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ABSTRACT

Current and historical crop water use and groundwater pumpage estimates are needed for the Harney
Basin in southeastern Oregon for a complete evaluation of the basin’s groundwater budget. This will
inform the overarching cooperative Oregon Water Resources Department (OWRD) and U.S. Geological
Survey (USGS) study of the groundwater resource. This open file report describes the process used by
OWRD to quantify crop water use from agricultural fields and associated groundwater pumpage in the
Greater Harney Valley Area (GHVA) and presents findings of the analysis. Evapotranspiration (ET),
consumptive use (CU; ET minus precipitation), and groundwater pumpage were estimated for 13
individual years spanning 1991 to 2018. The average annual growing season for irrigated areas was
assumed to occur from May to September.

ET of applied surface water and groundwater and groundwater pumpage for irrigation during 1991-2018
were estimated by coupling modeled field level ET estimates with available groundwater-pumpage data.
Field-level ET was estimated using a remotely-sensed ET model - Mapping EvapoTranspiration at High
Resolution with Internalized Calibration (METRIC) - scaled to ET measurements from an alfalfa field in
the basin, GridMET precipitation data, and mapped agricultural fields. The source of water used to
irrigate each field was obtained from OWRD water rights information. Estimated pumpage volumes
associated with each ET estimates were determined using reported pumpage volumes from OWRD’s
Water Use Reporting database and literature-reported irrigation efficiencies. The METRIC estimated
average growing season net ET (ET minus precipitation) for mapped irrigated fields over 1991 to 2018
was 1.51 feet per year (ft/yr) for fields irrigated with primarily groundwater, 1.49 ft/yr for fields irrigated
with combined groundwater and surface water, and 1.43 ft/yr for fields irrigated with primarily surface
water.

In order to facilitate comparison of recharge and discharge volumes and evaluate groundwater
development in the USGS groundwater study, the Harney Basin was separated into three analysis
regions based on topography and groundwater movement. Current groundwater pumpage estimates
for each region represent the mean-annual values of pumpage for the five year period of 2014 to 2018.
The mean annual groundwater pumpage volume for each region is as follows: 76,000 acre-feet for the
northern region, 20,000 acre-feet in the southern region, and 41,000 acre-feet in western region. The
average total pumpage estimate for the GHVA area during 2014-2018 is estimated at 140,000 acre-feet
per year from 67,400 groundwater irrigated acres, which represents an increase of 80,000-90,000 acre-
feet since the early 1990s. Regional groundwater pumpage rates for fields irrigated with primary
groundwater rights averaged 2.16 acre-feet per acre (ac-ft/ac), whereas rates for fields irrigated with
supplementary groundwater rights averaged 1.24 ac-ft/ac.



1. INTRODUCTION

Agricultural communities in the arid high desert of eastern Oregon rely heavily on water supplied by
surface water diversions and pumped groundwater. Accurate reporting of irrigation water use is needed
by OWRD and USGS to support surface and groundwater use studies, develop historical groundwater
pumpage estimates, and for basin water planning and management.

Like many places in the intermountain west, water use in southeastern Oregon is dominated by irrigated
agriculture. Surface water availability for irrigation largely depends on precipitation (PPT) in the form of
snow. Surface water has been fully allocated for decades, beginning in the 1960s, and for years with
low-to-average snowpack, there is little surface water available during the irrigation season (Cooper,
2002). In years with insufficient snowpack to meet surface water allocations, supplemental groundwater
is used. Because surface water is generally fully allocated, new irrigation water demand since about the
1970s has relied on groundwater sources, and has led to increasing pumpage and declining groundwater
levels over time.

In the Harney Basin, groundwater supports the needs of rural communities, ecosystems, and the local
economy. Starting in the early 2000s, OWRD began to observe declining groundwater levels in several
areas throughout the basin. A preliminary estimate of groundwater use in 2015 indicated that the
volume of permitted groundwater use likely exceeded the estimated annual net recharge (Grondin,
2015). In 2015, the permitted acreage for groundwater irrigation in the Harney basin was 95,700 acres
(Grondin, 2015). Applying a standard duty of 3 acre-feet per acre for groundwater irrigation in the
Harney Basin, total groundwater allocations amount to 287,000 acre-feet per year. In comparison, the
estimated annual recharge for the entire Harney Basin is 260,000 acre-feet per year (Robison, 1968).
The total annual groundwater allocations for irrigation in the GHVA alone exceeds the groundwater
budget of the entire basin, indicating that the groundwater resource is over appropriated [OAR 690-400-
0010-(11)(a)(b)].

Following widespread concern throughout the basin about sustainability of the groundwater resource
and future groundwater development, in 2016 OWRD established a Groundwater Area of Concern in the
Greater Harney Valley Area (GHVA) and stopped issuing new groundwater permits within the GHVA
pending completion of a comprehensive groundwater study. In 2016, OWRD entered into a cooperative
agreement with the U.S. Geological Survey (USGS) to conduct a groundwater availability study of the
Harney Basin (Garcia and others, 2021; Gingerich and others, 2021).

In order to effectively manage groundwater in the basin and as part of the Harney Basin groundwater
study, development of an accurate groundwater budget is required. The budget is based on estimates of
how much water enters the basin (groundwater recharge or inflow), how much exits the basin
(groundwater discharge or outflow), and how much aquifer storage is changing in the basin. The Harney
Basin is a predominantly closed, internally drained basin with no surface water outflow.
Evapotranspiration (ET) from groundwater irrigation and phreatophytes represent the greatest sources
of anthropogenic and natural groundwater discharge, respectively (Garcia and others, 2021). ET is the
combination of evaporation from soil and plant surfaces and transpiration of the plant, and is the
primary determinant of crop consumptive use (CU) rates. Within the Great Basin, and other regions



where groundwater discharge is primarily due to ET, groundwater discharge is considered the most
reliable groundwater budget component (Bredehoeft, 2007).

Direct estimates of historical water use for irrigation, such as metered pumpage data from groundwater
wells and gaged diversions from surface water sources, are scarce or non-existent and thus need to be
estimated indirectly. Previous estimates of historical groundwater pumpage for irrigation in Oregon
have typically been computed as the product of historical irrigated acreage and assumed crop
consumptive use (ET) rates that are constant in space and time and assume optimum crop irrigation and
health, divided by an assumed irrigation-system efficiency value (Conlon and others, 2005; Gannett and
others, 2001; Gannett and others, 2007). However, crop consumptive use rates (as well as irrigated
acres and system efficiency) vary in space and time due to factors such as water availability, crop type,
crop health and phenology, growing season length, irrigation management, and weather conditions (i.e.
solar radiation, air temperature, relative humidity, and wind speed). Satellite-based remote sensing that
has been verified with ground-based measurements provides a mechanism to observe field conditions
and changes in ET caused by these factors over large areas and time periods, and thus has been shown
in previous studies to be useful for water resources management. Satellite imagery captures field
conditions and spatial and temporal variability in crop phenology, stress, management, and ultimately
ET and water use (Anderson and others, 2012).

Where available, field-scale crop water use estimates reasonably compare with measured groundwater
pumpage data. Therefore, relationships between crop water use and measured groundwater pumpage
can be used to extrapolate pumpage estimates across a basin for time periods and fields where records
do not exist. This study uses Landsat satellite imagery and the METRIC ET model to estimate field-scale
ET and groundwater pumpage volumes. In addition, this study illustrates the utility of satellite-based ET
as a cost-effective approach for estimating historical groundwater pumping at the basin-scale over long
time periods of time. The approach is more accurate than using historical potential crop coefficients
(Kc), reference ET (ETref), and irrigated area approaches.

2. PREVIOUS WORK

The 1992 report Oregon Crop Water Use and Irrigation Requirements by Cuenca et al. (1992) provides
estimates of monthly and growing season crop ET and net irrigation water requirements (NIWR) for 27
different agricultural regions in Oregon, including hydrologic basins in southeast Oregon. Cuenca et al.
(1992) applied the FAO-24 Blaney-Criddle method (Doorenbos and Pruitt, 1977) to estimate grass
reference ET (ETo) on a monthly basis and effective precipitation using weather data summarized from
244 National Weather Service stations (including Harney Basin). Crop ET is estimated by multiplying the
ETo by a grass-related Kc. The Blaney-Criddle approach to estimate crop ET assumes well-watered and
stress-free conditions throughout a pre-defined irrigation season (potential crop ET), and has been
applied across Oregon for irrigation planning and design. The Cuenca et al. (1992) estimates represent
the potential crop ET based on ETo rather than the actual crop ET that occurs as a result of spatial and
temporal variations in water availability, crop stress and disease, crop management, irrigation and land
management, and climatic conditions. The use of this method has since been superseded by the
American Society of Civil Engineers (ASCE) standardized Penman-Monteith equation (ASCE, 2005).



The West-Wide Climate Risk Assessment: Irrigation Demand and Reservoir Evaporation Projections
(WWCRA) study (Huntington, J. L. and others, 2015) applied the U.S Bureau of Reclamation (BOR) ET
Demands model to seven major river basins in the western United States including the Columbia and
Klamath basins in Oregon. The ET Demands model uses the ASCE standardized Penman-Monteith
reference ET equation for a short grass reference (ETo) and the dual Kc-ETo method (Allen and others,
1998). Similar to the Cuenca approach, this method estimates potential ET for irrigated crops which is
valuable for establishing the upper bound of crop ET, but will overestimate actual ET under water short
conditions or other non-ideal conditions that cause plant stress.

The satellite-based METRIC model has been applied to estimate field-scale crop ET in the Klamath Basin
of south central Oregon (Cuenca et al., 2013; Zhao et al., 2015) and in the Powder River Basin of Eastern
Oregon (Zhao, W. and others, 2014; Zhao, W. and others, 2015). METRIC ET estimates in Klamath (2010)
were about 9 percent above eddy-covariance ET estimates on average at two native vegetation wetland
(bulrush and marsh) sites (J. Haynes, written commun. 2021). Cuenca et al. (2013) compared seasonal
(May-September) ET estimates from METRIC in the Wood River Valley (Klamath Basin) with in-situ
estimates of seasonal ET derived from two Bowen ratio (BR) energy balance stations located in
unirrigated and irrigated pasture grass. METRIC seasonal ET estimates agreed well with measurements
at the unirrigated and irrigated BR stations, with differences of 2.6 percent and 2.3 percent,
respectively.

3. OBJECTIVES

The main objectives of this study are to estimate historical and current irrigated acreage, field- and
regional-scale crop irrigation water use, and groundwater pumpage for irrigation within the GHVA. The
four primary tasks to achieve the objectives include:

e Develop and report field-scale estimates of ET for irrigated fields within the Greater Harney
Valley Area (GHVA) of southeastern Oregon using Landsat satellite imagery and a satellite-based
ET model for the irrigation season (May 1 to September 30) during the period 1991 to 2018

e Adjust satellite-based ET estimates using in-situ estimates of ET made from eddy covariance
stations from September 2017 to August 2019

e Correlate field-scale satellite-based ET with groundwater pumpage estimates to develop a
locally derived relationship between ET and pumpage to estimate historical groundwater
pumpage basin-wide

e Assess and summarize field-scale seasonal and monthly ET estimates for all irrigated fields in the
Harney Basin, and partition field-scale estimates and summarize results by areas irrigated with
groundwater only, surface water only, and a combination of groundwater and surface water

The results from this study provide current and historical irrigation water use, groundwater pumpage
and irrigated acreage estimates required for the Harney Basin of southeastern Oregon to inform the
basin’s water budget analysis for the cooperative Oregon Water Resource Department (OWRD) and U.S.
Geological Survey (USGS) groundwater basin study, and local water planning efforts.
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4. STUDY AREA

The Harney Basin encompasses about 5,240 square miles in southeastern Oregon. Irrigation from
pumped groundwater predominantly occurs in the GHVA, which lies within central Harney Basin (Figure
1) and was used as the study area in this report. Hydrologically, three major watersheds comprise the
GHVA. The State of Oregon (State of Oregon Water Resources Board, 1967) identify these watersheds as
Silver Creek (Western Region), Silvies River (Northern Region), and Donner und Blitzen River (Southern
Region). The elevation of the agricultural area within the GHVA ranges from 4,100 feet near Malheur
Lake to 4,300 feet in Silver Creek Valley. The GHVA climate is characterized as semi-arid with long, cold
winters, and short, mild summers, a wide range of daily and seasonal temperatures, and precipitation
mostly occurring from November to June (Oregon State Water Resources Board, 1967). Mean annual
precipitation from 1981 to 2010 ranged from 9 to 12 inches within the agricultural areas on the valley
floor, with approximately 80 percent of precipitation occurring during winter months and growing
season total precipitation averaging about 2.5 inches (Oregon State University PRISM Climate Group).
The hottest month is July with an average high of 85 °F, and the coldest month is January, with an
average low of 16 °F (Oregon State University PRISM Climate Group).

Irrigated alfalfa and grass hay are the principal crops grown within the study area, with marginal
amounts of spring and winter grains, and mint (USDA National Agricultural Statistics Service, 2018). The
typical growing season is May to September. Alfalfa and grass hay crops are typically harvested (i.e. cut
and baled) from 3 to 4, and 1 to 2 times per year, respectively. Agricultural fields irrigated with pumped
groundwater only are predominantly irrigated with a primary groundwater right, and fields irrigated
with a combination of both groundwater and surface water are irrigated with a primary surface water
right and a supplementary groundwater right. A primary water right means the water right designated
by OWRD as the principle water supply for the authorized use. A supplemental water right means an
additional appropriation of water to make up a deficiency in supply from an existing water right, used in
conjunction with a primary water right.

11
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5. APPROACH

The general approach to accomplish the objectives of this project were to 1) apply a satellite-based ET
model to estimate the spatial distribution of actual ET at the field scale from calendar year 1991 to 2018,
and 2) summarize field-scale total ET and net ET (total ET less PPT) for specific time periods and areas of
interest. The primary datasets used for estimating historical crop water use and groundwater pumpage
include:

e landsat data from a single path-row covering the GHVA study area (path 43, row 30),
e field-scale, monthly ET,

o field-scale, monthly PPT,

e reference ET,

e mapped irrigated field boundaries,

e water rights information,

e in-situ ET estimates, and

e user-reported groundwater pumpage data estimates using primarily flowmeters

5.1.Data Assimilation

5.1.1. Weather Data Preparation
The METRIC approach used in this study utilizes meteorological data from two gridded weather
products, the ASCE Penman-Monteith alfalfa reference ET (ETr) from the North American Land Data
Assimilation System (NLDAS) (Cosgrove and others, 2003) available at an hourly time step and 12-km
grid (391 grid cells in the Landsat scene), and ETr and precipitation products from the Gridded Surface
Meteorological Dataset (gridMET) (Abatzoglou, 2013) available on a daily time step and 4-km grid (3,196
grid cells in the Landsat scene). Both datasets are available for the study area and analysis period (1991-
2018). The NLDAS ETr data was used as input into METRIC to estimate the “instantaneous” reference ET
rate at the time of satellite overpass. The gridMET ETr was used as input into METRIC to perform time
integration, and estimate daily, monthly, and annual actual ET (further described below). Precipitation
data from gridMET were used to estimate annual and monthly precipitation totals, and compute net ET
(ET minus precipitation) from agricultural areas.

A comparison of gridMET ETr with ETr computed using in-situ weather data was used to account for
potential bias in the gridded product. Long-term historical in-situ weather data representative of
agricultural conditions in the GHVA was not available for the historical analysis. Therefore, this
assessment was accomplished by comparing gridMET ETr to ETr computed at 19 of the nearest U. S.
Bureau of Reclamation Pacific Northwest AgriMet stations collecting weather data representative of
agricultural weather conditions in Oregon, Idaho, and California
(https://www.usbr.gov/pn/agrimet/agrimetmap/agrimap.html; last accessed July 24, 2018). The period

of overlap between the available daily AgriMet ETr and gridMET ETr data was the 15-year period
between 2003 and 2017. Similar to what (Abatzoglou, 2013) found at southern Idaho AgriMet stations,
gridMET ETr was consistently 10-15 percent higher than AgriMet ETr during the growing season months.
Cooler, wetter environments surrounding agricultural areas commonly lead to reduced ETr with respect
to warmer and drier natural areas. The observed bias in gridMET ETr with respect to AgriMET ETr is likely
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because weather stations used to inform gridMET are often located in airports or ambient areas
characteristic of the natural landscape rather than agricultural areas. In order to bias-correct the
gridMET ETr, mean monthly ratios of AgriMet ETr to gridMET ETr (ratio = AgriMet ETr / gridMET ETr)
were computed at each of the 19 nearest AgriMet stations and then interpolated using inverse distance
weighting, and then spatially averaged to agricultural fields in the basin (Table 1). Results indicate that
on average the annual ratio was 87 percent. As an additional validation step, a comparison was made
between monthly ETr totals computed at the irrigated alfalfa eddy-covariance (EC) station, CRN, with
gridMET ETr for the grid cell overlying the station location. For the period September 2017-August 2019
the average annual ratio of 89 percent was computed at the station, similar to that computed using
AgriMet stations.

Table 1. Monthly bias correction factors applied to the daily gridMET reference ET (ETr).

Month | Jan Feb Mar Apr | May | Jun Jul Aug Sep Oct Nov Dec | Ann
Ratio | 0.80 | 0.87 | 0.90 | 0.93 | 0.91 | 091 | 0.90 | 0.87 | 0.86 | 0.82 | 0.81 | 0.83 | 0.87

5.1.2. Image Preparation and Land Cover
Reflectance and thermal imagery from Landsat 5, Landsat 7, and Landsat 8 were used to compute
METRIC ET over 14 individual years from calendar year 1991-2019. The pixel size for Landsat data is 30
m x 30 m. This spatial resolution allows for accurate quantification of ET at the field-scale. The GHVA
study area is within a single Landsat scene, path 43, row 30.

The METRIC model requires clear Landsat scenes in order to accurately estimate ET, therefore scenes
during the full Landsat record (1984 to 2019) were evaluated to select the years with the most cloud-
free scenes during the agricultural growing season (May—-September). An open-source tool called Clear
Scene Counter for Landsat (https://github.com/WSWUP/cloud-free-scene-counts) was used to gather
image files of all available Landsat scenes. For each year, Landsat images with excessive cloudy, smoky,
snowy, or otherwise unsuitable conditions on the GHVA were manually discarded. The year 1991 was
selected as the beginning year of analysis to observe the increase in groundwater irrigation that began
in the early 1990s. The years from 1991 through 2019 with the most cloud-free growing-season scenes
were compared with years where high-resolution National Aerial Imagery Program (NAIP) (USDA, 2016)
imagery was available which was necessary for the field boundary mapping task. In addition, these years
were evaluated to ensure that they characterized a range of wet-to-dry conditions for assessing how
surface water and groundwater use changes during wet and dry years. The years selected for analysis
include: 1991, 1992, 1994, 2000, 2001, 2005, 2009, 2011, and 2014 to 19.

For the selected “clear” scenes that had minimal cloud cover but were usable, the FMASK (Function of
Mask) cloud mask was used to automatically mask clouds, cloud shadows, and snow from the Landsat
images (Foga and others, 2017). The number of Landsat scenes used per year ranged from 10 scenes in
1991 (Landsat 5 only) to 28 scenes in 2016 (Landsat 7 and 8). For some years, cloud-free Landsat scenes
were not available for every month, so the analyses reported here are most accurate for cloud-free time
periods and may not represent the ET patterns for the entire year. The majority of years analyzed had at
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least one scene available per month during the growing season, generally May-September (approx. day
of year 120 to 270 as shown in Figure 2) to adequately observe crop phenology and management.
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Figure 2. Clear Landsat scenes used in this analysis to process METRIC.

5.1.3. Measured Evapotranspiration
Modeled ET estimates have been validated over multiple eddy covariance (EC) and Bowen ratio (BR) flux
stations in past studies. Morton et al. (2013) compared METRIC ET with measured ET from 8 EC and BR
stations located in western Nevada. Using a fetch area of 100-m radius around the stations to
summarize METRIC ET, the mean daily ET for each Landsat overpass date had an r? of 0.80 with standard
error of 0.98 mm, and the growing season mean daily ET compared from April 1 to October 31 (mean
daily ET = 4.2 mm) had an r? of 0.70 with standard error of 0.50 mm.

In this study, METRIC ET was adjusted to match ET measurements from an EC station — CRN - located in
a representative groundwater-irrigated alfalfa field near Crane, Oregon (Figure 3). The ET measurements
were collected and processed by the Desert Research Institute (R. Jasoni, 2019, written communication).
The EC station is located in the center of a 120-acre center pivot alfalfa field (43.417149°, -118.604263°)
that is irrigated from late April /early May to mid-September and harvested 3 to 4 times per growing
season.
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Figure 3. Eddy covariance station (CRN) at groundwater irrigated site, Owens Hay Farm, May 2019.

The EC flux data from the CRN station was processed using widely accepted methods as outlined in
(Arnone and others, 2008) and corrected for energy balance closure using the energy balance ratio
method (Foken, 2008; Twine and others, 2000) to compute daily and monthly ET summaries from
September 2017 to August 2019. Gap filling procedures to fill in missing daily ET data based on the
gridMET ETr data were also applied using a procedure like that in the FLUXNET2015 processing pipeline
(Pastorello and others, 2020). The fluxes were post-processed and corrected to create daily and monthly
time series using the flux-data-gaqc Python program (Volk and others, review pending). The average
energy balance ratio (ratio of turbulent fluxes to available energy) of the daily time series from raw
latent (LE) data was about 0.8 (i.e. turbulent fluxes were 80 percent of available energy).

METRIC ET and measured ET were compared at daily, monthly, and seasonal time scales. Validation was
performed by comparing measured ET with METRIC ET estimates averaged for a circular footprint with a
radius of 650-ft (200-m) surrounding the EC station location, assumed to represent the ETmeasurement
area.

5.1.3.1.Eddy covariance method
The EC method is based on the determination of the turbulent fluxes of latent and sensible heat
(Brutsaert, 1982). Each of the energy components are calculated independently, unlike the Bowen ratio
method. EC stations are equipped with a sonic anemometer, gas analyzer, and thermocouple to
measure changes in vertical wind speed, vapor density, and temperature, respectively (Fig. 3). Sensible
heat flux (H) is calculated using the equation:

H=pg-c, - w -6 (1)

16



H = the sensible heat flux (energy per area)
Pa = is density of the air (mass per volume)
w’ = the turbulent vertical wind velocity

o' = the deviation in temperature

Cp = the specific heat capacity

ET is computed as the covariance of the vertical wind speed (w’) and humidity (g’). The formula for
computing evapotranspiration is:

ET =pg-w'-q (2)
Where
ET = the evapotranspiration rate (length per unit time)
Pa = is density of the air (mass per volume)
w’ = the turbulent vertical wind velocity
q = the deviation in humidity

The advantage of the EC method is the direct measurement of both ET and H independently. In
addition, this approach can be more accurate compared to other energy budget methods (i.e. BR)
because ET and H are not forced to balance. However, independent measurements of ET and H rarely
achieve full energy budget closure. Meyers and Baldocchi (2005) suggested that the mean uncertainty
for ET measurement from a perfectly designed and maintained EC system can approach 10 percent.

5.1.3.2.Site instrumentation installation, EC calculation, and data QA/QC
The single EC station at the groundwater irrigated alfalfa site near Crane was installed in September
2017. Instrumentation installed at the EC station consists of a three-dimensional sonic anemometer
(CSAT3, Campbell Scientific Inc., Logan, Utah, USA) installed at a height of 2.0 m to measure the three
wind components, and an open-path infrared gas analyzer (IRGA; LI-7500, LI-COR Inc., Lincoln, Nebraska,
USA) installed at a height of 2.0 m to measure H,O molar density. Weather and soil instruments at the
site consists of a shielded air temperature and humidity sensor at a height of 2.6 m (HMP 45C; Vaisala,
Helsinki, Finland), a wind vane anemometer at a height of 2.6 m (3001 Wind Sentry; R.M. Young
Company, Traverse City, MI, USA), a net radiometer at a height of 2.1 m (CNR4; Kipp and Zonen, The
Netherlands), a photosynthetically active radiation (PAR, 400-700 nm) sensor at a height of 2.5 m (LI-
910; LI-COR Inc., Lincoln NE, USA), a tipping bucket rain gauge at a height of 2.5 m (TE525MM; Texas
Electronics, Dallas TX, USA), soil heat flux plates at a depth of 8 cm (HFP01SC; Hukseflux, The
Netherlands) (four at each site), averaging soil temperature thermocouple probes (TCAV; Campbell
Scientific, Logan, UT, USA) (two pair at each site) at depths of 2 and 6 cm (gives on average
temperature), and volumetric soil moisture probes (CS616; Campbell Scientific, Logan, UT. USA) (two at
each site) at a depth of 2.5 cm. An Apogee bulk precipitation gauge was installed at the site. Data from
all instruments were recorded with a data logger (CR5000, Campbell Scientific) at a frequency of 10 Hz
(10 times per second).
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Average ET for each half-hour period, including H and LE heat fluxes, was measured using the EC method
(Baldocchi and others, 2001; Baldocchi, 2003). Raw data (10 Hz) of the three wind components, the
speed of sound, and H,O molar density were post-processed using EdiRe software (University of
Edinburgh, 2013). LE was calculated as the covariance between turbulent fluctuations of the vertical
wind speed and water vapor density derived from Reynolds (block) averaging using 30-min blocks of
data (Arnone and others, 2008). Half-hourly flux data calculated by EdiRe were then quality controlled
using a four-step filtering procedure described in (Wohlfahrt and others, 2008).

5.2.Estimation of Evapotranspiration and Crop Water Use
Field-scale monthly ET was summarized by averaging METRIC ET rasters to agricultural field boundaries
based on the U.S. Department of Agriculture’s (USDA) common land unit (CLU) polygons. CLU field
boundaries were manually edited for each study year to reflect changes in agricultural land use over
time.

5.2.1. Agricultural Field Boundary Mapping and Attributes
The maximum extent of irrigated areas was delineated within a Geographic Information System (GIS) for
all actively irrigated agricultural fields in the GHVA. This was completed for each of the 13 years the
METRIC model was run for the Harney basin ranging from 1991 to 2018. Irrigated areas within the
Malheur National Wildlife Refuge (MNWR) were based on delineated Habitat Units identified as
‘irrigated’ and supplied by the U.S. Fish and Wildlife Service (Daniel Craver, written commun., 2017).
Irrigated areas in the MNWR were assumed to remain static and were not updated for each year.

5.2.1.1.Digitizing Field Boundaries of Actively Irrigated Fields
Agricultural field boundary polygons were initially obtained from the CLU dataset for Harney County,
which were digitized from 2008 digital orthophotos (USDA, 2008). In order to create year specific
polygons of actively irrigated fields for each year METRIC was run, the CLU dataset was overlaid on high-
resolution aerial imagery from NAIP and OWRD mapped water rights Places of Use (POU) to edit CLU
polygons by removing fields that were not cultivated or irrigated, and digitizing (adding) fields missing
from CLU dataset. Examples of mapped field boundaries in the central GHVA for 1991 and 2016 are
shown in Figure 4. For years without available NAIP imagery, Landsat May-September maximum
Normalized Difference Vegetation Index (NDVI) maps available from the Climate Engine cloud
computing web application were obtained (Huntington et al., 2017; http://climateengine.org/)/). Using
an NDVI threshold of greater than or equal to 0.4, field boundaries were modified as needed to create a
complete dataset of actively irrigated polygons in the study area. For each year, individual field
boundary polygons were assigned a unique ID and start year of active irrigation (i.e. year when the field
was first identified in the imagery as actively irrigated).
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Figure 4. Digitized field boundaries in the central GHVA for 1991 and 2016.

5.2.1.2.Attributing Water Source Type with Mapped Water Rights Place of Use
Yearly field boundary datasets were attributed with one of the following irrigation source types:
groundwater irrigated (GW), surface water irrigated (SW), or a combination of groundwater and surface
water (GW&SW). The first step in identifying irrigation source type was to overlay yearly field
boundaries with the OWRD mapped water rights place of use (POU) dataset. The irrigated POU dataset
for the Harney basin were distinguished as having only groundwater rights, only surface water rights,
and both surface water and groundwater where they overlapped. For each year METRIC was run, only
the POU polygons with priority dates for that year and all years prior were included in the analysis in
order to accurately represent irrigation development. Selected POU polygons were then converted to a
30 m raster based on the 30 m USGS National Elevation Dataset (NED) and cells were classified based on
the irrigation source type as integer values (1 =GW irrigated, 2 = SW irrigated, 3 = Combination) to
create the POU irrigation raster. The POU irrigation raster was then paired with the respective field
polygon dataset for the year of interest (for example, year 2000 field polygons paired with the 2000 POU
raster characterizing with water rights with priority dates earlier than 1/1/2001). Where the two
datasets intersected, the field polygon was assigned the same water source as the majority of the POU
pixels. This approach worked for assigning water source type for about 90 percent of the digitized field
polygons, and the rest of the fields were manually attributed as described below. It was assumed that all
irrigated habitat units within the refuge were irrigated with surface water, with the exception of about
9,000 acres irrigated with spring discharge west of Harney Lake.
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5.2.1.3.1dentifying Water Source Type for Fields with No Mapped Water Rights Place of Use
Where digitized fields did not overlay a mapped POU, the field location using the Public Land Survey
System, or PLSS, was entered into the OWRD Water Rights Information System
(https://apps.wrd.state.or.us/apps/wr/wrinfo/) to check if a water right existed in the quarter-quarter
section, which is the smallest spatial unit (40 acres) in the PLSS. If the quarter-quarter contained water
rights but no mapped POU, water rights information was used to assign a water source type to the field.
If the field existed in an area with no mapped POU or water right in the section, field staff was contacted
and local knowledge and assumptions of source type were made (for example, center pivots generally
are groundwater and wheel line and flood generally are SW) and used to assign source type to the small
number (~35) of remaining fields. Local OWRD field staff also were contacted to determine if other

water right or source-type information was available. The results of the field mapping and water source
type classification for 2016 are shown in Figure 5.
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Figure 5. Mapped irrigated field boundaries in the GHVA for 2016 with water source type identified,

where GW right indicates groundwater source type, SW right indicates surface water source type, and
GW right on SW right indicates combination source type.

5.2.1.4.1dentify Irrigation System for each Mapped Field
Information about irrigation systems and irrigation efficiency is needed to estimate pumpage volumes
from water use estimates from ET for each groundwater irrigated field. A geospatial assessment was
done by overlaying the 2016 mapped field boundaries and NAIP aerial imagery, and visually classifying
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the fields using visible equipment and sprinkler patterns into three categories: surface flood, sprinklers
(wheel line/handline), and center pivots (Table 2). For 2016 fields, groundwater irrigated fields were
dominated by center pivot irrigation, and surface water irrigated fields were dominated by flood
irrigation. Fields irrigated with both a combination of surface water and groundwater (green fields in
Figure 5) were largely a mixture of surface flooding and center pivots, with a smaller amount of sprinkler
systems.

Table 2. Summary of irrigation systems in the GHVA for 2016 by irrigation source type.

Source type Irrigated acres % pivot % sprinkler | % flood
Groundwater 51,100 90.2 7.7 2.2
Combined groundwater and surface water 15,900 36.3 10.9 52.8
Surface water 70,500 1.1 0.4 98.5
Total 137,500 38.4 4.2 57.4

5.2.2. Mapping EvapoTranspiration at High Resolution with Internalized
Calibration (METRIC) Model

The METRIC model was used to develop the monthly spatial ET maps for estimating historical
agricultural ET rates and volumes in the GHVA for 14 calendar years starting in 1991 and ending in 2019.
METRIC (Allen and others, 2007), is a thermal and optical ET model developed at the University of Idaho
in conjunction with the Idaho Department of Water Resources and has been extensively applied for
water management in the western United States. The METRIC model has been validated and compared
with in-situ ET in Oregon and surrounding states. The main advantage of using thermal and reflectance
data from Landsat imagery collected at 30 m resolution every 8 to16 days is the ability to account for
spatial and temporal variability in vegetation vigor and water stress at the field scale, the scale at which
water rights are managed.

METRIC uses remotely-sensed optical and thermal data to estimate ET as a residual of the full surface
energy balance (SEB):

LE=R,—G—-H (3)
Where
LE = latent heat flux consumed by ET (W/m?)
Rn = net radiation from the sun, atmosphere, and surface (W/m?)
G = heat flux into the ground (W/m?)
H = sensible heat flux to the air (W/m?)

For estimating evaporation from open water areas where heat storage is difficult to estimate, the direct
aerodynamic approach was applied within METRIC for pixels identified as open water (Allen et al., 2014;
Appendix 10). The direct aerodynamic method has been shown to be accurate compared to measured
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evaporation from eddy covariance and Bowen Ratio systems at American Falls in SE Idaho (Allen and
Tasumi, 2005).

The METRIC model was applied using Landsat 5 Thematic Mapper (TM), Landsat 7 Enhanced Thematic
Mapper Plus (ETM+), and Landsat 8 Operational Land Imager (OLI) satellite imagery. The TM, ETM+, and
OLI images have a 30 m visible and shortwave pixel size while the thermal band pixel size is 120 m for
TM and ETM+, and 100 m for OLI, spatial resolutions well-suited for estimating ET from individual fields
in the western U.S. Each Landsat satellite has a 16-day repeat cycle with an offset of 8 days between
each satellite, for a potential Landsat image available every 8 days, which in the western U.S. typically
provides one clear usable image each month during the growing cycle to capture crop green up and
harvesting cycles. The other data needed to run METRIC are a digital elevation model (DEM), land cover
classification, and hourly and daily weather data to compute ETr. METRIC relies on local weather data
from NLDAS to compute hourly ETr to calibrate ET estimates and the daily alfalfa ETr gridMET product to
interpolate ET estimates in time, with ETr calculated using the ASCE standardized Penman-Monteith
equation (ASCE-EWRI, 2005). A detailed description of the METRIC model and applications can be found
in Allen et al., (200743, b).

5.2.2.1.0verpass ET Calculation
METRIC solves for LE as the residual of equation (3) by first estimating R,, and G directly from satellite
data, DEM, and land cover (Allen et al., 2007). Then H is estimated as a function of surface temperature
and atmospheric stability using a one-dimensional bulk aerodynamic function:

c,dT 4
g =P (4)
Tan
Where

p = air density (kg/m?3)

Cp = specific heat of air at constant pressure (kJ/kg °C)

daT = vertical near surface temperature difference (°C)

Tan = aerodynamic resistance (s/m)

Sensible heat flux (H) is solved by calculating dT for each pixel as a linear function of surface
temperature (T;). This iterative procedure is known as the Calibration using Inverse Modeling at
Extreme Conditions (CIMIC).

The CIMIC procedure requires the selection of two “anchor” calibration pixels where LE can be easily
estimated allowing equation 4 to be solved for H. These two anchor pixels represent extreme ET
conditions in the image (upper and lower bound ET rates). H is approximated at the two extreme
conditions T and dT can be applied to every pixel in T; image to solve for H. Finally, R, and G are
computed allowing LE to be calculated using equation 3.

22



Calibration pixels for each Landsat image were selected manually using a combination of agricultural
field boundaries, Landsat image raster data and METRIC generated outputs including: fraction of ET
(ETrF), surface temperature, normalized difference vegetation index (NDVI), and surface albedo. The
following section provides a brief description of the process, which is described in detail in the METRIC
manual (Allen and others, 2014).

5.2.2.2.Pixel Selection Criteria
In general, the criteria used for the selection of the anchor pixels (also known as “hot” and “cold” pixels)
were based on recommendations outlined in the METRIC documentation (Allen et al., 2007a, 2014). Hot
and cold pixels were ideally selected in grid cells lying within the agricultural field boundaries so that the
crop and soil properties of the selected anchor pixels represented agricultural conditions.

The “cold” pixel calibration point represents conditions of maximum ET rate where all of the available
energy (R,, — G) is consumed by LE and H is zero. By default, this “cold” pixel was assigned the
maximum ET rate set as the alfalfa-based reference ET (ETr) rate from NLDAS multiplied by the fraction
of reference ET (ETrF) value of 1.05. Past studies have shown that the coldest, wettest agricultural fields
in a satellite image, typically with a wet soil surface beneath a full cover alfalfa crop, tend to have an ET
rate 5 percent above the alfalfa reference crop ET (Tasumi and others, 2005). Full cover alfalfa typically
exhibits an NDVI range of 0.76 to 0.84 and surface albedo of 0.18 to 0.24. The cold pixel selection
criteria are as follows: 1) an initial ETrF value greater than 1.05 that is assigned using the automated
procedure (Allen and others, 2013), 2) NDVI greater than 0.76, 3) surface albedo between 0.18 and 0.24,
and 4) location near center of the irrigated field (to avoid edge effects).

The “hot” pixel calibration point is representative of conditions with evidence of significant surface
heating and minimal ET, ideally located in an agricultural field with bare soil and very little vegetation.
Typically, this is represented where surface temperature, albedo, and vegetation indices are relatively
homogeneous with respect to the agricultural field boundaries. By default, this “hot” pixel is assigned an
ETrF value of 0.1. Based on the criteria in the METRIC manual, hot pixels selection criteria were as
follows: 1) an initial ETrF value less than 0.1, 2) NDVI between 0.11 and 0.16, and 3) a surface albedo
between 0.17 and 0.23.

Because images from early and late in the year don’t typically contain full cover crops, the NDVI and
surface albedo criteria were relaxed for those cases. Instead, the pixel selection priority was to find hot
and cold pixels with a minimum surface temperature difference of 4 °C.
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5.2.2.3.Calculation of Daily and Seasonal ET
Once the CIMIC process was complete pixel-by-pixel R,,, G, H were computed and used to estimate LE
at the time of image acquisition using equation 3. ET;,,s; (mm/hr) is then computed as:

ETinse = 3600 X LE;;50 / A (5)
Where
LE; st = instantaneous latent heat flux derived from METRIC (W/m?)
A = latent heat of vaporization for water (J/kg)
3600 = a factor for time conversion from seconds to hours

This value is used to compute the ratio of ET},;: to the alfalfa reference ET (ET,.) at the time of image
acquisition, as the resultant ET fraction (ET,.F = ET;,5:/ET,), synonymous with the crop coefficient (Kc).
ETrF is computed for each pixel in the image. As described earlier, ET,. is computed using NLDAS
weather data and the ASCE Penman-Monteith equation for an alfalfa reference (ASCE-EWRI, 2005),
producing a 12-km grid for each image interpolated to the 30 m Landsat pixel scene. ET for the 24-hour
period (ET,,) for a day is estimated as:

ET;
B = (7 B B
T

Where ET,,, is the 24-hour reference ET for that day from the bias-corrected gridMET data. To estimate
ET,, between image dates, linear interpolation of ET,.F is used and then multiplied by the gridded ET,
for each day to estimate daily ET,, per pixel. Linear interpolation is the default interpolation technique
used in METRIC and was used in this application. Estimated ET for monthly, seasonal, and annual time
periods is then computed as:

m (7)
ET = ET,F X ET,,
i=n

where n and m are the first and last days of the desired time period, respectively. The linear
interpolation calculation is used to generate the 30 m summed ET raster maps at monthly and annual
time steps, and tables of field-averaged ET data at daily, monthly, and annual time steps for each
irrigated field.

5.2.2.4.Application and post-processing of METRIC model
This study used the open source Python implementation of the METRIC model (pyMETRIC v0.1.0)
developed at the Desert Research Institute (DRI) to execute the equations described above. The code
and documentation of workflow are available on the Western States Water Use Program (WSWUP)
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GitHub webpage (https://github.com/WSWUP/pymetric/releases/tag/v0.1.0). The pyMETRIC
algorithms and time integration were processed on local OWRD Windows PCs. Figure 6 illustrates a
conceptual diagram of the datasets and workflow applied in this study.
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Figure 6. Conceptual diagram of datasets and workflow to generate field-level ET estimates using the
METRIC model.

Quality assurance and control (QA/QC) of results was done using manual inspection of processed images
and visualization of ET,.F histograms. Images with large populations of pixels above and below
thresholds of 0.1 and 1.05 (the default lower and upper bounds of ETrF) in agricultural areas indicated
the initial pixels were not hot or cold enough. These images were re-calibrated by re-selecting hot and
cold pixels until most of the pixels in agricultural fields had an ETrF value within the upper and lower
bounds. The ETrF distribution was typically normally distributed or skewed towards the higher end
during the growing season. Due to the large number of Landsat scenes being processed, typically only
one pixel selection iteration was applied unless results did not converge.

Once the results were QA/QC’d for each image, rasters of monthly, seasonal (May - September) and
annual totals of ET and precipitation were generated for the 14 analysis years. Rasters of monthly and
seasonal ET estimates were spatially averaged to digitized annual field polygons to develop field-scale
seasonal ET estimates. A 30 m inside buffer was applied to the field polygons prior to spatially averaging
the ET rate to eliminate edge effects impacting the spatial average. Monthly, seasonal, and annual net
ET rates were computed at the field-scale by subtracting gridMET precipitation estimates from spatially
averaged ET estimates. It was assumed that the growing season net ET from an irrigated field represents
the lower bound of crop water use because it assumes all precipitation is used for ET (100 percent
effective). Finally, field-scale ET and net ET estimates were summarized by the irrigation source type
classification. The area-weighted average ET and net ET rates for each irrigation source type
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classification were calculated as the total ET or net ET volume divided by the total field acreage for all
fields within each field classification.

5.2.2.5.Adjustment of METRIC ET datasets
A comparison between the METRIC and station ET for years 2018 and 2019 was made at daily and
monthly time scales. First, daily station ET from the alfalfa EC station was compared with METRIC ET
computed on the same day of the Landsat satellite overpass. Comparisons between the daily METRIC
and station ET for the 25 overpass dates between March 2018 and August 2019 showed a fairly good
correlation (r-squared = 0.9165; Figure 7) with METRIC ET being 16 percent higher than daily ET derived
from the EC station.
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Figure 7. Scatterplot comparing daily (24-hr) ET at the Alfalfa ET station with METRIC daily ET on the 25
Landsat overpass dates between March 2018 and August 2019.

Station ET data was resampled to monthly sums and compared with monthly ET sums from the
interpolated METRIC data for the 200-m footprint. The monthly METRIC data is generated using the
linearly interpolated daily ETrF values and gridMET ETr data. The monthly ET data for the two years were
averaged to create mean monthly measured and METRIC ET totals datasets. For the May-September
time period, the adjustment factors ranged from 90 percent in May to 66 percent in September (Table
3), indicating METRIC ET consistently overestimated measured ET during the summer months for this
field. The comparison of the seasonal total ET is shown for two growing season time periods in 2018 and
2019, indicating that station ET was about 79 percent of the METRIC ET totals (Table 4). In order to
adjust the monthly and seasonal METRIC ET data, the monthly and seasonal ratios (Measured
ET/METRIC ET in Table 4) were applied to adjust the METRIC ET data (both raster and tabular data).
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Table 3. Mean monthly values for September 2017 to Aug 2019 time period.

Month May Jun Jul Aug Sept | May-Sept
Measured ET (in) 49 5.4 6.9 6.0 3.5 26.7
METRIC ET (in) 54 7.1 8.0 7.8 53 33.7
Measured/METRIC 90 76 86 77 66 79
(%)

Table 4. Seasonal total ET for two irrigation seasons at Alfalfa EC station.

(%)

Time period May-Sept 2018 | May-Aug 2019
Measured ET (in) 27.4 22.5
METRIC ET (in) 339 28.1
Measured / METRIC ET 80.7 80.3

The cause of the overestimate of METRIC ET was investigated based on analysis of the daily ETrF time

series from METRIC (blue line) and EC station (orange line) during the growing season (Figures 8 and 9).
It was evident that the available Landsat overpass dates (black bars) during both 2018 and 2019 missed

the majority of the alfalfa cuttings (green bars; 4 cuttings in 2018, 2 cuttings in 2019). Because the
METRIC model linearly interpolates ETrF between Landsat overpass dates (blue line), this results in a

consistent overestimate in the daily ET data between overpass dates when the cutting is missed due to

sampling frequency. During periods where the sampling frequency captures the cuttings, the

interpolated ETrF follows the measured ETrF more closely. This helps explain the overestimated METRIC
ET, particularly in the months of June and August.
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dates and reported field cutting dates for May-August 2019.
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5.3. Estimation of Groundwater Pumpage
For fields irrigated with pumped groundwater, the seasonal pumpage volume (in acre-feet) can be
estimated by dividing the seasonal net evapotranspiration (ET) rate (in feet) by the irrigation efficiency
(%) multiplied by the area of the field (in acres):

Net ET rate
Irrigation ef ficiency

Pumping volume = X Irrigated acres (8)

The State of Washington Department of Ecology defines irrigation efficiency as the ratio of crop water
use to total applied water (irrigation efficiency = crop water use / total applied water) and provides the
following irrigation efficiency ranges: surface flooding generally ranges from 35-60 percent (average 50
percent), sprinkler systems from 60-85 percent (average 75 percent), and center pivot systems from 75-
95 percent (average 80 percent) (Washington State Department of Ecology, 2005). The Washington
Department of Ecology also recommends computing basin-specific irrigation efficiency values using
measured ET and applied irrigation water (in this case groundwater pumpage data) where available to
confirm assumptions. The groundwater pumpage data is typically measured directly using totalizing flow
meters, estimated indirectly from power meter data, or run-time and water right information.

While irrigation efficiency does vary with irrigation system and between fields, for this study it was
assumed to be relatively consistent for the irrigation systems in the basin. In addition, based on the GIS
assessment of irrigation systems, most groundwater irrigated fields use similar type irrigation systems
(e.g. center pivot with mid-elevation spray application).

5.3.1. Validation with Pumpage Datasets
User reported pumpage volumes from irrigation wells were obtained from the OWRD Water Use
Reporting (WUR) database (https://apps.wrd.state.or.us/apps/wr/wateruse_query/). This data is
reported monthly for a select number of groundwater irrigation rights using a variety of measurement
methods. For the user-reported pumpage data OWRD encourages users to report high quality data and
has tools and processes for QC to screen the reported values.

Reported groundwater pumpage volumes from the WUR database were identified using the following
criteria: 1) data tied to a groundwater irrigation water right in the GHVA, 2) pumpage volume was
estimated using flow meters and volumetric methods, 3) data collected during 2014 to 2016, and 4) the
irrigation well where the pumpage was estimated could be visually paired with the mapped irrigation
field boundaries (typically 1-2 fields) where the pumped groundwater was applied. For each pumping
well and year, the reported pumpage volume and irrigated acres were checked and any data appearing
erroneous or from fields appearing to have supplemental contributions from ungaged sources was
discarded. Pumpage data from 23 pumping well locations distributed across the GHVA was used.

In order to estimate the total groundwater pumpage based on remotely-sensed ET data, a locally
derived value of irrigation efficiency, taken as the ratio of field-summed May to September net ET
volume and reported pumpage volume, was determined for the select groundwater irrigated fields.
Water user reported pumpage volumes at selected wells were paired with METRIC derived field-
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summed adjusted net ET volumes for the fields where water was applied. METRIC output and pumpage
data from the period 2014 to 2016 was compared.

Figure 10 is a scatterplot showing the reported seasonal pumpage volume (y-axis) and adjusted METRIC
seasonal net ET volume (May-September net ET*acreage) (x-axis) for the 23 pumping wells located in
Harney County during 2014 to 2016. The average irrigation efficiency (net ET volume / pumpage
volume) for the 59 data points is 70 percent. The pumping wells used for this analysis supplied fields
using the mid-elevation spray application (MESA) irrigation method on center pivot systems. For the full
study period analyzed (1991 to 2018), MESA center pivots were assumed to represent the dominant
irrigation method for primary groundwater irrigated fields in the basin. More recently (2017 to present)
there has been an effort to install or convert to Low Energy Precision Application (LEPA) and Low
Elevation Sprinkler Application (LESA) irrigation technology in an effort to increase efficiency and reduce
pumpage (M. Owens, personal communication, April 24, 2019). Pumpage data from the 2014 to 2016
period was primarily applied used MESA systems and was assumed to be more representative of the
long-term groundwater irrigation systems and rates in the basin.
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Figure 10. Scatterplot of METRIC field-scale seasonal ET volumes (x-axis) and reported seasonal
pumpage volumes (y-axis) from 23 pumping well facilities in the Harney Basin for years 2014-2016.
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Sarwar et al., (2019) found that for MESA-type irrigation systems in a similar environment (eastern

Washington) that the fraction of applied water that reaches the soil surface was about 80 percent,

indicating that about 20 percent of the applied water is lost to wind drift and surface evaporation.

During the study period, MESA systems composed the majority of the center pivots in the study (M.

Owens, personal communication, April 24, 2019). Based on the data collected and literature review, this

indicates that on average for MESA systems in the Harney Basin, 70 percent of applied water is used up

by ET, 20 percent goes to wind drift and surface evaporation, and 10 percent goes to runoff and deep

percolation.

5.3.2. Water Budget Measurements - Case Example
As additional evidence for the relationship between ET and applied pumped groundwater, a summary

was made of the measured water budget components (ET, precipitation, applied irrigation) for two
irrigation seasons (2018 and 2019), based on the eddy covariance ET time series, precipitation data from
the cumulative storage precipitation gage, and reported pumpage from the groundwater well supplying

the center pivot system in the alfalfa field (Table 5). In addition to the seasonal totals, estimates of the

field water balance (WBAL= applied irrigation + precipitation — ET), irrigation efficiency (net ET /

irrigation), and percent residual (WBAL / applied irrigation) were included. These measured water

budget components help support and ground-truth the remotely-sensed ET estimates.

Table 5. Measured irrigation (IRR), precipitation (PPT), and evapotranspiration (ET) totals from the
Harney Alfalfa EC station, years 2018 and 2019

Irrigation PPT** ET*** WBAL=IRR + PPT—ET | (ET-PPT)/IRR | WBAL/IRR
season IRR* (in) (in) (in) (in) (%) (%)
May-Sept 2018 30.7 2.0 27.4 5.3 83% 17%
May-Aug 2019 27.9 2.7 22.5 8.1 71% 29%

Data sources:

* Reported water use volume divided by reported area (125 acres); totalizing flow meter; irrigation
season 2018 was 4/24 to 9/9 and for 2019 5/4 to 8/28

** Cumulative precipitation from storage precipitation gauge located at center of field
*** Station ET data from eddy covariance flux measurements gap filled and energy balance corrected

Results indicate an application efficiency of 70 to 80 percent and a residual of 20 to 30 percent that is
likely lost to a combination of deep percolation, runoff, and wind drift. Considering uncertainty and

error within each measured term, the computed application efficiency is fairly typical for a low elevation

sprinkler application (LESA) system at the field scale.

5.3.3. Pumpage from Fields Irrigated with Groundwater and Surface Water

Very few water use records (surface water or groundwater) exist for fields irrigated with both diverted

surface water and groundwater pumping. Previous studies have generally addressed this by assuming

that the supplemental groundwater composes a proportion of the total crop water requirement or duty

for an irrigated field. For example, in both the Willamette and Upper Klamath groundwater hydrology

reports the authors assume that pumped supplemental groundwater accounted for 50 percent of the
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irrigation crop water requirement from those lands (Conlon and others, 2005; Gannett and others,
2007). In the Nevada Department of Water Resources 2015 report “Statewide Groundwater Pumpage
Inventory” the groundwater pumpage permitted or certificated as a supplemental right to surface water
was estimated to be 75 percent of the duty for the statewide groundwater pumpage estimates (State of
Nevada Division of Water Resources, 2017).The 75 percent value was for a dry year (2015) and for the
wetter year 2017 a value of 50 percent was used (A. Sullivan, personal communication, 2019). A value of
90 percent from supplemental pumpage was assumed for the Humboldt River basin in 2015 due to
shortage of surface water and drought conditions.

In the Harney Basin one of the few locations with supplemental groundwater pumpage information
from a field irrigated with supplemental groundwater is located at the Eastern Oregon Agricultural
Research Station (EOARC) in the Silvies River Floodplain. This location has an older primary surface water
right (1926 Silvies River decree, priority date 1886) and supplemental groundwater right (Certificate
44592, priority date 1968) that has groundwater pumpage reported concurrently with METRIC from
2014 t02016. This 60-acre field has a grass / alfalfa mix planted, uses a wheel line sprinkler irrigation
system to irrigate with pumped groundwater (well ID: HARN 852), and is surrounded by extensive flood
irrigation and very shallow groundwater levels (<5 ft bls). Based on the adjusted METRIC net ET volume
and reported pumpage, a ratio of crop water use derived from pumped groundwater can be estimated
as:

GW Pumpage X Irrigation Ef ficiency

Rati ET GW = 9
atio of ET from Total crop ET ©)

At this location the adjusted net ET represents both groundwater and surface water irrigation sources.
In order to estimate the portion from just groundwater, equation 9 was applied using the reported
pumpage and a 70 percent irrigation efficiency estimate (Table 9). The average contribution from
groundwater pumping to total ET for 2014 to 2016 is 47 percent, very similar to the 50 percent
assumption in the previous studies (Conlon and others, 2005; Gannett and others, 2007).

Table 6. METRIC adjusted net ET volume, reported pumpage, and estimated portion of ET from pumped
groundwater from field irrigated by well HARN 852 for 2014-2016 at EOARC.

Variable 2014 2015 2016 3-year
avg.
METRIC Net ET Volume (ac-ft) 97.3 99.7 124.4 107.1
Reported water use from irrigation well
2 . 2.1 1.
HARN 852 (ac-ft) 74 68.5 ! 716
Estimated crop water use from GW
pumping (ac-ft; assuming 70% irrigation 51.9 48.0 50.5 50.1
efficiency)
Ratio of crop water use from GW to
1
METRIC net ET volume (%) >3 48 4 47
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The data presented in Table 6 data from this location supports the assumption that 50 percent of the
net ET volume for fields irrigated with both surface water and groundwater is from pumped
groundwater. Given that most of the fields irrigated with surface water and groundwater are located
within a floodplain and there is only one site for comparison, the value could vary either way depending
on surface water availability.

5.3.4. Regional Groundwater Pumpage Estimates
For fields irrigated with groundwater, it was assumed that 100 percent of the crop water use was from
pumped groundwater with an average efficiency of 70 percent. For fields irrigated with groundwater
and surface water, it was assumed that 50 percent of the crop water use was supplied by pumped
groundwater with an average efficiency of 60 percent. The lower efficiency value for supplemental
groundwater irrigation systems was assumed based on the GIS assessment presented in Table 2 which
indicated that these fields irrigated with lower efficiency systems (flood and sprinkler) than the pivots
systems used to irrigated primary groundwater fields.

In order to estimate total groundwater pumpage for each year and sub-region, the monthly adjusted
METRIC net ET volumes for each field irrigated with either groundwater or groundwater and surface
water was first multiplied by the percent of pumped groundwater (100% for GW only fields, 50% for
combined SW & GW fields), then divided by the assumed irrigation efficiency (70% for GW only fields,
60% for combined SW & GW fields). Months with negative adjusted net ET volumes were set to zero to
avoid negative pumpage volume. The monthly pumpage volume for each field was summed to seasonal
totals. Lastly, the field-level groundwater pumpage volumes were summed by region to get regional
totals for each year.

6. RESULTS

This section describes the results used to estimate historical crop ET rates and volumes and
groundwater pumpage for irrigation in the GHVA. This includes the following components: 1) monthly
and seasonal adjusted METRIC ET rates for the 13 years analyzed between 1991 through 2018 for all
fields in the study area summarized by irrigation source type, and 2) monthly and annual estimated
groundwater pumpage. The final groundwater withdrawal estimate is based on the mean annual value
for the most recent 5-year period (2014 to 2018).

6.1. Crop Water Use Rates
Monthly, seasonal, and annual rasters of ETr, PPT, adjusted METRIC ET, and net ET (adjusted METRIC ET
minus PPT) were generated for each of the 13 years processed for the entire GHVA area and
summarized by irrigation source type. Seasonal May through September net ET clipped to irrigated fields
is shown in Figure 11 for 1991 and Figure 12 for 2018. Each figure demonstrates the spatial ET variation
within individual fields and different parts of the valley. Mean May-September net ET depths for all
mapped fields was 1.3 feet for 1991 and 1.6 feet for 2018, and ranged from nearly 0 feet in unirrigated
areas to 2.6 feet (similar to ETr) in groundwater irrigated center pivot fields and 3.1 ft in flood-irrigated
areas in the MNWR.
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Agricultural fields used for this analysis are delineated by the irrigation source types shown in Figure 13
for 1991 and Figure 14 for 2018. The comparison of ET and irrigated acreage shows the large increase in
water use (Figures 11 and 12) and irrigated areas (Figures 13 and 14) from 1991 to 2018. Groundwater
irrigated acreage shows an increasing trend over the observed period. The number of groundwater
irrigated lands ranges from a minimum in 1991 of 20,200 acres for groundwater irrigated fields and
10,400 acres for groundwater and surface water irrigated fields (30,600 acres total), to a maximum in
2018 of 57,900 acres for groundwater and 16,200 acres for groundwater and surface water (74,100
acres total), representing an increase of 43,500 acres irrigated with groundwater (Figure 15). Fields
irrigated with surface water (non-MNWR) have more year to year variability due to precipitation and
runoff but lack a strong increasing trend, and average around 66,000 acres, whereas the irrigated fields
on the MNWR were assumed to remain constant at 46,300 acres per year.
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Figure 11. Net ET for Harney Basin, May-September 1991.
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Figure 12. Net ET for Harney Basin and location of ET station, May-September 2018.
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Figure 13. Irrigated fields by irrigation water source type, Harney Basin, 1991.
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Figure 15. Annual time series of summed irrigated acres in the Harney Basin for all irrigated fields,
except the MNWR, by irrigation water source type.

Area-weighted seasonal (May through September) net ET rates for irrigated fields identified by water
source type are shown in Tables 7 and 8. The mean area-weighted seasonal net ET rates was 1.34 ft yr?
for surface water irrigated crops, 1.49 ft yr? for fields irrigated with both surface water and
groundwater, 1.51 ft yr! for fields irrigated with groundwater, and 1.54 ft yr! for surface water irrigated
fields in the MNWR. Over the 13 years analyzed, the mean net ET rates for fields irrigated with surface
water were more variable (standard deviation = 0.23 ft yr?) than those irrigated with groundwater
(standard deviation = 0.14 ft yr?), reflecting inter-annual variability in surface water supply (Table 7).
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Table 7. May through September Net Evapotranspiration Rates, in feet, by irrigation source type

Groundwater and| Surface water— | Surface water -
YEAR Groundwater surface water non-MNWR MNWR
1991 1.36 1.34 1.30 1.60
1992 1.51 1.31 0.86 1.37
1994 1.67 1.41 1.36 1.81
2000 1.60 1.60 1.49 1.73
2001 1.59 1.49 1.19 1.86
2005 1.25 1.38 1.34 1.41
2009 1.42 1.53 1.50 1.26
2011 1.35 1.44 1.55 1.74
2014 1.75 1.69 1.46 1.54
2015 1.48 1.40 1.06 1.08
2016 1.63 1.64 1.47 1.43
2017 1.56 1.75 1.74 1.76
2018 1.46 1.37 1.14 1.46
Mean 1.51 1.49 1.34 1.54
StDev 0.14 0.14 0.23 0.24

Table 8. Mean seasonal May through September net evapotranspiration and pumpage rates by

irrigation source and region, 1991-2018, Harney Basin, Oregon.

Mean seasonal net evapotranspiration rate (feet/year)

Southern Western Harney
Irrigation source Northern Region Region Region Basin
Groundwater 1.48 1.51 1.57 1.51
Groundwater and surface water 1.44 1.60 1.66 1.49
Surface Water — non-MNWR 1.27 1.64 1.33 1.34
Surface Water - MNWR 1.04 1.64 1.23 1.54

Mean seasonal pumpage rate (feet/year)

Groundwater 2.12 2.15 2.24 2.16
Groundwater and surface water 1.20 1.34 1.38 1.24

Comparisons of cumulative mean monthly ET and precipitation rates highlight the relation between ET

and precipitation over the water year and the onset of irrigation (Figure 16). Cumulative monthly

precipitation exceeds ET until April, and cumulative crop ET exceeds precipitation from about April to

September. This indicates that on average, ET from October to April is largely comprised of soil moisture

supplied by winter precipitation rather than irrigation water, whereas ET during May through

September is primarily attributed to irrigation. This is also supported in the reported water use data,

where majority of reported pumpage began in May and ended in September. In all cases, July was the
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month of maximum ET and net ET rates for all source types. The rate of decline after is sharper for the
surface water irrigated fields as floodwater subsides and streamflow declines.
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Figure 16. Spatially averaged mean cumulative water year adjusted METRIC ET and gridMET
precipitation for years 2014-2018 by irrigation water source type, Harney Basin, Oregon.

6.2.Crop Water Use Volumes
The seasonal net ET volume by irrigation source type for the 13 analyzed years from 1991 to 2018 shows
the combined influence of the inter-annual change in irrigated acreage and area-weighted net ET rates
on annual ET volume (Figure 17). As reflected in the more variable irrigated acreage and net ET rates,
the net ET volumes for the surface water irrigated fields have the largest inter-annual variability in the
group. The surface water irrigated net ET volume increases from the early 1990’s (a very dry period) to
early 2000’s with a minimum of 46,000 acre-feet in 1992 and maximum of 121,000 acre-feet in 2017.
For groundwater irrigated fields the trend is upward starting around 30,000 acre-feet in the early 1990s
to 80,000 acre-feet in the most recent 5-year period.

The average seasonal net ET volume from the most recent 5 years (2014 to 2018) of ET data is 260,000
acre-feet for all irrigated fields, with 82,000 acre-feet derived from groundwater irrigation, 24,000 acre-
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feet from fields with combined surface water and supplemental groundwater, 91,000 acre-feet from
surface water irrigation outside the MNWR, and 67,000 acre-feet from surface water irrigated portions
of the MNWR (Table 9). About 9,260 acres irrigated by surface water on the MNWR in the Western
Region (Figures 13 and 14) are typically irrigated with spring discharge rather than surface water from
Silver Creek. The net ET of spring discharge from this area averages about 11,000 acre-feet per year, or

about 16 percent of the net ET volume from the MNWR.
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Figure 17. Time series of annual net evapotranspiration volume from irrigated areas by irrigation source

type, Harney Basin, Oregon.
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Table 9. May to September Net ET Volumes, in acre-feet x 1000, by irrigation source type

Groundwater| Surface

and surface |Surface Water —| water -
YEAR Groundwater| water non-MINWR MNWR Total
1991 27.5 14.0 65.7 74.1 181.3
1992 | 315 | 137 | 460 | 635 | 1547
1994 | 346 | 177 | 880 | 837 | 2240
2000 | 459 | 213 | 1164 | 802 | 2638
2001 | 467 | 170 | 755 | 862 | 2255
2005 | 378 | 185 | 1019 | 653 | 2235
2009 | s0a | 209 | 950 | 583 | 2246
2011 | so6 | 215 | 1192 | 807 | 2719
2014 | 801 | 239 | 832 | 713 | 2585
2015 | 720 | 199 | 657 | 498 | 2074
2016 | 831 | 261 | 1037 | ee1 | 2789
2017 | 892 | 276 | 1212 | 816 | 3195
2018 84.4 223 79.5 67.7 253.9
2014-2018 Average 81.8 23.9 90.6 67.3 263.7

6.3. Groundwater Pumpage Volumes
The plot of basin-wide estimated groundwater pumpage from groundwater irrigation indicates that
between the early 1990s (1991 to 1992) and current (2017 to 2018) the total groundwater pumpage for
irrigation for the Harney Basin increased from about 54,000 AFY (acre-feet per year) to 145,000 AFY, an
increase of 91,000 AFY (170 percent) (Figure 18). The largest rates of change was due to a rapid increase
in primary groundwater irrigation during early 1990s and 2000 and then 2011 to 2014. Pumpage
remains steady from 2000 to 2010.The pumpage generally continues to increase during 2014 to 2018.
Supplemental groundwater irrigation ranges from 12,000 acre-feet to 23,000 acre-feet but remains
relatively stable during the time period 2000 to 2018. Supplemental groundwater irrigation accounts for
a smaller fraction of the total pumpage for years 2014 and later (~15 percent) than the years 2000 and
before (~20-25 percent).
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Figure 18. Time series of groundwater pumpage in the Harney basin from 1991 to 2018.
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Groundwater pumpage peaks in July with an average of 38,000 acre-feet of groundwater pumpage to a
minimum of 15,000 acre-feet in September (Figure 19). Groundwater only irrigation accounts for the
majority of the pumping. Seasonal pumpage estimates for all years are summarized in Table 10.

Table 10. Total estimated seasonal groundwater pumpage from agricultural irrigation wells, Harney
Basin, Oregon.

Total Seasonal groundwater pumpage: Computed as the ratio of net crop evapotranspiration and irrigation
application efficiency (assumed 70 percent for fields with groundwater only and 60 percent for fields with both
groundwater and surface water). Combined pumpage represents groundwater pumpage from fields irrigated by
both groundwater and surface water (assumed 50 percent of supplied water from groundwater).

Groundwater and
Groundwater only Surface Water Total Groundwater

GW Pumpage GW Pumpage Pumpage
Year (acre-feet) (acre-feet) (acre-feet)
1991 40,000 12,000 52,000
1992 45,000 12,000 57,000
1994 49,000 15,000 64,000
2000 66,000 18,000 83,000
2001 67,000 14,000 81,000
2005 56,000 16,000 72,000
2009 72,000 17,000 90,000
2011 73,000 18,000 91,000
2014 110,000 20,000 130,000
2015 100,000 17,000 120,000
2016 120,000 22,000 140,000
2017 130,000 23,000 150,000
2018 120,000 19,000 140,000

For the groundwater budget and management, it is useful to break up the pumpage estimates from
Harney Basin into three regions: Northern region, Southern region, and Western region. Groundwater
irrigated and combined fields within each region were identified and summed together to get an annual
total for each year (Table 11). Based on this information, an estimate of groundwater pumpage through
time and relative to published recharge estimates (Garcia and others, 2021) can be computed. The 5-
year average from 2014 to 2018, the most recent period with ET data processed, was computed to
represent the current groundwater pumpage estimate. The mean annual pumpage estimates for each
watershed are as follows: 76,000 acre-feet for the Northern region; 20,000 acre-feet in the Southern
region; and 41,000 acre-feet in the Western region. The average total groundwater pumpage estimate
for the GHVA area from 2014-2018 was 140,000 acre-feet per year.
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Table 11. Total estimated groundwater pumpage by major drainage basin in GHVA, for select years
between 1991 and 2018 and averaged for 5-year period 2014 to 2018.

Year Northern Region | Southern Region | Western Region Total
1991 32,000 7,200 12,000 52,000
1992 34,000 8,800 14,000 57,000
1994 40,000 9,400 15,000 64,000
2000 51,000 8,400 24,000 83,000
2001 47,000 9,600 24,000 81,000
2005 42,000 9,100 21,000 72,000
2009 53,000 12,000 25,000 90,000
2011 54,000 13,000 24,000 91,000
2014 74,000 20,000 41,000 130,000
2015 65,000 18,000 37,000 120,000
2016 79,000 21,000 41,000 140,000
2017 85,000 22,000 44,000 150,000
2018 77,000 22,000 41,000 140,000
5 yr Avg (2014-2018) 76,000 20,000 41,000 140,000

7. DISCUSSION

The methods to estimate ET and groundwater pumpage are not absent of uncertainties and limitations.
Potential sources of uncertainty include calibration of METRIC and parameters used in the energy
balance equation, uncertainty and biases in estimated reference ET and precipitation from gridded
weather products, errors and data quality of observed weather datasets, errors in Landsat reflectance
and radiance, issues with scene availability and time integration of ETrF in between Landsat images,
errors in field polygon mapping and irrigation status attribution, errors and data quality in eddy
covariance ET data and processing, and errors and data quality in the user reported pumpage data.

Calibrated METRIC ET estimates likely are accurate within 10 to 20 percent of actual ET on a seasonal
time step (Allen and others, 2007). The gridMET reference ET was bias corrected using AgriMet station
reference ET data to decrease potential bias, but local differences between gridded reference ET and
ground stations likely exist. The uncertainty of the METRIC ET estimate was further reduced by adjusting
to measured ET from an eddy covariance station, which has reported accuracies of 10 percent (Meyers
and Baldocchi, 2005), assuming the ratio of METRIC ET to station ET was stationary back to 1991. The
basin-average seasonal ET and net ET rates from groundwater irrigated fields fall within the range of
Harney Basin alfalfa crop ET and net irrigation water requirements (NIWR), respectively, reported in
Cuenca and others (1992), which has been used to estimate crop water use across the state of Oregon
(ET =1.57-1.77 ft/yr, NIWR = 1.42-1.71 ft/yr; adjusted to May-September growing season). However,
average seasonal rates estimated from surface water irrigated fields, which are predominantly pasture
grass, were about 30 percent below median ET and NIWR rates reported by Cuenca and other (1992) for
pasture grass (ET = 2.18-2.44 ft/yr, NIWR = 1.87-2.34 ft/yr; adjusted to the May-September growing
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season). Lower seasonal rates from surface water irrigated fields, with respect to previous estimates, are
not surprising given the limited surface water supply late in the growing season. Growing season net ET
from an irrigated field was assumed to represent the lower bound of crop water use because it assumes
all precipitation is used for ET (100 percent effective).

Groundwater irrigation efficiency estimates made in this study also fall within the range of literature
values for the common irrigation systems (pivot, sprinkler, flood) in the basin. Some unirrigated fields
possibly were included in the mapped acreages and basin summaries because of difficulty establishing a
minimum threshold for excluding fields based on the remotely-sensed imagery and other datasets, but
the effect on the overall ET volumes and acreage was likely small (within 5 percent).
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APPENDIX A. GLOSSARY OF TERMS

AgriMET — A network of agricultural weather stations operated by the U.S. Bureau of Reclamation.

Bowen ratio — The Bowen ratio method for flux measurement is derived from the energy balance of the
underlying surface. It is the ratio of heat flux to moisture flux near the surface.

Common Land Unit (CLU) - the smallest unit of land that has a permanent, contiguous boundary, a
common land cover and land management, a common owner and a common producer in agricultural
land associated with USDA farm programs. Vector polygon (shapefile) dataset.

Consumptive Use (CU) - The part of water withdrawn that is evaporated, transpired, incorporated into
crops, or otherwise consumed from immediate water environment.

Cropland Data Layer (CDL) — Raster, georeferenced, crop-specific land cover data layer created annual
for the continental United States using moderate resolution satellite imagery and extensive agricultural
ground truth.

Eddy Covariance (EC) — A micro-meteorological method that is currently popular to directly observe the
exchanges of gas, energy, and momentum between ecosystems and the atmosphere.

Evapotranspiration (ET) - The combined processes by which water is transferred from the earth’s surface
to the atmosphere; evaporation of liquid or solid water plus transpiration from plants.

ETo — (Reference ET) refers to the ET equations calibrated to estimate the water use of a well-watered
grass field under a set of local weather conditions computed using the ASCE standardized Penman-
Montieth equation.

ETr — (Reference ET) refers to the ET equations calibrated to estimate the water use of a well-watered
alfalfa field under a set of local weather conditions computed using the ASCE standardized Penman-
Montieth equation.

ETrF — Fraction of reference ET computed as actual ET divided by reference ET. Synonymous with the
crop coefficient (Kc).

FGDC (Federal Geographic Data Committee) — The FGDC develops or adopts geospatial standards.
Federal agencies that collect, use, or disseminate geographic information and/or carry out related
spatial data activities are required to use FGDC-endorsed standards. Non-Federal agencies are
encouraged to use FGDC-endorsed standards to facilitate data sharing.

gridMET - A gridded dataset of daily high-spatial resolution (~4-km, 1/24th degree) surface
meteorological data covering the contiguous US from 1979-yesterday.

Kc - Ratio of ET occurring with specific crop at specific stage of growth to reference ET.
Irrigation efficiency — The ratio of the volume of water required for a specific beneficial use as compared

with the volume of water delivered for this purpose. It is commonly interpreted as the volume of water
stored in the soil for evapotranspiration compared with the volume of water delivered for this purpose.
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METRIC — Mapping Evapotranspiration using high Resolution and Internalized Calibration model.
METRIC calculates ET as a residual of the surface energy balance using satellite imagery calibrated to in-
situ reference ET from weather stations or a gridded product.

Net ET — Total ET less precipitation. (As opposed to Total ET.)

Net Irrigation Water Requirement (NIWR) - The quantity of water exclusive of precipitation that is
required for various beneficial uses, particularly evapotranspiration.

Normalized Difference Vegetation Index (NDVI) - A common and widely used remote sensing index that
is computed as the difference between near-infrared (NIR) and red (RED) reflectance divided by their
sum.

Place of Use (POU) — OWRD-developed GIS vector (polygon) file that shows the locations of where water
rights are used or applied

Potential evapotranspiration — the rate at which water if available would be removed from wet soil and
plant surfaces expressed as the rate of latent heat transfer per unit area or an equivalent depth of
water.

Raster — Dataset consisting of a matrix of cells (or pixels) organized into rows and columns (or a grid)
where each cell contains a value representing information.

Reference ET - ET equations calibrated to produce ET for a defined reference crop (generally clipped,
cool season grass or full cover alfalfa) under a set of local weather conditions. In this study reference ET

computed using the ASCE standardized Penman-Monteith equation.

SSURGO - The Soil Survey Geographic database contains information about soil as collected by the
National Cooperative Soil Survey over the course of a century.

Total ET — measurement of evapotranspiration from a combination of irrigation sources plus
precipitation. (As opposed to Net ET.)

Water Year — Twelve -month period from October 1 for a given year through September 30, of the
following year. The water year is designated by the calendar year in which it ends.
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