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ABSTRACT: Escalating concerns about water supplies in the Great Basin have prompted numerous water bud-
get studies focused on groundwater recharge and discharge. For many hydrographic areas (HAs) in the Great
Basin, most of the recharge is discharged by bare soil evaporation and evapotranspiration (ET) from phreato-
phyte vegetation. Estimating recharge from precipitation in a given HA is difficult and often has significant
uncertainty, therefore it is often quantified by estimating the natural discharge. As such, remote sensing appli-
cations for spatially distributing flux tower estimates of ET and groundwater ET (ETg) across phreatophyte
areas are becoming more common. We build on previous studies and develop a transferable empirical relation-
ship with uncertainty bounds between flux tower estimates of ET and a remotely sensed vegetation index,
Enhanced Vegetation Index (EVI). Energy balance-corrected ET measured from 40 flux tower site-year combina-
tions in the Great Basin was statistically correlated with EVI derived from Landsat imagery (r2 = 0.97). Applica-
tion of the relationship to estimate mean-annual ETg from four HAs in western and eastern Nevada is
highlighted and results are compared with previous estimates. Uncertainty bounds about the estimated mean
ETg allow investigators to evaluate if independent groundwater discharge estimates are “believable” and will
ultimately assist local, state, and federal agencies to evaluate expert witness reports of ETg, along with provid-
ing new first-order estimates of ETg.
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INTRODUCTION

Escalating concerns about current and future
water supplies in the Great Basin have prompted

numerous water budget studies focused on estimating
groundwater recharge and discharge. Currently,
many hydrologic studies in Nevada are focused on
the appraisal of available water resources for inbasin
use and interbasin transfers. As groundwater will
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continue to be a water source for much of Nevada
and the Great Basin, the need for accurate estimates
of groundwater recharge and discharge is of utmost
importance to water managers and decision makers.

Many drainage areas in the Great Basin are con-
sidered hydrologically closed, where the entire vol-
ume of groundwater recharge, derived from
precipitation, is consumed by groundwater evapo-
transpiration (ETg) along mountain front and valley
floor areas. Estimating the natural groundwater
recharge from precipitation in a given hydrographic
area (HA) is very difficult and often has significant
uncertainty, therefore it is often quantified by esti-
mating the natural groundwater discharge (Maxey
and Eakin, 1949; Nichols, 2000). Thus, groundwater
discharge estimates provide constraints on recharge
and/or interbasin flow estimates, acting as control
points for HA or larger flow system water budgets.
Prior estimation of ETg, its spatial and temporal vari-
ability, and the uncertainty of the estimates are criti-
cal in the successful calibration of basin-scale
groundwater models (Senay et al., 2011). The peren-
nial yield of a HA is typically based on the estimated
steady-state recharge and/or natural groundwater
discharge. The natural discharge is effectively the
limit as to the maximum amount of groundwater that
can be captured under the perennial yield concept.

Evapotranspiration is the rate at which water is
transferred from land and plant surfaces to the atmo-
sphere. ET is a function of the at-surface radiative
and advective energy, and varies in time and space
depending on vegetation type and density, soil type
and moisture, and local-to-regional meteorological
factors such as humidity and precipitation. In HAs
with deep groundwater and limited surface water
resources, water loss through ET will be limited to
local precipitation amount. However, in basins with a
shallow groundwater, ET rates often exceed precipita-
tion rates, where facultative and obligate phreato-
phytes are able to access the groundwater (Devitt
et al., 2011).

Because most valley floor areas in the Great Basin
are fairly large in size, uncertainty in the estimated
ETg rate from phreatophyte areas leads to a large
uncertainty in the overall water budget, especially
the groundwater budget (Nichols, 1993). Many recent
studies have assessed ETg rates of phreatophyte com-
munities in the Great Basin using micrometeorologi-
cal, energy balance, and remote sensing techniques
(Laczniak et al., 1999; Reiner et al., 2002; Harrington
et al., 2004; Maurer et al., 2005; Steinwand et al.,
2006; Groeneveld et al., 2007; Moreo et al., 2007; De-
Meo et al., 2008; Allander et al., 2009; Devitt et al.,
2011; Huntington et al., 2011). Relating flux tower
estimates of ET to space-borne remote sensing data
(e.g., Landsat, MODIS) allows for spatial scaling of

ET to the entire HA. These studies have produced
and analyzed multiyear, high-quality climatic and
surface energy balance (SEB) datasets for various
phreatophyte species and climates across the Great
Basin, which has created the unique opportunity to
compile, analyze, and develop a transferable, data-
driven approach to estimate phreatophyte ET using
remote sensing.

There are two general remote sensing approaches
for estimating spatial distributions of ET, a SEB and
vegetation index (VI) approach. Remotely sensed SEB
methods use surface reflectance and surface tempera-
ture data to formulate a solution of the surface
energy budget (Kalma et al., 2008). One SEB
approach estimates net radiation (Rn), soil heat flux
(G), and sensible heat flux (H) and then calculates
the latent heat flux (LE) as a residual. All terms are
usually expressed in W/m2. The LE residual approach
is expressed as

LE ¼ Rn �G�H ð1Þ

where ET is LE/k (expressed in kg/m2/s), and k is the
latent heat of vaporization (J/kg). In arid landscapes
with hot, dry conditions and sparse vegetation, appli-
cation of the SEB approach can be difficult because
values of Rn � G and H are typically large. This can
lead to potential error in LE that will exceed the LE
rate itself. This situation becomes even more of a
problem when estimates of ETg are made. Annual
ETg is estimated as

ETg ¼ ETa � PPT ð2Þ

where ETg is the annual groundwater component of
ET, ETa is the annual actual ET, and PPT is the
annual precipitation. In addition, because Landsat
satellites have 16-day return intervals, ET derived
from local precipitation events that occur between
image acquisitions is often not detected. This “miss-
ing” ET derived from precipitation can have a signifi-
cant impact on the estimated annual ETg.

Relating annual flux tower ET estimates to remo-
tely sensed VIs is advantageous because it allows
point estimates of annual ET to be spatially distrib-
uted to the total discharge area using seasonally
averaged or peak annual VI values as a scalar. These
relationships can be used across large areas with
multiple sensor systems, such as Landsat or MODIS
satellites. Nichols (2000) empirically related ETg to
plant cover for phreatophyte areas in the southern
and central Great Basin by relating the Modified Soil
Adjusted Vegetation Index (MSAVI) to plant cover
and ultimately ETg. However, estimating ETg as a
function of plant cover alone does not take into
account regional and local variability in precipitation
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and atmospheric water demand. Devitt et al., (2011)
recently relied on Eddy covariance (EC) estimates of
ETa from phreatophyte areas in three HAs located in
eastern Nevada to develop empirical relationships
between ETa and the Normalized Difference Vegeta-
tion Index (NDVI) computed from Landsat data. De-
vitt et al., (2011) found that precipitation and
reference ET (ETo) had significant influence on the
estimated ETa. As such, empirical relationships
developed from estimates of ETa and VIs alone are
largely HA specific, meaning that they are nontrans-
ferable between HAs due to differences in precipita-
tion and ETo. For example, two HAs may share
similar vegetation greenness, but have vastly differ-
ent annual ETa and ETg due to differences in climate.
In addition, having a relatively small number of ETa

observations to develop empirical relationships
results in low statistical strength and increases the
uncertainty of prediction.

OBJECTIVES

The objectives of this study are threefold: (1) com-
pile and utilize a combined total of 40 years of micro-
meteorological data collected by 26 Bowen Ratio (BR)
and EC systems located primarily in phreatophyte
vegetation in Nevada, (2) develop a robust empirical
relationship with uncertainty bounds between annual
ETa and a selected satellite-derived VI that takes into
account local and regional precipitation and atmo-
spheric water demands so that the relationship can
be transferred across multiple HAs, and (3) apply the
developed empirical functions in HAs of interest and
compare the predicted ETg and associated uncer-
tainty to previously estimated ETg volumes.

STUDY SITES AND METEOROLOGICAL DATA

Study sites are located in western, eastern, and
southern Nevada, within the Great Salt Lake, Death
Valley, Colorado River, Walker River, and Carson
River regional flow systems (Figure 1). The regional
climate across the study sites is arid to semiarid,
where the mean-annual precipitation ranges from
150 to 250 mm/yr with approximately 40-80% of the
precipitation occurring during the winter months.
Mean monthly temperature varies across the study
sites where the mean monthly maximum temperature
ranges from 30 to 40°C in July, and the mean monthly
minimum temperature ranges from �2 to �10°C in

January. Vegetation surrounding the study sites pri-
marily consists of fairly homogeneous and extensive
phreatophyte shrub species of greasewood (Sarcoba-
tus vermiculatus), rabbitbrush (Chrysothamnus nau-
seosus), salt grass (Distichlis spicata), sagebrush
(Artemisia tridentata), arrowweed (Pluchea sericea),
salt cedar (Tamarix ramosa), mesquite (Prosopis
spp.), and wolfberry (Lycium pallidum). Five of the
sites were surrounded by subirrigated pasture
grasses and flood irrigated alfalfa managed for water
fowl habitat. Depth to groundwater at the study sites
ranged from 0 to 10 m below land surface. Micromete-
orological stations at the study sites consisted of EC
and/or BR towers operated and maintained by the
U.S. Geological Survey (USGS) and Desert Research
Institute (DRI) (Reiner et al., 2002; Maurer et al.,
2005; Moreo et al., 2007; DeMeo et al., 2008; Allander
et al., 2009; Arnone et al., 2009). Station data were
chosen based on the quality and criteria that each site
had at least one full year of ETa, PPT, and meteorolog-
ical data to compute ETo. Daily average meteorologi-
cal measurements of solar radiation, air temperature,
vapor pressure, and wind speed were used to compute
ETo. Daily PPT totals for each site-year were collected
either at a rain gauge located at the tower site or from
a nearby station. Specifics regarding data processing
and micrometeorological instrumentation at the study
sites can be found in source publications (Reiner et al.,
2002; Maurer et al., 2005; Moreo et al., 2007; DeMeo
et al., 2008; Allander et al., 2009; Arnone et al., 2009)
and Beamer (2011). Study site locations, altitude, per-
iod of record used, vegetation type, and study sources
are shown in Table 1.

APPROACH

Normalization procedures are attractive because
they allow formulae to be expressed in a dimension-
less form which is normalized by maximum or mini-
mum values, where these extreme values can change
depending on location or environment (Kahler and
Brutsaert, 2006). To account for spatial variability in
climate, we use annual PPT and ETo to normalize
ETa similar to the approach outlined by Groeneveld
et al. (2007). Normalized ETa is calculated as

ET� ¼ ðETa � PPTÞ=ðETo � PPTÞ ð3Þ

where ET* is normalized ETa (dimensionless), PPT is
total water year precipitation, and ETo is total water
year ETo. Groeneveld et al. (2007) showed that NDVI
was a competent estimator of ETa for three separate
studies conducted in arid and semiarid phreatophyte
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areas in California, New Mexico, and Colorado. While
ET station source area NDVI values from a single
midsummer Landsat scene related well with ETa

(r2 = 0.94), the relationship was improved by sub-
tracting PPT and normalizing by the ETo minus PPT
to form ET* (r2 = 0.96). By using a normalization pro-
cedure to compute ET* for 40 site-years, we build on
previous works relating VIs to ETa and ultimately
allow for robust application to estimate ETa and ETg

across variable climates within the Great Basin.

Micrometeorological and Meteorological Data
Preparation

Micrometeorological and meteorological data at 20-
30-minute time steps were acquired from the USGS
and DRI for all 26 sites. These data were derived from

a mix of EC and BR flux towers. The primary advan-
tage of the EC approach is that it estimates LE and H
independent of the available energy (Rn � G), making
it more advantageous over the BR approach in which
available energy is used to calculate LE, effectively
forcing energy balance closure (EBC). In fact, inde-
pendent measurements of LE and H frequently result
in closure error where the measured quantities
Rn � G do not equate to LE + H. Meyers and Baldoc-
chi (2005) suggested that the mean uncertainty for
ET measurement from a perfectly designed and main-
tained EC system can be as good as 10%. Foken
(2008) suggests that inadequate measurement of long-
wave eddies is a main reason why turbulent fluxes (H
and LE) are typically undermeasured with EC sys-
tems. To utilize surface flux data and validate or
develop land surface models requires that the
conservation of energy be satisfied; therefore it is sug-

FIGURE 1. Map Showing the Study Area Extents for the Six Evapotranspiration (ET) Studies (Reiner et al., 2002;
Maurer et al., 2005; Moreo et al., 2007; Arnone et al., 2009; DeMeo et al., 2008; Allander et al., 2009) as well as the Location of the ET Sites.

Numbers refer to list in Table 1.
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gested that the measured energy budget be closed by
some accepted approach (Twine et al., 2000; Foken,
2008). In addition, because we rely on both EC and
BR systems to develop a combined database of ETa, it
is appropriate that EBC corrections to the EC data be
made so that EC and BR datasets are comparable.
There are various strategies to apply EBC corrections.
If the source of the error is thought to be from the
hygrometer, EBC can be achieved by assuming all of
the error resides in LE. More commonly the error is
assumed to be due to loss of covariance that affects
both H and LE in similar proportions. This EBC cor-
rection method assumes that the Bowen ratio b (H/
LE) (Bowen, 1926) is measured correctly, and thus
adjusts the magnitude of LE and H so that EBC can
be achieved. Ultimately, because LE fluxes from EC
towers are being directly compared with those from
BR systems, EBC correction of the measured LE while
maintaining the measured b is a reasonable approach.

EC-derived energy balance data were evaluated by
calculating the energy budget ratio (EBR) as

EBR ¼ ðRn �GÞ=ðLEþHÞ: ð4Þ

Computed EBR over 22 site-years of EC data indi-
cates that none of the sites achieved complete EBC.
EBC corrections to LE and/or H were performed

following the Bowen ratio procedure outlined by Lee
(1998), Blanken et al. (1997), and Twine et al. (2000),
which adjusts LE and H for 30-minute time steps
when Rn is positive (day time) to force the EBR to
unity, while maintaining a constant Bowen ratio (b).
Corrected LE and H were calculated as

LEcorr ¼ ðRn �GÞ=ð1þ bÞ ð5Þ

and

Hcorr ¼ LEcorr � b: ð6Þ

A potential limitation of this approach is the
assumption that Rn � G is correctly measured, how-
ever, Rn tends to be underestimated rather than over-
estimated, and G is typically slightly underestimated
due to inadequate estimation of heat storage, likely
resulting in a similar available energy term (Halldin
and Lindroth, 1992; Liebethal and Folken, 2007;
Foken, 2008). The Bowen ratio EBC approach has
been extensively applied and is suggested as the most
reasonable approach when suspected errors in indi-
vidual energy balance components such as Rn � G
are not known and a first-order estimate of the EBC
corrections is required (Blanken et al., 1997; Lee,
1998; Twine et al., 2000; Foken, 2008). Following cor-

TABLE 1. General Information from Evapotranspiration (ET) Stations Used in This Research (locations shown in Figure 1).

Site Site ID Vegetation Type
Lat.,
°N

Long.,
°W Altitude, m Period of Data Collection Study Source

1 ET-1 Greasewood/rabbitbrush 39.029 �119.807 1,421 10/03-09/04 2
2 ET-8 Irrigated pasture grass 38.859 �119.763 1,471 10/03-09/04 2
3 B-01 Nonirrigated alfalfa 39.055 �119.134 1,326 04/05-03/07 6
4 B-11 Irrigated alfalfa 39.108 �119.146 1,317 03/05-02/07 6
5 GRE Greasewood 38.854 �118.743 1,224 03/05-02/06 6
6 GRE-2 Greasewood 38.854 �118.743 1,224 10/06-09/07 6
7 SAL Salt grass 38.865 �118.742 1,222 03/05-02/06 6
8 SAL-2 Salt grass 38.867 �118.752 1,224 10/06-09/07 6
9 TAM Salt cedar 38.851 �118.773 1,223 04/05-03/07 6
10 SPV-1 Greasewood/rabbitbrush 38.778 �114.468 1,764 09/05-08/07 3
11 SPV-2 Greasewood/rabbitbrush 38.786 �114.466 1,762 09/05-08/07 3
12 SPV-3 Mixed grasses 38.937 �114.421 1,764 09/05-08/07 3
13 SV-4 Mixed grasses 38.848 �114.404 1,773 04/07-11/09 4
14 SV-5 Greasewood/rabbitbrush 39.032 �114.485 1,760 04/07-06/10 4
15 SV-6 Greasewood/rabbitbrush 39.043 �114.483 1,756 04/07-06/10 4
16 LMVW Arrowweed 36.850 �114.666 579 02/03-09/06 5
17 UMVW Rabbitbrush 37.520 �114.583 1,250 02/03-09/06 5
18 WRV-1 Greasewood 38.414 �115.051 1,601 09/05-08/07 3
19 WRV-2 Greasewood 38.640 �115.102 1,622 09/05-08/07 3
20 MR Mesquite 36.691 �114.688 503 02/03-09/06 5
21 VR Salt cedar 36.588 �114.328 370 02/03-09/06 5
22 MOVAL Wire grass/salt grass 37.011 �116.723 1,125 01/98-01/00 1
23 UOVLO Greasewood 37.045 �116.708 1,177 08/98-08/00 1
24 UOVMD Salt grass 37.047 �116.711 1,176 08/98-08/00 1
25 UOVUP Wolfberry/rabbitbrush 37.064 �116.694 1,198 08/98-08/00 1
26 SNV-1 Greasewood 39.140 �114.062 1,558 09/05-08/07 3

Note: Numbers in study source column indicate particular study: (1) Reiner et al. (2002); (2) Maurer et al. (2005); (3) Moreo et al. (2007); (4)
Arnone et al. (2009); (5) DeMeo et al. (2008); and (6) Allander et al. (2009).
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rection of the daytime LE for 22 EC sites, ETa esti-
mates increased by an average of 22% (65 mm/yr).
Following removal of PPT, an adjusted value of
annual ETg was calculated at the EC sites (Figure 2).

ET data from all BR and EC sites were summed to
daily totals, and these totals were used to compute
annual water year ETa. Quality assurance and qual-
ity control procedures outlined in Allen et al. (2011)
were used to screen meteorological data of solar radi-
ation, humidity, temperature, and wind speed. Daily
meteorological data of solar radiation, humidity, tem-
perature, and wind speed were used to compute the
ETo following the American Society of Civil Engineers
(ASCE) Standardized Penman-Montieth (PM) equa-
tion for a grass reference surface (Allen et al., 2005).
ETo was calculated at each site over the same time
period that ETa and PPT were computed such that
ET* would be consistent with respect to the period of
record of each input variable. In a plot comparing
water year ETa and ETo for all 40 site-years of data,
sites with high ETa had noticeably less ETo than sites
with low ETa (Figure 3).

Landsat 5 TM Satellite Data Preparation

Landsat 5 TM satellite data acquired during ET
measurement periods were used to empirically relate
three remotely sensed VIs with ET* derived at flux
tower locations. Landsat 5 TM radiometer measures
visible, reflected, and thermal infrared radiation in
seven wavelength bands ranging from 0.45 to
12.5 lm. Reflectance data from these bands were
used to calculate different VIs once radiometric and
atmospheric corrections were completed following

Allen et al. (2007) and Tasumi et al. (2008). The
scene processing steps included: (1) perform radio-
metric and atmospheric corrections for each midsum-
mer Landsat TM image chosen; (2) calculate VIs of
Enhanced Vegetation Index (EVI) (Nagler et al.,
2005), MSAVI (Qi et al., 1994), and NDVI; (3) extract
the mean source area VI values around each flux
tower for each image; and (4) pair source area VI and
annual ET* values for each flux tower site for multi-
ple years. NDVI, EVI, and MSAVI images were cre-
ated from each Landsat TM image using the
following equations

NDVI ¼ ðqNIR � qRedÞ=ðqNIR þ qRedÞ ð7Þ

EVI ¼ 2:5ðqNIR � qRedÞ=ðqNIR þ 6qRed þ 7:5qBlue þ 1Þ
ð8Þ

MSAVI ¼ ðqNIR � qRedÞð1þ LÞ=ðqNIR þ qRed þ LÞ ð9Þ

L ¼ 1� ð2sðqNIR � qRedÞðqNIR � sqRedÞÞ=ðqNIR þ qRedÞ
ð10Þ

where q is the at-surface reflectance, NIR is near
infrared waveband from 0.76 to 0.90 lm, Red is
waveband from 0.63 to 0.69 lm, Blue is waveband
from 0.45 to 0.52 lm, s is the slope of the soil line
assumed to equal 1.06, and L is a soil adjustment fac-
tor (Qi et al., 1994). NDVI, MSAVI, and EVI values
were spatially averaged for 100-m footprints around
all 26 ET flux tower locations using individual mid-
summer TM scenes shown in Table 2. Previous
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studies suggest that the time period from June to
August is the most representative period to charac-
terize peak health and vigor of phreatophyte vegeta-
tion in the Great Basin (Groeneveld et al., 2007;
Smith et al., 2007; Allander et al., 2009). A sensitivity
analysis of average VIs over footprint radius size of
100, 200, and 300 m showed negligible differences for
shrubland sites, but for riparian sites the impacts of
nonriparian areas increased with larger footprint
radius. To avoid contaminating VI signals in riparian
areas, and given that an estimated 80% of the turbu-
lent fluxes measured at many stations used in this
work originates within a 100 m radius of the flux site
(Moreo et al., 2007; Allander et al., 2009), we chose to
use a 100-m radius footprint for VI spatial averaging.

VI and ET Regression Analysis

Second-order polynomial regression analysis was
performed using ETa and ET* from the flux towers as
the dependent variable and each of the three respec-
tive mean VI values as the independent variable. Fol-
lowing testing of the three VIs as predictors of ET,
EVI was chosen based on having the lower sum of
squared error and highest r2 of 0.96 (Table 3). Other
regression models were also tested; however, the sec-
ond-order polynomial model provided the best fit (Fig-
ure 4). In addition, the shape of the regression is
consistent with complementary feedbacks that exist
between ETa and ETo in phreatophyte shrub environ-
ments (Huntington et al., 2011), where ET* asymp-
totically approaches the maximum ET* as EVI

increases with increased surface moisture. The sec-
ond-order polynomial model equation for both ETa

and ET* formulation is

ET ¼ b0 þ b1EVIþ b2EVI
2; ð11Þ

where ET is the ETa or ET*, EVI is mean source area
Enhanced Vegetation Index, and b0, b1, b2 are the
regression coefficients which for ET* are �0.196,
2.904, and �1.592 (Table 4). Equation (11) takes the
same form for both ETa-EVI and ET*-EVI regression
analysis, but will be used to describe ET* calculation
for the remainder of the study. Upper and lower 90%
confidence and prediction intervals were also formu-
lated for ET*, with prediction bands shown in
Figure 5. The confidence interval represents the
degree of confidence in the mean, and is computed
when the center of mass of the data is the statistic of
interest. The prediction interval indicates the degree
of confidence in where you can expect to see the next
data point sampled (e.g., degree of confidence for an
EVI and ET* pair to fall with the specified signifi-
cance level of 10% in this case). The prediction inter-
vals in Figure 5 are wider than confidence intervals
because they take into account variability in single
data points along with estimating the center of the
distribution (Helsel and Hirsch, 2002).

Estimating ETa and ETg

Once EVI values are used to estimate ET*, ETa is
estimated similar to Groeneveld et al. (2007) as
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ETaðestimatedÞ ¼ ðETo � PPTÞET� þ PPT ð12Þ

By subtracting the annual PPT, the groundwater
component of ET, ETg is estimated as

ETgðestimatedÞ ¼ ðETo � PPTÞET� ð13Þ

From Equation (13) EVI can be transformed into
ETg so that the annual ETg volume can be estimated
from a given phreatophyte groundwater discharge
area. This approach was validated by using source
area EVI to calculate ET* for all 40 site-years of in
situ data, then ETo and PPT were used to estimate
ETg. The residual error of ETg (estimated-observed)
is well balanced indicating the algorithm can model
ETg accurately for a wide range of vegetation and cli-
mate conditions (Figure 6). Errors tend to be small
and positive at ETg values less than 400 mm/yr,
unbiased but large between 400 and 800 mm/yr,
small and negative greater than 800 mm/yr. Positive
error indicates that ET* is overestimated because of
a high source area EVI value, whereas negative error
indicates underestimation of ET* because of a low
EVI value. Table 5 lists ETa, ETo, PPT, ETg, ET*,
estimated ET*, estimated ETg, and estimated residu-
als for each site.

TABLE 4. b-Coefficients for the Model Equation,
90% Confidence Interval (CI), and 90% Prediction Interval (PI),

and x-Intercept for the Quadratic Equation Relating EVI and ET*.

Equation b0 b1 b2 Root (x-int.)

Polynomial curve (model) �0.196 2.904 �1.592 0.068
Upper 90% CI band �0.177 2.891 �1.528 0.063
Lower 90% CI band �0.214 2.918 �1.655 0.077
Upper 90% PI band �0.104 2.889 �1.557 0.037
Lower 90% PI band �0.287 2.919 �1.626 0.104
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TABLE 2. Date of Acquisition, Path/Row, and TM Sensor of
Landsat Scenes Selected for VI-ET Analysis.

Study Area Date Sensor Path Row

BARCAS 7/15/2006 TM5 39 33
BARCAS 5/31/2007 TM5 39 33
Spring Valley 6/20/2008 TM5 39 33
Spring Valley 7/7/2009 TM5 39 33
Carson Valley 7/7/2004 TM5 43 33
Colorado River flow system 6/25/2004 TM5 39 34/35
Colorado River flow system 6/26/2005 TM5 39 34/35
Colorado River flow system 6/29/2006 TM5 39 34/35
Oasis Valley 6/30/1998 TM5 40 34
Oasis Valley 6/17/1999 TM5 40 34
Oasis Valley 6/21/2000 TM5 40 34
Walker River Valley 6/15/2005 TM5 42 33
Walker River Valley 6/18/2006 TM5 42 33
Walker River Valley 6/21/2007 TM5 42 33

Note: BARCAS, Basin and Range Carbonate Aquifer Study.

TABLE 3. Comparison of Relationship of Annual ET with
Enhanced Vegetation Index (EVI), Modified Soil Adjusted

Vegetation Index (MSAVI), and Normalized Difference Vegetation
Index (NDVI).

Vegetation
Index Equation of Best Fit r2

EVI ET = �96.6 9 EVI2 + 139.7 9 EVI � 2.56 0.96
MSAVI ET = �125.2 9 MSAVI2 + 157.8 9

MSAVI � 1.7
0.95

NDVI ET = �41.7 9 NDVI2 + 94.5 9 NDVI � 0.24 0.92
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Application for Estimating ETg in Western and
Eastern Nevada

Equations (11) and (13) were applied to phreato-
phyte discharge areas in four different HAs in wes-
tern and eastern Nevada. The four HAs of Dry Valley,
Red Rock Valley, White River Valley, and Spring Val-
ley were selected based on the numerous studies that
have been conducted and datasets generated. Previ-
ous studies have delineated phreatophyte areas using
field mapping and remote sensing techniques, col-
lected meteorological data (ETo and PPT), and have
provided independent estimates of the annual ETg

(Rush and Glancy, 1967; Nichols, 2000; Berger et al.,
2004; Welch et al., 2007). This allowed for a unique
opportunity to perform an independent comparison
with previous work. White River Valley and Spring
Valley have areas of 4,140 km2 (1,023,000 acres) and
4,318 km2 (1,067,000 acres), respectively, whereas
Dry Valley and Red Rock Valley are much smaller in
size at 212 km2 (52,500 acres) and 109 km2

(27,000 acres), respectively.
Steps taken for estimating the ETg volume for the

four HAs included: (1) selecting a representative mean-
annual water year based on historical annual PPT
records from a valley floor weather station within the
HA, (2) selecting single midsummer Landsat scenes for
respective HAs and mean-annual water years, process-
ing the scenes to at-surface reflectance, and computing
EVI, (3) delineating the phreatophyte area within each
HA using data from previous investigations, (4) estimat-
ing ET* for each pixel within the phreatophyte area
using mean, and upper and lower confidence and pre-
diction interval regression equations, and (5) estimating
the annual ETg by applying respective annual ETo and
PPT measured within or near the phreatophyte areas.

After analyzing PPT records for COOP and RAWS
weather stations in respective HAs, water year 2006
was determined to have annual PPT amounts near
the average annual amount for each station. Single
midsummer Landsat TM scenes were selected cover-
ing each HA and phreatophyte area of interest and
are listed in Table 6. Simple criteria for scene selec-
tion were as follows: (1) the scenes are completely
clear of cloud/smoke within the delineated phreato-
phyte boundary, (2) there has been no major precipi-
tation event in the two weeks leading up to scene
acquisition, and (3) the vegetation signal from the
phreatophyte areas is easily distinguished (greener,
high EVI) from the surrounding nonphreatophyte
areas, indicating plants are utilizing shallow ground-
water stores. EVI was calculated using the computed
at-surface reflectance, and pixel values were
extracted from within the delineated phreatophyte
boundary for each HA.

Groundwater discharge estimates for the HAs in
this work are intended to represent those of predevel-
opment conditions, which was also assumed in previ-
ous work for these HAs. As such, following an
approach described in Welch et al. (2007) and Wel-
born and Moreo (2007), EVI values for areas identi-
fied as irrigated cropland were replaced with EVI
values that equal the area-weighted average EVI
value occurring in the groundwater discharge area,
representative of mixed phreatophyte vegetation.

Estimates of PPT and ETo for water year 2006
were derived from rain gauge and meteorological
data collected from within phreatophyte areas for
each respective HA, or in an adjacent phreatophyte
area located nearby with similar meteorologic and
hydrologic conditions (Table 6). Equations (11-13)
were used to formulate estimates of ET*, ETa, and
ETg for each pixel within the phreatophyte bound-
ary, and total volumes of ETa and ETg were subse-
quently computed for phreatophyte areas within
each HA.

RESULTS

Mean-Annual Phreatophyte ET Estimates

Using surface reflectance data from a single mid-
summer Landsat 5 scene along with ETo and PPT
data measured within representative phreatophyte
areas, a first-order estimate of phreatophyte ET was
calculated for four HAs in western and eastern
Nevada. Mean ETg rates, total ETg volumes, mean
ETg rate prediction intervals, and total ETg volume
prediction intervals for the phreatophyte areas of all
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four HAs are shown in Table 6. Mean ETg rates were
calculated as the area-weighted average of the pixel
ETg rate for the phreatophyte area. Total ETg vol-
umes were calculated as a sum of the pixel ETg vol-
umes. Maps of ETg within delineated phreatophyte
boundaries show the spatial variation in phreato-
phyte ET, where the highest rates are concentrated

around areas known to have shallow groundwater or
are impacted by nearby spring flow, and surface
water and subirrigation (Figures 7 and 8). Spatial
analysis of the data revealed that areas with low
vegetation cover (EVI <0.2) and low ETg contribute to
the majority of ETg volume (67-74%) due to large con-
tributing areas (87-93% of total phreatophyte areas).

TABLE 5. Summary of Measured ET Data for All 40 Site-Years Along
with Predicted ET* and Groundwater Evapotranspiration (ETg).

Site Year EVI
ETa

(mm/yr)
ETo

(mm/yr)
PPT

(mm/yr)
ETg

(mm/yr) ET* Est. ET*
Est. ETg

(mm/yr)
Residual
(mm/yr)

BARCAS study (Moreo et al., 2007)

SPV-3 2006 0.2922 832 1,244 197 634.9 0.606 0.5221 547.1 �87.8

SNV-1 2006 0.1138 337 1,468 153 183.7 0.139 0.1190 156.4 �27.3

SPV-1 2006 0.1034 375 1,274 212 163.6 0.154 0.0924 98.2 �65.4

SPV-2 2006 0.1173 373 1,368 226 146.9 0.129 0.1280 146.2 �0.7

WRV-1 2006 0.1462 401 1,418 219 182.1 0.152 0.1998 239.5 57.4

SPV-3 2007 0.3420 746 1,324 151 595.5 0.507 0.6163 723.2 127.7

SNV-1 2007 0.1166 291 1,478 186 105.5 0.082 0.1262 163.0 57.5

SPV-1 2007 0.1060 285 1,334 151 133.8 0.113 0.0991 117.3 �16.6

SPV-2 2007 0.1217 285 1,418 151 134.4 0.106 0.1391 176.3 41.9

WRV-2 2007 0.1158 309 1,382 164 145.0 0.119 0.1240 150.9 6.0

WRV-1 2007 0.1412 353 1,491 164 188.7 0.142 0.1874 248.7 59.9

Average 237.6 0.2 0.2 251.5 13.9

Spring Valley (Arnone et al., 2009)

SV-4 2008 0.2300 756 1,260 129 627.6 0.555 0.3931 445.0 �182.7

SV-5 2008 0.1207 286 1,406 87 199.2 0.151 0.1365 180.0 �19.2

SV-6 2008 0.1197 259 1,402 85 173.8 0.132 0.1339 176.3 2.5

SV-4 2009 0.4812 997 1,184 154 843.2 0.819 0.8376 862.7 19.5

SV-5 2009 0.1327 409 1,329 200 209.2 0.185 0.1665 188.1 �21.1

SV-6 2009 0.1312 366 1,330 189 176.3 0.155 0.1629 185.7 9.4

Average 371.6 0.3 0.3 339.6 �31.9

Carson Valley (Maurer et al., 2005)

ET-1 2004 0.1810 547 1,322 143 404.0 0.343 0.2828 333.4 �70.6

ET-8 2004 0.5650 1,315 1,372 143 1,172.3 0.954 0.9407 1,156.1 �16.2

Average 788.2 0.6 0.6 744.7 �43.4

Lower Colorado flow system (DeMeo et al., 2008)

MR 2004 0.5000 1,203 1,276 143 1,059.9 0.936 0.8627 977.3 �82.5

VR 2004 0.4100 1,179 1,413 116 1,063.4 0.820 0.7321 949.6 �113.7

MR 2005 0.6238 1,139 1,247 356 782.9 0.878 0.9997 891.1 108.2

MR 2006 0.3563 905 1,346 44 860.7 0.661 0.6418 835.4 �25.3

LMVW 2006 0.2729 860 1,450 31 829.0 0.584 0.4834 685.9 �143.1

UMVW 2006 0.1440 461 1,598 156 305.2 0.212 0.1944 280.3 �24.8

Average 816.9 0.7 0.7 770.0 �46.9

Oasis Valley (Reiner et al., 2002)

MOVAL 1999 0.1740 721 1,886 119 602.1 0.341 0.2663 470.5 �131.6

UOVLO 1999 0.1333 374 1,645 119 255.2 0.167 0.1681 256.5 1.4

UOVUP 1999 0.0876 180 1,745 119 60.5 0.037 0.0513 83.3 22.8

UOVLO 2000 0.1412 447 1,717 182 264.3 0.172 0.1876 288.0 23.7

UOVUP 2000 0.0885 187 1,778 182 4.7 0.003 0.0535 85.4 80.7

UOVMD 2000 0.1722 495 1,739 182 312.6 0.201 0.2623 408.3 95.7

Average 249.9 0.2 0.2 265.3 15.4

Lower Walker River Valley (Allander et al., 2009)

GRE 2005 0.0973 208 1,421 147 61.2 0.048 0.0767 97.7 36.6

SAL 2005 0.1638 372 1,446 147 225.5 0.174 0.2422 314.6 89.1

GRE-2 2007 0.1121 246 1,416 46 200.7 0.147 0.1147 157.2 �43.5

SAL-2 2007 0.2580 649 1,502 46 603.8 0.415 0.4526 659.1 55.3

B-11 2005 0.9664 1,227 1,092 147 1,080.1 1.143 1.1226 1,060.9 �19.2

B-01 2005 0.5600 987 1,080 150 837.0 0.899 0.9352 870.3 33.3

B-11 2006 0.8794 1,244 1,093 93 1,150.9 1.151 1.1271 1,127.2 �23.7

B-01 2006 0.4247 766 1,143 81 684.9 0.645 0.7552 801.8 116.8

TAM 2006 0.1237 213 1,306 81 131.8 0.108 0.1441 176.5 44.8

Average 552.9 0.5 0.6 585.0 32.2
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TABLE 6. ETg Mean Rates and Total Volumes (with prediction ranges) Estimated for Water Year 2006 in Phreatophyte Areas of White
River Valley (WRV), Spring Valley (SPV), Dry Valley (DV), and Red Rock Valley (RRV).

Basin
Image
Date

Landsat
Path/Row

Area
(km2)

ETo

(m/yr)
PPT
(m/yr)

ETg

(m/yr)
Pred. Int.
(m/yr)

ETg

(Mm3)
Pred. Int.
(Mm3)

WRV 8/07/2006 40/33 728.97 1.1481 0.221 0.13 0.05-0.2 92.32 39-150
SPV 8/16/2006 39/33 740.50 1.2962 0.212 0.14 0.06-0.22 99.95 45-165
DV 7/11/2006 43/32 9.00 1.1923 0.353 0.18 0.1-0.25 1.62 1-2.3
RRV 7/11/2006 43/32 9.21 1.1923 0.353 0.20 0.12-0.28 1.91 1.2-2.6

1Reported total is measured mean from stations WRV-1 and WRV-2.
2Reported total is measured mean from stations SPV-1, SPV-2, and SPV-3.
3Reported total is from Washoe County ETo station located in Red Rock Valley.

FIGURE 7. Map of First-Order Mean-Annual ETg Rates (m/yr) from Phreatophyte Zones
in Spring and White River Valleys, Eastern Nevada. Determined from Landsat data taken August 16, 2006

(Spring Valley, path 39 row 33) and August 7, 2006 (White River Valley, path 40 row 33).
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Comparison with Previous Studies

To evaluate this approach with respect to previous
approaches and ETg estimates, ETg estimates derived
from this study were compared with those from previ-
ous studies in respective HAs (Table 7). Previous stud-
ies have applied a variety of methods to estimate ETg,
including remote sensing methods (Berger et al., 2004;
Moreo et al., 2007; J.L. Huntington, “Estimates of
Recharge and Discharge in Dry Valley Hydrographic
Area”, unpublished report, 2010), chloride mass bal-
ance for estimating groundwater recharge (Thomas
and Albright, 2003), and extrapolation of flux tower

estimates made from around the globe (L. Carpenter,
“Applicants Estimate of Red Rock Valley Phreatophyte
ET”, unpublished report submitted to Nevada State
Engineers Office, 2006). Mean ETg volumes from previ-
ous estimates fall within 90% prediction intervals of
this study for all four HAs (Figure 7), however, several
estimates fall outside of the 90% confidence intervals.
In Spring and White River Valley, mean ETg volumes
compare well with estimates provided by Moreo et al.
(2007) and Zhu et al. (2007), who employed remote
sensing and a Monte Carlo simulation to derive ETg.
Previous estimates fall below the lower 90% prediction
interval for Dry and Red Rock Valley. These estimates

FIGURE 8. Map of First-Order Mean-Annual ETg Rates (m/yr) for Phreatophyte Zones in Dry and Red Rock Valleys, Northwestern Nevada.
Determined from Landsat data taken July 11, 2006 (path 43 row 32).
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were derived from early studies (Lee, 1912; White,
1932; Young and Blaney, 1942) and applied by Rush
and Glancy (1967) in which ETg was estimated at
0.09 m/yr, roughly half of the estimated rate from this
work. In addition, phreatophyte areas estimated from
Rush and Glancy (1967) were significantly smaller for
Dry Valley than that estimated more recently using
remote sensing methods (Berger et al., 2004). Confi-
dence intervals shown in Figure 9 have a fairly small
range, and it is argued that these confidence intervals
are a better representation of the model’s uncertainty
than the prediction intervals because the regression
equation is meant to represent the mean behavior of
the ET*-EVI data which are used to calculate ETg. For
estimation of the mean ETg in a phreatophyte area
using Equation (11), the confidence intervals should be
used to describe the uncertainty in the model estimate.

DISCUSSION AND CONCLUSIONS

Methods for estimating mean-annual ETg developed
and applied in this study are not without uncertain-
ties. Generally, uncertainties associated with
estimates of ETa and ETg using methods described in
this study can be broadly classified as errors in mea-
surement and errors in scaling. EBC error is a major
source of measurement error that needs to be
addressed further in ET studies. With the advancement
of instrumentation such as four-way net radiometers to

TABLE 7. Comparison of Annual ETg Discharge Estimates (in Mm3) for Spring Valley (SPV), White River Valley (WRV), Dry Valley (DV),
and Red Rock Valley (RRV) from This and Previous Studies.

HA Current Study USGS SNWA NSEO DRI Zhu et al. (2007) USGS Recon. Other

SPV 99.95 93.271 128.783 103.744 92.47 86.348 111.0111

WRV 92.32 94.611 98.686 93.51 45.649

DV 1.62 0.79-0.982 1.737 0.110 1.24-2.1612

RRV 1.91 0.99-2.475 0.7810 2.513

Notes: DRI, Desert Research Institute; NSEO, Nevada State Engineer’s Office; SNWA, Southern Nevada Water Authority; USGS, U.S. Geolo-
gical Survey.
1Welch et al. (2007). Estimate includes 2.4 Mm3 from playa discharge for SPV.
2Berger et al. (2004).
32006 values reported by Southern Nevada Water Authority (2011). Estimate includes 1.48 Mm3 from playa discharge.
4Nevada State Engineers (2012) ruling #6164. Estimate includes 1.48 Mm3 from playa discharge.
5Nevada State Engineers (2006) ruling #5816.
6Thomas et al. (2001).
7Thomas and Albright (2003).
8Rush and Kazmi (1965).
9Eakin (1966).
10Rush and Glancy (1967).
11Nichols (2000).
12J. L. Huntington, “Review and Analysis of Recharge and Discharge Estimates for Dry Valley, Washoe County, Nevada”, unpublished report
for United Management Corporation, 2010.
13Huffman and Carpenter, Inc., “Evapotranspiration Study – Utilizing Land Use Classification and Remote Sensing Methodologies for the
Redrock Watershed (Basin 99), Washoe County, Nevada”, unpublished report for Red Rock Valley Ranch, LLC, 2007.

FIGURE 9. Estimates of Mean-Annual ETg Volume (Mm3) by
Hydrographic Area in This Study (black diamonds) and Previous
Studies (open circles). Black bars represent calculated uncertainty
of mean value (90% confidence interval), gray bars represent 90%
prediction intervals.
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estimate Rn, heated-needle probes to directly calculate
soil heat capacity and thermal conductivity, use of at
least 6-10 soil heat flux plates and many sets of ther-
mocouples at depth to accurately estimate G and heat
storage, and use of multiple turbulent flux approaches
used in combination such as combined BR-EC stations,
the EBC problem can be better solved in the future to
more accurately assess measurement error. Scaling
error can arise from soil background noise in VI sig-
nals, nonphreatophyte VI response with-in phreato-
phyte groundwater discharge areas (e.g., from cheat
grass), and the impact of precipitation on phreato-
phyte greenness and soil noise. Typically, money
spent on estimating ET (i.e., BR, EC, remote sensing,
etc.) can range from tens to hundreds of thousands
of dollars. However, inaccurate estimates of precipi-
tation derived from tipping buckets are often used to
calculate ETg from expensive and state-of-the-art
estimates of ETa. Installation of multiple, accurate
precipitation gauges that account for possible under
catch would greatly improve our ability to accurately
estimate and upscale ETg to larger spatial scales
with more confidence.

This work builds on previous remote sensing of ET
work in phreatophyte environments by developing a
transferable function to estimate ETg from phreato-
phytes using a fairly standard atmospheric correction
algorithm and VI. The main advantages of this method
are that it: (1) is fairly robust and simple to apply as
long as annual ETo and PPT data are available in the
area of interest, (2) uses Landsat 5 TM data which are
available at no cost and cover large areas, (3) is based
on measurements of ETa, ETo, and PPT from a wide
range of phreatophyte vegetation types and climates
in the Great Basin, and (4) is scaled by ETo and PPT
representative of the HA of interest. Prediction and
confidence intervals about the mean ET* will allow
water resource modelers and managers to evaluate if
independent groundwater discharge estimates are
“believable” based on previous measurements of ETg

used to develop the regressions presented in this
study. This approach will assist local, state, and fed-
eral agencies to independently evaluate expert witness
reports of ETg, along with providing new first-order
estimates of ETg with associated uncertainty.
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