
calculated by usmg the percentages by species Withm 
the commumty ComputatiOnal detatls are gtven m 
the footnotes of table 22 

Evapotranspiration by phreatophytes (table 23) 
was calculated by multiplymg the area of each 
commumty type (table 22) by the evapotranspiratiOn 
rate for that commumty type (table 23) Average 
evapotranspiratiOn rates by reach were computed by 
dividmg the total evapotranspiratiOn summed for the 
dtvtsions m each reach (table 23) by the total area 
summed for the divistons m the reach (table 22) The 
average evapotranspiratiOn rates by reach are shown m 
table 23 

Wetghted average annual K factors (table 24) 
for mtxed stands of phreatophytes of 1 00-percent 
density were computed by multtplymg the annual K 

factors for the commumty types (table 24) by the areas 
of each commumty type (table 22) Weighted average 
annual Kfactors by reach (table 24) were computed by 
dtvtdmg the total product of K factor times the area, 
summed for the divisions m the reach (table 24), by 
the total area summed for the dtvtswns m the reach 
(table 22) 

The average evapotranspiratiOn rate (table 23) 
and wetghted annual K factor (table 24) calculated for 
the Davts Dam to NIB reach were used as the evapo­
transptratton rate and weighted annual K factor for a 
mtxed stand of lower Colorado Rtver phreatophyte 
types of 1 00-percent density Evapotransptratton rates 
(table 23) and wetghted annual K factors (table 24) for 
medmm and sparse denstttes were calculated by usmg 
the denstty factors, 85 and 70 percent, respectively, 
developed by the US Bureau ofReclamatton (1973) 

The wetghted annual K factors calculated for 
dense, medmm, and sparse phreatophytes were then 
used to develop monthly k factors so that the esttma­
tton of phreatophyte evapotranspiratiOn calculated m 
LCRAS could use the Blaney-Cnddle formula and be 
stmtlar to that used for crops The development of 
monthly k factors from annual K factors Is shown and 
explamed m table 25 The monthly k factors for 
phreatophytes were developed by proratmg the annual 
K factor value over the months of the year, assummg 
the same growmg season as alfalfa 

Water-use rates were calculated for the three 
denstty types classified by Image analysts m each of 
the reaches (table 21) by usmg the formula developed 
by Blaney and Cnddle ( 1950), which can be expressed 
as 

(14) 

The same mean monthly temperatures used for 
esttmatmg water-use rates for crops for the dtfferent 
reaches were used to estimate water-use rates for 
phreatophytes Monthly precipitatiOn was not 
mcluded m equatiOn 14 to estimate water-use rates for 
phreatophytes because phreatophytes are deep-rooted 
plants that use ground water from the alluvtal aqmfer 
Ltttle or no penetratiOn of the small quantities of 
precipitatiOn occurs below the sml zone m the study 
area Motsture measurements made dunng a previous 
study showed that the matenals between the top few 
feet and the water table are nearly dry outside the 
Irrigated areas (Olmsted and others, 1973, p 72) 
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Table 22 Areas by commumty type of phreatophytes along the lower Colorado R1ver, 1986 

Commumty type area by d1v1s1on 1, 1n acres 

Vegetation 
commumty 

type2 

Saltcedar 

Cottonwood­
Willow 

Honey 
mesqu1te 

Saltcedar­
Screwbean 
mesqu1te 

Saltcedar­
Honey 
mesqu1te 

Arrowweed 

Atnplex 

Ink weed 

Marsh8 

Marsh I 
Mar~h 2-7 

Evapo­
trans­

p1rat1on, 
1n feet 

Topock 
K3 Mohave Gorge Havasu 

4 1 4 14,455 

4 1 2 1,090 

4o 7 4,567 

57 6 51 3 2,802 

45 s 4o 9 2,389 

65 s 6o 9 623 

73 9 7o 7 221 

98 5 9 1 4 I ,211 
107 2 101 2 927 

272 

10 

0 

0 

45 

0 

0 

0 

511 
502 

671 

681 

147 

20 

52 

77 

16 

0 

537 
0 

Palo 
Parker Verde C1bola lmpenal 

7,562 2,221 

1,003 804 

573 5,444 

5,237 2,411 

205 I ,593 

3,194 424 

320 II 

0 0 

93 75 
566 78 

9,966 

185 

758 

1,336 

2,554 

91 

7 

0 

60 
48 

3,047 

240 

166 

84 

534 

57 

0 

0 

2,302 
2,621 

Laguna Yuma 

3,096 

207 

26 

78 

95 

1,062 

0 

0 

799 
66 

2,153 

260 

0 

80 

0 

117 

254 

0 

69 
853 

Llml­
trophe 

I ,594 

1,274 

0 

0 

0 

67 

0 

0 

0 
I ,231 

Creosote _0 _0 __ 0 __ 0 __ 0 __ 0 __ 0 

5,429 

426 __ o 

TOTAL 34,531 1,340 2,201 18,753 13,061 15,005 9,051 4,212 4,166 

1 Data fl om Younker and Andersen ( 1986, p 18) 
2Vegetat1ve commumty types are defined 111 Younker and Andersen ( 1986, p 4) 
1 Annual empirical consumptive-use coefficient that IS dependent on the type and location of vegetatiOn used 111 the Blaney-Cnddle formula (Blaney ,md 

Cnddle, 1950) 
4U S Bureau ot ReclamatiOn ( 1963, p 30) 
5Calculated for 20-percent mesqUite and 80-percent saltcedar by defimt1on 111 Younker and Andersen ( 1986, p 4) us111g the evapotransp1rat1on and K 

!actors from U S Bureau of ReclamatiOn ( 1963, p 30) 
6 Assumed same as an owweed 
7 Assumed same as mesqUJte 
!!Marsh types are des1gnated by numbers 1-7 and defined 111 Younker and Andersen ( 1986, p 5) 
9Used evapotransp1rat10n and K factors for tules (U S Bureau of ReclamatiOn, 1963, p 30) 

1°Calculated as 75-percent tules (US Bureau ot Reclamation, 1963, p 30) and 25-percent bermuda gra<;<; (US Bureau of ReclamatiOn, 1973, table 9) 

Calculation of Evapotranspiration by Reach 

Hoover Dam to Davis Dam 

EvapotranspiratiOn by phreatophytes m the 
Hoover Dam to Davts Dam reach was calculated by 
usmg equation 14 The classificatiOn mcluded areas of 
medmm and sparse phreatophytes (table 26) but no 
areas of dense phreatophytes greater than or equal to 
0 62 acres, whtch ts the maxtmum resolutiOn of a 
resampled Landsat ptxel About 2,980 acre-ft of water 
was transpired by phreatophytes m 1984 (table 27) 

Dav1s Dam to Parker Dam 

The reach from Davis Dam to Parker Dam was 
subdivided mto three subreaches on the basts of the 
morphology of the flood plam and the vegetation 
distnbutiOn ( 1) Davis Dam to Btg Bend near the 
north end of Mohave Valley, (2) Btg Bend to Topock, 
which mcludes Mohave Valley and Topock Marsh, 
and (3) Topock to Parker Dam, whtch mcludes Lake 
Havasu Subreach 2 contams all the agncultural areas 
and most of the phreatophytes and ts dtscussed first 
Subreaches 1 and 3 contam most of the open water and 
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Table 23. Evapotransp1rat1on by phreatophytes along the lower Colorado R1ver assum1ng 1 00-percent dens1ty 

[NIB, northerly mternatJOnal boundary, SIB, southerly mtemat10nal boundary] 

Evapotranspiration 1 by area, m acre-feet 
Evapo-

Vegetation trans-
community plratlon:i Topock Palo Lim I-

type2 m feet Mohave Gorge Havasu Parker Verde C1bola lmpenal Laguna Yuma trophe 

Saltcedar 85 122,869 2,313 5,704 64,278 18,879 84,711 25,900 26,317 18,301 13,549 

Cottonwood-
WillOW 70 7,630 70 4,767 7,021 5,628 1,295 1,680 1,449 1,820 8,918 

Honey 
mesqu1te 39 17,811 0 573 2,235 21,232 2,957 648 101 0 0 

Saltcedar-
Screwbean 
mesqu1te 76 47,469 0 152 39,802 18,323 10,154 638 593 608 0 

Saltcedar-
Honey 
mesqu1te 76 21,295 342 395 1,558 12,106 19,410 4,058 722 0 0 

Arrowweed 55 13,140 0 424 17,567 2,332 501 314 5,841 644 369 

Atnplex 55 3,427 0 88 1,760 61 39 0 0 1,397 0 

Ink weed 39 862 0 0 0 0 0 0 0 0 0 

Marsh 
Marsh I 85 10,294 4,344 4,565 791 638 510 19,567 6,792 587 0 
Marsh 2-7 72 6,674 3,614 0 4,076 561 346 18,872 476 6,141 8,863 

Creosote 39 0 __ o __ 0 __ o __ 0 __ 0 __ 0 __ o ...l.Ml __ 0 

TOTAL 251,471 10,683 16,668 139,088 79,760 119,923 71,677 42,291 31,159 31,699 

Average evapotransp1rat1on 
by diVISIOn, In feet 73 80 76 74 6 1 80 79 78 74 76 

Average evapotransp1rat1on by reach 

Dav1s Dam to Parker Dam 73 Dav1s Dam to NIB 47 4 Dense phreatophytes 
Parker Dam to 1mpenal Dam 73 56 3 MedJUm phreatophytes 
lmpena1 Dam to NIB 76 65 2 Sparse phreatophytes 
NIB to SIB 76 

1 EvapotransptratJOn (column 2) ttmes the area from table 22 
2Vegetattve communtty types ate defined m Younker and Andersen ( 1986 p 4) 
1See table 22 tor source 
4 Assumed a dens tty factor of I 00 percent for dense phreatophytes (U S Bureau of ReclamatiOn, 1973, p 3) 
5 Assumed a denstty factor of 85 percent tor mediUm phreatophytes (US Bureau of ReclamatiOn, 1973, p 3) 
6 Assumed a dens tty factor of 70 percent for hght or sparse phreatophytes (U S Bureau of ReclamatiOn, 1973, p 3) 

mmor amounts of phreatophytes and are discussed 
together 

B1g Bend to Topock 

con tamed sufficient areas of volunteer vegetation and 

bare soil to be classified as mixed stands of vanable 

density This type of vegetation distnbutiOn resulted 

m a "salt and pepper" mix of ground-cover classes 

Field reconnaissance showed that many of the 
cropped fields, particularly alfalfa, m Mohave Valley 

m the Image classification InterpretatiOn of these 

classes was often dtfficult Alfalfa and wheat were the 
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Table 24. Est1mat1on of annual emp1ncal consumptive-use coeff1c1ents (K) for the m1xed stands of phreatophytes of vanable 
dens1ty along the lower Colorado R1ver 

[NIB. northerly mternat10nal boundary, SIB, southerly mtematwnal boundary] 

Vegetation 
commumty 

type2 

Saltcedar 

Cottonwood­
Willow 

Honey 
mesqu1te 

Saltcedar­
Screwbean 
mesqutte 

Saltcedar­
Honey 
mesqutte 

Arrowweed 

Atnplex 

Ink weed 

Marsh 
Marsh I 
Marsh 2-7 

Creosote 

TOTAL 

Wetghted average 
annual K 

I 4 

I 2 

07 

I 3 

I 3 

09 

09 

07 

14 
12 

07 

K x area1 

Topock Palo 
Mohave Gorge Havasu Parker Verde C1bola Imperial 

20,238 381 939 10,588 3, I 09 13,952 4,266 

I ,308 12 816 I ,203 965 222 288 

3, 197 0 103 40 I 3,811 531 116 

8,120 

3,642 

2,150 

561 

155 

1,695 
1,112 

__ o 

42,178 

I 2 

0 

59 

0 

0 

0 

715 
602 

_0 

1,769 

1 3 

26 

66 

69 

14 

0 

752 
0 

_0 

6,808 3,135 I ,737 

267 2,071 3,321 

2,875 382 82 

288 10 6 

0 0 0 

130 105 84 
680 93 58 

__ 0 __ 0 __ 0 

2,785 23,240 13,681 19,993 

1 3 I 2 1 0 1 3 

109 

694 

51 

0 

0 

3,223 
3,146 

__ o 

11,893 

1 3 

Wetghted average annual K by reach 

Davts Dam to Parker Dam 
Parker Dam to lmpenal Dam 
lmpenal Dam to NIB 
NIB to SIB 

1 Area from table 22 

I 2 
I 2 
1 3 
1 3 

Davts Dam to NIB 41 2 Dense phreatophytes 
51 0 Medmm phreatophytes 
60 8 Sparse phreatophytes 

Laguna 

4,335 

249 

18 

101 

124 

956 

0 

0 

1,119 
80 

_o 

6,982 

I 3 

Yuma 

3,014 

312 

0 

104 

0 

105 

229 

0 

97 
1,023 

5,182 

I 2 

Llml­
trophe 

2,233 

1,529 

0 

0 

0 

60 

0 

0 

0 
1,477 

__ o 

5,299 

I 3 

2Vegetat1ve commumty types are defined m Younker and Andersen (1986, p 4) 
3 Annual emplflcal consumptive-use coeffic1ent that IS dependent on the type and locatiOn of vegetatiOn used m the Blaney~Cnddle formula (Blaney and 

Cnddle, 1950) See table 22 for source 
4 Assumed a dens1ty factor of I 00 percent for dense phreatophytes ( U S Bureau of ReclamatiOn, 1973, p 3) 
5 Assumed a dens1ty factor of 85 percent for medmm phreatophytes (U S Bureau of ReclamatiOn, 1973, p 3) 
6 Assumed a dens1ty factor of 70 percent for light or sparse phreatophytes (U S Bureau of ReclamatiOn, 1973, p 3) 

vegetation types most frequently confused because 
areas of volunteer vegetatiOn m the poorly dtstnbuted 
alfalfa dted or became dormant durmg the hot summer 
months, thetr spectral and temporal charactensttcs 

therefore resembled those of wmter wheat The 
classes were coded accordmg to the dommant 
vegetatiOn type on the crop map for the area 
covered by each type 
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Table 25. Calculated monthly empmcal water-use coeff1c1ents (k) for dense, med1um, and sparse phreatophytes of m1xed 
spec1es along the lower Colorado R1ver 

[NIB, northerly mternattanal boundary] 

Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec 

ALFALFA k FACTORS (wtth dormancy penod) Annual =I 20 

Monthly 1 0 00 0 92 I 21 I 25 I 36 I 36 I 22 I 10 I 33 0 95 0 80 0 00 
Dtstnbut10n2 0 00 0 77 I OJ I 04 I 13 I 13 I 02 0 92 Ill 0 79 0 67 000 

ALFALFA k FACTORS (wtthout dormancy penod) Annual = I 291 

Monthly 0 00 0 92 I 21 I 25 I 36 I 36 4 1 36 4 1 35 I 33 0 95 0 80 000 
Dtstnbut10n2 0 00 0 71 0 94 097 I 05 I 05 I 05 I 05 I 03 0 74 0 62 000 

PHREATOPHYTE k FACTORS FOR DAVIS DAM TO NIB 
(Based on alfalfa wtthout dormancy penod) 

Dense5 0 00 0 85 I 12 I 15 I 26 I 26 1 26 1 25 1 23 0 88 0 74 0 00 
MedtUm6 0 00 0 71 0 96 0 96 I 05 I 05 I 05 I 04 I 02 0 73 0 62 000 
Sparse7 0 00 0 57 077 077 0 84 0 84 0 84 0 83 0 82 0 58 049 0 00 

1 Ene and others ( 1982, table 2) 
2Calcu Ia ted as the rat1o of monthly k factor to annual K factor 
1Est1mated as the rat1o ot annual consumptive use, 80 0 m , of alfalfa w1thout a dormancy penod and the annual consumpt1ve use, 74 3 m , w1th a 

dormancy penod t1mes the annual k factor of alfalfa w1th a dormancy penod (80 017 4 3 x I 20 = I 29, data from Ene and others, 1982, p II) 
4Monthly k factors for July and August were extrapolated by smoothmg a plot of monthly consumptive use vs month of year (Ene and others, 1982, 

P II) 
5 Assumed a dens1ty factor of I 00 percent for dense phreatophytes (U S Bureau of Reclamatton, 1973, p 3) 
6 Assumed a dens1ty factor of 85 percent for med1um phreatophytes (U S Bureau of Reclamatton, 1973, p 3) 
7 Assumed a denstty factor of 70 percent for hght or sparse phreatophytes (U S Bureau of Reclamattan, 1973, p 3) 

Table 26. Areas of phreatophytes, Hoover Dam to Dav1s 
Dam, 1984 

[Types and areas of vegetatiOn were comp1lcd from tmage classtficatwns of 
satellite dtg1tal-nnage data] 

Phreatophytes, In acres 

0JVerter1 Medium Sparse Total 

Lake Mead NatiOnal 
RecreatiOn Area lQ 696 706 

Total 10 696 706 

Total vegetated area 706 

Net vegetated area 706 

1 Boundanes of the areas served by each dtverter are plotted on plate 2 

VegetatiOn classes showmg wmter and sprmg 
growth, but not summer growth, mcluded both alfalfa 
and wheat, accordmg to the Image classificatiOn 
(pl 3A) when compared wtth the crop map (pl 3B) of 
the cahbrat10n area Fields contammg these mixed 
classes were most apparent m the northwestern part of 
the cahbrat10n site Fields coded as abandoned on the 

Table 27 Estimates of evapotransp1rat1on by vegetation by 
d1verter, Hoover Dam to Dav1s Dam, 1984 

Federal lands: 

Lake Mead Nattonal RecreatiOn Area 

Total (rounded) 

Reach total 

1 Areas plotted on plate 2 

Evapo­
trans­

plrat1on, 
m acre-feet 

2,980 

2,980 

Per­
cent­
age2 

100 00 

100 00 

100 00 

2Percentage of total evapotransptratton calculated for the Hoover Dam 
to Dav1s Dam subreach 

crop map were classified as alfalfa, wheat, cotton, or 
nonvegetated, dependmg on the spectral and temporal 
charactenstics of the volunteer vegetatiOn, If any, 
growmg m them Boundanes between fields of 
different crops were often mdistmct and fuzzy m the 
Image classificatiOn of the cahbrat10n site m Mohave 
Valley compared wtth those from cahbrat10n sites m 
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other parts of the flood plam (pl 3), mdicatmg that 
the fields were not cultivated and (or) not Irngated 
umformly from the centers to the edges This pattern 
of crop distnbutwn m fields was confirmed by the field 
reconnatssance 

All the fields with bermuda grass were classified 
as alfalfa Bermuda and alfalfa are perenmal crops 
wtth stmtlar spectral charactenstics and are harvested 
by penodtc mowmg The tmage class contammg 
alfalfa and bermuda was coded as alfalfa because 
alfalfa covers a much larger total area m Mohave 
Valley The btas m tmage mterpretatwn of mtxed 
classes ts always toward the maJor crop The cotton 
class, as shown m the cahbratton site, corresponded 
qmte closely to the areas mapped as cotton, except for 
one field coded as weeds m the crop map Cotton Is 
the only crop mapped m Mohave Valley that has a 
summer growmg season but no apparent growth on the 
wmter or spnng Images, whtch contnbuted to Its 
correct classtficatwn 

The dtstnbutton of vegetated areas by dtverter 
and pomt of dtverston IS particularly complex m 
Mohave Valley (pl 2) On the Anzona stde of the 
nver, ownership IS by sections and alternates between 
the Fort Mohave lndtan ReservatiOn and the State of 
An zona m a checkerboard pattern Most of the flood 
plam on the west stde of the nver, wtth the exception 
of part of the Fort Mohave Indtan Reservation m 
Cahfornta, ts covered by phreatophytes or by trngated 
landscapmg, mcludmg lawns and gardens m the ctty 
ofNeedles The boundanes of urban areas were 
dtgttized separately wherever posstble to prevent 
mtsclasstfication of landscapmg as trrtgated crops 
Water use m urban areas ts a separate category of 
consumptive use and Is dtscussed m the sectwn 
"Domestic, Mumctpal, and Industnal Consumptive 
Use" 

Topock Marsh m the southern part of Mohave 
Valley con tams large areas of phreatophytes, and some 
of the phreatophytes have the same dens tty, spectral, 
and temporal charactensttcs as the crops m the 
valley In a few cases, these phreatophytes were 
mcluded m classes that also contamed crops The 
dtgtttzed ownership boundanes were used to make 
maJor separatwns between crops and phreatophytes 
for these classes Fteld reconnaissance had shown that 
crops were not grown m the Havasu Natwnal Wtldhfe 
Refuge, whtch mcludes most of Topock Marsh (pl 2) 
Classes contammg both crops and phreatophytes m 
the refuge were coded as dense, medmm, or sparse 

phreatophytes accordmg to thetr spectral charactens­
ttcs m the stattsttcal tables The same vegetation 
classes were coded as crops m areas belongmg to the 
Fort Mohave Indtan Reservation or the States of 
Anzona, Cahfornta, or Nevada Some phreatophytes, 
therefore, were mtsclasstfied as crops m areas outstde 
the refuge, but the mtsclasstficatwn was mtmmtzed by 
this approach 

Davis Dam to B1g Bend and Topock to Parker Dam 

These subreaches are stmtlar m morphology 
and vegetation dtstnbutwn to the Hoover Dam to 
Davts Dam reach Fteld reconnaissance showed that 
crops were not present m these subreaches Areas of 
phreatophytes around Lake Havasu were small and 
generally confined to the mouths of tnbutanes 
Land-ownership boundanes were determmed only 
to the level of State or Federal reserves Areas of 
phreatophytes by State are combmed wtth those of 
the Btg Bend to Topock subreach 

Evapotranspiration 

Areas of each vegetation type that resulted from 
the Image classtficatwn of the Davis Dam to Parker 
Dam reach were summed by dtverter (table 28) The 
Fort Mohave Indtan Reservation had the largest agn­
cultural area m production, followed by the States 
of Anzona and Cahfornta, respectively Alfalfa was 
more common than cotton, although the classtficatwn 
problem between alfalfa and wheat, dtscussed previ­
ously, mtght have resulted m areas of alfalfa that are 
classified as too large or too small Phreatophytes 
accounted for 45 percent of all the vegetatwn m the 
Davts Dam to Parker Dam reach About 35 percent 
of the phreatophytes were m Havasu National Wtldhfe 
Refuge The rest were dtstnbuted m and between the 
cropped fields and probably mcluded areas mapped as 
crops 

Evapotranspiration was estimated by usmg 
equation 9 for each dtverter m the Davts Dam to 
Parker Dam reach (table 29) Most of the evapo­
transptratwn, about 58 percent, was m An zona 
The largest smgle dtverter m the reach was the Fort 
Mohave lndtan Reservation (mall three States), whtch 
used 57 percent of all the water transpired by crops 
and 32 percent of all the water used m the reach 
Phreatophytes transpired about 43 percent of the total 
evapotransptratwn and covered 45 percent of the 
vegetated area More than half the total phreatophyte 
area, however, was classified as sparse 
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Table 28 Areas of each vegetation type by d1verter, m acres, Dav1s Dam to Parker Dam, 1984 

[Types and areas of vegetatiOn were complied from tmage classtficatiOns of satellite dtgttal-tmage data] 

Phreatophytes 

Dlverter1 Alfalfa Cotton Wheat Dense Med1um Sparse Total 

Anzona· 

Bullhead City 0 0 0 0 0 4 4 
Fort Mojave Indian 

Reservation 5,873 3,829 222 0 0 3,557 13,481 
Lake Havasu Airport 0 0 0 0 0 0 0 
State of Anzona 4,256 1,114 157 92 9 3,585 9,213 

Cahforma· 

Chemehuevi Indian 
Reservation 0 0 0 I 0 2 3 

City of Needles 0 0 0 137 146 365 648 
Fort MoJave Indian 

Reservation 1,749 19 346 0 0 268 2,382 
Park Moab 0 0 0 I 5 12 18 
State of California 1,993 271 557 105 19 I ,151 4,096 

Nevada 

Fort Mojave Indian 
Reservation 0 0 0 2151 226 487 664 

State of Nevada 0 0 0 2418 468 883 1,769 

Federal lands 

Havasu NatiOnal Wildlife 
Refuge 0 0 0 1,860 1,450 2,768 6,078 

Lake Mead National 
Recreation Area __ 0 _0 _0 _4 _6 _3_1 _4_1 

TOTAL 13,871 5,233 1,282 2,769 2,129 13,113 38,397 

Total vegetat_ed area 38,397 

Net vegetated area 38,397 

1 Boundanes of the areas served by each d1 verter are plotted on plate 2 
2No crops were grown m Nevada m 1984 M1sclass1ticat1on of phreatophytes as crops was mm1m1zed but could not be ehmtnated w1thtn some of the 

water-user boundanes (see subsection "Dav1s Dam to Parker Dam" tn the sectiOn "Calculation of Evapotransp1rat10n by Reach") In Nevada, vegetatiOn 
class1fied as alfalfa was actually dense phreatophytes, and that classified as cotton was actually med1um phreatophytes 

The tmportance of correct alfalfa classlficat10n 
can be seen by companng evapotranspiratiOn for the 
Fort Mohave Indtan ReservatiOn and for State land, 
both m Anzona, wtth thetr respective areas of alfalfa 
and cotton Although the reservatiOn had 1 8 ttmes as 
many acres planted to crops as dtd the State land, 
evapotranspiratiOn calculated for the reservatiOn was 
only l 6 ttmes as htgh as that calculated for the State 
land owmg pnmanly to the dtfference m water-use 
rates for alfalfa and cotton 

Parker Dam to lmpenal Dam 

The Parker Dam to Impenal Dam reach covers 
about half the total length of the flood plam between 
Hoover Dam and the SIB (pl 1) and mcludes more 
than half the trrtgated acreage The subreaches from 
Parker Dam to Headgate Rock Dam near the north end 
of Parker Valley and from the streamflow-gagmg 
statiOn below Ctbola Valley to lmpenal Dam are 
stmtlar m morphology and vegetatiOn dtstnbut10n to 
the Hoover Dam to Davts Dam reach, however, the 
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Table 29. Est1mates of evapotransp1rat1on by vegetat1on by 
d1verter, Dav1s Dam to Parker Dam, 1984 

Diverter1 

Anzona: 

Bullhead C1ty 
Fort Mojave Indtan Reservation 
Lake Havasu Atrport 
State of Anzona 
Phreatophytes 

Total (rounded) 

Califorma· 

Chemehuevt Indtan ReservatiOn 
Ctty of Needles 
Fort Mojave lndtan ReservatiOn 
Park Moabt 
State of Cahforma 
Phreatophytes 

Total (rounded) 

Nevada: 

Fort Mojave lnd1an ReservatiOn 
State of Nevada 
Phreatophytes 

Total (rounded) 

Federal lands: 

Havasu National W1ldhfe Refuge 
Lake Mead National 
RecreatiOn Area 

Total (rounded) 

Reach totals 

Evapo-
trans- Per-

p1rat1on, 
In acre-feet 

0 
50,115 

0 
30,894 
32 026 

113,000 

0 
0 

11,918 
0 

14,771 
10.434 

37,100 

'o 
30 

12.260 

12,300 

32,355 

~ 

32,600 

195,000 

cent­
age2 

0 00 
25 70 

00 
15 85 
1643 

58 00 

00 
00 

6 II 
00 

7 58 
5 35 

19 00 

00 
00 

6 29 

6 00 

1660 

~ 

17 00 

100 00 

1 Boundanes of the areas served by each d1verter are plotted on plate 2 
2Percentage of total evapotranspiratiOn calculated for the Dav1s Dam to 

Parker Dam subreach 
3M1sclass1ficatJOn w1thm the 1mage classification process of 

phreatophytes as crops resulted m I ,039 and 2,642 acre-feet of evapo­
transpiration calculated for the Fort MoJave lnd1an ReservatiOn and State of 
Nevada, respectively, wh1ch have been added to evapotranspiratiOn by 
phreatophytes m Nevada 

flood plam ts slightly wtder wtth more phreatophytes 
m the subreach between the gage below Ctbola Valley 
and Impenal Dam 

Two tmage classtficattons were reqmred 
because of a boundary between Landsat scenes m 
Parker Valley near Poston, Anzona (pl 2) The same 
InterpretatiOn was used for both classificatiOns m 

Parker Valley Image mterpretattons for Parker, Palo 
Verde, and Ctbola Valleys and for the nonagncultural 
subreaches are discussed separately The calculatton 
of areas of vegetatiOn and separatiOn of evapotrans­
piratiOn by dtverter are dtscussed for the entire reach 
as a umt 

Parker Valley 

Pnnctpal crops by acreage for Parker Valley 
were cotton, alfalfa, wheat, melons, grasses (hay, 
pasture, and bermuda seed), and mtscellaneous vege­
tables, accordmg to crop reports avatlable from the 
BIA Thts crop mtx was confirmed by field reconnats­
sance of the calibratiOn sttes (pl 3D, F) Crop types 
were determmed by Image classtficatiOn (pl 3C, E) 

Most of the area classtfied as cotton corre­
sponded to areas mapped as cotton The two excep­
tions, cotton followed by wheat and cotton followed 
by alfalfa, were classtfied as cotton because the second 
crops were planted m the late fall after the summer 
Landsat tmages were obtamed The alfalfa classifica­
tiOn corresponded closely to the areas mapped as 
alfalfa m the calibratiOn sttes Two exceptions 
mcluded a small area of bermuda grass, as m Mohave 
Valley, and some fields where the alfalfa was replanted 
wtth omons m the fall (pl 3£, F) Most of the wheat 
was correctly classtfied A few wheat fields m the 
northern parts of both calibratiOn sttes were mts­
classtfied as alfalfa that had been mowed m the 
summer, therefore, both crops appeared as wmter­
spnng vegetation m the classificatiOn Several 
blocks of fields were mapped as fall lettuce from 
the prevtous year followed by spnng wheat These 
fields were classtfied as wheat 

The most common multtple-croppmg pattern 
was lettuce followed by cotton Four blocks of fields 
ofthts crop mtx can be tdenttfied near the center of the 
calibratiOn sttes (pl 3D, C) A fifth block near the 
upper center of one cahbratwn stte dtd not have suffi­
ctent ground cover (pl 3C) to be classtfied as an 
unbroken vegetated area Fewer types of multtple 
croppmg were tdenttfied by tmage classificatiOn than 
were mapped m the calibratiOn sttes The tendency for 
crops that cover small areas to be mcluded m the same 
classes as crops that cover large areas ts dtscussed m 
the section entitled "General InterpretatiOn of the 
Classtficatwn " Some crops were not present m the 
fields dunng any of the overpass dates selected for 
classtficatwn Fall lettuce, whtch ts usually planted m 
August and harvested by the end of November, cannot 

72 An Accounting System for Water and Consumptive Use Along the Colorado River, Hoover Dam to Mexico 

i 



be tdenttfied dtrectly by a multttemporal classtficatton 
when February ts the earliest tmage date of the year 
and August ts the latest The presence of fall lettuce 
was mdtcated, however, by the spectral charactensttcs 
m the August tmage of the cultivated, generally wet 
fields m whtch the lettuce had been or was about to be 
planted In some cases, multtple-cropped fields were 
also mtsclassified as perenmal crops--usually as 
alfalfa because of Its large acreage--owmg to the 
mterpretatwn bias 

The maxtmum resolutiOn of the tmages 
(0 62 acres) precluded fine distmctwns between vege­
tatiOn types that differ pnmanly m thetr dtstnbutwn 
patterns wtthm the fields, such as the dtfference 
between the distnbutwn of melon and tomato plants 
(north-central part of pl 3F, E) The class contammg 
both melons and tomatoes was coded as melons 
because this crop had the larger acreage m the 
cahbratton sttes and m the BIA crop reports 

Mmunal overlap occurred between crop and 
phreatophyte classes m Parker Valley except for a few 
areas of spnng-summer phreatophytes m the melons 
and tomatoes class Netther digitized boundanes nor 
separate mterpretatwns were used to Improve the 
Identification of the phreatophyte classes Some 
phreatophyte classes were located m and between 
fields These corresponded to areas of natural 
or volunteer vegetatiOn observed dunng field 
reconnaissance 

Boundanes of the areas served by each 
dtverswn m Parker Valley (pl 2) were determmed 
accordmg to the procedure descnbed m the sectiOn 
"SeparatiOn of the ClassificatiOn by Dtverter 
Boundanes" AdditiOnal boundanes were digitized 
to separate areas that were hydrologtcally dtscrete so 
that the evapotranspiratiOn calculated for these areas 
could be used to help calculate total consumptive use 
for the test site, as descnbed m the subsequent sectwn 
"Companson of Methods m the Parker Dam to 
Impenal Dam Reach " These areas mcluded four 
mdtvtdual farms (North Lyn-de Farm, South Lyn-de 
Farm, Bernal Farm, and Clark Farm) on the flood plam 
on the California side of the Colorado River near the 
middle of the valley, two farms (CRIR South Farm 
and Ehrenberg Farm) on the flood plam on the 
An zona stde of the nver at the south end of the valley, 
and Lower Quatl Mesa m the southern part of the 
Colorado River Indian Reservatton on the Anzona 
stde (pi 2) Anzona and California lands were not 
subdivided further mto pnvate and State ownership 

Palo Verde Valley 

The distnbutwn of crop types m Palo Verde 
Valley was similar to that m Parker Valley, accordmg 
to crop reports and maps supplied by the PVID The 
distnbution was confirmed by field reconnatssance 
and Is shown m the crop map for the calibration Site 
(pl 3/f) Field reconnaissance of the calibration site 
was mcomplete m March Spnng-crop mformation 
for some fields was obtamed from the crop data 
supplied by PVID 

A com pan son of the Image classificatiOn and 
the crop map of the calibration site (pl 3G, H) gave 
similar results to those obtamed for Parker Valley and 
shows that most areas of the maJor crops--cotton, 
alfalfa, wheat, and lettuce followed by cotton--were 
correctly Identified by the Image classification Fields 
of melons or tomatoes were classified as a smgle 
ground-cover type, which was coded as melons A 
few fields of alfalfa m the northwestern part of the 
cahbratton site were mtsclassified as wheat Fields 
tdenttfied as fall cotton ( 1983 crop) and spnng wheat 
( 1984 crop) were classified as wheat 

Misclasstficattons among perenmal crops are a 
common problem m multitemporal-Image classifica­
tiOn, particularly when one or more of the crops cover 
a small area In the Palo Verde classification, the 
perenmal crops misclasstfied as alfalfa were bermuda 
grass and citrus orchards The orchards were Identi­
fied by their distmctive ground-cover pattern on the 
aenal photographs This mformatton was added mto 
the Image classification by digitlzmg the boundanes 
of the orchards and creatmg a new ground-cover class 
for the areas withm the digitized boundanes The 
recodmg techmque could not be applied to other mmor 
crops, such as bermuda grass, that did not have a 
dtstmctive appearance on the aenal photographs 

Separate mterpretatton of phreatophyte classes 
was not requtred because phreatophytes are only a 
mmor part of the vegetatiOn m Palo Verde Valley 
These phreatophyte classes corresponded to areas of 
natural or volunteer vegetatiOn observed durmg field 
reconnaissance, as m Parker Valley 

Some of the established boundanes of the 
areas served by each diverston (pl 2) do not appear to 
comctde with the boundanes of the agncultural fields 
as shown by the Image classification, particularly 
m the area JUSt north of Palo Verde Dam on the 
California side of the nver and on Palo Verde Mesa 
Other established boundanes separate areas that are 
legally but not hydrologically distmct, such as areas 
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where the nver channel was relocated by the USBR 
for management purposes One example IS Ctbola 
Island (pl 2) JUSt west of Ctbola Valley Irngat10n and 
Dramage Dtstnct, where channelizatiOn of the nver 
Isolated land m An zona on the Cahforma stde of the 
mam channel 

C1bola Valley 

Ctbola Valley mcludes the Ctbola Valley Irnga­
tiOn and Dramage Dtstnct (CIDD), whtch Is pnmanly 
covered by trngated agnculture, and the Ctbola 
National Wildlife Refuge (CNWR) (pl 2), whtch 
consists mamly of phreatophytes, although some fields 
are cultivated and trngated to grow alfalfa and forage 
crops for wildlife The crop map for Ctbola Valley 
was obtamed entirely by field reconnaissance (pl 31) 
The crop mtx was simpler m CIDD than m Parker or 
Palo Verde Valleys and multiple croppmg dtd not 
occur Cotton, alfalfa, milo, and bermuda grass were 
the only crops grown m CIDD m 1984 Small areas of 
alfalfa, small grams (mcludmg wheat, barley, and rye), 
and milo were grown m CNWR 

Separate mterpretat10ns of the nnage classifica­
tiOn were reqmred for the two areas of Ctbola Valley 
because the dense phreatophytes m CNWR and the 
alfalfa m CIDD had sunilar spectral and temporal 
charactensttcs and were mcluded m some of the same 
vegetatiOn classes (see plate 3/ for mterpretatiOn 
results) Cotton fields were correctly Identified A 
small area of alfalfa near the center of CIDD (pl 3/, J) 
was classified as cotton, presumably because the 
mowmg patterns for those fields showed apparent 
vegetatiOn only on the summer Image The rest of the 
alfalfa and the bermuda and milo were classified as 
alfalfa Some overlap between crop and phreatophyte 
classes can be observed because phreatophytes were 
growmg m some cropped fields, as m Mohave Valley 
The mtxed classes of crops and phreatophytes m 
CNWR were coded as phreatophytes because phreato­
phytes dommated the area and because water use by 
cropped fields m the wildlife refuges IS mcluded m the 
refuge allocatiOns 

Parker Dam to Headgate Rock Dam and 
C1bola Gage to lmpenal Dam 

Separate tmage classificatiOns were not made 
for the subreaches from Parker Dam to Head gate Rock 
Dam and from the Colorado River below Cibola 
Valley streamflow-gagmg station (site 43, pl 1) to 
Impenal Dam Phreatophytes were separated by 

denstty classes dense, medtum, or sparse Established 
boundanes for Federal and State parks and recreatiOn 
areas were digitized The rest of the areas were 
separated by the boundanes of the flood plam and 
the State lme mto Anzona and Cahfornta lands (pi 2) 

Areas of Vegetation by D1verter 

The number of acres classified as each vegeta­
tiOn type for the Parker Dam to Impenal Dam reach 
were summed by dtverter (table 30) In Parker Valley, 
most of the cultivated land Is on the Colorado Rtver 
Indian ReservatiOn AI falfa and cotton covered the 
largest acreages--about 27,400 and 25,600 acres, 
respectively Wheat covered the thtrd largest wtth 
about 11,700 acres Lettuce and melons were the 
only other crops Identified from the calibratiOn stte 
for Parker Valley Other diverters m Parker Valley 
spectahzed m particular vegetation types, such as 
alfalfa and wheat for CRIR South Farm and cotton 
for Ehrenberg Farm The large areas of phreatophytes 
(22,900 acres) are pnmanly along the Colorado Rtver 
west of Poston and along the edge of the flood plam 
southeast of Poston 

Palo Verde Irngat10n Dtstnct had the greatest 
number of acres under cultivatiOn m the entire reach 
The areas of alfalfa and cotton were smaller than those 
of the Colorado Rtver Indtan ReservatiOn, but the 
areas of wheat, lettuce, and melons were much larger 
Included m these maJor crop areas were sudan 
and bermuda (m the alfalfa class), tomatoes (m the 
melons class), and omons (observed dunng field 
reconnaissance but not mapped m the calibratiOn 
stte) Fteld reconnaissance also showed that the areas 
classified as fall lettuce mcluded fields cultivated and 
Irrigated m preparation for plantmg a fall crop other 
than lettuce (usually cauliflower) On Palo Verde 
Mesa, areas classified as melons probably mcluded 
JOJoba because, accordmg to crop reports and field 
reconnaissance, JOJoba was more common than 
melons on the mesa Areas classified as lettuce or 
melons m CIDD appeared m parts of the valley 
mapped as phreatophytes because some phreatophytes 
have spectral and temporal charactenstlcs similar to 
those crops 

Cotton and alfalfa were the maJOr crops m the 
Parker Dam to Impenal Dam reach, wtth nearly equal 
areas, followed m order by wheat, lettuce, melons, and 
cttrus Cotton and alfalfa accounted for 66 percent 
of the net cropped area m the reach, compared wtth 
94 percent of the net cropped area m the Davis Dam 
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Table 30. Areas of each vegetation type by d1verter, 1n acres, Parker Dam to lmpenal Dam, 1984 

[Types and areas of vegetatiOn were comptled trom tmage classtficatwns ofsatelltte dtgttal-tmage data] 

Diverter1 

Arazona: 

Arkehan Farms 

Ctbola Valley lrngatJOn 

and Dramage D1stnct 

C1bola Island 

Colorado R1ver lnd1an 

Re1iervat1on 

Colorado R1ver Ind1an 

Reservation--Mesa 

Colorado R1ver Ind1an 

Reservation--South 

Farm 

Ehrenberg Farm 

Lower Quat! Mesa 

State of Anzona 

Cahforma· 

Bernal Farm 
Clark Farm 

Colorado Rtver Indtan 

Reservation 

North Lyn-De Farm 

P1cacho State 

Recreation Area 

Palo Verde Mesa 

Palo Verde Irngat10n 

D1stnct 

South Lyn-De Farm 

State of Cahforn1a 

Federal lands· 

Clbola Nattonal 
Wtldltfe Refuge 

Havasu Nattonal 

Wtldhfe Refuge 

lmpenal National 

Wtldhfe Refuge 

TOTAL 

Total vegetated area 

Net vegetated area 

Phreatophytes 
Fall Spring 

Alfalfa Citrus Cotton lettuce Melons lettuce Wheat Dense Med1um Sparse Total 

265 

430 

18 

15 0 

99 2,077 

12 26 

26 

II 

3 

49 

65 

0 

13 

6 

57 

60 

16 

7 

301 

4 

9 

302 

0 

5 

296 

0 

433 

3,654 

86 

27,434 I ,601 25,594 4,634 4,128 I ,727 II ,698 4,339 5,265 5,805 92,225 

62 

553 

2 

447 

28 

5 
553 

864 

40 

0 

175 

22,486 

0 

92 

0 

0 

0 3 

94 

12 468 

104 192 

14 487 

0 336 

106 469 

4 

l 

0 

225 

202 

120 

0 

574 

5,169 23,505 

0 105 

12 518 

0 0 

0 0 

0 

88 

3 

0 

14 

7 
82 

6 

2 

0 

19 

6 

8 

31 

II 

142 

45 

9 

100 

95 

0 

500 

9,493 II ,972 

9 83 

159 596 

0 0 

0 0 

0 

0 

20 

7 

20 

0 

20 

0 

0 

0 

27 

3,672 

0 

0 

0 

0 

286 

47 

44 
58 

7 
184 

II 

2 

0 

156 

20,963 

9 

285 

12 10 44 

233 323 155 

36 88 73 

161 64 40 

479 1,114 1,045 

68 

269 

75 

403 

72 

204 

l, 168 l ,256 2,030 

432 166 48 

30 

103 

472 

36 

180 

32 

137 

1,741 

780 

1,070 

3,401 

615 

2,299 

5,641 

906 

682 

1,847 

2,969 

25 

814 

2,541 

41 

809 

l ,391 104,161 

34 306 

741 4,027 

0 2,322 794 3,937 7,053 

0 10 75 43 128 

__ o __ o __ o __ o __ o __ o __ o ____211 4.692 _bill 7.6oo 

53,454 7,468 54,677 14,556 17,841 5,513 33,883 14,309 18,535 18,556 238,792 

238,792 

214,956 

1 Boundanes of the at eas served by each dtverter are plotted on plate 2 
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to Parker Dam reach. Phreatophytes decreased from 
45 percent of the net vegetated area m the Davis 
Dam to Parker Dam reach to 24 percent of the net 
vegetated area m the Parker Dam to Impenal Dam 
reach A trend toward lower water-use crops and 
more speculative croppmg practices IS apparent 
from north to south along the flood plam 

Evapotranspiration 

Evapotranspiration was estimated by usmg 
equatiOn 9 for each diverter m the Parker Dam to 
Impenal Dam reach (table 31) Results were 
combmed by State for the entire reach (table 31) 
Anzona had more evapotranspiratiOn than California, 
about 430,000 acre-ft for Anzona and 418,000 acre-ft 
for Cahforma, however, California had about 17,000 
more acres of vegetation mamly because of multiple 
croppmg The two maJor water users, PVID and 
CRIR, used about 66 percent of the total evapotrans­
piratiOn by vegetatiOn and about 93 percent of the total 
evapotranspiratiOn by crops EvapotranspiratiOn by 
phreatophytes was about 29 percent of the total evapo­
transpiration m the Parker Dam to Impenal Dam reach 
compared wtth about 43 percent m the Davis Dam to 
Parker Dam reach 

lmpenal Dam to Morelos Dam 

In the reach from Impenal Dam to Morelos 
Dam, no dtvtston was made between agncultural areas 
that receive water dtverted from the Colorado River at 
Impenal Dam from those that are Irrigated wtth water 
pumped from beneath Yuma Mesa The reach was 
divided mto two subreaches---a short subreach, whtch 
ts covered wtth phreat.ophytes, between Impenal 
Dam and Laguna Dam and a broad subreach between 
Laguna Dam and the SIB that mcludes the agncultural 
areas m Yuma Valley south ofMorelos Dam (fig 6) 
Separate Image InterpretatiOns were made for the 
Impenal Dam to Laguna Dam subreach and for the 
Laguna Dam to SIB subreach because of similar 
spectral and temporal charactenstics of some of the 
crops and phreatophytes m the classificatiOn 

lmpenal Dam to Laguna Dam 

Thts subreach consists of open water sur­
rounded by dense phreatophytes and, along wtth 
Topock Marsh and Ctbola Marsh, IS an Important 
waterfowl-nestmg habitat The phreatophytes were 
separated by denstty classes mto dense, medmm, and 

Table 31. Estimates of evapotranspiration by vegetation by 
d1verter, Parker Dam to lmpenal Dam, 1984 

D1verter1 

Anzona· 

Arkehan Farms 
Clbola Valley lrngat10n and 

Dramage D1stnct 
Clbola Island 
Colorado R1ver lnd1an 

Reservat1on 
Colorado R1ver lnd1an 

Reservation--Mesa 
Colorado R1ver lndmn 

Reservation--South Farm 
Ehrenberg Farm 
Lower Qua1l Mesa 
State of Anzona 
Phreatophytes 

Total (rounded) 

Cahforma: 

Bernal Farm 
Clark Farm 
Colorado R1ver lnd1an 

Reservation 
North Lyn-De Farm 
P1cacho State Recreation Area 
Palo Verde Mesa 
Palo Verde lrngat1on D1stnct 
South Lyn-De Farm 
State of Cahforma 
Phreatophytes 

Total (rounded) 

Federal lands. 

Clbola National Wlldhfe Refuge 
Havasu Nat1onal Wlldhfe Refuge 
lmpenal Nat1onal Wlldhfe Refuge 

Total (rounded) 

Reach total 

Evapo-
trans- Per-

plratlon, cent-
In acre-feet age2 

1,918 

9,977 
275 

300,291 

421 

4,403 
1,747 
3,830 
2,208 

105.014 

430,100 

1,221 
5,747 

6,458 
816 

0 
4,868 

306.200 
512 

4,056 
88.015 

417,900 

35,521 
650 

38.177 

74,300 

922,300 

0 21 

I 08 
03 

32 56 

05 

48 
19 
42 
24 

__ll__l2 

47 00 

13 
62 

70 
09 
00 
53 

33 20 
06 
44 
~ 

45 00 

3 85 
07 
~ 

8 00 

100 00 

1 Boundanes of the areas served by each d1verter are plotted on plate 2 
2Percentage of total evapotranspiratiOn calculated for the Parker Dam to 

lmpenal Dam subreach 

sparse Land-ownership boundanes m this subreach 
(pl 2) were dtfficult to establish because some JUns­
dtctiOns appeared to overlap Thts problem does not 
affect the amount of consumptive use charged to the 
States because crops were not present m the subreach 
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Laguna Dam to the Southerly lnternattonal Boundary 

The crop mtx m tlus subreach ts the most 
complex of the enttre lower Colorado Rtver flood 
plam Multiple croppmg ts the rule, wtth the 
followmg 2-year-rotatiOn pattern bemg the most 
common wmter vegetables (pnmanly fall and spnng 
lettuce or cauliflower), followed by cotton, followed 
by wheat Other wmter crops mclude cabbage and 
broccoli Spnng-summer crops, m additiOn to cotton, 
are safflower, peanuts, omons, and milo Perenmal 
crops mclude citrus and date orchards, bermuda grass, 
asparagus, and some alfalfa, which IS not as common 
around Yuma as tt ts m the rest of the flood plam 
Calibration-area crop maps for the Yuma area were 
made entirely from field reconnaissance (pl 3L) 

A com pan son of the calibratiOn-area crop map 
(pl 3L) wtth the coded-Image classificatiOn (pl 3K) 
mdicates that most maJor crops are correctly classified 
m the calibratiOn site Some overlap was evtdent 
between fields classified as a smgle maJor crop and 
fields classified as that crop rotated with lettuce 
Examples are wheat followed by fall lettuce, sprmg 
lettuce followed by cotton, and spnng lettuce followed 
by safflower ClassificatiOn of the maJor crop (wheat, 
cotton, or safflower) was usually correct, but the 
presence or absence of lettuce was not accurately 
determmed by the classificatiOn algonthm Citrus 
was a maJor crop type m the Yuma area The citrus 
class was mostly separate from the bermuda and 
alfalfa class desptte stmtlar spectral and temporal 
charactensttcs Sprmg lettuce grown as a smgle 
crop did not have suffictent ground cover to be 
classified as vegetation 

InterpretatiOn of the Image classificatiOn for the 
entire Yuma area was difficult because of the complex 
croppmg practices General field reconnaissance 
showed that perenmal crops, mcludmg date orchards 
and asparagus, and some multtple crops had been 
combmed m the largest perenmal crop class--citrus 
The small alfalfa acreage was mcluded m the much 
larger bermuda class, and cauliflower, broccoli, and 
cabbage (the cauliflower group) tended to show up m 
the lettuce classes Lettuce and the cauliflower group 
had stmtlar spectral characteristics and distnbutiOn 
patterns wtthm the fields on the date that the wmter 
tmage was obtamed, and thetr cultivated and Irngated 
fields appeared the same on the summer Image 

Boundanes of the area served by each dtverter 
corresponded to those of established trrtgatiOn distncts 
m most cases (pl 2) Some discrepancies were noted 

on Yuma Mesa, particularly between those areas 
trrtgated by water diverted from Impenal Dam and 
those areas Irngated by water pumped from beneath 
the mesa A few of the boundary dtscrepanctes 
have not yet been resolved Htllander "C" does not 
use nver water, therefore, tt ts not earned mto the 
calculatiOns to distnbute consumptive use to diverters 
Crop areas for Hillander "C" are mcluded m table 32 
for mformat10n only 

The number of acres classified as each vegeta­
tiOn type m the Impenal Dam to Morelos Dam reach 
were summed by dtverter (table 32) Yuma Valley had 
the largest area under culttvation Wheat, lettuce 
(mcludmg the cauliflower group), and cotton were 
the maJor crops m Yuma Valley as well as m the 
whole Yuma area, which would be expected for the 
most common crop-rotatiOn pattern Cttrus was the 
fourth largest crop for the whole Yuma area Most 
of the citrus classified was located m the Yuma Mesa 
lrrtgatton Distnct, whtch was confirmed by field 
reconnaissance and aenal photographs The large 
area classified as citrus m the Bard Water Dtstnct 
was pnmanly date palms 

Dunng field reconnaissance, wmter vegetables 
were not observed m all the areas where fall lettuce 
was classified, such as the fields Irrigated by center 
pivots at the south end of Yuma Mesa Many of the 
fields m these areas had been abandoned m 1983, 
owmg to the Payment-ln-Kmd (PIK) program, and 
grew a cover of volunteer vegetation m the wmter of 
1983-84 m response to htgher than normal prectptta­
tiOn Evtdence of this wmter vegetatiOn was noted 
dunng field reconnaissance m many fields around the 
Yuma area A detailed descnpt10n of the effect of the 
PIK program on vegetation classification from satellite 
tmages Is found m Raymond and Owen-Joyce ( 1987) 

VegetatiOn was not classified m the area called 
the Ftve Mile Zone (pl 2) nor was any observed there 
dunng field reconnaissance Ground-water pumpmg 
Is prohibited m that area by treaty with Mextco, and 
the area IS not supplied with surface water from the 
nver The purpose of mcludmg the Ftve Mile Zone 
as a dtverter area ts to momtor the land use and to 
ensure that no agnculture appears there m violatiOn 
of the treaty 

Dense phreatophytes were mcluded m several 
of the crop classes but were not separated mto classes 
ofthetr own Fteld reconnatssance showed that few 
dense phreatophytes grew m the Yuma area The 
mixed classes of crops and phreatophytes therefore 
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Table 32. Areas of each vegetation type by d1verter, 1n acres, lmpenal Dam to Morelos Dam, 1984 

[Types and areas of vegetatton were comptled from tmage classtficatJOns of satelltte dtgttal-tmage data] 

Phreatophytes 
Fall Spnng 

D1verter1 Bermuda Citrus Cotton lettuce Safflower lettuce Wheat Dense Med1um Sparse Total 

Anzona: 

Ctty of Yuma 0 0 0 0 0 0 0 67 387 573 1,027 

Cocopah Indtan 
Reservation 64 7 148 17 0 61 58 0 133 50 538 

Ftve Mtle Zone 0 0 0 0 0 0 0 0 0 0 0 • 
Fort Yuma lndtan 
Reservatto~ 

Reservatton Dtvtston 107 24 28 161 0 I 176 0 319 145 961 

Htllander "C" 401 663 0 307 0 0 307 0 1,064 0 2,742 

North Gtla Valley 769 753 1,303 3,187 597 413 3,959 0 1,283 376 12,640 

South Gtla Valley 381 384 907 2,137 161 384 2,687 0 690 154 7,885 

State of Anzona 1,240 453 1,716 1,664 20 411 1,885 0 4,298 2,437 14,124 

Umt B Irngat10n Dtstnct 109 133 226 473 50 61 583 0 332 145 2,112 

Yuma Desert 201 26 532 313 12 143 476 0 395 89 2,187 

Yuma Mesa Irngat10n 
Dtstnct 4,727 13,066 5,954 3,844 1,289 2,694 5,732 0 8,951 1,147 47,404 

Yuma Valley 6,417 5,214 14,207 16,994 2,172 4,738 20,717 0 11,216 2,680 84,355 

Cahforma: 

Bard Water Dtstnct 738 2,103 1,166 1,800 141 400 2,337 0 2,262 560 11,507 

Fort Yuma lndtan 
ReservatJO~ 

Reservat1on D1vts1on 501 385 2,128 2,326 325 557 2,795 0 2,205 1,437 12,659 

Ptcacho RecreatiOn Land 0 0 0 0 0 0 0 0 53 48 101 

State of Cahforma 529 182 1,005 446 21 486 0 1,837 1,263 5,770 

Federal lands. 

Luke Atr Force Range __ 0 __ o __ 0 __ 0 _o _o __ 0 _A __ II __ 3 __ 1_8 

TOTAL 16,184 23,393 29,320 33,669 4,768 9,884 42,198 71 35,436 I I , I 07 206,030 

Total vegetated area 206,030 

Net vegetated area 137,108 
i 

1 Boundanes of the areas served by each dtverter are plotted on plate 2 

were mterpreted as their respective crop types The Evapotranspiration 

mixed classes were mterpreted as dense phreatophytes EvapotranspiratiOn was estimated by usmg 
for the city of Yuma and Luke Air Force Range equation 9 for each diverter m the Impenal Dam to 
because agnculture was not observed m these areas Morelos Dam reach (table 33) Anzona used about 
durmg field reconnaissance Picacho RecreatiOn Land 84 percent of the total evapotranspiration m the reach 
and Five Mile Zone had no mixed classes of dense Yuma Valley used about 26 percent of the total evapo-

phreatophytes transpiratiOn but had 41 percent of the vegetation 
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Table 33. Estimates of evapotranspiration by vegetation by 
d1verter, lmpenal Dam to Morelos Dam, 1984 

01verter1 

Anzona· 

C1ty of Yuma 
Cocopah lndmn Reo;;ervattOn 
F1ve Mile Zone 
Fort YunM lndmn ReservatiOn-

ReservatiOn DIVISIOn 
North Gila V .tlley 
South Gila Valley 
State of Anzona 
Umt B lrngat1on D1o;;tnct 
Yuma Deo;;ert 
Yuma Meo;;d lrngat1on D1o;;tnct 
Yuma Valley 
Phreatophyte" 

Total (rounded) 

Cahforn1a· 

Bard Water D1stnct 
Fort Yuma lnd1an Reo;;ervatJOn-

Reo;;ervatJOn D1v1~1on 
P1cacho RecreatiOn Land 
State of Call forma 
Phreatophyteo;; 

Total (rounded) 

Federal lands. 

Luke A1r Force Range 

Total (rounded) 

Reach total,;; 

Evapo-
trans- Per-

plratlon, cent-
In acre-feet age2 

0 0 00 
903 16 

0 00 

1,019 18 
21,76R 3 82 
13,212 2 32 
16,586 2 91 
3,228 57 
3,844 67 

92,834 16 30 
14R,254 26 03 
176.955 31 07 

478,600 84 00 

18,995 3 34 

18,519 3 25 
0 00 

6,898 I 21 
46.398 lli 

90,800 16 00 

100 00 --
569,500 I 00 00 

1 Boundanes ot the m cas <;erved by each drvcr ter are plotted on plate 2 
2Percentagc ot total evapotr ansprratron calculated tor the Parker Dam to 

lmpenal Dam subrcach 

Large amounts of low-water-use crops, such as wheat 

and fall lettuce, accounted for the dtfference Other 

dtverters m the reach accounted for relatively small 

amounts of evapotranspiratiOn Phreatophytes used 

about 39 percent of the total evapotranspiratiOn 

Hoover Dam to Morelos Dam 

The reach from Hoover Dam to Morelos 

Dam mcludes all the agncultural areas delmeated 

and descnbed previOusly m the calculatiOn of 

evapotranspiration by reach The estimates of 
evapotranspiratiOn by dtverters calculated usmg 
equatiOn 9 m each of the four reaches are summed 
to estimate total evapotranspiratiOn for the Hoover 
Dam to Morelos Dam reach (table 34) Anzona 
used about 60 percent of the total evapotranspiratiOn 
computed from Hoover Dam to Morelos Dam, 
Caltforma used 32 percent, and Nevada used 
1 percent Federal lands, whtch contam mostly 
phreatophytes, used 7 percent of the total 
evapotranspiration 

Distribution of Consumptive Use by Diverter 

Consumptive use by vegetation computed wtth 
the water budget for the reach from Hoover Dam to 
Morelos Dam ts dtstnbuted to users by usmg the 
estimates of evapotranspiratiOn calculated for each 
user and equation 11 The amount of consumptive 
use subsequently totaled by State (table 34) Con­
sumptive use by crops totals about 1 ,358, I 00 acre-ft, 
and 711 ,800 acre-ft IS used by phreatophytes Water 
use by crops m Anzona totals about 866,800 acre-ft 
and 491,300 acre-ft m Cahforma AdditiOnal 
mformatlon on the distnbutwn of consumptive use 
by vegetation along the reach ts provtded m a 
dtscussiOn of the distnbutwn of consumptive use 
by vegetatiOn m each mdtvtdual subreach 

Open-water evaporatiOn ts the largest smgle 
source of consumptive use m the Hoover Dam to 
Davis Dam reach because of Lake Mohave (table 17) 
Phreatophyte transpiration Is only a mmor (less than 
1 percent) part of the total consumptive use and Is 
not sigmficant for thts reach Consumptive use by 
phreatophytes was 3,700 acre-ft for the Hoover Dam 
to Davis Dam reach 

Open-water evaporation IS a significant con­
sumptive use m the Davis Dam to Parker Dam reach 
because of Lake Havasu (table 17) Consumptive 
use by vegetatiOn m thts reach was 238,900 acre-ft. 
or about 12 percent of the total calculated for the 
Hoover Dam to Morelos Dam reach Consumptive 
use by crops was about 99,200 acre-ft for An zona and 
32,700 acre-ft for Caltfomta Crops were not grown m 
Nevada m 1984 Consumptive use by crops on the 
Fort MoJave Indtan ReservatiOn was 76,000 acre-ft 
Phreatophytes used 1 07,000 acre-ft 

Consumptive use by vegetatiOn for the Parker 
Dam to Impenal Dam reach was 1,129,800 acre-ft, 
or about 55 percent of the total calculated for the 
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Table 34. Estimates of evapotranspiration and consumptive use by vegetation by d1verter, Hoover Dam to Morelos Dam, 1984 

Evapotransp1rat1on, Consumptive use, 
D1verter1 m acre-feet Percentage2 m acre-feet 

Anzona: 

Arkeltan Farms 1,918 0 II 2,349 
Bullhead City 0 00 0 
Ctbola Valley lrngatton and 

Dramage D1stnct 9,977 59 12,221 
Clbola Island 275 02 336 
Ctty of Yuma 0 00 0 
Cocopah Indian Reservatton 903 05 1,106 
Colorado R1ver Ind1an Reservation 300,291 17 77 367,847 
Colorado R1ver Ind1an Reservation-

Mesa 421 02 515 
Colorado R1ver lnd~an Reservation-

South Farm 4,403 26 5,393 
Ehrenberg Farm 1,747 10 2,140 
F1ve Mile Zone 0 00 0 
Fort Mojave Ind1an Rescrvatton 50,115 2 97 61,389 
Fort Yuma lndtan Reservation-

Re,;;ervatton Dtvtston 1,019 06 1,248 
Lake Havasu Atrport 0 00 0 
Lower Quat! Mesa 3,830 23 4,691 
North Gtla Valley 21,768 I 29 26,665 
South Gtla Valley 13,212 78 16,184 
State of Anzona 49,688 2 94 60,866 
Umt B Irngat10n D1stnct 3,228 19 3,954 
Yuma Desert 3,844 23 4,708 
Yuma Mesa Irngat1on D1stnct 92,834 5 49 113,718 
Yuma Valley 148,254 877 181,606 
Phreatophyte,;; 313.995 18 58 384.634 

Total (rounded) 1,021,700 60 00 1,251,600 

Cahforma 

Bard Water D1stnct 18,995 I 12 23,268 
Bernal Farm 1,221 07 1,495 
Chemchuevt Ind1an Reservation 0 00 0 
Ctty of Needles 0 00 0 
Clark Farm 5,747 34 7,039 
Colorado R1ver Indtan Reservation 6,458 38 7,910 
Fort Mojave Indtan Reservation 11,918 71 14,599 
Fort Yuma lndtan Reservation-

Reservatton Dtv1s1on 18,519 I 10 22,685 
North Lyn-De Farm 816 05 999 
Palo Verde Mesa 4,868 29 5,963 • 
Palo Verde lrngatton Dtstnct 306,200 18 12 375,085 
Park Moabt 0 00 0 
Ptcacho RecreatiOn Land 0 00 0 
P1cacho State Recreation Area 0 00 0 
South Lyn-De Farm 512 03 627 
State of Caltforma 25,725 I 52 31,512 
Phreatophytes 144.847 8 57 177.433 

Total rounded) 545,800 32 00 668,600 

Nevada: 

Fort Mojave Ind1an Reservatton 'O 00 0 
State of Nevada 'o 0 00 0 
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Table 34. Est1mates of evapotransp1rat1on and consumptive use by vegetat1on by d1verter, Hoover Dam to Morelos Dam, 
1984--Contmued 

D1verter1 
Evapotranspiration, 

m acre-feet Percentage2 
Consumptive use, 

m acre-feet 

Nevada--Contmued: 

Phreatophytes 

Total (rounded) 

Federal lands 

Ctbola Nattonal Wtldllfe Refuge 
Havasu Nat10nal Wildlife Refuge 
lmpenal Nattonal Wildlife Refuge 
Lake Mead Nattonal 

Recreatton Area 
Luke Atr Force Range 

Total (rounded) 

Reach totals 

12,300 

35,521 
33,005 
38,177 

3,178 
~ 

110,000 

I ,689,800 

1 Boundanes of the areas served by each dtverter are plotted on plate 2 

I 00 15,000 

2 10 43.512 
I 95 40,430 
2 26 46 765 

19 3,892 
_QJ_ __ 11_5 

7 00 134,700 --
100 00 2,069,900 

2Pcrccntage of total evapotranspnat10n apphed to total consumptive use from the water budget to esttmate consumpttve usc by dtverter 
1M tsclasstficatJOn of phredtophytes as crops wtthm the tmage classtftcatton process resulted m I ,039 and 2,642 acre-feet of evapotranspnat10n calculated 

lot the ~ort MoJave lndtan Rcservatton and State of Nevada, respecttvely, whtch have been added to evapotransptratton by phteatophytes Ill Nevada 

Hoover Dam to Morelos Dam reach Consumptive 
use by crops was about 397,900 acre-ft for Anzona 
and 404,300 acre-ft for Cahforma The Colorado 
Rtver Indtan Reservation used 95 percent of the 
consumptive use for Anzona, and Palo Verde 
Irngatton Dtstnct used 93 percent of the consump­
tive for Cahforma m thts subreach Phreatophytes 
used 327,600 acre-ft 

Consumptive use by vegetation for the Impenal 
Dam to More los Dam reach was 697,600 acre-ft, 
or about 34 percent of the total calculated for the 
Hoover Dam to Morelos Dam reach Consumptive 
use by crops was about 369,800 acre-ft for Anzona 
and about 54,300 acre-ft for Cahforma About 
88 percent of consumptive use by crops for 
Anzona comes from fields m Yuma Valley and on 
Yuma Mesa Phreatophytes used 273,400 acre-ft 

Total consumpttve use of nver water ( C Uu) 
was about 7, 129,100 acre-ft, whtch ts htgher than 
normal, because Cahforma apphed for and received 
permission to dtvert some of the excess flow mto the 
Colorado Rtver aqueduct The components of total 
consumptive use of nver water are summanzed by 
State for 1984 (table 35) 

EVALUATION OF THE ACCOUNTING 
SYSTEM FOR 1984 

The lower Colorado Rtver accountmg system 
consists of two parts ( 1) the calculatiOn of consump­
tive use by vegetation wtth a water budget and (2) the 
dtstnbutiOn of consumpttve use by crops to agncul­
tural water users, whtch mcludes the esttmatiOn of 
evapotranspiratiOn for each dtverter from dtgttal­
tmage analysts and water-use rates calculated wtth the 
Blaney-Cnddle formula (Blaney and Cnddle, 1950) 
In each part of the system, the errors associated wtth 
the esttmatton of the mdtvtdual components, particu­
larly the largest components, have a stgmficant effect 
on the quanttty bemg calculated and on how the results 
are mterpreted Thts evaluatiOn of LCRAS dtscusses 
the potential sources of error for the two maJor parts of 
LCRAS, compares the computed consumptive use by 
vegetation m the Parker Dam to Impenal Dam reach 
wtth consumptive use by vegetation calculated by 
usmg a ground-water budget for the alluvtal aqutfer 
that underlies the flood plam, and mvestigates a 
potenttal refinement to LCRAS that would esttmate 
consumptive use by vegetation for four mdtvtdual 
subreaches of the Colorado Rtver bounded by Hoover 
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Table 35 Consumptive use by States of water from the 
lower Colorado R1ver, 1984 

D1verter 

Anzona: 

lnd1an reservations 
State lands 
Wellton-Mohawk d1vers1on 
DomestiC and mumc1pal 

Total (rounded) 

Cahforma. 

lnd1an reservations 
State lands 
Exported water 
DomestiC and mumc1pal 

Total (rounded) 

Nevada: 

lndmn reservations 
State lands 
Exported water 
Dome'\tlc and mumc1pal 

Total (rounded) 

Phreatophytes 1 (rounded) 

Open-water surfaces2 

GRAND TOTAL (rounded) 

1Jncludes ~ederallands 
2See table 15 

Percent-
Con- age of 

sumpt1ve total con-
use, 1n sumpt1ve 

acre-feet use 

442,189 62 
424,747 60 
391,400 55 

18 575 _Q_J 

1,276,900 17 9 

45,194 06 
445,988 63 

4,283,230 60 I 
7,278 _Q_l 

4,781,700 67 I 

0 00 
0 00 
0 00 

14,714 02 

14,700 _Q_l 

711,800 10 0 

344,000 48 --
7, 129,100 1000 

Dam, Davts Dam, Parker Dam, Impenal Dam, and 
Morelos Dam 

Water-Budget Components 

In the water budget, the largest components 
( mflows and outflows) are measured These mclude 
the mflow m the nver below the upstream dam, 
outflow m the nver below the downstream dam, the 
diversiOn of water mto canals for export out of the 
study area, and the mflow of water m the Gila River 
An estimate of mflow from the Bill Wtlhams Rtver ts 
based on a measurement of flow below Alamo Dam 
The other components are estimated and are of a 

smaller magmtude than the measured components 
Dunng years when releases from the dams are regu­
lated to meet downstream reqmrements, consumptive 
use by vegetatiOn IS of the same order of magmtude as 
the measured components of the water budget In 
1984, consumptive use by vegetatiOn was an order of 
magmtude less than the flow below Hoover Dam 
Errors m annual flows, particularly m reaches where 
consumptive use by vegetation 1s small, can have a 
large affect on the est1mate of consumptive use by 
vegetatiOn For 1984, LCRAS prov1des a reasonable 
estimate of consumptive use by vegetatiOn for the 
Hoover Dam to Morelos Dam reach 

Analysis of Annual Streamflow Errors 

Flows gaged at or below the dams that are used 
to d1v1de the nver mto water-budget reaches have an 
accuracy ratmg of excellent or good, w1th 95 percent 
of the daily mean values bemg withm 5 or 10 percent 
of the true value, respectively (table 2) The accuracy 
for mean annual discharge at these sttes was computed 
usmg the asstgned accuracy, m percent, for each daily 
dtscharge Because of the w1de vanatton m da1ly 
dtscharge, the error for each day, m cubtc feet per 
second, wtll vary greatly The error for the annual 
mean dtscharge was determmed from the errors of 
daily dtscharge (converted to cubtc feet per second) 
usmg the components-of-vanance method by Ostle 
(1954, p 44) 

where 

(15) 

s_ 2 = vanance of average annual discharge, 
Q 

S Qz = vanance of datly discharge, 

n = number of days m the year, 

and the errors of da1ly d1scharge are assumed to be 
mdependent These approximate estimated errors 
and the actual datly mean discharges for each of 
the streamflow-gagmg statiOns for 1984 are listed 
m table 36 The true error m1ght be larger than the 
computed error because of senal correlation effects, 
wh1ch were not evaluated 
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Table 36. Standard errors of the annual flow measured at selected streamflow-gag1ng stat1ons along the lower Colorado 
R1ver, Hoover Dam to Mex1co, 1984 

[Accuracy E, about 95 percent of the data are withm 5 percent of the true value, G, about 95 percent of the data are withm 10 percent of the true value] 

Approximate 
Ratmg of daily discharge 1 standard error of 

estimated annual discharge, 
Discharge, m Standard error, 

Station name acre-feet Accuracy 1n percent m percent2 m acre-feet 

Colorado Raver: 

below Hoover Dam 321,411,000 E 25 013 27,800 
below Davis Dam 21,658,000 G 50 0 26 56,300 
below Parker Dam 20,464,000 G 50 0 26 53,200 
below Impenal Dam 10,080,000 G 50 0 27 27,200 
at NIB 15,431,000 G 50 0 26 40,100 

Bill Wllhams River 
below Alamo Dam 111,800 G 50 0 94 1,100 

Gtla River near Dome 266,000 G 50 0 55 1,500 

Colorado Rtver aqueduct I ,237,230 G 50 0 26 3,200 

AII-Amencan Canal· 

at lmpenal Dam 8,269,000 G 50 0 26 21,500 
below Ptlot Knob 3,046,000 G 50 0 28 8,500 

Gila Gravity Mam Canal 754,800 G 50 0 30 2,30Q 

Wellton-Mohawk Canal 391,400 G 50 0 30 1,200 

1 From White and Garrett ( 1987) 
2Because of the large vanabiiity of dally discharge, the error for the annual mean was determmed from the errors of dally dtscharge converted to cubtc 

feet per second usmg the components-of-vanance method by Ostle ( 1954, p 44) 
1Measured flow wtthout the adjustment 

Annual Changes in Open-Water-Surface Areas 

The surface area of the nver and reservmrs does 
not change stgmficantly from year to year as long as 
releases from the dams are managed to meet down­
stream water requirements Stgmficant changes m 
open-water surface area occur when large quantities of 
water are released from Hoover Dam m response to 
large mflows from the upper Colorado Rtver basm 
Large mflows, such as those m 1983, fill the reservoirs 
and result m overflows at the sptllways In response 
to the htgh flows m 1983 that filled the reservmrs, 
releases were still bemg made m 1984 to adjust the 
quantity of water stored m the reservmrs, whtch 
mamtamed high flows m the lower Colorado Rtver 
Because of the htgh nver stage and associated nse 
above land surface of ground-water levels, many areas 
along the nver were flooded, which caused an mcrease 
m the open-water areas 

Landsat Images were available for the Davts 
Dam to More los Dam reach for 1981, a year m whtch 
flow m the nver was regulated to meet downstream 
water reqmrements To assess the stgmficance of the 
change m open-water-surface areas between a year of 
htgh flow and a year of flow regulated to meet down­
stream reqmrements, a smgle Image for 1981 was 
classified to determme the open-water-surface area 
In 1984, the open-water-surface area was 33,610 acres 
for the reach between Davis Dam and Morelos Dam, 
whtch mcludes Lake Havasu The 1984 area was 
5,443 acres, or 19 3 percent greater than that m 1981 
The percent dtfference m open-water-surface area ts 
equtvalent to the percent dtfference m the total evapo­
ration calculated for the reach The largest dtfference 
m the open-water-surface area wtthm the companson 
reach was an mcrease of2,355 acres m the reach of the 
nver between Parker Dam and Impenal Dam The 
open-water-surface area mcreased by 1,913 acres m 
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the reach between Davts Dam and Parker Dam, whtch 
mcludes Lake Havasu, and 1,175 acres m the reach 
between Impenal Dam and Morelos Dam Between 
More los Dam and the SIB, the mcrease would be most 
stgntficant because flow measured at the SIB mcreased 
from 237,600 acre-ft m 1981 to 12,690,000 acre-ft m 
1984 In 1984, water covered most of the flood plam 
to the levees on the Umted States stde of the nver 
below More los Dam, whereas m 1981, flow was 
confined to a channel and most of the flood plam 
wtthm the levees was dry Between Hoover Dam and 
Davts Dam, the nver flows m a bedrock-hned channel 
unttltt reaches Lake Mohave, changes m open-water­
surface area m thts reach are controlled mamly by 
changes m lake stage 

Evapotranspiration 

The calculatton of evapotransptratton ts depen­
dent on the vegetatiOn classtficatiOn from dtgital­
tmage analysts that mcludes the correct IdentificatiOn 
of the type of vegetatiOn and area of each vegetation 
type and the calculation of the water-use rates for each 
vegetation type The most dtfficult and cnttcal part of 
the calculatiOn ts estabhshmg accurate water-use rates 
that take mto account spatial and temporal vanabthty 
of water use The calculated water-use rates for 
phreatophyte stands of mixed species and van able 
denstty are dtfferent from the water-use rates of crop 
types The correct IdentificatiOn of the type of vegeta­
tion, especially when multiple crops are grown m the 
same field durmg a gtven year, ts also Important 
For example, some mmor crops could be correctly 
classified but, because they are not represented m the 
calibratiOn-area crop maps, could be erroneously mter­
preted as maJor crops The mismterpretatton ts most 
cntical between htgh- and low-water-use vegetation 
types It IS Important to evaluate the vegetatiOn classi­
ficatiOns and adequacy of the type of crops represented 
and the total area of each crop that IS mapped m the 
crop calibratiOn area for use m Improvmg next year's 
collectiOn of ground-truth data Errors, tf any, m the 
esttmates of evapotranspiration from misinterpretatiOn 
between high- and low-water-use vegetatiOn were 
considered small m the 1984 classificatiOn 

Comparison to 1984 Decree Accounting 

An annual accountmg of consumptive use Is 
published by the USBR m accordance wtth Decree 

requtrements Accountmg methods used pnor to 
LCRAS resulted m 5,90 l ,000 acre-ft of consumptive 
use of water from the Colorado River assigned to the 
States of Anzona, Cahfomta, and Nevada below 
Hoover Dam m 1984 (U S Bureau of ReclamatiOn, 
1986a) This Decree accountmg total does not mclude 
water lost to phreatophytes and open-water evapora­
tion but does mclude a credit for return flows from the 
Wellton-Mohawk area that do not return to the nver 
Adjustmg the total consumptive use of nver water 
calculated by LCRAS for these differences results m 
5,949,000 acre-ft, or 0 8 percent more than the Decree 
accountmg method This test of the rehabihty of 
LCRAS shows that LCRAS can provtde reliable (less 
than 1 percent dtfference from the previOus method) 

I 

results even m a year of anomalously high flow m the 
nver 

Comparison of Methods in the Parker Dam 
to Imperial Dam Reach 

The Parker Dam to Impenal Dam reach was 
selected as a test reach to compare ( 1) estimates of 
consumptive use by vegetatiOn determmed usmg 
LCRAS and (2) estimates of consumptive use by 
vegetatiOn determmed usmg ground-water budgets for 
the alluvial aqutfer that underlies the flood plam of 
Palo Verde Valley (Owen-Joyce and Ktmsey, 1987), 
Parker Valley (Owen-Joyce, 1988), and Cibola Valley 
(Owen-Joyce, 1990) The ground-water budgets were 
developed to estimate consumptive use from agncul­
tural areas, pnmanly for use m estimatmg ground­
water return flows from areas that dram to the nver 
The diversiOns at Headgate Rock and Palo Verde 
Dams and the surface-water return-flow sttes (table 8) 
are measured and ungaged pumpage from the nver 
(table 7) Is esttmated as requtred under the Decree 
The companson could be done penodtcally, possibly 
every 5 to 10 years, as a means of checkmg the 
LCRAS method of calculatmg consumptive use by 
vegetatton Data need to be collected at ground­
water sites m additiOn to the surface-water sites for 
the companson To use the methods descnbed by 
Owen-Joyce and Kimsey ( 1987) and Owen-Joyce 
( 1988, 1990), monthly water levels need to be meas­
ured m 49 observation wells, 30 piezometer wells, 
and dramage dttches m Parker Valley, 33 observatiOn 
wells, 18 piezometer wells, and dramage ditches m 
Cibola Valley, and 52 piezometer wells m Palo Verde 
Valley Water levels are measured monthly by PVID 

84 An Accounting System for Water and Consumptive Use Along the Colorado River, Hoover Dam to Mex1co 

.. 



m 272 observation wells and at about 150 sttes along 
dramage dttches m Palo Verde Valley Addttional 
observatiOn wells are needed m Parker Valley as well 
as a network of sites on the dramage ditches m Parker 
and Cibola Valleys where stage also can be measured 
so that consumptive use by vegetatiOn can be 
estimated m Parker and Ctbola Valleys to the same 
degree of accuracy as It ISm Palo Verde Valley 

As part of this study, esttmates of consumptive 
use by vegetation calculated by LCRAS were 
compared with estimates of consumptive use by vege­
tation calculated by usmg ground-water budgets 
Before makmg the companson between the two 
methods, the 1984 ground-water budgets for each of 
the valleys were rerun to mcorporate the water-use 
rates calculated for phreatophytes by LCRAS, which 
are more reahstic than the rates used m the calcula­
tiOns by Owen-Joyce and Ktmsey ( 1987) and Owen­
Joyce ( 1988, 1990) The LCRAS phreatophyte water­
use rates were substituted m the ground-water budgets 
and used to reestimate consumptive use by vegetation 
as 1,075,500 acre-ft (table 37) for this reach of the 
nver Reestimated values of annual consumptive use 
per umt vegetated area were 4 61 ft m Parker Valley 
and 3 68 ft m Palo Verde Valley m 1984 Annual 
consumptive use by phreatophytes was calculated by 
usmg 53ft, which ts the value calculated for mtxed 
stands of medtum denstty m thts reach (table 21) 

Consumpttve use by vegetatiOn calculated 
by LCRAS throughout thts reach m 1984 was 
l ,129,800 acre-ft, or 55 percent of consumptive use 
by vegetatton from Hoover Dam to Morelos Dam 
Consumptive use by vegetatiOn was apporttoned to the 
Parker Dam to Impenal Dam reach by usmg the 
percentage of evapotranspiratiOn calculated for the 
Parker Dam to Impenal Dam reach, whtch was about 
55 percent of evapotranspiratiOn from Hoover Dam to 
Morelos Dam Consumptive use by vegetation calcu­
lated wtth the smgle-reach optiOn ts about 5 percent 
htgher than the reesttmate from ground-water budgets 

Potential Refinement of Water Budgets 
for Four Reaches 

The reach of the Colorado River between 
Hoover Dam and Morelos Dam can be divided mto 
four subreaches bounded by maJor dams (fig 2) 
These subreaches correspond to the subreaches 
used to determme evapotranspiratiOn as descnbed 
previOusly Water budgets usmg 1984 data for the 

Table 37. Est1mates of areas of vegetation and open-water 
surfaces and consumptive use along the Colorado R1ver 
between Parker Dam and lmpenal Dam, 1984 

Consumptive 
Area, use\ m 

1n acres acre-feet 

Parker Dam to Headgate 
Rock Dam 

Parker Valley2 

North ofTyson Wash 
South ofTyson Wash 
Caltfornta stde of nver 
Islands m nvcr 

Subtotal (rounded) 

Palo Verde Valley1 

West of the nver 
East of the nver between 

Ehrenberg and 
Ctbola Valley 

Dtverswn to Palo Verde 
Mesa5 

Subtotal (rounded) 

Ctbola Valley6 

East of the nver 
Between the old and 

new channels 
West of the old channel and 

north of gagmg statwn 

Subtotal (rounded) 

Colorado Rtver below Ctbola 
Valley gagmg statton to 
Impenal Dam 

TOTAL 

Open-water surfaces 
Domest1c use by mumctpaltttes 

GRAND TOTAL 
(rounded) 

343 

98,839 
12,451 
11,612 

__m 

123,800 

491,609 

3,810 

95,400 

10,274 

4,756 

16,800 

9 460 

245,800 

10,263 

---

256,100 

1,600 

438,300 
49,200 
45,800 

3.600 

536,900 

375,200 

14,100 

12.800 

402,100 

50,400 

25,200 

84,800 

50 100 

I ,075,500 

58,300 
5.484 

I, 139,300 

1 Method descnbed by Owen-Joyce ( 1988, I 990) and Owen-Joyce and 
Ktmsey ( 1987) Values recalculated ustng the water-use rates calculated for 
use 111 thts study for phreatophytes and crops tn 1984 

20wen-Joyce ( 1988, p 42) 
10wen-Joyce and Ktmsey ( 1987, p 39) 
4Does not tnclude 26,528 acre., of multtple cropptng 
~Assumed dtvers10n equals consumptive use 
60wen-Joyce ( 1990) 

subreaches were developed m an attempt to more 

accurately reflect conditions m the mdtvidual sub­
reaches and give LCRAS the capabthty of providmg 
estimates of consumptive use by vegetation by 
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subreach mdependent of the total-reach calculat10ns 
Computed consumptive use by vegetat10n for the four 
subreaches IS not always rehable, but the results are 
presented to show how LCRAS can be Improved 

Hoover Dam to Dav1s Dam 

Consumptive use by vegetat10n for the reach 
between Hoover Dam and Davis Dam cannot be 
rehably calculated for 1984 because the residual 
amount of the water budget was masked by errors 
of the Qtl'l and Qd., components The amount of 
computed error for the Qtl'l and Qd., components 
was large because these components for 1984 were 
unusually large Water-budget components and 
quantities mdependently estimated for 1984 are 
Itemized m table 38 Until the measurement errors 
can be reduced, consumptive use by vegetat10n Is 
computed by usmg the water budget for the Hoover 
Dam to Morelos Dam reach 

Under the methods currently used to measure 
flow below Hoover and Davis Dams, this reach cannot 

Table 38. Water budget for the Hoover Dam to Dav1s Dam 
reach of the lower Colorado R1ver, 1984 

Component 

Inflow 

Flow below Hoover Dam 
Prec1p1tat10n 
Unmeasured average annual 

tnbutary runoff 
Tnbutary ground-water d1scharge 

Spnng" 
Colorado R1ver valley 
Eldorado Valley 

Total (rounded) 

Outflow other than consumptive 
use by vegetation. 

Flow below Dav1s Dam 
Dome'\tlc consumptive use 

by mumc1paht1e~ 
Evaporation from open-water surfaces 

Total (rounded) 

Change m storage Lake Mohave 

Consumptive use by vegetat10n2 

1 Adjusted for acousttc-veloctty-meter error 
2Computed restdual ofthe water-budget method 
1C'omputed testdualts constdered anomalous 

Quantity, 
1n acre-feet 

121,861,000 
18,500 

2,100 

3,080 
200 

I 100 

21,886,000 

21,658,000 

1,101 
148.700 

21,807,800 

-150,000 

1228,800 

be used as a smgle umt to estimate consumptive use 
by vegetat10n with a water budget Flows m the mam 
channel of the nver m this reach are more than three 
orders of magmtude greater than any of the other 
components The amount of potential errors m 
Qu., and Qd., IS much greater than the amount of 
consumptive use by vegetat10n m this reach, and 
the high measurement precision needed to use the 
water-budget method m this reach Is unavailable 

Dav1s Dam to Parker Dam 

For the reach between Davis Dam and Parker 
Dam, consumptive use by vegetat10n cannot be calcu­
lated for 1984 because computed errors m discharges 
gaged on the mamstream are of the same magmtude 
as the estimate of evapotranspiratiOn m this reach 
Water-budget components and quantities mdepen­
dently estimated for 1984 are Itemized m table 39 
In this reach, as m the upstream reach, the errors m 
measurement of flow m the Colorado River are large 
relative to the computed consumptive use by vegeta­
tiOn A small mcrease, 1 percent, m the computed 
flow of the Colorado River below Davis Dam results 
m an estimate of consumptive use by vegetat10n m 
the Hoover Dam to Davis Dam reach of 11,200 acre-ft 
and 136,700 acre-ft m the Davis Dam to Parker Dam 
reach Both estimates appear reasonable when 
compared with estimates of consumptive use by 
vegetation prorated for the subreaches from the total 
calculated for the Hoover Dam to Morelos Dam 
reach (see section of report entitled "DistnbutlOn 
of Consumpttve Use by Diverter") Until the 
measurement errors can be reduced, consumptive 
use by vegetat10n Is computed by usmg the water 
budget for the Hoover Dam to Morelos Dam reach 

Throughout the entire reach wtthm Mohave 
Valley, the nver loses water to the alluvial aqutfer 
(pl 1 ), whtch makes this reach different from the 
other agncultural reaches below Davis Dam Mohave 
Valley does not have dramage ditches as do the valleys 
to the south of Parker Dam where change m storage 
wtthm the alluvtal aqmfer was shown to be small m 
relat10n to consumpttve use by vegetat10n dunng 
1984 (Owen-Joyce and Kimsey, 1987, Owen-Joyce, 
1988) Change m storage m the alluvial aqmfer of 
the flood plam and the older alluvtal terraces needs 
to be evaluated as to Its magmtude m relat10n to 
consumptive use by vegetat10n and as to whether tt 
Is large enough to warrant mclus10n m the water 
budget Also dunng 1984, mflows from tnbutary 
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Table 39. Water budget for the Dav1s Dam to Parker Dam 
reach of the lower Colorado R1ver, 1984 

Component 

Inflow: 

Flow below Dav1s Dam 
Prec1p1tat10n 
Unmeasured average annual 

tnbutary runoff 
Dav1s Dam to Topock 
Topock to Parker Dam 
Wh1pple Mountams 

Unmeasured tnbutary stream 
PJUte Wash 
Sacramento Wash 

Tnbutary ground-water discharge 
Dav1s Dam to Topock 
Topock to Parker Dam 
PJUte Valley 
Sacramento Valley 
Chemehuev1 Valley 
B11l Williams R1ver 

Total (rounded) 

Outflow other than consumptive 
use by vegetation. 

Flow below Parker Dam 
Colorado R1ver aqueduct 
Central Anzona ProJect Canal 
DomestiC consumpt1ve use 

from mumc1paht1es 
Evaporation from open-wdter surfaces 

Total (rounded) 

Change m storage Lake Havasu 

Consumptive use by vegetat10n2 

Quantity, 
In acre-feet 

21,658,000 
51,900 

12,000 
15,000 

1,150 

1,000 
2,500 

0 
880 

2,300 
10,000 

260 
_

175.600 

21,830,600 

20,464,000 
1,237,230 

0 

26,805 
129 800 

21,857,800 

53,100 

1-80,300 

1 Flow reachmg the Colorado R1ver from the B11I W1lhams R1ver 
calculated m table I 0 

2Computed res1dual of the water-budget method 
1Computed res1dual 1s cons1dered anomalous 

washes were reported but quantities could not be 
estimated 

Parker Dam to Imperial Dam 

Consumptive use by vegetatiOn was calculated 
for the reach between Parker Dam and Impenal Dam 
by usmg equation 7 The computed consumptive use 
by vegetatiOn usmg the water-budget components 
and quantities m 1984 (table 40) appears reasonable, 
of the same magmtude, when compared wtth the 
estimates for the subreaches prorated from the total 
for the Hoover Dam to Morelos Dam reach (see 

Table 40. Water budget for the Parker Dam to 1m penal Dam 
reach of the lower Colorado R1ver, 1984 

Component 

Inflow. 

Flow below Parker Dam 
Prec1p1tat10n 
Unmeasured average annual 

tnbutary runoff 
Wh1pple Mountams 
B1g Mana Mountams 
Palo Verde-Mule Mountams 
Dome Rock-Tngo-Chocolate 

Mountams 
Unmeasured tnbutary stream 

V1dal Wash 
Bouse Wash 
Tyson Wash 
McCoy Wash 
M1lp1tas Wash 

Tnbutary ground-water d1scharge 
V1dal Wash 
Bouse Wash 
Tyson Wash 
Chuckwalla Valley 

Total (rounded) 

Outflow other than consumptive 
use by vegetation: 

Flow above lmpenal Dam 
Domestic consumptive use by 

mumctpahtles 
EvaporatiOn from open-water surfaces 

Total (rounded) 

Change m storage Senator Wash 

Consumptive use by vegetatiOn 1 

1 Computed res1dual of the water-budget method 

Quantity, 
m acre-feet 

20,464,000 
137,400 

1,150 
2,300 
1,200 

16,200 

1,300 
4,800 
2,600 

800 
1,200 

250 
1,200 

350 
400 

20,635,100 

19,106,000 

5,484 
58.300 

19,169,800 

652 

I ,464,700 

sectiOn of report entttled "DtstnbutiOn of Consumptive 
Use by Dtverter") 

As for the upstream reaches, errors m the 
computed consumptive use by vegetatiOn are mamly 
related to the errors m the flows of the Colorado 
Rtver measured below or at dams It ts mterestmg to 
examme the effect of small changes m the computed 
flow of the Colorado Rtver below Parker Dam If 
the computed flow was decreased by 2 percent, the 
consumptive use by vegetation Is 1,055,700 acre-ft 
m thts reach and 328,700 acre-ft m the Davts Dam to 
Parker Dam reach, amounts that appear reasonable 
Apparently, the water-budget method can yteld 
reasonable results tf more precise computatiOns of 
flow m the Colorado Rtver can be made 
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Imperial Dam to Morelos Dam 

Consumptive use by vegetatiOn was calculated 
for the reach between 1m penal Dam and Morelos Dam 
by usmg equatiOn 7 The computed consumptive use 
by vegetatiOn usmg the water-budget components and 
quantities m 1984 appears reasonable (table 41) 

Table 41. Water budget for the lmpenal Dam to Morelos 
Dam reach of the lower Colorado R1ver, 1984 

[Component NIB, northerly mternatwnal boundary, SIB, southerly 
mtematwnal boundary] 

Component 

Inflow 

Flow above lmpenal Dam 
Flow m Gtla Rtver near Dome 
PrectpttattOn 
Unmeasured average annual 

tn butary runoff 
Tnbutary ground-water dtscharge 

near Dome 

Total (rounded) 

Outflow: 

Flow at NIB (Morelos Dam) 
AII-Amencan Canal below Ptlot Knob 
Wellton-Mohawk Canal 
Domesttc consumpttve use 

by mumctpahttes 
Evaporatton from open-water surfaces 
Surface-water return flows 

below Morelos Dam 
Eleven Mtle wasteway 
Cooper wasteway 
Twenty-one Mtle wasteway 
Mam dram at SIB 
West Mam Canal wasteway 
East Mam Canal wasteway 

Total (rounded) 

Consumpttve use by vegetatton 1 

1Computed res1dual ofthe water-budget method 

Quantity, 
1n acre-feet 

19,106,000 
266,000 
70,600 

2,000 

1.000 

19,445,600 

15,431,000 
3,046,000 

391,400 

6,971 
7,200 

1,530 
721 

0 
99,380 

0 
4 090 

18,988,300 

457,300 

Evaluation of Water Budgets for Four Reaches 

The use of four subreaches m LCRAS 
potentially could produce more precise estimates of 
consumptive use by vegetation along the nver In the 
upper two reaches, small errors m flow measurement 
of such large discharges at Qu., and Qd., can mask 
the computed consumptive use by vegetation As 
shown for the subreach water budgets, If the true 
amount of flow below either Davis or Parker Dams 

were mcreased or decreased 1-2 percent, the 
computed amounts of consumptive use by vegeta­
tion m the subreaches adJacent to those dams appear 
reasonable Until such time when the accuracy of flow 
measurements can be unproved at the mamstream 
statiOns so that Individual budgets can be computed 
for each subreach separately, consumptive use by 
vegetatiOn can only be computed for the reach of 
the nver from Hoover Dam to Morelos Dam Other 
potential Improvements m the overall accuracy of the 
water budgets for the four mdividual reaches would 
mclude 

( 1) quanttfymg streamflow that seeps 
from the nver mto the younger 
alluvmm and moves across the flood­
plam boundary mto the older alluvial 
terraces, 

(2) quantifymg annual change m storage 
m the alluvial aquifer associated with 
large vanations m streamflow dunng 
the budget penod, 

(3) developmg methods to Improve the 
vegetatiOn IdentificatiOn m the Image 
classificatiOns, 

(4) developmg better methods or 
formulas to calculate water-use rates 
for crops and phreatophytes, and 

( 5) mcorporatmg depletiOn factors for 
use of unmeasured tnbutary mflow 
by States 

MONITORING THE 
ACCOUNTING SYSTEM 

Momtonng of the lower Colorado River 
accountmg system Is needed to serve two purposes 
First, each potential Improvement tdenttfied m this 
study could be evaluated as to the contnbut10n that IS 
made m Improvmg the overall rehabihty of LCRAS 
The maJOr potential Improvement to the system could 
be achieved by mcreasmg the accuracy of the meas­
urements of flow m the Colorado River InstallatiOn 
of AVM's Is a first attempt to Improve the accuracy 
of flows measured at Colorado River dams Other 
refinements to Improve computatiOn precision mclude 
the ( 1) calculation of water-use rates for vegeta-
tiOn and open-water evaporation that better reflect 
the vanabihty of water loss under field conditiOns, 
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(2) mcorporatton of spattal and temporal vanabtltty m 
the esttmates of prectpttatton and evapotransptratton, 
and (3) better recogmtton and classification of mmor 
crops and multtple croppmg Second, as Improve­
ments are made to the accountmg system, the effects 
of these Improvements could be momtored and, 
posstbly, addtttonal compansons made between 
esttmates from the accountmg system and the 
ground-water budgets m the test reach from Parker 
Dam to Impenal Dam (as dtscussed m the sectton 
entttled "Companson of Methods m the Parker Dam 
to Impenal Dam Reach") 

Evapotranspiration and Evaporation 

Water-use rates are an Important factor m cal­
culatmg evapotransptratton Use of the modtfied 
formula ( equatton 13) developed by Blaney and 
Cnddle ( 1950) allows for local vanattons m tempera­
ture and prectpttatton to be mcorporated mto the 
calculation, but other factors that are not taken mto 
constderatton, such as wmd speed and solar radtatton, 
are also Important AdditiOnal weather data collected 
m each agncultural area along the nver could be used 
m the Jensen-Hatse equatton (Jensen and Hatse, 1963) 
to estimate water-use rates Automated weather 
stattons, such as the Cahforma Irngatton Management 
Information System (CIMIS) statton operated by the 
Cahforma Department of Water Resources m Blythe, 
could provide the types of weather data needed 

Open-water classifications of the digttal-tmage 
data allow annual changes m the area of open-water 
surfaces to be mcorporated mto the accountmg system 
to estimate evaporation from these surfaces The 
maJor source of error m estunatmg evaporatiOn from 
open-water surfaces ts the annual evaporation rates 
Evaporation data are available at only two stattons, 
one stat ton ts m the southern part of the study area, 
and the other statton IS near Lake Mead, north of the 
study area Pubhshed evaporatiOn rates along the nver 
differ by greater than I ft (see sectton of report entitled 
"Evaporation Rates"), which can be stgmficant m 
reaches wtth reservotrs Vanattons probably extst m 
evaporatiOn rates from reach to reach along the nver, 
but no data are avatlable to document the values for 
each reach EvaporatiOn data could be collected If 
automated weather stattons were estabhshed for each 
of the agncultural areas or reaches 

Vegetation Classification 

Accurate classtficatton of the types of vegeta­
tiOn ts an Important part of calculatmg evapotrans­
piratiOn Classtficatton problems encountered m thts 
study mclude ( 1) mtsclasstficatton between crops and 
phreatophytes, such as dense phreatophytes classtfied 
as alfalfa, and (2) the classtficatton of multiple­
cropped fields as smgle-cropped fields Recently 
developed tmagmg methods of collectmg data for 
vegetatton classtficattons may be used to Improve 
the classification Remote-sensmg methods to 
collect data for direct calculatiOn of evapotrans­
ptratton also are bemg mvestigated (Jackson and 
others, 1987, Moran and others, 1989) 

Tributary Inflow 

A small amount of the tnbutary mflow Is storm 
runoff that flows mto the Colorado Rtver valley In 
LCRAS, the average annual runoff ts used m the water 
budgets, however, runoff m wet years can be much 
larger than the average annual value Storm runoff 
from maJor floods m tn butary streams needs to be 
esttmated or computed for use m LCRAS, posstbly 
by analysts of hydrographs for streamflow-gagmg 
stattons on the Colorado River 

In most areas adJacent to the Colorado River 
valley, ground-water pumpage Is small and has not 
stgmficantly affected the quantity of ground water 
discharged to the Colorado River valley except m 
one area Increased pumpmg m Ranegras Plam has 
caused a decrease m the ground-water gradient and 
decreased the ground-water outflow (Owen-Joyce, 
1987) Ground-water pumpage and water levels need 
to be momtored to determme potenttal areas of water­
level declmes Pumpage ts estimated annually by 
the USGS, water levels wtll need to be measured 
penodtcally m areas wtth declmmg water levels 
Any changes m the ground-water gradtents at the 
dtscharge areas would mdtcate a change m outflow 
At the dtscharge areas of basms that dram to the 
Colorado River valley, penodtc measurements of 
water levels m extstmg wells or m observation wells 
mstalled for thts purpose would show when the effects 
of pumpmg cause a change m the amount of outflow 
from the basm 
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SUMMARY 

The lower Colorado Rtver between Hoover 
Dam and Mextco 1s the source of water for a large 
dtstnbutwn system that ts used to export water to agn­
cultural and densely populated areas m adJacent States 
and for trngatwn of agnculturallands along the nver 
The flow of the nver Is depleted by ( 1) diversiOns 
exported to areas m mtenor regwns of Cahfomta and 
Anzona, (2) consumptive use by trngated crops along 
the nver, (3) consumptive use by phreatophytes on the 
flood plam, (4) evaporatiOn from open-water surfaces, 
mamly the reservOirs and the nver, and (5) domesttc, 
mumcipal, and mdustnal consumptive use Prectse 
accountmg of the consumpttve use of water from the 
lower Colorado Rtver by dtverter of water, pomt of 
dtverswn, and State, reqmred by a U S Supreme 
Court Decree, has mcreased m Importance w1 th the 
growmg demand for water m the Umted States and 
Mexico ImplementatiOn of the Decree 1s complex 
because consumpttve use ts the standard of measure 
and Identification of the quantity used by each diverter 
Is reqmred 

The Lower Colorado Rtver Accountmg System 
was developed for the reach between Hoover Dam 
and Mextco for use m esttmatmg and distnbutmg 
consumptive use of water by vegetation to water users 
m an eqmtable manner and to functiOn m associatiOn 
with the complex system of dams, canals, pumps, 
wells, and dramage dttches that have been constructed 
to meet water use and power demands An extensive 
network of streamflow-gagmg statwns at regulatory 
structures, pomts of diversiOn, and dramage dttches 
provtdes flow data reqmred for Decree accountmg and 
to calculate the water budget of the accountmg system 
Data also are collected to compute pumpage from the 
nver and from wells 

Algonthms m the accountmg system provtde 
estimates of consumptive use by vegetatiOn as the 
residual m a water budget for the nver reach between 
Hoover Dam and Morelos Dam and apportiOn that 
use to dtverters on the basts of esttmates of evapo­
transpiratiOn computed from types and acreages of 
vegetatiOn determmed from dtgttal-nnage analysts 
of remotely sensed satellite data and water-use rates 
The nver was dtvtded mto four reaches at the maJor 
dams--Hoover Dam, Davts Dam, Parker Dam, 
Impenal Dam, and Morelos Dam--to tmprove the 
estimates of evapotranspiration by dtverter by 
constdenng the spattal vanatwns m temperature 
and prectpttatwn 

The water budget that computes consumptive 
use by vegetatton along the lower Colorado River 
mcludes the comptlatwn and estimatiOn of the mde­
pendent water-budget components and descnptwn of 
the general methods of estnnat1on and any adJustments 
reqmred for condttions durmg the year bemg evalu­
ated Consumpttve use by vegetatiOn IS dtstnbuted 
among users usmg an apportionment techmque based 
on the relative amount of evapotranspiratiOn computed 
for each water user as descnbed m the followmg steps 

( 1) Areas of each vegetatiOn type m each 
reach are calculated from dtgttal­
tmage analysts of data from the 
Landsat satellite, 

(2) Average annual water-use rates, 
adJusted for monthly vanatwns m 
temperature and prectpttatwn, are 
calculated for each vegetatiOn type, 

(3) Areas of each vegetatiOn type are 
multtphed by thetr respective water­
use rates and summed to esttmate 
evapotranspiratiOn m the reach, 

( 4) Boundanes of the areas for each 
dtverter of water are dtgittzed from 
maps and regtstered to the satellite 
tmages to calculate 
evapotranspiration by d1verter, and 

( 5) The percentage of evapotranspiratiOn 
m the reach estimated for each 
dtverter ts multiplied by the total 
consumpttve use m the reach to 
calculate consumptive use by 
dtverter 

Although calendar year 1984 was a year of 
unusually htgh flow m the nver, the htgh flow dtd 
not prevent collectiOn of the data reqmred for the 
accountmg system The use of a year that con tamed 
anomalous condttions also provtded an added test of 
the rehabthty of the accountmg system and showed 
that 1t could provtde rehable (less than 1 percent 
dtfference from the previOus method) results under 
all cond1t10ns that affect the lower Colorado Rtver 
Consumpttve use by vegetatiOn was esttmated to be 
2,069,900 acre-ft m 1984 A total of 7, 129, 100 acre-ft 
of water was consumed m the lower Colorado Rtver 
basm Cahfomta used about 67 percent of the total, 
60 percent of the total was exported through the 
Colorado Rtver aqueduct and the All-Amencan Canal 
Nevada used less than 1 percent of the total, most of It 
for mumc1pal and mdustnal uses Anzona used about 
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18 percent of the total, pnmanly for agnculture The 
remammg 15 percent was used by phreatophytes or 
was lost to open-water evaporatiOn 

The Lower Colorado River Accountmg System 
IS effective m calculatmg and distnbutmg total 
consumpttve use among the dtverters of Colorado 
River water, as requtred by the Supreme Court Decree 
The pnncipal areas where refinements need to be 
made to Improve the rehabihty of the accountmg 
system, m order of Importance, are to Improve the 
( 1) precision of annual flow computation at the mam­
stream statiOns, particularly Hoover, Davis, and 
Parker Dams, (2) accuracy of estimates of open­
water evaporation, (3) estimates of precipitatiOn that 
falls on vegetated areas and open-water surfaces, and 
( 4) estimates of phreatophyte evapotranspiration 
To use a possible refinement to the accountmg system 
that has the capability to estimate consumptive 
use by vegetatiOn for four mdtvidual reaches and 
thereby Improve the estimate of consumptive use of 
each diverter, It Is most Important to mamtam and 
tmprove the precisiOn of streamflow records at all the 
mam-stream boundary sites for the mdtvidual reaches 
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