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Abstract
The Colorado River and its tributaries are important 

sources of water for parts of seven Western States and part of 
Mexico. Water is diverted or pumped from the lower Colorado 
River mainstream and reservoirs and is the principal source 
of water in parts of Arizona, southern Nevada, and southern 
California.

In 1984 the U.S. Geological Survey, in cooperation 
with the Bureau of Reclamation, developed the Lower 
Colorado River Accounting System (LCRAS) as a means 
to estimate loss of water by crops and phreatophytes along 
the Colorado River between Hoover Dam and Mexico. 
LCRAS is modified as technology improves and additional 
hydrologic data become available. Currently, LCRAS includes 
daily evapotranspiration (ET), which is the product of daily 
reference ET and a daily ET coefficient for 11 nonaquatic 
phreatophyte groups and barren areas.

This study was done to improve the accuracy of methods 
used to estimate phreatophytic ET. Specific objectives of the 
study include: (1) comparison of Bowen-ratio ET estimates 
with estimates calculated using the current LCRAS method, 
(2) improvement of the current ET coefficients, and  
(3) estimation of total phreatophytic water use at Havasu 
National Wildlife Refuge (HNWR). 

ET data were collected at three Bowen-ratio stations at 
HNWR, 2002–04. A saltcedar (SC) ET station was installed 
in a large area of medium-to-high density, homogeneous 
saltcedar. A mixed-vegetation (MV) ET station was installed 
in an area of medium-density phreatophytes that consist 
of mixed vegetation. An arrowweed (AW) ET station was 
installed in homogeneous, low-to-medium density arrowweed. 

Monthly Bowen-ratio ET was compared to monthly 
LCRAS ET for phreatophyte groups similar to vegetation 
growing at the ET stations. Generally, the LCRAS method 
yielded higher estimated phreatophytic ET than Bowen-ratio 
method estimates.

Monthly LCRAS ET for the sc_high group averaged 
55 percent greater than Bowen-ratio ET for the SC station. 
Monthly LCRAS ET for the ms/aw group and sc/ms/aw group 
was about 84 percent and 105 percent greater, respectively, 
than Bowen-ratio ET for the MV station. Monthly LCRAS ET 
for the aw group and low_veg group were about 97 percent 
and 90 percent greater, respectively, than Bowen-ratio ET for 
the AW station.

Barren ET was not measured directly as part of the study, 
but LCRAS barren ET rates were compared to reported ET 
rates of similar environments. Estimated monthly LCRAS ET 
for bare-soil areas seems reasonable from May to November, 
but seems high for January, February, and March.

As part of this study, daily ET coefficients were 
computed for each ET station from available daily 
Bowen‑ratio ET for each ET station and corresponding daily 
reference ET. Modified ET coefficient curves were derived 
and daily and monthly ET were computed using the modified 
ET coefficients. Daily modified ET coefficients also were 
developed for barren soils.

Daily ET for the SC station, computed using modified 
ET coefficients, was compared to Bowen-ratio ET and had a 
correlation coefficient of 0.92 for 754 days (May 23, 2002–
June 14, 2004), with large differences for many days. Monthly 
ET compared for 24 months (June 2002–May 2004) had a 
correlation coefficient of 0.99. 

Daily ET for the MV station, computed using modified 
ET coefficients, was compared to Bowen-ratio ET and had a 
correlation coefficient of 0.89 for 754 days (May 23, 2002–
June 14, 2004), with large differences for many days. Monthly 
ET compared to Bowen-ratio ET for 23 months (June 2002–
May 2004; excluding March 2004) had a correlation 
coefficient of 0.97. 
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Daily ET for the AW station, computed using modified 
ET coefficients, was compared to Bowen-ratio ET and had a 
correlation coefficient of 0.89 for 531 days (January 1, 2003–
June 14, 2004), with large differences for many days. Monthly 
ET compared to Bowen-ratio ET for 17 months (January 
2003—May 2004) had a correlation coefficient of 0.98. 
Estimated ET for barren soil, computed using the modified 
coefficients, was less than 1.0 foot per year, 2002–04.

Phreatophytes within HNWR use Colorado River water 
in the shallow aquifer adjacent to the river. Using remote-
sensing techniques, the phreatophyte areas of HNWR were 
subdivided into three ET units based on relative vegetation 
densities of high, medium, and low and one unit for barren. 
The acreages within the boundaries of these ET units were 
computed and multiplied by the associated annual ET for 
2004 (computed with the modified coefficient method and 
adjusted for annual precipitation). A total of 25,769 acre-feet 
of phreatophytic water use was estimated for HNWR, which is 
about two-thirds of the previously reported LCRAS-estimated 
phreatophytic water use of 40,137 acre-feet (excluding marsh/
wetland ET). 

Introduction
The Colorado River and its tributaries are important 

sources of water for parts of seven Western States (Wyoming, 
Colorado, Utah, New Mexico, Arizona, Nevada, and 
California) and part of Mexico. The section of river that flows 
from Hoover Dam to the International Boundary between 
the United States and Mexico is the southern part of the 
lower Colorado River (LCR; fig. 1) and is regulated by a 
series of dams. Water is diverted or pumped from the LCR 
mainstream and reservoirs and is the principal source of water 
for irrigation and domestic use in parts of Arizona, southern 
Nevada, and southern California. 

Consumptive use of Colorado River water is defined 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). Consumptive use of Colorado River water is 
apportioned among Arizona, Nevada, California, and Mexico 
and primarily used for municipal or agricultural supply. 
Apportionments are regulated by laws, agreements, and 
policies that constitute the “Law of the River” as described in 
detail by Owen-Joyce and Raymond (1996) and the Bureau 
of Reclamation (2000). Some water released from dams for 
diversion is consumed by phreatophytes on the flood plain of 
the LCR, an area that was inundated by water from periodic 
flooding of the river prior to the construction of dams. This 

consumption of water by phreatophytes requires increased 
releases from dams to ensure that the appropriate amount of 
water is available for diversion at various points along the 
river. 

The Bureau of Reclamation (BOR) water-resource 
managers need to understand the fate of water once it 
is released from Hoover Dam to effectively manage the 
LCR. Effective management requires an understanding of 
the relations among the release of water from dams, the 
consumptive use of diverted water, and the losses of water 
between points of release and points of diversion. This study 
was initiated to improve the accuracy of methods used to 
estimate water loss by phreatophytic evapotranspiration (ET) 
along the LCR. 

Background

In 1984 the U.S. Geological Survey (USGS), in 
cooperation with the BOR, developed the Lower Colorado 
River Accounting System (LCRAS) as a means to estimate 
loss of water by crops and phreatophytes along the Colorado 
River between Hoover Dam and Mexico (Owen-Joyce and 
Raymond, 1996). 

LCRAS provides information that the BOR uses to 
manage distribution and allocation of river water (Bureau of 
Reclamation, 2000). That information includes: (1) estimates 
of ET from irrigated areas for monitoring of agricultural water 
use, (2) estimates of ET from phreatophytes for environmental 
resources assessment and management, and (3) estimates of 
evaporation from the channel and reservoirs of the LCR for 
river-system resource assessment and management.

BOR applied LCRAS, as a demonstration of technology, 
to estimate ET of Colorado River water by phreatophytes. 
From 1995 to 2003, estimates of average annual ET ranged 
from about 4.0 to 5.5 ft (Bureau of Reclamation, 2004). 

Estimates of phreatophytic ET of the Colorado River 
are high compared to rates determined during recent USGS 
ground-water discharge studies (table 1) and ET studies 
on other southwestern rivers. Annual ET rates of 2.4 ft for 
unflooded saltcedar and 4.0 ft for flooded saltcedar were 
estimated during a study of an area surrounding the Middle 
Rio Grande, New Mexico, from May 13 to October 16, 1999 
(Cleverly and others, 2002). Reported annual ET rates were 
from 1.1 to 1.9 ft for mesquite shrubland, 2.1 ft for mesquite 
woodland, and from 1.6 to 3.2 ft for mature cottonwood for 
studies along the San Pedro River, Arizona, completed in 1997 
and 2003 (David G. Williams, Departments of Renewable 
Resources and Botany, University of Wyoming, Laramie, 
Wyoming, and Russell L. Scott, Southwest Watershed 
Research Center, U.S. Department of Agriculture, Agricultural 
Research Service, Tucson, Arizona, written commun., 2005).
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Havasu
National
Wildlife
Refuge

Havasu
National
Wildlife
Refuge

NEVADA

CALIFORNIA

A
R

IZ
O

N
A

MEXICO

Davis DamDavis Dam

Parker DamParker Dam

Laguna DamLaguna Dam

Hoover DamHoover Dam

Morelos DamMorelos Dam

Imperial DamImperial Dam

Palo Verde DamPalo Verde Dam

Lake
Mead
Lake
Mead

Lake
Havasu

Lake
Havasu

Lake
Mohave

Lake
Mohave

Rive
r

C
ol

or
ad

o

Base from U.S. Geological Survey digital data, 
1:100,000, 1988. Universal Transverse Mercator 
projection, Zone 11.

0 40 80 MILES20

0 40 80 KILOMETERS20

NV

CA

UT

AZ

Pacific

 Ocean

MAP 
AREA

MEXICO

36°00'

35°00'

34°00'

33°00'

114°00' 113°00'115°00'116°00'

N

Figure 1.  Lower Colorado River from Hoover Dam to Mexico and study area.

Introduction    �



Purpose and Scope

This report documents results of a BOR and USGS 
cooperative study from 2001 to 2004. The purpose of the 
study was to improve estimates of ET for phreatophytes 
along the LCR, which are needed to provide BOR with more 
accurate information for environmental resources assessment 

and management. Specific objectives of the study include: 
(1) comparison of Bowen-ratio ET estimates with estimates 
calculated using the LCRAS method applied by BOR, (2) 
improvement of the ET coefficients currently being used by 
LCRAS, and (3) estimation of total phreatophytic water use at 
HNWR.

Table 1.  Estimated average annual evapotranspiration for different types of land cover in Ash Meadows and Oasis Valley areas, Nevada, and Death 
Valley, California.

Land cover type Description of land cover, water table, and soil conditions
Mean annual

 evapotranspiration 
(feet) 

Ash Meadows, 1993–97 (Laczniak and others, 1999, table 10)

Dense meadow vegetation Area dominated by dense meadow vegetation, primarily trees, mixed trees and grasses, or mixed 
grasses and shrubs; water table below land surface; soils moist to dry.

3.6

Dense grassland vegetation Area dominated by dense to moderately dense grassland vegetation, primarily grasses, short rushes, 
and occasional scattered trees and shrubs; intermittently flooded; water at or near land surface; 
soils wet to moist.

3.5

Sparse grassland vegetation Area dominated by sparse grassland vegetation; primarily grasses; water table below land surface; 
soils dry.

1.3

Moist bare soil Area dominated by moist bare soil; vegetation very sparse, primarily grasses; intermittently 
flooded, water table near or below land surface; soils moist.

2.6

Oasis Valley, 1996–2000 (Reiner and others, 2002, table 5)

Dense meadow and woodland 
vegetation

Area dominated by dense meadow and woodland vegetation, primarily trees, meadow and marsh 
grasses, or mixed trees, shrubs, and grasses; trees include desert ash and cottonwood, with 
some desert willow and mesquite; water table typically ranges from above land surface to about 
20 feet below land surface; soil wet to dry.

3.6

Moderately dense to dense 
grassland vegetation

Area dominated by moderately dense to dense grassland vegetation, primarily saltgrass, and/or 
short rushes with an occasional tree or shrub; intermittently flooded; water table typically less 
than 10 feet below land surface; soil wet to moist.

3.2

Sparse to moderately dense 
grassland vegetation

Area dominated by sparse to moderately dense grassland vegetation, primarily salt and bunch 
grasses with occasional tree or shrub; water table typically ranges from a few feet below land 
surface to about 10 feet below land surface; soil damp to dry.

2.0

Moist bare soil Area dominated by moist bare soil; vegetation very sparse, primarily grasses; intermittently 
flooded, water table typically near land surface throughout most of the year but in some areas 
declines to a maximum depth of about 5 feet below land surface during late summer and early 
autumn; soil wet to moist.

2.6

Sparse to moderately dense shrub 
land vegetation

Area dominated by sparse to moderately dense shrub land vegetation, primarily greasewood, 
rabbitbrush, and wolfberry; water table typically ranges from about 5 feet below land surface to 
about 20 feet below land surface; soil damp to dry.

1.2

Death Valley, 1997–2001 (DeMeo and others, 2003, table 3)

High-density vegetation Area of high-density vegetation, primarily marsh and meadow grasses, and mesquites; perennially 
flooded; water table ranges from near surface to 20 feet below land surface; soil wet to dry.

3.0

Moderate-density vegetation Area dominated by moderate-density vegetation, primarily salt and bunch grasses, arrowweed, 
mesquite, minor pickleweed; water table typically ranges from about 2 to 20 feet below land 
surface; soil moist to dry.

2.0

Low-density vegetation Area dominated by low-density vegetation, primarily salt grass, pickleweed, and shrub mesquite; 
water table typically ranges from about 5 to 20 feet below land surface; soil damp to dry.

.60

Bare-soil playa Area of playa dominated by bare-soil playa, primarily silt; some salt encrustation; water table 
typically ranges from near land surface to about 10 feet below land surface; soil damp to dry.

.21
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Table 2.  Total annual flow of the Colorado River from Hoover Dam to International Boundary, in downstream order.

[Altitude of gage is in feet above National Geodectic Vertical Datum of 1929. Acronyms: BOR, Bureau of Reclamation; USGS, U.S. Geological Survey. 
Symbol: –, unknown]

Location
Drainage area  
(square miles)

Altitude of  
gage

Annual flow (acre-feet)
Reporting agency Source

2002 2003

Colorado River
   Below Hoover Dam 171,700 594.8 10,450,000 9,382,000 BOR USGS (2005)
   Below Davis Dam 173,300 490.0 10,820,000 10,200,000 USGS Fisk and others (2004, 2005)
   Below Parker Dam 182,700 300.5 7,565,000 7,303,000 USGS Fisk and others (2004, 2005)
   Below Palo Verde Dam 186,200 260.0 6,034,000 5,457,000 USGS Fisk and others (2004, 2005)
   Below Imperial Dam 188,500 162.0 441,300 312,300 USGS Fisk and others (2004, 2005)
   Below Laguna Dam 188,600 120.8 503,300 384,000 USGS Fisk and others (2004, 2005)
   At northerly International Boundary 

above Morelos Dam
246,700 – 1,485,000 1,418,000 USGS Fisk and others (2004, 2005)
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Location and Setting

The Colorado River flows more than 1,400 mi from 
headwaters in Wyoming and Colorado before it discharges 
into the Gulf of California. The total drainage area in the 
United States, above the International Boundary with Mexico, 
is about 246,700 mi2 (table 2). 

Lower Colorado River
Below Hoover Dam, a segment of the LCR forms 

part of the Arizona–Nevada State boundary and the entire 
Arizona–California State boundary; farther downstream the 
southern part of the river forms 23 mi of boundary between 
Mexico and the United States (Owen-Joyce and Raymond, 
1996, p. 2). The drainage area of the Colorado River at Hoover 
Dam is 171,700 mi2 (table 2). Significant amounts of water 
are diverted from the LCR system and exported to southern 
California, and central and southern Arizona for irrigation and 
municipal supply (Fisk and others, 2004). An average annual 
flow of 10.11 million acre-ft is released from Hoover Dam; 
tributary inflow to the LCR is a small percentage of flow in the 
river. Only 15 percent of the release from Hoover Dam reaches 
Mexico (table 2) and much of that flow is from irrigation spills 
or drains (monthly return flow reported by Fisk and others, 
2004).

 Flow in the LCR has been regulated since 1935, the 
year Hoover Dam was completed. Since that time, seven 
more dams have been constructed between Hoover Dam and 

the boundary with Mexico. In addition to the construction 
of dams, sections of the river channel have been stabilized 
to reduce the frequency of flooding. As a result, the natural 
flood plain is no longer inundated by periodic flooding. In 
the absence of periodic flooding, the river channel no longer 
meanders in the flood plain and the flood plain is no longer 
flushed. Consequently, salts accumulate in small water bodies, 
in the soil horizon, and in the ground water (Guay, 2001), 
impacting the biota of the flood plain.

 Part of the LCR, from Hoover Dam to the Gulf of 
California, flows through deserts of the southwest. The climate 
of the LCR is arid and warm, with extremely hot summers. 

The vegetation growing on the uplands surrounding 
the LCR flood plain is typical of southwestern deserts. 
Xerophytes grow on hills and fans and some phreatophytes 
grow in drainages, both of which survive on sparse local 
precipitation and sporadic runoff. Phreatophytes growing 
on the LCR flood plain have a relatively constant supply of 
water from the shallow aquifer fed by the LCR. Phreatophytes 
include grasses, a variety of salt bushes, arrowweed, baccharis, 
honey and screwbean mesquite, saltcedar, cottonwood, and 
willow and occur in densities ranging from low to high. The 
largest areas of phreatophytes are found on four national 
wildlife refuges along the LCR (Bureau of Reclamation, 
2004). Outside of the wildlife refuges, contiguous areas of 
phreatophytes are relatively small and with few exceptions 
pre-existing natural vegetation is commingled with, or has 
been replaced entirely by, urban, semi-urban, or agricultural 
development.

For purposes of computing water budgets, BOR has 
divided the reach of the Colorado River from Hoover Dam 
to Mexico into four subreaches between major dams (fig. 1). 
These reaches are Hoover Dam to Davis Dam, Davis Dam to 
Parker Dam, Parker Dam to Imperial Dam, and Imperial Dam 
to the International Boundary with Mexico. 
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Havasu National Wildlife Refuge and Topock 
Marsh

The area selected for this study is the 37,515 acre HNWR 
(fig. 2), between Davis Dam and Parker Dam on the LCR  
(U.S. Geological Survey, 2005, p. 105). The 4,260 acre 
Topock Marsh (Guay, 2001) is in HNWR on the Arizona side 
of the river and originally was formed by the meandering LCR 
and supplied by flood and backwater from the river. Water 
levels in the marsh are now controlled by diversion of LCR 
water and gated outlets that regulate return flow back to the 
river. Generally, the relief of the HNWR within the LCR flood 
plain is flat, major relief features being natural sand dunes 
northwest of Topock Marsh and manmade dikes and dredge 
piles near the river. 

Evapotranspiration Measurement 
Methods and Data Collection

Data were collected from 2002 to 2004 to improve 
estimates of ET from phreatophytes along the LCR. Three 
stations were installed and instrumented at HNWR to collect 
ET data. ET is a process by which water from the Earth’s 
surface is transferred to the atmosphere; a process that requires 
energy to change water from a liquid state to a vapor state. As 
a result, any change in the rate of water loss by ET is reflected 
by a change in energy. This relation between water loss and 
energy consumption is the basis for many of the methods used 
to estimate ET rates.

Bowen-Ratio Evapotranspiration Measurement 
Method

ET rates were computed for 20-minute periods using the 
Bowen-ratio energy-budget method from averaged 20‑minute 
micrometeorological measurements (average of 10- or 
30‑second measurements). Daily ET is the sum of 20-minute 
ET rates and monthly ET is the sum of daily ET.

Energy Budget
Energy at the surface of the Earth can be described as a 

budget in which a balance is sought between the incoming and 
outgoing energy components (fig. 3). Terms related to the flux 
of energy can be expressed mathematically as (Stull, 1988): 

	 R H G En = + + l ,	 (1)

where

 Rn is net radiation (energy per time per area),

 H is sensible-heat flux (energy per time per area), 

 G is subsurface-heat flux (energy per time per area), and

 lE is latent-heat flux (energy per time per area),
where
 l  (energy per mass) is latent heat of vaporization for water 

and is a function of air temperature, 
 l  (Joules/kg) equals [287.04*(6,788.6 – 5.0016* 

air temperature, in degrees 
Kelvin)]/0.622,

 E is rate of mass flux of water vapor 
(mass per time per area).

Net radiation is the principal term of the energy budget 
and provides energy to the remaining components of the 
budget at the Earth’s surface (eq. 1). It is the algebraic sum 
of incoming and outgoing long- and short-wave radiation 
(0.25–60 µm) and can be expressed as:

	 R LW LW SW SWn in out in out= - + -( ) ( ) ,	 (2)

where

 
LWin out, 

 
is incoming ( )in  and outgoing ( )out  long-wave 

radiation (energy per second per area), and
 SWin out, is incoming ( )in  and outgoing ( )out  short-wave 

radiation (energy per second per area).

Subsurface-heat flux is the amount of energy, originating 
from net radiation, which moves across the soil surface. This 
energy term has two distinct components: a soil-heat flux that 
is sampled at depth ( z ) and a change in the stored energy 
between the Earth’s surface and z . This is expressed as:

	 G G T t C Cz z s s s w w= + D D +d r qr( / )( ) ,	 (3)

where

 Gz is soil-heat flux sampled at depth z (energy per 
time per area),

 dz is thickness of soil layer above z  (length),
 D DTs t/ is change in average soil temperature (Ts ) within 

the thickness layer dz  during the sampling 
period ( t ), 

 rs is soil-bulk density (mass per volume),
 Cs is specific heat of dry soil (energy per mass per 

temperature),
 q is volumetric soil-water content (dimensionless),

 rw is density of water (mass per volume), and
 Cw is specific heat of water (energy per mass per 

temperature).
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Sensible-heat flux is the energy used to heat the air at 
the Earth’s surface and is proportional to the product of the 
air‑temperature gradient and the turbulent-transfer coefficient 
for heat; it can be expressed as:

	 H C k T T z za p h l u l u= - -r ( )/( ) ,	 (4)

where

 ra is density of dry air (mass per volume),

 Cp is specific heat of dry air at a constant pressure (energy 
per mass per temperature),

 kh is turbulent-transfer coefficient of sensible heat (area 
per time),

 Tl u, is temperature of air at lower ( l ) or upper (u ) 
instrument height, and 

 zl u, is lower ( l ) or upper (u ) instrument height at which 
temperature of air is measured (length).

Latent heat is the energy that is stored in atmospheric 
water vapor. The energy used for ET is represented by a 
vertical change (or flux gradient) in the vapor pressure. Vapor 
pressure is calculated from air-temperature and relative‑ 
humidity measurements using an approximating polynomial 
for determining the vapor pressure over water (Lowe, 1977). 
In a flux-gradient format, the latent-heat flux is proportional to 
the product of the vapor-pressure gradient and the turbulent-
transfer coefficient of water vapor and can be expressed as:

	 l lr eE k P e e z za v a l u l u= - -( / )( )/( ) ,	 (5)

where 
 e is ratio of molecular weight of water vapor to dry air 

(dimensionless),

 
kv is turbulent-transfer coefficient of water vapor (area 

per time),

 
Pa is ambient-air (barometric) pressure (force per area), 

and
 el u, is vapor pressure at lower ( l ) or upper (u ) 

instrument height (force per area).
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(Modified from DeMeo and others, 2003)

Figure 3.  Schematic of surface energy-budget components.

�    Evapotranspiration by Phreatophytes Along the Lower Colorado River at Havasu National Wildlife Refuge, Arizona



Because the turbulent-transfer coefficients of heat  
(kh ) and vapor (kv ) cannot be determined directly (eqs. 
4 and 5, respectively), an indirect method for solving the 
energy-budget equation was developed (Bowen, 1926). Bowen 
assumed that the turbulent-transfer coefficients essentially 
are equal during daytime heating conditions, thus kh  and 
kv  can be disregarded (ratio equals one) by taking the ratio 
of sensible‑heat flux (eq. 4) to latent-heat flux (eq. 5). This 
expression, known as the Bowen ratio, can be written as:

	 b l g= = - -[ ]H E T T e el u l u/ ( )/( )  ,	 (6)

where 

 b is the Bowen ratio (dimensionless), and

 g is the computed 
 
g le r lr e= =é
ëê

ù
ûúP C C k k Pa p a p h a v a/ ( )/( / )   

 
altitude-dependent psychrometric constant (force 
per area per time).

When the Bowen ratio is substituted into equation 1, 
latent-heat flux can be solved using: 

	 l bE R Gn= - +( )/( )1 .	 (7)

ET is the mass flux of water into the atmosphere and can 
be calculated with latent-heat flux as

	 ET E w= l lr/( ) ,	 (8)

where ET is the rate of evapotranspiration (length per time). 
Substituting for lE  with equation 7 evapotranspiration equals

	 ET R Gn w= - +( )/( )( )lr b 1  .	 (9)

Thus, using equation 9, ET can be calculated with data 
that are measured directly, including net radiation, soil-heat 
flux, relative humidity, and air temperature and data that 
are derived from direct measurements, including air-vapor 
pressure, latent heat of vaporization, subsurface-heat flux, 
and psychrometric constant. Laczniak and others (1999) and 
DeMeo and others (2003) provide detailed explanations of this 
procedure.

Site Selection
The Bowen-ratio method, used in this study, assumes 

that turbulent fluxes are one dimensional; horizontal gradients 
of heat and that water vapor are negligible compared to 
the vertical gradient of respective components. Horizontal 

gradients of heat and water vapor can be minimized when the 
measured layer of air is at least 90 percent equilibrated with 
the vegetation being studied. This condition likely is satisfied 
when the fetch is 100 times the height of instrumentation 
(Campbell, 1977). Fetch is the distance that wind blows over 
a uniform surface. As wind travels over a uniform vegetation 
surface, a layer of modified air forms, with a thickness that 
increases with fetch. Generally, fetch is measured downwind 
from the edge of the uniform surface, such as, where there is 
a distinct change in vegetation type or density. However, in 
many phreatophyte areas the edge is diffuse, as changes in 
vegetation type and density occur gradually over a distance.

ET sites for this study were selected to maximize 
the fetch. Site selection also was based on the presence 
of vegetation that is representative of phreatophyte areas 
along the LCR. Physical access to the station and landowner 
permission for installing the stations also was considered 
during site selection. 

ET stations were installed at three sites on the HNWR; 
one in a homogeneous stand of high-density saltcedar, a 
second in a stand of medium-density mixed vegetation, and a 
third in low-to-medium density arrowweed (fig. 2).

Description of Evapotranspiration Sites 
A saltcedar (SC) ET station was installed in an area 

of homogeneous saltcedar that exceeds 2,000 acres (fig. 2, 
table 3). The saltcedar area varies from medium-to-high 
density; however, with high-density saltcedar present near 
the SC station. Saltcedar near the station was 8–12 ft tall in 
May 2002 and grew to 10–12 ft by June 2004. Saltcedar grows 
vigorously during the spring and summer and is dormant 
in the winter. Most of the saltcedar surrounding the station 
was regrowth after a wildfire that occurred in July 1998 
(Guay, 2001). 

A mixed-vegetation (MV) ET station was installed 
in an area of medium-density phreatophytes that consist 
of screwbean mesquite, arrowweed, saltcedar, salt grass, 
baccharis, and sharp-leaved rush (fig. 2, table 3). The 
mesquite and sharp-leaved rush grew in small, dense stands; 
but the overall density of the fetch was medium. Except for 
arrowweed and baccharis, the vegetation that surrounds this 
station is dormant in winter. 

An arrowweed (AW) ET station was installed in 
homogeneous, low-to-medium density arrowweed (fig. 2, 
table 3). The arrowweed was about 4–6 ft tall and appeared 
to be recovering from a wildfire that probably occurred in 
1997, based on information that a nearby area had burned 
completely in that year (CH2MHILL, 1999, photograph 
312–636.gif). Individual saltcedar and mesquite plants were a 
small percentage of the vegetative cover. Unlike saltcedar and 
mesquite; arrowweed does not go dormant in the winter. 
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The density descriptors of high, medium, and low used 
in this report are qualitative terms. That is, low-density 
vegetation has a relatively high ratio of bare soil to canopy 
cover and can be traversed easily without disturbing plants. 
Medium density vegetation has a lower ratio of bare soil to 
canopy cover and can be traversed only for short distances 
without disturbing plants. High-density vegetation has a low 
ratio of bare soil to canopy cover and cannot be traversed 
without disturbing plants. High-density vegetation along the 
LCR typically consists of homogeneous stands of saltcedar, 
mesquite, and occasionally arrowweed.

ET stations were not established to determine open-water 
or bare-soil evaporation, or aquatic vegetation ET. Evaporation 
from water bodies is significant (Bureau of Reclamation, 
2004) and a separate study would be required to accurately 
evaluate open-water evaporation. ET from aquatic vegetation, 
or marshes, is significant only within the wildlife refuges 
along the LCR. Sufficient data are available, from previous 
USGS studies of phreatophytic ET in semi-arid environments 
(table 1), to estimate the annual ET from barren areas. 

Field Instrumentation
Three micrometeorological data-collection stations 

were established and instrumented in the Topock Marsh area 
of HNWR for periods of 1 or more years to document daily 
and seasonal fluctuation of ET (fig. 2). Micrometeorological 
and soil data needed to solve the energy-budget methods 
applied in this study require installation of a net radiometer, 
two air-temperature/relative-humidity probes (THPs) at two 
heights above the average vegetation canopy (1.6 and 4.9 ft), 
a directional anemometer, soil heat-flux plates, and subsurface 
soil-temperature and soil-moisture probes (fig. 4). All data 
were sampled at 10- or 30-second intervals and stored as 
20-minute averages. The solution of the Bowen ratio requires 
accurate measurements of air-temperature and relative-
humidity gradient above the vegetation canopy. Instrument 
bias may be introduced by using two different THPs to make 
the measurements. The error due to instrument bias was 
minimized by using an automatic exchange mechanism to 
alternate the positions of the THPs between reference heights 
(height of instrument) every 10 minutes.

Table 3.  Evapotranspiration site information.

[Station identifier: SC, saltcedar; MV, mixed vegetation; AW, arrowweed]

Station 
identifier

Latitude Longitude
Installation 

date
Removal 

date
Relative 
density

Vegetation description

SC 34˚48’27.0” 114˚32’02.0” 05–23–02 06–16–04 High High-density saltcedar. Few areas of bare, fine soil. 
Moist on surface part of the year, some moisture 
less than 1 foot in depth. Depth to water is about  
8 feet.

MV 34˚46’17.1” 114˚31’34.5” 05–22–02 06–16–04 Medium Medium-density, mixed vegetation. Screwbean 
mesquite, saltcedar, salt grass, arrowweed, 
baccharis, sharp-leafed rush. Very little bare soil. 
Medium grained soil is dry mostly at surface; some 
moisture about 1 foot below surface. Depth to water 
about 4–8 feet.

AW 34˚47’55.7” 114˚33’15.4” 12–18–02 06–16–04 Low to  
medium

Low-to-medium density arrowweed. Few saltcedar or 
mesquite. Some areas of bare, sandy soil. Dry on 
surface, some moisture at 1–2 feet depth. Depth to 
water is about 8 feet.
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Lower Colorado River Accounting System 

Lower Colorado River Accounting System 
Evapotranspiration Measurement Method

In 1996, improvements were made to the ET method 
developed by the USGS for LCRAS (Jensen, 1998), whereby, 
crop and phreatophyte evapotranspiration (ETc ) is the 
product of daily reference ET (ETo ) and a crop specific ET 
coefficient (Kc): 
	 ET K ETc c o=  .	 (10)

ETc  is a function of spatial and temporal factors 
that control ET. The Kc  is a function of certain crop and 
phreatophyte properties, and reflects spatial (unique curve for 
specific crops and phreatophyte groups) and temporal (shape 
of curve) changes in those properties, whereas the daily ETo  
is a function of meteorological conditions.

Net
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(net radiation) Temperature-
humidity
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(upper air

temperature and
vapor pressure)

Temperature-
humidity
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(lower air

temperature and
vapor pressure)

Automatic exchange mechanism

Water
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Precipitation
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(wind speed)
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(soil moisture)
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Figure 4.  Schematic of instrumentation used to measure micrometeorological, soil, and ground-water data.
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Description of Lower Colorado River Accounting 
System Phreatophyte Groups

ETc  is estimated for 11 nonaquatic phreatophyte groups 
and barren areas as part of LCRAS (table 4). The total area of 
phreatophytes for the Davis Dam to Parker Dam range from 
452 acres for the cottonwood and willow (cw) group to  
13,326 acres for barren areas. 

LCRAS defines the barren group as an area with less than 
10 percent of any vegetation (table 4). ET from barren areas 
is a function of depth to the water table (Jensen, 1998) and 
precipitation. For example, for bare-soil areas the estimated 
annual ET rate is 0.5 ft where the depth to the water table 
is 8.8 ft and only 0.33 ft where the depth to water is 10.8 ft 
(Jensen, 1998). Ground water rises slowly to the surface 
through capillary action and evaporates, or some ground 
water may be transported through the soil to the surface as 
vapor transport. Precipitation may evaporate directly from 
the surface of the ground or may infiltrate the soil, increasing 
soil moisture; ultimately, soil moisture is used by plants or 
evaporates at the soil surface.

LCRAS does not differentiate barren areas based 
on depth to water, although annual ET for barren soil is 
dependent on the depth to water. The LCRAS barren group 
includes areas where the water table is within the root zone, 
such as recently burned or mechanically cleared areas and 

abandoned fields, and areas where the depth to water is below 
the root zone, such as sand dunes and dredge piles where 
sparse communities of xerophytes or annual plants rely 
primarily on precipitation instead of ground water. Annual 
ET for barren areas where the depth to water is below the root 
zone would be limited by annual precipitation. 

Lower Colorado River Accounting System 
Evapotranspiration Coefficients

Coefficients typically are derived empirically from 
concurrent measurements of daily crop for specific crops 
and daily reference ET. Although ET coefficients have been 
derived in such a manner for different crop types in areas 
other than the LCR (Jensen, 1998), coefficients have not 
been empirically derived in such a manner for phreatophytes. 
Instead, Jensen (1998) correlated daily ET data for 
phreatophytes compiled from short-term ET studies conducted 
in the Southwestern United States with average daily reference 
ET from local meteorological stations operated by agencies 
and organizations of the States of Arizona and California. 

Daily LCRAS ET coefficients (Kc ) are a function of a 
specific crop type or phreatophyte group (table 4) and time 
of year (fig. 5). That is, the coefficient depends on water 
availability, soil conditions, and vegetation characteristics, 
including the relative vegetation density, type of vegetation, 

Table 4.  Description of Lower Colorado River Accounting System phreatophyte groups.

[Group names and descriptions are from Lower Colorado River Accounting System (LCRAS; U.S. Bureau of Reclamation, 2004). Acreages based on 1994 
LCRAS geographic data and are for Davis Dam to Parker Dam subreach of Colorado River]

Group name Description
Area

(acres)

Annual 
evapotranspiration, 

2003 
(feet)

barren Less than 10 percent vegetation 13,326 1.01

sc_low 11 to 60 percent saltcedar and less than or equal to 25 percent arrowweed 12,710 4.50

sc_high 61 to 100 percent saltcedar and less than or equal to 25 percent arrowweed 8,057 5.11

sc/ms 11 to 60 percent saltcedar, 11 to 60 percent mesquite, and less than or equal to  
25 percent arrowweed

3,922 5.40

ms_low 11 to 60 percent screwbean and honey mesquite and less than or equal to  
25 percent arrowweed

900 3.98

sc_aw Less than or equal to 75 percent saltcedar and greater than or equal to 25 percent arrowweed 594 5.24

sc/ms/aw 15 to 45 percent saltcedar, 15 to 45 percent mesquite, and 20 to 40 percent arrowweed 643 5.48

ms_high 61 to 100 percent screwbean and honey mesquite, and less than or equal to  
25 percent arrowweed

892 4.96

ms/aw 21 to 60 percent mesquite, 31 to 60 percent arrowweed, and less than or equal to  
20 percent saltcedar

1,178 4.74

aw 51 to 100 percent arrowweed and less than or equal to 10 percent any trees 1,516 4.66

low_veg Greater than 10 percent and less than or equal to 30 percent any phreatophyte vegetation 2,419 4.26

cw 61 to 100 percent cottonwood and willow trees 452 4.91
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and growth stage. For crops, the growth stage corresponds to 
the planting and harvest cycle; whereas for phreatophytes, Kc
corresponds with natural, seasonal growth stages of different 
vegetation (fig. 5). The maximum Kc  corresponds to a period 
when plants are vigorous, from mid-May until early October, 
whereas the minimum Kc  corresponds to a period when many 
phreatophytes are dormant, from December through February. 
The coefficient gradually increases daily from March through 
mid-May as the vegetation transitions from dormancy to 
vigorous growth and gradually decreases daily from early 
October to December as plants transition from vigorous 
growth to dormancy or less vigorous growth. Generally, the 
maximum Kc  is positively proportional to the relative density 
of crops or phreatophytes. 

LCRAS ET coefficients were derived from existing ET 
data and represent average spatial and temporal conditions. 
Daily ET coefficients do not vary annually or among crops 

of the same type or among phreatophytes of the same group. 
Thus, methods using Kc  do not account for variability of plant 
growth and condition annually or the variability of vegetation 
condition and soil characteristic among the same crop types or 
phreatophyte groups. 

LCRAS Kc  for most nonaquatic phreatophytes undergo 
a significant percentage change from December (0.2) to the 
period January through early March (0.331); no biological or 
physical process would cause such a significant change from 
December 31 to January 1 (fig. 5).

The distribution of daily LCRAS barren Kc  is dependent 
on temporal changes in depth to water (fig. 6). The barren Kc  
is low during the warm season and high during the cool season 
because the depth to water is relatively high in the warm 
season and relatively low in the cool season.	
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Figure 5.  Daily evapotranspiration coefficients for five selected lower Colorado River Accounting System phreatophyte groups. 
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Reference Evapotranspiration
Daily ETo  is obtained from a network of meteorological 

stations that are in selected fields along the LCR in Arizona 
(Arizona Meteorological network) and California (California 
Irrigation Management Information System). Daily ETo  
is computed separately for each reach of the LCR. Daily 
ET, computed for the Davis Dam to Parker Dam subreach, 
fluctuates greatly from day to day and year to year (fig. 7).

Reference ET stations are operated and maintained 
by agencies of the respective States. Information for the 
Arizona reference ET stations (AZMET) is available at 
http://ag.arizona.edu/AZMET/. Information for the California 
reference ET stations (CIMIS) is available at http://wwwcimis.
water.ca.gov/cimis/welcome.jsp. 

Since 1999, ETo  has been computed for both station 
networks (AZMET and CIMIS) using a standardized reference 
ET equation (Bureau of Reclamation, 2000). The standardized 
reference ET equation was developed to provide a standard 
method for determining reference ET (Environmental and 
Water Resources Institute of the American Society of Civil 

Engineers, 2002). The standardized reference ET equation is 
a modified version of a physics-based model that combines 
energy-budget and mass-transfer methods for determining the 
evaporation over open-water surfaces (Penman, 1948). 

The standardized reference ET equation (eq. 11) is 
applied to adequately watered crops with extensive surfaces; 
which are crops that are irrigated frequently enough to 
avoid plant stress and which are large enough that the layer 
of air over the crop is equilibrated with the crop surface at 
the station (adequate fetch), regardless of wind direction 
(Allen and others, 1998). AZMET and CIMIS reference ET 
stations generally are in or adjacent to large, irrigated alfalfa 
fields (considered a tall crop for reference ET). The equation 
includes constants (Cn andCd) that are dependent on the 
reference crop type (short or tall), calculation time step, and 
whether data are computed for day or night: 
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Figure 6.  Daily evapotranspiration coefficient for Lower Colorado River Accounting System barren group.
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where

 ETo is reference evapotranspiration (length per time),

 m2 is mean daily wind speed (length per time),

 
T is mean daily or hourly air temperature (degrees 

Kelvin),
 es is saturation vapor pressure (force per area),

 ea is atmospheric vapor pressure (force per area),

 D is slope of vapor pressure curve (force per area per 
degree),

 Cn is numerator constant for reference type and 
calculation time step (dimensionless), and

 Cd is denominator constant for reference type and 
calculation time (dimensionless).

Detailed guidelines for use and requirements of the 
standardized reference ET equation are presented by Allen and 
others (1998) in a Food and Agriculture Organization of the 
United Nations (FAO) publication. An electronic version of 
the FAO publication is available at http://www.fao.org/docrep/
X0490E/x0490e00.htm#Contents (accessed  
May 19, 2005). A condensed version is available at http://
www.kimberly.uidaho.edu/water/asceewri/main.pdf (accessed 
May 19, 2005).

Changes in weather conditions that affect ET are 
accounted for in the LCRAS method by meteorological 
measurements that are used to compute ETo  (eq. 11). 
However, an adequate fetch of specified crop type (typically 
alfalfa) is required for the standardized reference ET equation. 
The fetch may be affected by crop fallowing or harvesting 
or rotation of nearby fields, which in turn, may affect the 
computed ETo. Because fetch is dependent on wind direction, 
the resulting estimated ET also is dependent on wind direction. 
In addition, large daily fluctuations in ETo  may be associated 
with periodic flood-irrigation of nearby fields, which could 
affect the measured properties at a station. In comparison, 
large daily fluctuations are not typical of ET estimated using 
the Bowen-ratio method. Moreover, phreatophyte areas are 
not affected similarly by the periodic application of irrigation 
water. For the reach of the LCR between Davis Dam and 
Parker Dam, daily ETo  is for one AZMET reference station 
(Mohave 1) in 2002, but is the average of two AZMET 
reference stations (Mohave 1 and Mohave 2) in 2003 and 2004 
(U.S. Bureau of Reclamation, 2004, p. 20).
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Figure 7.  Daily reference evapotranspiration for Davis Dam to Parker Dam reach of the lower Colorado River, 2002–04.
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Evapotranspiration Rates
Monthly ET was computed for three Bowen-ratio stations 

at HNWR from 2002 to 2004 and compiled for six LCRAS 
phreatophyte groups, including barren soil. Monthly ET for 
each Bowen-ratio station was compared to monthly LCRAS 
ET for phreatophyte groups with similar vegetation and 
densities.

Bowen-Ratio Evapotranspiration Rates

Micrometeorological and soil data were collected at three 
ET stations in Topock Marsh, from May 2002 to June 2004 
(table 3). The stations are in areas that are representative of 
common phreatophyte types and densities found along the 
LCR; homogeneous saltcedar (SC), medium-density mixed 
vegetation (MV), and homogeneous low-to-medium density 
arrowweed (AW). Monthly Bowen-ratio ET was computed 
(sum of daily ET) for each SC, MV, and AW station (figs. 8A, 
8B, 8C, respectively).

Lower Colorado River Accounting System 
Estimated Evapotranspiration Rates

Monthly ET was compiled for six LCRAS phreatophyte 
groups for 2002 and 2003, including barren soil. Based 
on the LCRAS group descriptions (table 4), five LCRAS 
phreatophyte groups were selected that have vegetation 
characteristics similar to vegetation at the Bowen-ratio ET 
stations (table 3). Monthly ET was compiled for groups 
sc_high, ms/aw, sc/ms/aw, aw, low_veg, and barren  
(figs. 9A–9F, respectively).

Comparison of Bowen-Ratio and Lower 
Colorado River Accounting System Estimated 
Evapotranspiration Rates 

Monthly Bowen-ratio ET rates for each ET station (SC, 
MV, and AW) were compared to monthly ETc  rates for 
LCRAS vegetation groups associated with each ET station, 
based on descriptions of phreatophyte groups (table 4), for 
part of 2002 and all of 2003 (table 5). Generally, the LCRAS 
method yielded higher estimated phreatophytic ET than 
estimates using the Bowen-ratio method (table 5, fig. 10).

Monthly Bowen-ratio ET for the SC station was 
compared to monthly ETc  for sc_high group from June 2002 
through December 2003. With the exception of November and 

December 2003, monthly ETc  rates were consistently  
higher than Bowen-ratio estimated ET rates by an average of 
55 percent.

Monthly Bowen-ratio ET for the MV station was 
compared to monthly ETc  for ms/aw and sc/ms/aw groups 
from June 2002 through December 2003. With the exception 
of December 2002 and December and February 2003, monthly 
ETc  rates were consistently higher than Bowen-ratio estimated 
ET rates for both LCRAS groups by an average of 84 percent 
(ms/aw) and 105 percent (sc/ms/aw). 

Monthly Bowen-ratio ET for the AW station was 
compared to monthly ETc  for aw and low_veg groups from 
January through December 2003. Monthly ETc  rates were 
consistently higher than Bowen-ratio estimated ET rates for 
both LCRAS groups by an average of 97 percent (aw) and 
90 percent (low_veg).

Barren ET was not measured directly as part of the 
study because (1) a limited number of energy-budget stations 
could be installed and operated and (2) because the estimated 
quantity of LCR water lost in barren areas is low compared to 
other phreatophyte groups. Monthly LCRAS barren ETc  for 
2002 was 1.14 ft (annual precipitation at the Mohave AZMET 
station was 0.07 in.) and for 2003 was 1.03 ft (fig. 9F). These 
rates are as high as those reported for sparse grassland and 
sparse shrubland for other ET studies (table 1). Based on 
relative comparisons to other estimates of ET with similar 
environmental characteristics, the LCRAS estimated monthly 
ET for bare-soil areas appear reasonable from May through 
November, but seem high for January, February, and March.

Higher ET estimates using the LCRAS method likely is 
due to uncertainties associated with the derivation of  
Kc . LCRAS ET estimates are the product of two variables; 
the daily ETo  and ET Kc  (eq. 10). The standardized 
reference ET equation used by LCRAS (eq. 11) was developed 
rigorously specifically for well-watered crops and was 
derived from a widely accepted physics-based ET model. 
However, Kcwhich are normally empirically derived, were 
not specifically derived for the LCR due to the lack of long-
term ET measurements for crops and phreatophytes. LCRAS 
agricultural ET coefficients were derived from coefficients 
used in other Western United States agricultural areas and 
modified to reflect characteristics of crops along the LCR (the 
average day of year for planting and harvesting; Jensen, 1998). 
LCRAS phreatophyte ET coefficients were derived from a 
correlation of compiled phreatophyte ET data and daily ETo  
data (Jensen, 1998).

16    Evapotranspiration by Phreatophytes Along the Lower Colorado River at Havasu National Wildlife Refuge, Arizona



2002
2003
2004

M
ON

TH
LY

 E
VA

PO
TR

AN
SP

IR
AT

IO
N

, I
N

 F
EE

T

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

A.  SC station

B.  MV station

2002
2003
2004

JAN FEB MAR APR MAY JUNE JULY AUG  SEPT OCT NOV DEC
0

0.10

0.20

0.30

0.40

0.50

Figure 8.  Monthly evapotranspiration at SC, MV, and AW  stations, 2002–04.
(Station names: SC, saltcedar; MV, mixed vegetation; AW, arrowweed.)
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Figure 8.—Continued.

Figure 9.  Monthly evapotranspiration for six selected Lower Colorado River Accounting System 
phreatophyte groups, 2002–03.
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Figure 9.—Continued.
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Figure 9.—Continued.
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Table 5.  Comparison of monthly Bowen-ratio and Lower Colorado River Accounting System evapotranspiration rates, 2002–03.

[Bowen-ratio rates in bold. Units are in feet. ET station: SC, saltcedar; MV, mixed vegetation; AW, arrowweed; station installed on December 18, 
2002.Acronym: LCRAS, Lower Colorado River Accounting System; ET, evapotranspiration; ETo, reference ET. Symbol: –, data not available]

ET station and 
  LCRAS group

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

2002

SC – – – – – 0.59 0.63 0.58 0.46 0.22 0.05 0.04 –
   sc_high 0.10 0.14 0.23 0.46 0.71 .91 .84 .80 .61 .34 .17 .04 5.35

MV – – – – – .41 .44 .39 .25 .17 .07 .06 –
   ms/aw .10 .14 .24 .46 .66 .80 .74 .71 .54 .35 .20 .04 4.98
   sc/ms/aw .10 .14 .25 .50 .75 .96 .86 .83 .63 .35 .18 .04 5.59

AW – – – – – – – – – – – – –
   aw .10 .14 .22 .41 .63 .82 .76 .72 .55 .33 .19 .04 4.91
   low_veg .10 .15 .24 .41 .58 .71 .66 .63 .48 .31 .20 .05 4.52

   ETo .29 .43 .52 .62 .69 .83 .76 .73 .56 .39 .39 .17 6.38

2003

SC 0.04 0.05 0.12 0.26 0.51 0.62 0.50 0.52 0.42 0.36 0.09 0.04 3.53
   sc_high .11 .08 .18 .41 .72 .86 .80 .72 .71 .40 .09 .04 5.12

MV .07 .08 .17 .25 .34 .40 .33 .24 .22 .17 .06 .06 2.39
   ms/aw .11 .08 .20 .41 .66 .76 .71 .63 .63 .41 .10 .05 4.75
   sc/ms/aw .11 .08 .20 .44 .76 .91 .85 .76 .75 .48 .11 .05 5.50

AW .04 .06 .11 .20 .37 .40 .41 .32 .18 .14 .08 .04 2.35
   aw .11 .08 .17 .37 .63 .77 .72 .65 .64 .39 .09 .05 4.67
   low_veg .11 .09 .19 .36 .58 .67 .63 .56 .56 .37 .10 .06 4.28

   ETo .32 .25 .40 .55 .69 .78 .73 .65 .65 .47 .20 .21 5.90
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Figure 10.  Comparison of monthly Bowen-ratio evapotranspiration for SC, MV, and AW stations with monthly Lower 
Colorado River Accounting System evapotranspiration for selected Lower Colorado River Accounting System vegetation 
groups, June 2002–December 2003.
(Station names: SC, saltcedar; MV, mixed vegetation; AW, arrowweed.)
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Modified Evapotranspiration 
Coefficients and Computed 
Evapotranspiration

Daily Kc  were computed from daily Bowen-ratio ET 
and daily ETo for three relative densities of phreatophytes. 
A modified Kc  curve was derived empirically from average 
dailyKc . Daily modified Kc  were developed for barren soils. 
Daily and monthly ET was recomputed using the modified 
daily Kc  and daily ETo .

Modified Evapotranspiration Coefficients

Modified coefficients can be computed for each ET 
station by dividing daily energy-budget ET by daily LCRAS 
ETo . A curve can be developed from the computed daily 
coefficients by averaging the daily coefficients for two 
periods of the year that correspond to growth stages of plants 
(generally, dormancy during the cool season and vigorous 
growth during the summer) and computing sloped, straight 
lines between the end and start of each period (fig. 11). 

Daily Kc computed from SC energy-budget
evapotranspiration (ET) and ETo
Modified Kc curve derived from computed Kc

Lower Colorado River Accounting System sc_high group Kc
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Figure 11.  Computed daily evapotranspiration coefficients for the saltcedar (SC) station and modified coefficient curve, 2003.
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ET coefficients represent average plant and soil 
conditions (growth stage, stress, or density or soil salinity) 
over space and time and may not accurately reflect the 
conditions of any particular vegetated area on a specific 
day. Given that coefficients represent average conditions, 
the accuracy of the modified coefficients may be improved 
by deriving average coefficients from data for several years, 
rather than 1 year, thereby reducing the effects of large daily 
fluctuations of reference ET and seasonal variability. For 
example, large daily fluctuations of the computed coefficients 
for the SC station for 2003 (fig. 11) are due to corresponding 
large daily fluctuations of reference ET (fig. 7). Unexpected 
seasonal variability of computed daily coefficients, such as 
low values in September 2003 followed by high values from 
October to November 2003, probably are due to anomalous 
reference ET. 

Available daily Bowen-ratio ET data from 2002 through 
2004 were divided by corresponding daily ETo  to develop 
an average daily ET coefficient curve for each station. Daily 
coefficients were averaged for two separate periods (late 
autumn or early winter to early or late spring, and early 
summer to early or late autumn) to empirically derive a 
modified daily Kc  curve. Periods were based on how an 
average value changed during a period. A linear equation was 
used to interpolate daily coefficients for the two transition 
periods. 

High-Density Vegetation (SC Station)
Daily Kc  were computed for the SC station from 

May 23, 2002, to June 14, 2004. An average modified daily 
coefficient (fig. 12A, table 9 at back of report) was derived 
from available computed coefficients for each day of the year 
and is the average of 2 or 3 days, based on when data were 
available. The modified daily Kc  for the SC station ranges 
from 0.22 (January 1–March 10 and November 30– 
December 31) to 0.76 (May 19–September 25). In contrast, the 
LCRAS daily Kc  from May to September is 1.10 for sc_high 
group (fig. 12A).

Medium-Density Vegetation (MV Station)
Daily ET coefficients were computed for the MV station, 

May 23, 2002–June 14, 2004. An average modified daily 
coefficient (fig. 12B, table 10 at back of report) was derived 

from available computed coefficients for each day of the year 
and is the average of 2 or 3 days, based on when data were 
available. The modified Kc for the MV station ranges from 
0.30 (January 1–February 21 and October 26–December 31) 
to 0.53 (May 9–July 23). In contrast, the LCRAS daily Kc  
from May–September is 1.16 for sc/ms/aw group and 0.97 for 
ms/aw group (fig. 12B). 

Low-to-Medium Density Vegetation  
(AW Station)

Daily ET coefficients were computed for the AW station 
from January 1, 2003, to June 14, 2004. An average modified 
daily coefficient (fig. 12C, table 11 at back of report) was 
derived from an average of variable number of days from 
January 1 to June 14. From June 15 to December 31, the 
derived coefficient is equal to the computed daily coefficient 
for 2003. The modified Kc  for the AW station ranges from 
0.21 (January 1–February 21 and November 26–December 31) 
to 0.56 (May 7–August 17). In contrast, the LCRAS daily Kc  
from May–September is 0.86 for low_veg group and 0.99 for 
aw group (fig. 12C). 

Barren Soil
Due to the lack of Bowen-ratio ET data, modified 

coefficients could not be empirically derived, though it is 
possible to evaluate the LCRAS Kc  and ETc  for the barren 
group. The LCRAS Kc  curve for barren areas was modified 
(fig. 13, table 12 at back of report) using representative ET 
rates estimated for other barren-soil, low-density vegetation, 
or sparse-vegetation areas in southern Nevada (table 1). While 
developing the modified LCRAS curve for “dry” barren 
areas, it was assumed that annual ET is less than 1 ft. Also, 
certain criteria were established: (1) the modified barren soil 
coefficient curve retains the original LCRAS coefficient from 
mid-April to mid-October, (2) the modified coefficients are 
lower than the LCRAS coefficients from January through 
March, and (3) the modified coefficients are the same for 
December and January. 
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Figure 12.  Modified daily evapotranspiration coefficients for SC, MV,  and AW stations.
(Station names: SC, saltcedar; MV, mixed vegetation; AW, arrowweed.)
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Figure 12.—Continued.

Lower Colorado River Accounting System barren group Kc

Modified barren group Kc
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Figure 13.  Modified daily evapotranspiration coefficients for barren soil.
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Evapotranspiration Computed Using Modified 
Coefficients

High-Density Vegetation (SC Station)
Daily and monthly ET for the SC station were computed 

and compared to ET estimated by the Bowen-ratio method. 
Daily ET was computed from May 23, 2002, to June 14, 2004, 
using the modified daily Kc  and daily ETo and compared to 
the daily Bowen-ratio ET for the same period. Data compared 
for 754 days had a correlation coefficient of 0.92, with 
large differences for many days (fig. 14A). Monthly ET was 
computed (sum of daily ET) and compared to Bowen-ratio 
ET for 24 months (June 2002–May 2004; fig. 14B). Based on 
a correlation coefficient of 0.99, monthly ET computed using 
a modified daily Kc  yields results that compare favorably 
with monthly Bowen-ratio ET. Total ET for two 12-month 
periods (June 2002–May 2003 and June 2003–May 2004; 
table 6) also was compared to Bowen-ratio ET; computed ET 
was about 3.7 and 2.6 percent more, respectively, than the 
Bowen‑ratio ET. 

Medium-Density Vegetation (MV Station)
Daily and monthly ET for the MV station were computed 

and compared to ET estimated by the Bowen-ratio method. 
Daily ET was computed from May 23, 2002, to June 14, 2004, 
using the modified daily Kc  and daily ETo and compared to 
the daily Bowen-ratio ET for the same period. Data compared 
for 754 days had a correlation coefficient of 0.89, with 
large differences for many days (fig. 15A). Monthly ET was 
computed and compared to Bowen-ratio ET for 23 months 
(June 2002–May 2004, March 2004 was omitted due to 
poor energy-budget data; fig. 15B). Monthly percentage of 
differences ranged from ‑77.1 to 23.2 percent (November 2002 
and October 2002, respectively), with an average difference 
of 6.7 percent. The magnitude of differences ranged from 
-0.07 to 0.04 ft (August 2003 and October 2002, respectively), 
and averaged 0.01 ft. Based on a correlation coefficient of 
0.97, monthly ET computed using a modified daily Kc  yields 
results that compare favorably with monthly Bowen-ratio ET. 

Total ET for one 12-month period (June 2002– 
May 2003) and one 11-month period (June 2003–May 
2004, excludes March 2004) were 0 and 8.6 percent more, 
respectively, than the total ET estimated by the Bowen-ratio 
method (table 6). 

Low-to-Medium Density Vegetation  
(AW Station)

Daily and monthly ET for the AW station were computed 
and compared to ET estimated by the Bowen-ratio method. 
Daily ET was computed from January 1, 2003, to June 14, 
2004, using the modified daily Kc  and daily ETo and 
compared to the daily Bowen-ratio ET for the same period. 
Data compared for 531 days had a correlation coefficient of 
0.89, with large differences for many days (fig. 16A). Monthly 
ET was computed and compared to Bowen-ratio ET for 17 
months from January 2003 to May 2004 (fig. 16B). Monthly 
differences ranged from ‑66.9 to 21.2 percent (January 2004 
and November 2003, respectively), with an average difference 
of 13.3 percent. The magnitude of differences ranged from 
-0.11 to 0.02 ft (September 2003 and May 2004, respectively), 
with an average of 0.02 ft. Based on a correlation coefficient 
of 0.98, computed monthly ET compare favorably with 
monthly Bowen-ratio ET. 

Total ET for one 12-month period (January–December 
2003) and one 5-month period (January–May 2004) also were 
computed and equaled 12.3 percent and 1.0 percent more, 
respectively, than estimated Bowen-ratio ET (table 6).

Table 6.  Comparison of total evapotranspiration computed with 
modified daily evapotranspiration coefficients and total evapotranspiration 
estimated with Bowen-ratio method for the saltcedar (SC), mixed- 
vegetation (MV), and arrowweed (AW) stations.

Period

Evapotranspiration (feet)   Error

Computed Bowen-ratio   Mean bias
Root mean 

square

SC station

June 2002– 
May 2003

3.67 3.54
  

0.01 0.04

June 2003– 
May 2004

3.65 3.56
  

.01 .04

     Total: 7.32 7.10   
MV station

June 2002– 
May 2003

2.70 2.70
  

0.00 0.03

June 2003– 
May 2004

2.52 2.32
  

.02 .04

     Total: 5.22 5.02   
AW station

January– 
December 
2003

2.65 2.36
  

0.02 0.04

January–May 
2004

.97 .96
  

.00 .02

     Total: 3.62 3.32   
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Figure 14.  Computed daily and monthly evapotranspiration and Bowen-ratio evapotranspiration for 
saltcedar (SC) station, 2002–04.
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Figure 15.  Computed daily and monthly evapotranspiration and Bowen-ratio evapotranspiration 
for mixed-vegation (MV) station, 2002–04.
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Monthly evapotranspiration
1:1 line
r = 0.975
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Figure 16.  Computed daily and monthly evapotranspiration and Bowen-ratio evapotranspiration for 
arrowweed (AW) station, 2002–04.
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Barren Soil
The modified barren-soil ET coefficients were used to 

compute monthly ET (fig. 17). By applying the modified 
coefficients, estimated annual ET for barren-soil areas was 

reduced to less than 1.0 ft, with cool-season monthly ET lower 
than warm-season ET. For 2002, estimated ET equaled 0.96 ft 
and for 2003 and 2004, annual ET was estimated at 0.87 and 
0.88 ft, respectively. 

2002 evapotranspiration, total = 0.96 foot
2003 evapotranspiration, total = 0.87 foot
2004 evapotranspiration, total = 0.88 foot
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Figure 17.  Modified monthly evapotranspiration for barren soil, 2002–04.
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Evaluation of Computed Monthly Lower 
Colorado River Accounting System 
Evapotranspiration Using Modified Coefficients

The magnitude and temporal distribution of modified 
ET coefficients are a function of vegetation density, type 
and composition, and depth to ground water. Generally, the 
coefficient increases with vegetation density, which varies 
throughout the year, and decreases with increasing depth to 
water. The type of vegetation affects the seasonal distribution 
of ET. Deciduous plants, such as saltcedar and mesquite, have 
high coefficients during the warm season, but low coefficients 
during the cool season when they are dormant (fig. 18). 
Evergreen plants, such as salt grass, baccharis, and arrowweed 
will have higher coefficients during the cool season than 
deciduous plants because they are not completely dormant. 
An area of homogeneous vegetation probably will have a 
shorter transition period, because the plants ‘green-up’ and 
go dormant at about the same rate; in contrast, a mixed-plant 
community probably has a longer transition period, because 
the plants green-up at different rates.

The relatively high modified coefficient during the warm 
season for the SC station reflects high-density vegetation 
(fig. 18). The relatively low modified coefficient during 

the cool season reflects complete dormancy of vegetation. 
Because the SC station consists of homogeneous saltcedar, all 
the plants are dormant during the cool season and loss of water 
is restricted mostly to evaporation from the soil. The transition 
period is relatively short due to homogeneity of the vegetation.

The mid-range modified coefficient for the MV station 
reflects medium-density vegetation and, as a result, has a 
lower coefficient during the warm season (fig. 18). However, 
during the cool season, coefficients for the MV station are 
higher than for the SC station due to the presence of evergreen 
plants, such as salt grass, baccharis, arrowweed, and sharp-
leaved juncus. Vegetation at the AW station is low-to-medium 
relative density and, as a result, has about the same modified 
coefficient during the warm season as the MV station. 

To further evaluate the modified coefficients, monthly 
ET computed from the modified coefficient and reference 
ET method for each water year (October–September) were 
compared (figs. 19A–19C). Annual variability of monthly ET 
may be due to differences in actual ET, which are reflected 
by differences in ETo , inherent error in the energy-budget 
method (typically estimated to be about 5 percent), and 
averaging of daily modified coefficients over time. 

SC station

MV station

AW station
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Figure 18.  Modified evapotranspiration coefficients for SC, MV, and AW stations.
(Station names: SC, saltcedar; MV, mixed vegetation; AW, arrowweed.)
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October 2002–September 2003, total = 3.56 feet
October 2003–September 2004, total = 3.65 feet
October 2004–September 2005, total = 3.39 feet

A. SC Station

B. MV Station
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October 2002–September 2003, total = 2.62 feet
October 2003–September 2004, total = 2.67 feet
October 2004–September 2005, total = 2.49 feet
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Figure 19.  Computed monthly evapotranspiration for SC, MV, AW stations, October 2002–
September 2005.
(Station names: SC, saltcedar; MV, mixed vegetation; AW, arrowweed.)
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Use of Colorado River Water by 
Phreatophytes

The Colorado River water recharges ground water in 
the adjacent flood-plain aquifer. The ground water is used by 
phreatophytes growing on the flood plain. 

The Bowen-ratio and LCRAS (reference ET and ET 
coefficient) methods, as described in this report account for 
total ET. The source of water lost to total ET includes surface 
water (excluding the LCR) introduced into the study area as 
a result of flooding, local precipitation, and ground-water 
loss (LCR water). Any surface water and local precipitation 
amounts can be adjusted to determine ground-water ET by 
using:

	 ET ET S p Sgw w s= - - -( )  ,	 (12)
where 

 ETgw is ground water use or discharge (length),

 
Sw is surface-water inflow from lower Colorado River 

tributaries (length),
 p is annual precipitation occurring on the flood plain 

(length), and

 Ss is soil water storage (length).

For purposes of this report, Sw  is assumed to be 
negligible. Surface water, as a result of storms, rarely enters 
the LCR flood plain from tributaries. When storm events 

produce runoff, the flow usually is restricted to channels that 
discharge directly into the LCR and the tributary surface 
water commingles with LCR water. Any subsequent ET loss 
of ground water recharged from commingled LCR water is 
considered entirely to be loss of LCR water. 

Some precipitation falling on the flood plain may 
infiltrate and accumulate in the soil. Water stored in the soil 
is available for ET at a later time. Thus, if there is an increase 
in soil-water storage due to recent precipitation, precipitation 
needs to be reduced by that amount to avoid overcorrection 
of ET due to precipitation. If there is a decrease in soil-water 
storage due to ET, precipitation (even if it equals zero) needs 
to be increased by that amount to avoid overestimating  
ETgw . However, because of the paucity of precipitation 
(2005 was an extremely wet year and only 0.76 ft of rain was 
recorded at Mohave AZMET station) and normally infrequent 
rain events only a small fraction of precipitation on the LCR 
flood plain is stored as soil water. Because the amount of 
stored soil water is very small compared to ET rates, this 
component was disregarded for this study.

Total ground-water discharge was estimated by  
(1) subtracting annual precipitation from annual Bowen-ratio 
ET rates to determine ETgw , (2) determining the acreage 
of phreatophytes, and (3) multiplying acreage by ETgw . 
Estimates of total ground-water discharge are presented for the 
phreatophytes growing within the HNWR.

October 2003–September 2004, total = 2.74 feet
October 2004–September 2005, total = 2.54 feet
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Figure 19.—Continued. 
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Precipitation
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Figure 20.  Monthly Mohave area average precipitation and saltcedar (SC) computed evapotranspiration, 2002–05.

Precipitation Correction to Total 
Evapotranspiration

Most of the precipitation that reaches the ground along 
the LCR evaporates from soil and plant surfaces or infiltrates 
the soil, temporarily increasing soil moisture. The flat ground 
surface and lack of channels indicate that runoff due to direct 
precipitation is negligible. Also, due to the normally small 
amounts of precipitation, it is unlikely that a significant 
amount of precipitation recharges the ground water. Therefore, 
almost all precipitation is lost to evaporation or ET. The 
overall short-term effect of precipitation on ET is to reduce the 
use of ground water by the amount of precipitation. In some 
instances, precipitation may invigorate plant growth, which 
may have an effect of increasing ground-water ET.

Adjusting ET for precipitation for periods of 1 month 
currently is impractical, because the amount of time it takes 
for the water to return to the atmosphere is highly variable. 
The amount of time depends on the magnitude of seasonal 
precipitation, air temperature, ambient soil moisture, depth 

that the water infiltrates, and vegetation density. A more 
detailed study would be required to quantify all the variables 
and relate them to ET.

Monthly precipitation does not exceed monthly ET 
during the warm months when ET is high, but monthly 
precipitation does exceed monthly ET during some cool 
months when ET is low and precipitation is high (fig. 20). 
Adjusting monthly ET on a monthly basis may result in 
months of negative ET (fig. 21). However, LCR water use  
(ETgw ) by phreatophytes could be near zero during the few 
months when precipitation is abundant. Monthly ET is the sum 
of daily ET computed using the modified daily Kc  and daily 
reference ET. 

Annual phreatophytic ET can be adjusted for annual 
precipitation; because during a 1-year period, most of the 
precipitation likely will evaporate or transpire. Annual ET 
estimated using the modified Kc  method was adjusted by 
subtracting total annual precipitation from the total annual 
ET for each Bowen-ratio station and barren soil (table 7). 
Precipitation is reported by Bureau of Reclamation (2004). 
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Table 7.  Unadjusted and adjusted computed annual evapotranspiration and annual Lower Colorado River 
Accounting System precipitation, 2002–04.

[Precipitation is the average of precipitation at Mohave Arizona Meteorological network and local National 
Weather Service station. ET station: SC, saltcedar; MV, mixed vegetation; AW, arrowweed. Acronyms: ET, 
evapotranspiration; LCRAS, Lower Colorado River Accounting System]

ET station LCRAS group
Unadjusted ET 

(feet)
Precipitation  

(feet)
Adjusted ET  

(feet)

2002

SC sc_high 3.80 0.03 3.77
MV ms/aw, sc/ms/aw 2.85 .03 2.82
AW aw, low_veg 2.87 .03 2.84
Barren barren .96 .03 .93

2003

SC sc_high 3.56 0.43 3.13
MV ms/aw, sc/ms/aw 2.61 .43 2.18
AW aw, low_veg 2.65 .43 2.21
Barren barren .87 .43 .44

2004

SC sc_high 3.59 0.57 3.02
MV ms/aw, sc/ms/aw 2.63 .57 2.06
AW aw, low_veg 2.71 .57 2.14
Barren barren .88 .57 .31
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Figure 21.  Adjusted monthly saltcedar (SC) station evapotranspiration, 2002–05.
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Delineation of Evapotranspiration Units and 
Estimated Total Evapotranspiration

HNWR was subdivided into areas of vegetation with 
similar relative density using remote sensing techniques 
described by Laczniak and others (1999), Reiner and others 
(2002), and DeMeo and others (2003). Vegetation groups 
and associated ET units were delineated using a June 
2004 thematic mapper image and applying a vegetation-
classification method based on calculated reflectance values 
for each pixel in the image. The magnitude and change 
of reflectance values depend, in part, on the amount of 
chlorophyll absorption that occurs within the plant giving 
an indication of the plant vigor and vegetation density. 
ET units were delineated by grouping image pixels with a 
similar spectral response, and then determining the density 
of vegetation in each ET unit by field observations. The area 
within the phreatophyte boundary was subdivided into four 
ET units, which correspond to relative densities of the three 
ET stations and barren ground. Because this method results 
in transitional boundaries, LCRAS Geographic Information 
System phreatophyte data for 2000 were used to provide a 
consistent phreatophytic-area boundary within the HNWR. 
The area of each ET unit was computed and multiplied by 
the associated annual ET to compute total LCR water use by 
phreatophytes within the LCRAS boundary from Davis Dam 
to Parker Dam (table 8). 

Comparison of Energy Budget and Lower 
Colorado River Accounting System 
Phreatophytic Evapotranspiration

The BOR reported 57,610 and 55,221 acre-ft of 
phreatophytic LCR water use (including marsh vegetation) 
in 2002 and 2003, respectively, for HNWR (U.S. Bureau of 
Reclamation, 2004). After adjusting for marsh ET, which 
was reported as 16,662 acre-ft and 15,895 acre-ft in 2002 and 
2003, respectively, the 2002 and 2003 average annual use 

of LCR water by nonaquatic phreatophytes at HNWR was 
40,137 acre-ft. A total of 25,749 acre-ft of phreatophytic water 
use was estimated for 2004 for HNWR using the modified 
coefficient method (table 8), which is about two-thirds of the 
average nonaquatic phreatophytic water use of 40,137 acre-
ft computed for LCRAS for 2002 and 2003 (U.S. Bureau of 
Reclamation, 2004). The relatively high estimate of reported 
ET is due mostly to substantially higher LCRAS estimates of 
phreatophyte ET rates and to a lesser degree because LCRAS 
ET estimates were not adjusted for precipitation. 

Although the modified coefficients were derived 
empirically for the Topock Marsh area, the method can be 
used for other areas along the LCR. The modified coefficients 
are derived from average daily computed coefficients and 
represent average growth development of phreatophytes.  
The daily computed coefficients represent an average relation 
between Bowen-ratio ET of phreatophytes and daily  
ETo. The dormancy period of plants will be slightly shorter  
for areas farther south of Topock Marsh, but the general  
growth development should be similar. The minimum 
modified Kc  will be about the same value, but may apply for 
a shorter period, whereas the maximum modified Kc  will be 
about the same value also, but apply for a longer period. The 
modified Kc  curve for dense vegetation would be affected 
some, whereas the modified Kc  curves for medium and 
low-density vegetation would change only slightly, and the 
modified Kc  curve for barren soil is expected to be the same. 

Summary
The BOR annually reports the diversion, consumptive 

use, and return flow of LCR water from Hoover Dam to 
the northern boundary of Mexico for individual users and 
for Arizona, Nevada, and California. Some of this water is 
diverted naturally or consumed by phreatophytes on the flood 
plain of the LCR, an area that historically experienced natural 
flooding prior to the construction of dams.

LCRAS is an accounting model originally developed 
by the USGS and BOR that provides hydrologic information 
needed for legal compliance and water management. 
LCRAS‑generated information includes estimates of ET from 
irrigated areas and phreatophytes, and estimates of evaporation 
from the channel and reservoirs of the LCR.

This study was initiated to gain a better understanding of 
the quantity and accuracy of methods used to estimate water 
loss by phreatophytic ET along a selected reach of the LCR at 
HNWR. Specific objectives of the study include (1) comparing 
ET rates estimated by the USGS using field measurements, 
the energy-budget method, and satellite imagery with ET rates 
estimated by BOR using a vegetation coefficient and reference 
ET method, (2) improving the accuracy of the current 
phreatophytic vegetation ET coefficients used by BOR, and 
(3) estimating ET from phreatophytes at HNWR.

Table 8.  Water use by phreatophytes within Havasu National Wildlife 
Refuge, 2004.

[ET station: SC, saltcedar; MV, mixed vegetation; AW, arrowweed]

Evapotranspiration
Lower Colorado 
River water use 

(acre-feet)Station Unit description
Unit area  

(acres)

Adjusted 
annual 
(feet)

SC High density 4,460 3.02 13,469
MV Medium density 3,876 2.06 7,985
AW Low density 1,869 2.14 4,000
Barren Barren 951 .31     295

     Total   11,156 25,749
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The LCRAS method computes daily ET for 
11 nonaquatic phreatophyte groups and barren areas. 
Computed ET is the product of a daily Kc  and average daily  
ETo , the latter parameter obtained from nearby AZMET or 
CIMIS stations. BOR applied LCRAS, as a demonstration 
of technology, to estimate ET of Colorado River water by 
phreatophytes. From 1995 to 2003, estimates of average 
annual ET ranged from about 4.0 to 5.5 ft.

Three micrometeorological data-collection stations 
were established near Topock Marsh in the HNWR for 1 or 
more years to document daily and seasonal fluctuations in 
ET. Micrometeorological and soil data needed to solve the 
energy budget using the Bowen-ratio method were collected 
at each station. Stations were in high-density saltcedar, 
medium-density mixed vegetation, and low-to-medium density 
arrowweed.

Bowen-ratio ET rates for each ET station were compared 
to LCRAS ET rates for LCRAS vegetation groups associated 
with each ET station for part of 2002 and all of 2003. 
Generally, the LCRAS method yielded significantly higher 
estimated phreatophytic ET than estimates using the Bowen-
ratio method. 

Bowen-ratio monthly ET for the SC station was 
compared to monthly ETc  for sc_high group from June 2002 
through December 2003. With the exception of November 
and December 2003, monthly ETc  rates were consistently 
higher than Bowen-ratio estimated ET rates by an average of 
55 percent.

Bowen-ratio monthly ET for the MV station was 
compared to monthly ETc  for ms/aw and sc/ms/aw groups 
from June 2002 through December 2003. With the exception 
of December 2002, and December and February 2003, 
monthly ETc  rates were consistently higher than Bowen-ratio 
estimated ET rates for both LCRAS groups by an average of 
about 84 percent (ms/aw) and 105 percent (sc/ms/aw). 

Bowen-ratio monthly ET for the AW station was 
compared to monthly ETc  for aw and low_veg groups from 
January through December 2003. Monthly ETc  rates were 
consistently higher than Bowen-ratio estimated ET rates for 
both LCRAS groups by an average of 97 percent (aw)  
and 90 percent (low_veg) higher.

Modified coefficients were computed for each vegetation 
group (SC, MV, and AW) by dividing available daily Bowen-
ratio ET by daily LCRAS reference ET, 2002–04. A modified 
daily Kc curve was developed by computing the average 

daily coefficient for two periods of the year that correspond 
to growth stages of plants (generally, dormancy during the 
cool season and vigorous growth during the summer) and 
representing these periods as a constant value. Starting and 
ending days for these periods were not fixed, but varied for 
each vegetation group, depending on the change in average 
values over a period of time. Linear interpolation was used 
to calculate daily coefficients for the two transition periods 
between the dormant and growth stage. The modified Kc  
ranges for the SC, MV, and AW stations are 0.22–0.76, 
0.30–0.53, and 0.21–0.56, respectively. 

Daily and monthly ET for each station were computed 
with the modified Kc  and compared to Bowen-ratio ET. For 
the SC station, daily ET had a correlation coefficient of 0.92 
for a period of 754 days, with large differences for many 
days. Monthly ET for 24 months had a correlation coefficient 
of 0.99. Total ET computed with the modified Kc  for two 
12‑month periods also was computed and compared to Bowen-
ratio estimated ET; estimates using modified coefficients were 
3.7 and 2.6 percent higher than total Bowen-ratio ET.

For the MV station, daily ET had a correlation coefficient 
of 0.89 for a period of 754 days, with large differences for 
many days, whereas monthly ET had a correlation coefficient 
of 0.97 for 23 months. For the AW station, daily ET had a 
correlation coefficient of 0.89 for a period of 531 days, with 
large differences for many days, whereas monthly ET had a 
correlation coefficient of 0.98 for 17 months. 

Using remote-sensing techniques, the area of Havasu 
National Wildlife Refuge was subdivided into three vegetation 
groups with similar relative density to vegetation at the SC, 
MV, and AW stations, plus barren soil. The acreage within the 
boundaries of these four groups, or ET units, was computed 
and multiplied by the associated annual ET computed with 
the modified Kc  method (adjusted for annual precipitation) 
to compute total LCR water use by phreatophytes. A total of 
25,769 acre-ft of phreatophytic water use was estimated for 
HNWR, which is about two-thirds of the previously reported 
LCRAS-estimated phreatophytic water use of 40,137 acre-ft 
(excluding marsh ET). The relatively high LCRAS-estimated 
ET for this reach of the river is due primarily to higher 
phreatophytic ET rates estimated using the LCRAS method 
and original ET coefficients, and to a lesser degree because 
the LCRAS-estimated ET was not adjusted for annual 
precipitation. 
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Table 9.  Average daily modified evapotranspiration coefficients for saltcedar (SC) station.

Day January February March April May June July August September October November December

1 0.224 0.224 0.224 0.392 0.620 0.757 0.757 0.757 0.757 0.709 0.458 0.224

2 .224 .224 .224 .399 .628 .757 .757 .757 .757 .700 .450 .224

3 .224 .224 .224 .407 .635 .757 .757 .757 .757 .692 .442 .224

4 .224 .224 .224 .414 .643 .757 .757 .757 .757 .684 .434 .224

5 .224 .224 .224 .422 .650 .757 .757 .757 .757 .676 .426 .224

6 .224 .224 .224 .430 .658 .757 .757 .757 .757 .668 .418 .224

7 .224 .224 .224 .437 .666 .757 .757 .757 .757 .660 .410 .224

8 .224 .224 .224 .445 .673 .757 .757 .757 .757 .652 .402 .224

9 .224 .224 .224 .452 .681 .757 .757 .757 .757 .644 .394 .224

10 .224 .224 .224 .460 .688 .757 .757 .757 .757 .636 .386 .224

11 .224 .224 .232 .468 .696 .757 .757 .757 .757 .628 .377 .224

12 .224 .224 .239 .475 .704 .757 .757 .757 .757 .620 .369 .224

13 .224 .224 .247 .483 .711 .757 .757 .757 .757 .612 .361 .224

14 .224 .224 .254 .491 .719 .757 .757 .757 .757 .604 .353 .224

15 .224 .224 .262 .498 .727 .757 .757 .757 .757 .595 .345 .224

16 .224 .224 .270 .506 .734 .757 .757 .757 .757 .587 .337 .224

17 .224 .224 .277 .513 .742 .757 .757 .757 .757 .579 .329 .224

18 .224 .224 .285 .521 .749 .757 .757 .757 .757 .571 .321 .224

19 .224 .224 .293 .529 .757 .757 .757 .757 .757 .563 .313 .224

20 .224 .224 .300 .536 .757 .757 .757 .757 .757 .555 .305 .224

21 .224 .224 .308 .544 .757 .757 .757 .757 .757 .547 .297 .224

22 .224 .224 .315 .551 .757 .757 .757 .757 .757 .539 .289 .224

23 .224 .224 .323 .559 .757 .757 .757 .757 .757 .531 .281 .224

24 .224 .224 .331 .567 .757 .757 .757 .757 .757 .523 .272 .224

25 .224 .224 .338 .574 .757 .757 .757 .757 .757 .515 .264 .224

26 .224 .224 .346 .582 .757 .757 .757 .757 .749 .507 .256 .224

27 .224 .224 .353 .589 .757 .757 .757 .757 .741 .499 .248 .224

28 .224 .224 .361 .597 .757 .757 .757 .757 .733 .491 .240 .224

29 .224 .369 .605 .757 .757 .757 .757 .725 .482 .232 .224

30 .224 .376 .612 .757 .757 .757 .757 .717 .474 .224 .224

31 .224 .384 .757 .757 .757 .466 .224
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Table 10.  Average daily modified evapotranspiration coefficients for mixed-vegetation (MV) station.

Day January February March April May June July August September October November December

1 0.300 0.300 0.324 0.419 0.510 0.534 0.534 0.512 0.435 0.362 0.300 0.300

2 .300 .300 .327 .422 .513 .534 .534 .509 .433 .359 .300 .300

3 .300 .300 .330 .425 .516 .534 .534 .507 .431 .357 .300 .300

4 .300 .300 .333 .428 .519 .534 .534 .504 .428 .354 .300 .300

5 .300 .300 .336 .431 .522 .534 .534 .502 .426 .352 .300 .300

6 .300 .300 .340 .434 .525 .534 .534 .500 .423 .349 .300 .300

7 .300 .300 .343 .437 .528 .534 .534 .497 .421 .347 .300 .300

8 .300 .300 .346 .440 .531 .534 .534 .495 .418 .344 .300 .300

9 .300 .300 .349 .443 .534 .534 .534 .492 .416 .342 .300 .300

10 .300 .300 .352 .446 .534 .534 .534 .490 .413 .339 .300 .300

11 .300 .300 .355 .449 .534 .534 .534 .487 .411 .337 .300 .300

12 .300 .300 .358 .452 .534 .534 .534 .485 .408 .334 .300 .300

13 .300 .300 .361 .455 .534 .534 .534 .482 .406 .332 .300 .300

14 .300 .300 .364 .458 .534 .534 .534 .480 .403 .330 .300 .300

15 .300 .300 .367 .461 .534 .534 .534 .477 .401 .327 .300 .300

16 .300 .300 .370 .464 .534 .534 .534 .475 .399 .325 .300 .300

17 .300 .300 .373 .467 .534 .534 .534 .472 .396 .322 .300 .300

18 .300 .300 .376 .470 .534 .534 .534 .470 .394 .320 .300 .300

19 .300 .300 .379 .473 .534 .534 .534 .467 .391 .317 .300 .300

20 .300 .300 .382 .476 .534 .534 .534 .465 .389 .315 .300 .300

21 .300 .300 .385 .479 .534 .534 .534 .463 .386 .312 .300 .300

22 .300 .303 .388 .482 .534 .534 .534 .460 .384 .310 .300 .300

23 .300 .306 .391 .485 .534 .534 .534 .458 .381 .307 .300 .300

24 .300 .309 .394 .488 .534 .534 .532 .455 .379 .305 .300 .300

25 .300 .312 .397 .491 .534 .534 .529 .453 .376 .302 .300 .300

26 .300 .315 .400 .494 .534 .534 .527 .450 .374 .300 .300 .300

27 .300 .318 .403 .498 .534 .534 .524 .448 .371 .300 .300 .300

28 .300 .321 .406 .501 .534 .534 .522 .445 .369 .300 .300 .300

29 .300 .409 .504 .534 .534 .519 .443 .367 .300 .300 .300

30 .300 .412 .507 .534 .534 .517 .440 .364 .300 .300 .300

31 .300 .415 .534 .514 .438 .300 .300

42    Evapotranspiration by Phreatophytes Along the Lower Colorado River at Havasu National Wildlife Refuge, Arizona



Table 11.  Average daily modified evapotranspiration coefficients for arrowweed (AW) station.

Day January February March April May June July August September October November December

1 0.205 0.205 0.247 0.392 0.532 0.560 0.560 0.560 0.505 0.395 0.282 0.205

2 .205 .205 .252 .397 .537 .560 .560 .560 .501 .392 .278 .205

3 .205 .205 .256 .401 .541 .560 .560 .560 .498 .388 .275 .205

4 .205 .205 .261 .406 .546 .560 .560 .560 .494 .384 .271 .205

5 .205 .205 .266 .411 .551 .560 .560 .560 .490 .381 .267 .205

6 .205 .205 .270 .415 .555 .560 .560 .560 .487 .377 .264 .205

7 .205 .205 .275 .420 .560 .560 .560 .560 .483 .373 .260 .205

8 .205 .205 .280 .425 .560 .560 .560 .560 .479 .370 .256 .205

9 .205 .205 .284 .429 .560 .560 .560 .560 .476 .366 .253 .205

10 .205 .205 .289 .434 .560 .560 .560 .560 .472 .362 .249 .205

11 .205 .205 .294 .439 .560 .560 .560 .560 .469 .359 .245 .205

12 .205 .205 .298 .443 .560 .560 .560 .560 .465 .355 .242 .205

13 .205 .205 .303 .448 .560 .560 .560 .560 .461 .351 .238 .205

14 .205 .205 .308 .453 .560 .560 .560 .560 .458 .348 .234 .205

15 .205 .205 .312 .457 .560 .560 .560 .560 .454 .344 .231 .205

16 .205 .205 .317 .462 .560 .560 .560 .560 .450 .340 .227 .205

17 .205 .205 .322 .467 .560 .560 .560 .560 .447 .337 .223 .205

18 .205 .205 .326 .471 .560 .560 .560 .556 .443 .333 .220 .205

19 .205 .205 .331 .476 .560 .560 .560 .553 .439 .329 .216 .205

20 .205 .205 .336 .481 .560 .560 .560 .549 .436 .326 .212 .205

21 .205 .210 .340 .485 .560 .560 .560 .545 .432 .322 .209 .205

22 .205 .214 .345 .490 .560 .560 .560 .542 .428 .318 .205 .205

23 .205 .219 .350 .495 .560 .560 .560 .538 .425 .315 .205 .205

24 .205 .224 .354 .499 .560 .560 .560 .534 .421 .311 .205 .205

25 .205 .228 .359 .504 .560 .560 .560 .531 .417 .307 .205 .205

26 .205 .233 .364 .509 .560 .560 .560 .527 .414 .304 .205 .205

27 .205 .238 .368 .513 .560 .560 .560 .523 .410 .300 .205 .205

28 .205 .242 .373 .518 .560 .560 .560 .520 .406 .296 .205 .205

29 .205 .378 .523 .560 .560 .560 .516 .403 .293 .205 .205

30 .205 .383 .527 .560 .560 .560 .512 .399 .289 .205 .205

31 .205 .387 .560 .560 .509 .286 .205
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Table 12.  Average daily modified evapotranspiration coefficients for Lower Colorado River Accounting System barren group.

Day January February March April May June July August September October November December

1 0.200 0.199 0.157 0.136 0.136 0.136 0.136 0.136 0.136 0.136 0.162 0.200

2 .200 .197 .155 .136 .136 .136 .136 .136 .136 .136 .163 .200

3 .200 .196 .154 .136 .136 .136 .136 .136 .136 .136 .164 .200

4 .200 .194 .152 .136 .136 .136 .136 .136 .136 .136 .165 .200

5 .200 .193 .151 .136 .136 .136 .136 .136 .136 .136 .167 .200

6 .200 .191 .149 .136 .136 .136 .136 .136 .136 .136 .168 .200

7 .200 .190 .148 .136 .136 .136 .136 .136 .136 .136 .169 .200

8 .200 .188 .146 .136 .136 .136 .136 .136 .136 .136 .171 .200

9 .200 .187 .145 .136 .136 .136 .136 .136 .136 .136 .172 .200

10 .200 .185 .143 .136 .136 .136 .136 .136 .136 .136 .173 .200

11 .200 .184 .142 .136 .136 .136 .136 .136 .136 .136 .174 .200

12 .200 .182 .140 .136 .136 .136 .136 .136 .136 .136 .176 .200

13 .200 .181 .139 .136 .136 .136 .136 .136 .136 .137 .177 .200

14 .200 .179 .137 .136 .136 .136 .136 .136 .136 .139 .178 .200

15 .200 .178 .136 .136 .136 .136 .136 .136 .136 .140 .180 .200

16 .200 .176 .136 .136 .136 .136 .136 .136 .136 .141 .181 .200

17 .200 .175 .136 .136 .136 .136 .136 .136 .136 .142 .182 .200

18 .200 .173 .136 .136 .136 .136 .136 .136 .136 .144 .183 .200

19 .200 .172 .136 .136 .136 .136 .136 .136 .136 .145 .185 .200

20 .200 .170 .136 .136 .136 .136 .136 .136 .136 .146 .186 .200

21 .200 .169 .136 .136 .136 .136 .136 .136 .136 .148 .187 .200

22 .200 .167 .136 .136 .136 .136 .136 .136 .136 .149 .188 .200

23 .200 .166 .136 .136 .136 .136 .136 .136 .136 .150 .190 .200

24 .200 .164 .136 .136 .136 .136 .136 .136 .136 .151 .191 .200

25 .200 .163 .136 .136 .136 .136 .136 .136 .136 .153 .192 .200

26 .200 .161 .136 .136 .136 .136 .136 .136 .136 .154 .194 .200

27 .200 .160 .136 .136 .136 .136 .136 .136 .136 .155 .195 .200

28 .200 .158 .136 .136 .136 .136 .136 .136 .136 .156 .196 .200

29 .200 .136 .136 .136 .136 .136 .136 .136 .158 .197 .200

30 .200 .136 .136 .136 .136 .136 .136 .136 .159 .199 .200

31 .200 .136 .136 .136 .136 .160 .200
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