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Abstract
The U.S. Geological Survey (USGS) National Water-Use 

Science Project strives to report water-use estimates using 
the best available information for the period of the estimates. 
The information available on water used for irrigation activi-
ties varies from State to State and in some areas from county 
to county within a State, which results in many information 
sources and methods being used to estimate water withdrawals 
and consumption for the Nation. The variety of estimation 
methods makes it difficult to compare information across 
States and makes it difficult to understand how different 
methods or data sources bias irrigation water-use estimates 
and trends over time. The sources of information and methods 
used by USGS Water Science Centers to estimate irriga-
tion water use (the number of irrigated acres by irrigation 
system type, withdrawal values by water source type, and 
consumed-water values) for 2015 are compiled and described 
herein to assist with interpreting the water-use estimates. 
State-level summaries of information sources and methods 
are compiled in appendix 1, and a dataset of calendar-year, 
county-level estimates of actual evapotranspiration for the 
conterminous United States and Hawaii is provided in an 
associated USGS data release.

Introduction
The U.S. Geological Survey (USGS) has estimated water 

use every 5 years since 1950 for various water-use categories 
and published these estimates in a series of national Circular 
reports, referred to hereafter as the compilation. The compila-
tion of water-use estimates is facilitated by the USGS National 
Water-Use Science Project (NWUSP) under the Water 
Availability and Use Science Program (WAUSP) as part of 
the National Water Census (NWC), which was implemented 
under the SECURE Water Act (Public Law 111–11, 123 
Stat. 991). The NWC’s mission is to provide data and tools 
to water managers for assessing water availability at regional 
and national scales. The data are collected and compiled by 

the USGS Water Science Centers (WSCs) and provided to the 
NWUSP for the reporting of average daily withdrawals for the 
calendar year, by water source type (groundwater and surface 
water) and quality (fresh and saline), for the 50 States, the 
District of Columbia, Puerto Rico, and the U.S. Virgin Islands.

The water-use categories published by the USGS have 
varied across compilations. Some water-use categories are 
required for all WSCs to compile, and other categories are 
optional for WSCs to collect. For the 2015 calendar year, the 
water-use categories required for the compilation were aqua-
culture, domestic self-supplied, industrial, irrigation, livestock, 
mining, public supply, and thermoelectric-power generation, 
while commercial water use was optional. Historically, 
the three largest use categories were thermoelectric-power 
generation, irrigation, and public supply. This report focuses 
on information sources and methods used to estimate water 
use for irrigation; primarily, irrigation for crops. The WSCs 
were given the option to either report total water use for 
irrigation or separate the reported information into crop and 
golf course use. For 2015, there were 15 States that did not 
report crop and golf course water use separately, and 5 of 
those States indicated that they only estimated irrigation data 
for crops; therefore, 10 States consolidated golf course and 
crop water use into 1 estimate. The USGS defines irrigation 
water use as the “water that is applied by an irrigation 
system to assist crop and pasture [including nurseries and 
turf farms] or to maintain vegetation on recreational lands 
such as, parks and golf courses” (U.S. Geological Survey, 
2020). These estimates may also account for water applied 
for pre-growing-season water application, frost protection, 
chemical application, weed control, field preparation, crop 
cooling, harvesting, dust suppression, and leaching salts from 
the root zone. All irrigation-water withdrawals are considered 
freshwater; groundwater and surface-water withdrawals are 
estimated separately. Irrigated land, in acres, is estimated for 
three types of irrigation methods: sprinkler, surface (flood), 
and micro-irrigation systems.

The WSCs strive to use the best available informa-
tion for their region when estimating irrigation water use, 
although most estimates are based on sparse, site-specific 
data. Therefore, WSCs rely on State and Federal reporting 
programs, local irrigation districts, industry estimates, satellite 
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data, Soil-Water Balance and surface energy balance model 
results, and evapotranspiration (ET) estimates for estimating 
irrigation water use. The information sources vary among 
States and sometimes between geographic areas within a State. 
The variation in irrigation water-use estimates can be attributed 
to crop types, climate, methods of irrigation, irrigation-system 
and conveyance efficiencies, soil conditions, and the availability 
of water. The variety of estimation methods makes it difficult 
to confidently compare information among States and makes 
it difficult to understand how different methods or data sources 
bias irrigation water-use estimates and trends over time.

The appropriate documentation of methods and informa-
tion sources used to develop irrigation water-use estimates is 
vital for the effective comparison and use of data. Dickens and 
others (2011) published a report documenting the methods used 
in the 2000 and 2005 USGS 5-year compilations. The report 
highlights the need for improved documentation, accuracy, and 
consistency in estimating the number of irrigated acres and the 
volume of irrigation withdrawals; the authors suggest using 
consistent methods for data reporting and recommend data 
sources for use in future USGS water-use reporting.

For 2015, WSCs were required to document the informa-
tion sources and methods used for each element required in 
the compilation. A template of questions was used to gather 
specific information for each water-use category and ensure 
consistent documentation. For irrigation information, questions 
addressed methods used to assess the number of irrigated acres 
and irrigation system types, how groundwater and surface-water 
withdrawals were determined, and if system and conveyance 
efficiencies were considered when estimating withdrawals for 
water use on crops and golf courses. The unpublished 2015 
documentation provided State-level descriptions of information 
sources and methods. These documents are used to understand 
differences in compiled water-use estimates across the Nation.

Purpose and Scope

The purpose of this report is to compile the information 
sources and methods used by the WSCs for estimating the irri-
gated acreage, irrigation withdrawals, consumptive use, system 
and conveyance efficiency, and sources of water, all published 
by Dieter and others (2018). The compiled information sources 
and methods are presented in tabular and map formats to high-
light the spatial patterning across the Nation and are described 
to assist with the interpretation of water-use estimates for 2015. 
Appendix 1 presents a summary of information that includes 
the sources and methods used to estimate the number of 
irrigated acres, irrigation withdrawals, system and conveyance 
efficiencies, and sources of water for the 2015 compilation, for 
each of the 50 States, the District of Columbia, Puerto Rico, and 
the U.S. Virgin Islands. Unpublished actual evapotranspiration 
(ETa) estimates from the operational Simplified Surface Energy 
Balance (SSEBop) model are provided in the USGS data release 

associated with this report (Painter and others, 2021). These 
ETa estimates were provided to WSCs for consideration in their 
consumptive-use estimates for irrigation.

Sources of Information and Methods 
Used to Estimate Irrigation Water Use

County-scale estimates of irrigation water withdrawals 
(fig. 1) and the percentage of consumptive use (fig. 2) for 2015 
used several information sources and methodologies, depending 
on the data availability within the State for which they were 
estimated. The information sources and estimation methods 
are described here for the State scale. The compilation required 
information about irrigated acres, knowledge of irrigation 
system types (sprinkler, surface, and micro-irrigation), and 
information on withdrawals by water source type (groundwater 
and surface water). Additionally, consumptive use—as a frac-
tion of withdrawals—was estimated for the compilation. Federal 
and State agencies usually provide the number of irrigated 
acres. Information used to estimate irrigation withdrawals 
varies from one State to the next and can be divided into three 
types: direct accounting, indirect accounting, and a combination 
of the two preceding groups. Direct accounting is defined as 
estimates that use reported or measured data, whereas indirect 
accounting is based on estimates crafted from modeled results 
or estimated (or calculated) coefficients. Some withdrawals are 
first calculated using consumption numbers and then additional 
water needs are added based on loss estimates from conveyance 
and irrigation system efficiencies.

Sources and Methods for Estimating Irrigated 
Acreages

The location and acreage of irrigated lands are critical for 
accurately estimating withdrawals. Information provided by 
the U.S. Department of Agriculture (USDA), State agencies, 
universities, remote sensing methods, and USGS field-
verification efforts were used to estimate the number of irrigated 
acres for 2015. The most common information sources used 
to estimate the number of irrigated acres are those provided 
by the USDA (table 1, fig. 3). The number of irrigated acres 
for 37 States was estimated using at least 1 USDA product. 
Twenty-eight States reported or compiled irrigated-acres 
information by State agencies or universities. Five States used 
information collected by the USGS through remote sensing 
or field-verification methods. Most States used more than one 
information source to estimate the number of irrigated acres. 
Fourteen States used data from State agencies and universities 
and also used information from the USDA. Additionally, the 
District of Columbia only estimated irrigation withdrawals for 
golf courses, and the U.S. Virgin Islands reported zero irrigation 
for 2015. Descriptions of these information sources are provided 
in subsequent sections.
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U.S. Department of Agriculture Information
Information from the USDA was used to estimate the 

number of irrigated acres for 73 percent of States for the 2015 
USGS compilation (excluding the District of Columbia and 
the U.S. Virgin Islands). The USDA’s National Agricultural 
Statistics Service (NASS) and Farm Service Agency (FSA) 
products were used by the WSCs and are described below.

Information From the National Agricultural Statistics 
Service

The USDA–NASS group facilitates several surveys 
and publishes reports on many aspects of U.S. agriculture. 
Several of these surveys and reports are directly related to 
crop acreages and irrigation practices. The WSCs used three 
USDA products for 2015 irrigated-lands information: the 
Census of Agriculture, the Irrigation and Water Management 
Survey (IWMS; formerly known as the Farm and Ranch 
Irrigation Survey), and the national Cropland Data Layer 
(CDL) (U.S. Department of Agriculture, National Agricultural 
Statistics Service, 2014, 2016, 2020a ). In some cases, 
locally created USDA documents were used in estimating 
the number of irrigated acres, such as an Annual Statistical 
Bulletin for Nevada (U.S. Department of Agriculture, National 
Agricultural Statistics Service, 2020c).

The Census of Agriculture (https://www.nass.usda.gov/ 
AgCensus/ ) is conducted every 5 years to capture on-farm 
data in all States and U.S. territories (U.S. Department of 
Agriculture, National Agricultural Statistics Service, 2020a). 
All farms thought to produce $1,000 or more worth of 
agricultural products are included. According to the 2017 
Census of Agriculture, “The response rate for the 2017 Census 
of Agriculture Census Mailing List (CML) was 71.8 percent, 
as compared with the 2012 Census of Agriculture’s response 
rate of 74.6 percent and 78.2 percent for the 2007 Census 
of Agriculture” (U.S. Department of Agriculture, National 
Agricultural Statistics Service, 2019a). Data categories used 
by WSCs include “crop acres” and “irrigated acres.” Data are 
available at the county level to prevent disclosing information 
about individual operations (7 U.S.C. 2276). Primarily, the 
2012 Census of Agriculture was used for the 2015 compila-
tion (U.S. Department of Agriculture, National Agricultural 
Statistics Service, 2014). Thirty States used the Census of 
Agriculture to identify the number of irrigated acres.

The IWMS is distributed every 5 years to capture on-farm 
irrigation data in all States. Farms identified in the prior year’s 
USDA Census of Agriculture or irrigated within the last 5 
years are included in the survey. Survey procedures ensure 
major irrigators in each State are included. However, as with 
the Census of Agriculture, new irrigators for that survey year 
are not included in the IWMS. According to the 2017 Census 
of Agriculture, “The response rate for the 2018 Irrigation and 
Water Management Survey is 64.4 percent. This compares to 
69.8 percent for the 2013 Farm and Ranch Irrigation Survey” 
(U.S. Department of Agriculture, National Agricultural 

Statistics Service, 2019b). The WSCs used the values given for 
irrigated acres, irrigated acres by system type, irrigated acres by 
source water, and on-field application estimates from the IWMS 
to estimate the number of irrigated acres. Similar to the Census 
of Agriculture data, IWMS data are only available at the State 
level to prevent disclosing information about individual opera-
tions. Comparisons with USGS compilations are limited due to 
nonconcurrent years, State-level versus county-level data, and 
on-field applications versus withdrawals. As a result, no WSC 
exclusively used the IWMS information to estimate the number 
of irrigated acres; 12 States used IWMS data in conjunction 
with other data sources.

The CDL is an agriculture-focused, georeferenced 
land-cover raster at 30-meter resolution for the conterminous 
United States (CONUS) published annually by the Research 
and Development Division, Geospatial Information Branch, 
Spatial Analysis Research Section of the NASS. The primary 
purpose of the CDL is to estimate agricultural acreages 
(U.S. Department of Agriculture, National Agricultural 
Statistics Service, 2020b, sec. 1, no. 5); therefore, the CDL 
accounts for all crop acres (irrigated and rainfed). 

The CDL was first processed in 1997 using 56- and 
30-meter resolution inputs. States were added until 2008 
when the CONUS was processed for the first time. Over time, 
additional satellite sensors, ground truth data, new software, 
and other ancillary data have enhanced the decision-tree 
processing (U.S. Department of Agriculture, National 
Agricultural Statistics Service, 2020b, sec. 3, no. 2). However, 
the CDL is still challenged in areas of limited agriculture. 
Limited agriculture can be defined as new fields or small fields 
that have existed for several years. 

Note that acreage estimates based on the CDL are 
unlikely to match other agricultural statistics because CDL-
based estimates use pixel counting to calculate acreages. Pixel 
counting is the process of summing the number of pixels for a 
given category over a specified area and then multiplying that 
value by the size of the pixel (CDL uses 30× 30-meter pixels) 
to determine the total area. Because a fixed pixel size does not 
always represent the true areal extent of an agricultural field, 
pixel-counting acreages are often biased low compared with 
other estimates (U.S. Department of Agriculture, National 
Agricultural Statistics Service, 2020b, sec. 1, no. 6). For the 
2015 compilation, 11 States used the 2015 CDL to estimate 
the number of irrigated acres (U.S. Department of Agriculture, 
National Agricultural Statistics Service, 2016).

Information From the Farm Service Agency
The FSA manages several programs that document crop-

land use on farms as part of their mission to provide services 
to farm operations, including loans, commodity price supports, 
conservation payments, and disaster assistance. Producers that 
participate in these programs are required to submit annual 
reports documenting cropland use on their farms to State and 
county offices. Submitted data are aggregated to the county or 
State scale before they are shared publicly. These data consist 

https://www.nass.usda.gov/AgCensus/
https://www.nass.usda.gov/AgCensus/
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Table 1. Type and number of information sources used for estimating the number of irrigated acres in each State for 2015.

[x, source used; – source not used] 

State or U.S. Territory

Information source type

U.S. Department of Agriculture 
State 

agency or 
university

U.S. Geological Survey

2012 
Census of 

Agriculture1

Irrigation 
Water 

Management 
Survey2

Cropland 
Data 

Layer3

Farm 
Service 
Agency4

Remotely 
sensed 

information5

Field 
verification6

Alabama x8 – – – x – –
Alaska x – – – – – –
Arizona – – x x x8 – x
Arkansas – – – – x – –
California – – – x x x8 –
Colorado – – – – x – –
Connecticut x – x – – – –
Delaware – – – – x – –
District of Columbia7 – – – – – – –
Florida – – – – x8 – x
Georgia – – – – x – –
Hawaii – – – – x – –
Idaho – – x – – – –
Illinois x – – x8 x – –
Indiana x – – – – – –
Iowa – – – – x – –
Kansas – – – – x – –
Kentucky x8 – – – x – –
Louisiana – – – – x8 – x
Maine x – – – – – –
Maryland x – – – – – –
Massachusetts x x x – – – –
Michigan x x x – x8 – –
Minnesota – – – – x – –
Mississippi x – – – x – –
Missouri x x x – – – –
Montana – – – – x – –
Nebraska – – – – x – –
Nevada x8 – – – x – –
New Hampshire x x x – – – –
New Jersey x x – – – – –
New Mexico – – x8 – x – –
New York x x – – – – –
North Carolina x8 – – – x – –
North Dakota – x – – x8 – –
Ohio x – – – – – –
Oklahoma x – – – – – –
Oregon – x x – x8 – –
Pennsylvania x x – – – – –
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of the State and county name, the crop type, the intended 
use of the crop, an indication if irrigation was used, and an 
accounting of the acres that were planted and if they produced 
a viable, harvested crop for a given year (U.S. Department 
of Agriculture, Farm Service Agency, 2020b; Honig, 2020). 
The NASS uses the FSA planted-acreage data to complement 
their survey data. Four WSCs shared the same approach and 
used these data by modifying the 2012 Census of Agriculture 
numbers to estimate the number of acres irrigated in 2015.

The National Agriculture Imagery Program (NAIP) is 
managed by the FSA and acquires remotely sensed aerial 
imagery on a 3-year cycle during the agricultural growing 
seasons for the CONUS. The NAIP imagery is acquired at 
a 1-meter ground-sample distance with a spectral resolution 
in natural colors (red, green, and blue) and, for some areas, 
natural color and near-infrared. This imagery is “leaf-on” 
imagery used as a base layer for geographic information 
system (GIS) programs in the FSA’s County Service Centers 

and is used by the FSA to maintain the Common Land Unit 
(CLU) boundaries, which are not publicly available. The 
CLU boundaries are “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 the USDA farm programs” 
and is tracked from one image acquisition to the next to assist 
in the confidence of farm identification (U.S. Department of 
Agriculture, Farm Service Agency, 2020a). The imagery is 
collected when there is no more than 10 percent cloud cover 
per quarter quad time. The high spatial resolution of NAIP 
imagery enabled the California and Arizona WSCs to delineate 
agricultural field boundaries and estimate the number of 
irrigated acres for their States.

Table 1. Type and number of information sources used for estimating the number of irrigated acres in each State for 2015.—Continued

[x, source used; – source not used] 

State or U.S. Territory

Information source type

U.S. Department of Agriculture 
State 

agency or 
university

U.S. Geological Survey

2012 
Census of 

Agriculture1

Irrigation 
Water 

Management 
Survey2

Cropland 
Data 

Layer3

Farm 
Service 
Agency4

Remotely 
sensed 

information5

Field 
verification6

Puerto Rico and U.S. Virgin Islands x – – – – – x8

Rhode Island x x x – – – –
South Carolina x – – – – – –
South Dakota – – – – x – –
Tennessee x – – – – – –
Texas – – – x8 x – –
Utah – – – – x – –
Vermont x x x – – – –
Virginia x – – – – – –
Washington x x – – – – –
West Virginia x – – – – – –
Wisconsin x – – – x8 – –
Wyoming x – – – – – –
Total 30 12 11 4 28 1 4

1U.S. Department of Agriculture, National Agricultural Statistics Service, 2014.
2U.S. Department of Agriculture, National Agricultural Statistics Service, 2020a.
3U.S. Department of Agriculture, National Agricultural Statistics Service, 2016.
4U.S. Department of Agriculture, Farm Service Agency, 2020a.
5Pervez and Brown, 2010.
6Marella and Dixon, 2015; Marella and others, 2016.
7Irrigated-acres data for golf courses only.
8Dominant source.
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Information From State Agencies and 
Universities

Some WSCs used GIS polygon datasets representing 
field-permitted boundaries, irrigated acres, verified irrigated 
land, or areas with water rights for irrigation to estimate the 
number of irrigated acres. These types of data were usually 
provided by State agencies or universities and maintained at 
varied time intervals. Twelve States exclusively used informa-
tion from State agencies or universities to estimate the number 
of county-wide irrigated acres, and 16 States used these types 
of information sources in combination with other datasets to 
estimate the number of irrigated acres. In certain cases, such as 
those in Arizona, Florida, and Puerto Rico, the WSCs part-
nered with State agencies to inventory irrigated-crop acreages 
(Marella and Dixon, 2015; Marella and others, 2016).

Remotely Sensed Information
The USGS Earth Resources Observation and Science 

(EROS) Center developed a suite of irrigation products 
using the Moderate Resolution Imaging Spectroradiometer 
(MODIS) satellite (Pervez and Brown, 2010). The MODIS 
Irrigated Agriculture Dataset (MIrAD–US) is one such dataset 
that incorporates county-level irrigated-area statistics from 
the USDA; annual peak Normalized Difference Vegetation 
Index (NDVI) values derived from Collection 6 Aqua MODIS 
imagery; and a land-cover mask for agricultural lands derived 
from the USGS National Land Cover Database (NLCD). 
The MIrAD provides irrigation datasets at 250-meter (m) 
and 1-kilometer (km) spatial resolutions for the same years 
as the USDA Census of Agriculture. Although some States 
and territories, such as Utah and Puerto Rico, explained in 

EXPLANATION
Source of irrigated acres

USDA

USDA and State or university

State or university and field visits

State or university, field visits, and USDA

State or university and USDA

Remote sensing and State or university

N

ALASKA

HAWAII

PUERTO RICO

Figure 3. Map of the United States and Puerto Rico showing information sources used to estimate irrigated-crop acreages in 
each State and territory for 2015. USDA, U.S. Department of Agriculture.
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their documentation that remotely sensed information was 
used to identify irrigated acres, the California WSC was the 
only center that used remotely sensed imagery information to 
estimate the number of irrigated acres for their State.

Sources and Methods for Estimating Irrigation 
Withdrawals and Consumptive Use

Irrigation withdrawals and consumptive-use values were 
determined using methods that differed between States and, 
in some cases, varied within individual States. These methods 
can be divided into direct, indirect, and mixed methods 
(table 2, fig. 4). Direct methods for estimating withdrawals 
involved the receipt of measured or estimated withdrawals 
values for counties from State and local agencies. Indirect 
methods for estimating withdrawals are those in which ancil-
lary or potentially complementary data were used to arrive at 
county-level withdrawal values because measured or estimated 
water-withdrawals data were unavailable. The mixed-methods 
approach used both direct and indirect methods because 
reported information was only available for part of the State. 
Sixteen States exclusively used water withdrawal values 
directly provided by States or local agencies for the 2015 
compilation. Twenty-six States exclusively used indirect 
methods for water withdrawal values. Ten States had a portion 
of the State’s water-withdrawals data provided by a State, 
university, or local source (direct method), and the remaining 
values were estimated through indirect methods.

Consumptive-use estimates for 2015 were made in 
addition to values of total water withdrawals. The term 
“consumptive use” is defined as “the part of water withdrawn 
that is evaporated, transpired, incorporated into products or 
crops, consumed by humans or livestock, or otherwise not 
available for immediate use” (U.S. Geological Survey, 2020). 
Several States estimated consumptive use first and then 
added irrigation system and conveyance inefficiencies to get 
a withdrawal total. For these States, methods are described 
in the indirect methods section. Other States estimated total 
withdrawals first and then subtracted irrigation system and 
conveyance inefficiencies from that number to determine 
consumptive-use values. This second approach is discussed in 
the section “Sources and Methods for Estimating Conveyance 
and Irrigation System Efficiencies.”

Direct Methods
A total of 26 WSCs used measured or reported informa-

tion as sources for estimating irrigation withdrawals and 
consumptive use values for 2015. The reported data are 
provided by State and Federal crop-reporting programs, 
local irrigation districts, canal companies, and incorporated 
management areas. Although States provided withdrawal 
values, these reported withdrawals are not always measured. 
Some of the reported information comes from estimates of 
withdrawals from permitted-use or power-consumption data. 

In some cases, the information provided by State agencies may 
be estimated through the same indirect methods used by the 
WSCs; however, information describing the methods were not 
always included in the WSC 2015 documentation. Since the 
WSCs do not calculate these estimates, they are categorized as 
direct estimates. The WSCs accept these withdrawal values as 
relatively accurate because of local knowledge about irrigation 
practices. WSCs estimated consumptive-use values for States 
that provided withdrawal estimates. In most cases, consump-
tive use was determined by incorporating coefficients related 
to irrigation-system and conveyance efficiencies.

Indirect Methods
When there was no measured or reported information 

available for water withdrawals, WSCs estimated withdrawals 
using ancillary or potentially complementary data, such as 
locally determined crop water requirements and ET estimates. 
There were 22 States that used locally determined crop 
water-requirements data, while 4 States used ET estimates to 
determine water-withdrawal values for 2015, and 10 States 
used outputs from Soil-Water Balance or water budget 
models to estimate withdrawal values. For many of these 
methods, withdrawal values were based on estimates of 
consumptive use.

Crop Water Requirements
A total of 22 States identified locally determined 

crop-specific application rates to estimate withdrawal 
values. This method assumes that irrigation is applied to 
supplement the effective precipitation required to meet crop 
water requirements. “Effective precipitation” is defined as 
the amount of precipitation that becomes soil water storage 
and is available for crops (Dastane, 1978). The crop type 
and the acreage numbers for each crop are requirements 
for estimating withdrawals using this method. The crop 
information was gathered from previously mentioned 
USDA sources or local sources. Some of the crop-specific 
application rates are intended to estimate consumptive-use 
values and others to estimate total-withdrawals values. This 
method uses the number of crop acres for a given county 
and multiplies the number of crop acres by the crop-specific 
application rate. This method assumes that each farmer can 
accurately estimate effective precipitation when determining 
the quantity of irrigation-water withdrawals to meet the 
per-crop application rate. Withdrawal estimates made using 
this method can be adjusted, as was documented for Missouri, 
by relating annual average precipitation for 2015 to the period 
of record-average annual precipitation used to estimate the 
per-crop application rate.
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Table 2. Information sources and methods for estimating withdrawals or consumptive-use values, by State and U.S. Territory, for 2015.

[x, source used; – source not used]

State or U.S. Territory

Information source types

Direct method Indirect methods

Reported
Crop water 

requirements
Remotely sensed actual 

evapotranspiration
Models

Alabama – x – –
Alaska – x – –
Arizona x1 x – –
Arkansas x – – –
California – – x –
Colorado x – – –
Connecticut – – – x
Delaware – – x –
District of Columbia – x – –
Florida x1 – – x
Georgia x1 x – –
Hawaii – – – x
Idaho – x1 – –
Illinois x x1 – –
Indiana x1 – – –
Iowa x – – –
Kansas x – – –
Kentucky – x – –
Louisiana – x – –
Maine – – – x
Maryland x – – –
Massachusetts – – – x
Michigan x – – –
Minnesota x – – –
Mississippi x x1 – –
Missouri x x1 – –
Montana – – x –
Nebraska x1 – – x
Nevada x1 x – –
New Hampshire – – – x
New Jersey x – – –
New Mexico – x – –
New York – x – –
North Carolina – x – –
North Dakota x – – –
Ohio x – – –
Oklahoma x – – –
Oregon – x – –
Pennsylvania – x – –
Puerto Rico and the U.S. Virgin Islands x x – –
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Remotely Sensed Estimates of Actual Evapotranspiration
The EROS Center provided the NWUSP with 2015 

calendar-year county-level estimates of ETa for the CONUS 
and Hawaii. The ETa estimates are based on 1-square-
kilometer (km2) resolution MODIS satellite data analyzed 
through the SSEBop model (Senay and others, 2013). The ETa 
dataset was provided as a consistently generated dataset to 
assist WSCs with 2015 irrigation consumptive-use estimates. 
The ETa dataset (comma delimited table) supplied to the 
WSCs is available as a USGS data release (Painter and 
others, 2021).

County-level ETa estimates are based on the mean of all 
individual 1-km pixels within each area. These estimates were 
reported as mean total depth (in inches) of the following areas 
within each county: (1) annual values for county-wide areas 
including agricultural and nonagricultural lands, (2) monthly 
and annual values for areas classified as potentially irrigated 
areas (PIA)—agricultural areas with healthy vegetation, and 
(3) annual values for areas represented as irrigated lands from 
geospatial datasets provided by some States. The dataset 
also included the total acreage of agricultural lands classified 
as hay, pasture, and cultivated crops from the 2011 NLCD 
(U.S. Geological Survey, 2014).

County-wide ETa estimates were restricted to PIA 
through the creation of a geospatial dataset that represents 
maximum calendar year values in the 2015 MODIS-based 
NDVI for all 1-km pixels within agricultural lands (pasture-
hay and cultivated crops) as classified in the 2011 NLCD 

(U.S. Geological Survey, 2014). This restriction effectively 
eliminated other land-use classifications that are not likely 
to be irrigated. The designated agricultural area was further 
screened by EROS using the 2015 NDVI values. Peak-season 
NDVI values are used to assess vegetation density and vigor 
(health and photosynthetic activity) by using the ratio between 
the MODIS-sourced red and near-infrared spectra. Higher 
NDVI values represent greater vegetation vigor and density. 
NDVI values of moderately vegetated areas commonly start 
at 0.4, and irrigated areas during the peak season are typically 
0.7 and higher (Gabriel Senay, U.S. Geological Survey, written 
commun., February 20, 2017).

A peak-season NDVI value of 0.7 or greater within 
individual 1-km pixels was selected as the threshold to 
indicate that a portion of the 1-km pixel was irrigated during 
the growing season. The resulting PIA geospatial layer for 
the 2015 compilation efforts represented 1-km pixels within 
agricultural lands with maximum (peak) NDVI values 
greater than or equal to 0.7. However, this approach creates 
uncertainty in the delineation of irrigated versus nonirrigated 
1-km pixels because pixels can have an NDVI value equal 
to or greater than 0.7 due to the presence of riparian areas, 
wetlands, or any areas where there is moisture available to 
promote healthy vegetation. Therefore, this approach likely 
overestimates the total irrigated area.

The WSCs in some States (Arizona, Colorado, 
Delaware, Florida, Georgia, Illinois, Kansas, Maryland, 
Montana, New Jersey, New York, North Carolina, Oklahoma, 
Pennsylvania, Virginia, Washington, and Wisconsin) provided 

Table 2. Information sources and methods for estimating withdrawals or consumptive-use values, by State and U.S. Territory, for 
2015.—Continued

[x, source used; – source not used]

State or U.S. Territory

Information source types

Direct method Indirect methods

Reported
Crop water 

requirements
Remotely sensed actual 

evapotranspiration
Models

Rhode Island – – – x
South Carolina x – – –
South Dakota x – – –
Tennessee – x – –
Texas x – – –
Utah – – – x
Vermont – – – x
Virginia x x1 – –
Washington – x – –
West Virginia – x – –
Wisconsin x – – –
Wyoming – – x –
Total 26 22 4 10

1Dominant source.
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spatial datasets of irrigated lands for some portion of their 
respective States. These spatial datasets were primarily from 
local sources, such as State agencies. Also, some States—such 
as Arizona and Florida—provided spatial datasets of irrigated 
lands produced by the USGS for cooperative projects. The 
WSCs were asked to verify these datasets through other 
sources, internal or external to the USGS, to ensure that 
these data reasonably represent 2015 conditions. Externally 
provided geospatial datasets reportedly represent the extent of 
irrigated lands, and the WSCs typically used these ETa values 
for only those areas.

The SSEBop ETa dataset represents actual evapotrans-
piration that occurs not only due to applied irrigation water 
but also due to effective precipitation and subirrigation (that 
is, root uptake of shallow groundwater). This dataset was 

intended to be verified, and users were encouraged to evaluate 
the ETa data before incorporating them into their estimates 
of consumptive use. Users were urged to obtain and include 
local information such as values of effective precipitation 
in their analysis and add detailed metadata as part of their 
documentation. 

In the semi-arid to arid regions of the United States (most 
of the western United States), where irrigation accounts for 
much of the water requirements for crops, the ETa dataset 
is likely affected by the inclusion of some fraction of nonir-
rigated lands. In relatively humid regions of the United States 
(most of the eastern United States), where healthy vegetation 
is common and effective precipitation often accounts for a 
large fraction of the crop water requirements, most areas had 
peak-season NDVI values of greater than 0.7, regardless of 

EXPLANATION
Method for estimating withdrawals

Direct: reported

Indirect: crop water requirements

Indirect: remotely sensed ETa

Indirect: models

Mixed: crop water requirements

Mixed: models 

N

ALASKA

HAWAII PUERTO RICO

Figure 4. Map of the United States showing methods used for estimating withdrawals or consumptive-use values for 2015 in each 
State. Methods are defined in the “Sources and Methods for Estimating Irrigation Withdrawals and Consumptive Use” section. 
ETa, actual evapotranspiration.
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whether irrigation was applied (Painter and others, 2021). In 
these humid regions, where irrigated lands may be a small frac-
tion of the overall croplands, the ETa dataset may more closely 
approximate the ETa resulting from effective precipitation than 
from applied irrigation. In these cases, the ETa dataset could be 
used to indicate the ET that occurs because of effective precipi-
tation. The WSCs were advised to include estimates of effective 
precipitation in their calculation of irrigation withdrawals to 
meet the ideal water requirements for crops.

Although all WSCs evaluated these data for use in 
making consumptive-use estimates, four States—California, 
Delaware, Montana, and Wyoming—used the provided 
MODIS-sourced ETa estimates as the primary source for 
estimating withdrawals and consumptive use. The WSCs in 
Idaho, Illinois, Indiana, Kansas, Maryland, North Dakota, 
and South Dakota used these data to estimate consumptive 
use for at least part of the State, although they used other 
information for estimating withdrawals. Puerto Rico, Arizona, 
and New Mexico used estimates of ETa from sources other 
than MODIS-sourced ETa when estimating consumptive 
use. Puerto Rico used an ET dataset and methodology from 
the University of Puerto Rico. In Arizona, consumptive 
water-requirement rates for crops were determined by using 
a modified Blaney-Criddle method. Similarly, in the Upper 
Colorado River Basin of New Mexico, the modified Blaney-
Criddle method was used for consumptive-use estimates, 
and the Blaney-Criddle equation was used for the rest of 
New Mexico (Blaney and Criddle, 1962; U.S. Department 
of Agriculture, Soil Conservation Service, 1970; Bureau of 
Reclamation, 1992).

Soil-Water Balance Models
Some WSCs used Soil-Water Balance (SWB) models 

to calculate estimates of irrigation-water-withdrawals and 
consumptive-use values (Westenbroek and others, 2010). 
These models, and other reported data, were used by WSCs 
in Nebraska and six States in the northeastern part of the 
United States. These models incorporate soils, weather, and 
crop data to estimate irrigation rates. Hawaii and Utah used 
soil-water budget models, and Florida used reported data 
calculated with a State model for estimates of withdrawals and 
consumptive use.

Sources and Methods for Estimating 
Conveyance and Irrigation System Efficiencies

Irrigation withdrawal is the amount of water diverted 
from a surface-water body or pumped from groundwater 
and includes the amount of water consumed by the crop and 
the water lost because of irrigation and conveyance-system 
inefficiencies (Allen and others, 1998). Most WSCs consid-
ered water loss due to conveyance and irrigation system-type 
inefficiencies when estimating withdrawals. However, not 
all WSCs documented the sources of information they 

consulted when quantifying these losses. These two classes 
of losses, and the information sources used by the WSCs, are 
described here.

Conveyance efficiency is the fraction of source (with-
drawn) water that reaches the fields after accounting for the 
water lost or gained during transit. Water is typically lost in 
transit from a pipe, canal, conduit, or ditch by seepage, ET, or 
maintenance issues (for example, a leaking pipe). The volume 
of loss depends on many factors, including the design proper-
ties of the canal (lined versus unlined), soil properties (for 
unlined canals), environmental factors, and the distance the 
water is transported. Generally, the water lost during convey-
ance is unavailable for immediate use; however, leakage 
from an irrigation ditch, for example, may percolate into a 
groundwater source and be available for future use. 

Conveyance loss is also dependent on the water source 
type. The point of withdrawal for groundwater is typically much 
closer to the application site because wells are often placed in 
or near the fields to which they supply irrigation water, thereby 
resulting in only a small volume of water loss. Surface-water 
conveyance is much more complex because farm fields are 
rarely located near streams or rivers; in some cases, the fields 
are hundreds of miles from the point of diversion, which 
results in higher levels of water loss than those that occur with 
groundwater. In some cases, canals gain water due to shallow 
groundwater levels; however, regional assessments represent 
net changes in flows between surface diversion points and canal 
networks. Accordingly, conveyance efficiencies averaged over 
a conveyance system consisting of networks of canals usually 
reflect a net system loss rather than a gain.

The irrigation-system efficiency is the fraction of source 
(withdrawn) water consumed (evapotranspired) by the soil 
and crops after it is transported to the application site. These 
efficiencies are strongly dependent on many factors: the type 
and age of the irrigation system (sprinkler, surface, and micro-
irrigation), environmental conditions, soil properties, and 
field leveling. Additionally, these efficiencies can vary from 
one field to the next. The volume of excess water necessarily 
applied to the field to supply the entire crop can be determined 
by the type of irrigation system. Water losses after application 
to the field include nonbeneficial evaporation, surface runoff, 
and deep percolation below the root zone; the latter two losses 
may ultimately allow water to be available for future use.

The proportions of irrigated lands, in acres, by each 
system type (sprinkler, surface, and micro-irrigation) 
must be established to determine overall irrigation-system 
efficiency. The WSCs were required to report the system 
type as proportions of the total number of irrigated acres 
for the 2015 compilation (fig. 5). The methods WSCs used 
to determine the number of acreages served by each system 
type commonly involved obtaining data from State water 
agencies (for example, Georgia and Kansas) or USDA data 
(for example, Missouri and New York) and then generating 
coefficients for each system type. Some States (for example, 
California) provided irrigation system data at the county level, 
whereas other information sources provided only statewide 
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results for irrigation systems (for example, the IWMS). The 
WSCs also used local knowledge about farming practices 
and crop-type data to estimate irrigation-system acreages. For 
example, Iowa almost exclusively uses center-pivot irrigation, 
so it was assumed that 100 percent of irrigation systems were 
sprinkler systems.

With so many factors contributing to water loss in 
irrigation practices, conveyance and irrigation-system 
efficiencies vary from State to State, sometimes even within a 
State (table 3). State-level documentation identified 17 States 
that definitively consider efficiency losses when estimating 
consumptive use or withdrawals. The 2015 documentation 
identified several reports used to estimate efficiencies; they 
include the U.S. Department of Agriculture, Soil Conservation 
Service (1976), King and others (1977), Solomon (1988), 
Howell (2003), Irmak and others (2011), Engott and others 

(2017), and Johnson and others (2018). Additional information 
from State agencies and universities were used to estimate 
irrigation-system efficiencies for Colorado, California, Florida, 
Maryland, Nevada, and Wyoming. Idaho and Oklahoma used 
information from USGS studies for efficiency information. 
Connecticut, Kentucky, Massachusetts, Maine, Michigan, 
Rhode Island, and Vermont used statewide coefficient informa-
tion from Shaffer and Runkle (2007). Alabama, Georgia, 
North Carolina, and South Carolina reported the same volume 
for withdrawals and consumptive use, which indicates that 
zero water loss was estimated due to either water conveyance 
or the irrigation system type. Most States only considered 
irrigation system efficiencies, while Oklahoma, Montana, 
Florida, and Arizona estimated conveyance efficiencies 
separately from irrigation system efficiencies.

Table 3. State-level conveyance and irrigation system-efficiency coefficients used for the 2015 water-use compilation.

[avg, average; med, median; %, percent; USGS, U.S. Geological Survey; –, no data] 

State or 
U.S. Territory

Percent 
consumptive 

use

Irrigation-system efficiency, by 
system type

Conveyance efficiency, by 
water source type Information source or 

organizational source type
Sprinkler Micro-irrigation Surface Groundwater

Surface 
water

Alabama 100.0% 100% – – – – State
Alaska 91.4% 90% – – – – State
Arizona 80.8% 80% 90% 50% 100% 50% med Howell (2003)
Arkansas 65.3% – – – – – –
California 77.4% 76% 86% 72% – – University
Colorado 29.4% 76% 86% 72% – – University
Connecticut 94.7% 95% 95% – – – Shaffer and Runkle (2007)
Delaware 83.8% – – – – – –
District of 

Columbia
80.0% – – – – – –

Florida 69.4% 70% 80% 50% 83% 78% State
Georgia 100.0% 100% 100% – – – State
Hawaii 83.9% 70% 85% – – – Johnson and others (2018); Engott 

and others (2017)
Idaho 58.3% 75% 91% 40% – – USGS
Illinois 93.6% – – – – – –
Indiana 90.2% – – – – – –
Iowa 80.3% 80% – – – – Howell (2003).
Kansas 82.1% – – – – – –

Kentucky 90.2% 95% 95% 95% – – Shaffer and Runkle (2007)
Louisiana 66.7% 75% – 65% – – State
Maine 95.2% 95% – 95% 95% 95% Shaffer and Runkle (2007)
Maryland 88.8% 95% 95% 95% – – State
Massachusetts 21.4% 95% 95% 95% – – Shaffer and Runkle (2007)
Michigan 90.1% 95% 95% – – – Shaffer and Runkle (2007)
Minnesota 79.0% 80% – 70% – – Howell (2003)
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Table 3. State-level conveyance and irrigation system-efficiency coefficients used for the 2015 water-use compilation.—Continued

[avg, average; med, median; %, percent; USGS, U.S. Geological Survey; –, no data] 

State or 
U.S. Territory

Percent 
consumptive 

use

Irrigation-system efficiency, by 
system type

Conveyance efficiency, by 
water source type Information source or 

organizational source type
Sprinkler Micro-irrigation Surface Groundwater

Surface 
water

Mississippi 76.3% 80% – 75% – – Solomon (1988)
Missouri 31.8% – – – – – –
Montana 25.1% 77% – 50% 100% 64% avg State
Nebraska 91.0% – – – – – –
Nevada 75.4% 80% 80% 70% – – State
New 

Hampshire
95.0% – – – – – –

New Jersey 68.1% – – – – – State
New Mexico 59.5% – – – – – –
New York 95.3% – – – – – –
North Carolina 100.0% 100% 100% – – – State
North Dakota 34.9% – – – – – –
Ohio 89.8% – – – – – –
Oklahoma 81.7% – – – 83% 78% USGS
Oregon 66.7% – – – – – King and other (1977)
Pennsylvania 90.4% – – – – – –
Puerto 

Rico and 
U.S. Virgin 
Islands

96.7% – – – – – –

Rhode Island 95.1% 95% 95% – – – Shaffer and Runkle (2007)
South Carolina 100.0% 100% 100% 100% – – State
South Dakota 52.1% – – – – – –
Tennessee 80.1% 80% 80% 75% – – Solomon (1988)
Texas 78.0% – – – – – –
Utah 68.0% – – – – – –
Vermont 94.2% – – – – – –
Virginia 85.1% 90% 95% – – – Irmak and others (2011)
Washington 79.0% 80% 90% 70% – – Howell (2003)
West Virginia 84.8% 90% – 80% – – Irmak and others (2011)

Wisconsin 63.7% – – – – – –
Wyoming 27.6% 85% – 55% 40–55% 40–55% State
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Sources and Methods for Identifying Water 
Source Type

Determining the source type (groundwater and surface 
water) and quantity (volume) of water used for irrigation is 
essential for water-availability assessments; therefore, they 
were required elements of the 2015 compilation (fig. 6). 
Reported water rights or permit information from State or 
local agencies were used to identify the water source type for 
29 States (table 4). Previous USGS compilations were used to 

identify the water source type for 18 States; Pennsylvania and 
Washington used statewide IWMS and Census of Agriculture 
data; California and Connecticut used model data; Louisiana 
and North Carolina used data from universities; and Puerto 
Rico relied on field verification when determining the water 
source type. The District of Columbia only estimated irriga-
tion for golf courses, which are supplied by surface water, 
and Alaska and Illinois reported all irrigation supplied by 
groundwater.

Table 4. Sources of information used by States to determine groundwater and surface-water irrigation withdrawal totals for 2015.

[x, source used; – source not used; USGS, U.S. Geological Survey]

State or U.S. Territory
Information source

Model 
estimates

U.S. Department of 
Agriculture

USGS compilation data
State permits and 

water rights
Other

Alabama – – x – –
Alaska – – x – –
Arizona – – – x –
Arkansas – – – x –
California x – – – –
Colorado – – – x –
Connecticut x – – – –
Delaware – – – x –
District of Columbia – – – – x
Florida – – – x –
Georgia – – – x –
Hawaii – – – x –
Idaho – – – x –
Illinois – – x1 – x
Indiana – – – x –
Iowa – – – x –
Kansas – – – x –
Kentucky – – x – –
Louisiana – – – – x
Maine – – x – –
Maryland – – – x –
Massachusetts – – x – –
Michigan – – – x –
Minnesota – – – x –
Mississippi – – x – –
Missouri – – – x –
Montana – – – x –
Nebraska – – – x –
Nevada – – x – –
New Hampshire – – x – –
New Jersey – – – x –
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Table 4. Sources of information used by States to determine groundwater and surface-water irrigation withdrawal totals for 2015.—
Continued

[x, source used; – source not used; USGS, U.S. Geological Survey]

State or U.S. Territory
Information source

Model 
estimates

U.S. Department of 
Agriculture

USGS compilation data
State permits and 

water rights
Other

New Mexico – – x – –
New York – – – x –
North Carolina – – – – x
North Dakota – – – x –
Ohio – – – x –
Oklahoma – – – x –
Oregon – – – x –
Pennsylvania – x – – –
Puerto Rico and U.S. Virgin 

Islands – – – – x

Rhode Island – – x – –
South Carolina – – – x –
South Dakota – – – x –
Tennessee – – x – –
Texas – – – x –
Utah – – x x1 –
Vermont – – x – –
Virginia – – x1 x –
Washington – x x – –
West Virginia – – x – –
Wisconsin – – – x –
Wyoming – – x – –
Total 2 2 18 29 5

1Dominant information source.
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Discussion
Understanding the information and methods used to 

estimate water use for irrigation adds insight into how compa-
rable the estimates are between States and how these estimates 
should be used. Annual irrigation water-use totals are dependent 
on many factors, including weather, crop type, physiographic 
region, soil type, irrigation and conveyance system types, and 
socioeconomic indexes. These factors indicate that spatial and 
temporal variations in water use for irrigation occur. Irrigation 
water use is not constant for all areas, years, or even the same 
crop in different locations. The WSC documentation for 2015 
identifies that measured withdrawals for irrigation are sparse, 
and estimates must be calculated using information that 
describes the factors that impact the amount of water needed. 

The review of methods used for the 2015 compilation 
report identified that some factors are addressed in some 
locations but not in others. The information detailing these 
factors is not comprehensively available for all locations, which 
is why they are inconsistently considered in the estimates. 
Although the approaches chosen by the WSCs most often relied 
on the best available information, data limitations can cause 
significant uncertainties in irrigation estimates and may not 
capture the spatial variability inherent to irrigation water use 
across all States.

The accuracy in the number of 2015 irrigated acres 
could be limited due to the extensive use of USDA informa-
tion collected during 2012 and 2013 (U.S. Department of 
Agriculture, National Agricultural Statistics Service, 2014, 
2020a). Climate variations affect where and when fields are 
irrigated. Using static irrigated-acres data for multiple years 
despite climate variations can result in erroneous estimates 
of the number of irrigated acres. Adjustments to the number 
and location of irrigated areas can account for year-to-year 
variations in the climate and the associated changes in the 
number of irrigated acres; however, these approaches may 
not be universally applicable. There are socioeconomic and 
crop-choice variations that affect the number of irrigated acres, 
and these factors are not represented when only correcting for 
variations in the climate. The CDL for 2015 was used by some 
States to modify the incongruent dates between the USDA 
data and the 2015 compilation year, but this approach was not 
enacted by all States that use USDA products. The USDA has 
restrictions on what data are released to the public because they 
are required to ensure that individual farmer information is not 
disclosed, which can cause an underestimation of irrigated-acres 
information. Based on the WSC documentation, it is unclear 
if WSCs modified estimates based on possible undisclosed 
irrigated-acres information.

Uncertainty in the source (surface water or groundwater) 
of irrigation water is another cause for potential errors in the 
2015 compilation data. For many States, the volume of water, 
by source, was determined using the same ratio per county or 
State as was used in previous USGS compilations. The original 
date for when those ratios were determined is not in all WSC 
documentation. While this method is relatively accurate from 

year to year, in some places it might be incorrect, depending 
on when the water-source data were collected or estimated 
and what the total volume of available surface water and 
groundwater was during 2015. For example, in California, 
a water source type could change due to water availability 
because groundwater is often used to supplement surface-water 
shortfalls. This circumstance is also true for some farming 
activities that have permitted withdrawals reported to State 
agencies. Permits can include several wells and surface-water 
intakes, and reported values are taken from the permit and not 
from individual well or surface-water diversion. These types 
of water-rights results can lead to complex variations in the 
fractions of surface-water and groundwater withdrawals.

Withdrawal estimates made using indirect methods can be 
uncertain due to the necessary assumptions made for those esti-
mations. The crop water-requirement method used crop-specific 
application rates developed prior to 2015. In this method, crop-
specific application rates are uniformly used to estimate water 
use for many fields that could have different water demands. 
These water demands are dependent on factors other than crop 
type and can vary across fields and years. This approach does 
not consider localized spatial variability in water requirements 
related to the timing of rainfall events and crop-growth phases, 
nor the socioeconomic characteristics related to the individual 
farming operation for 2015. The WSC documentation for 
Missouri showed that withdrawals estimated using crop water 
requirements were modified because 2015 rainfall was above 
average. Other States modified water-withdrawal estimates to 
account for average annual precipitation, but not all States used 
this approach. Climate adjustments were constant for States and 
did not incorporate the spatial variabilities within individual 
States. The remotely sensed ETa and modeling approaches 
attempted to capture the timing and location of rainfall events 
for 2015 and include crop-specific water requirements when 
calculating estimates of withdrawals.

Resolving the difference between the crop water 
requirements and the irrigation-withdrawal quantity is another 
source of uncertainty in the irrigation water-use estimates. 
Irrigation-system and conveyance efficiencies were not always 
considered for 2015 estimates of withdrawals and consumptive 
use. Several information sources were used to identify irrigation 
efficiencies. In most cases, the same percentage was applied to 
the entire State, which may not represent the spatial variability 
of the system efficiencies. Only six States estimated conveyance 
losses; conveyance efficiencies can more significantly affect 
estimates of withdrawals than the crop type does, and the 
latter was considered for many States. There are places where 
water-management strategies allow for water withdrawn in 
one county to be transported for use in other counties. The 
total quantity of water lost during this transport is probably not 
captured in the water-use estimates for 2015. The conveyance 
efficiency is highly variable and depends on factors that are not 
well understood. Common sources of conveyance loss include 
evaporation, canal overflow, and seepage loss through the 
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canals or pipelines. Insufficient data for conveyance-efficiencies 
estimates are a significant source of uncertainty in irrigation 
water-use estimates.

Irrigation withdrawals reported by volume show spatial 
variability (fig. 1); however, in addition to real variations in 
water use, this variability may be due to the resolution of the 
datasets used to make these estimates. Farming and irrigation 
patterns vary locally and across county and State lines. Abrupt 
changes in irrigation water-use components at State lines could 
be caused by the State-specific datasets used to estimate water 
use (fig. 2 and fig. 6).

Summary
Compiling the information sources and methods used 

to estimate irrigation water use for the 2015 USGS water-use 
compilation is necessary for interpreting these estimates. 
The unpublished WSC documentation identified the sources 
of information and methods used to locate and quantify the 
number of irrigated acres, total water withdrawals, consumptive 
use, and proportioning withdrawals by water source type. 
Irrigation-efficiencies information, according to irrigation 
system type and conveyance, were incorporated into total-
withdrawals data for the Nation. Although the best available 
information was used to produce estimates at the State and 
county scale, the same sources of information were not used 
universally. Therefore, the estimates are not fully comparable 
from one part of the Nation to another. Methods that relied on 
consistent information sources to estimate irrigation water use 
would improve the overall confidence level in the ability of 
these estimates to capture the true spatial variability inherent to 
irrigation water needs.
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Appendix 1. Information Sources and Method Summaries by State for 
Estimating Irrigation Water Use for the 2015 U.S. Geological Survey Water-Use 
Compilation

This appendix provides State-level summaries of 
source information and methodologies used for the irrigation 
estimates reported in the 2015 U.S. Geological Survey 
(USGS) water-use circular (Dieter and others, 2018). The 
summaries describe the information sources and methods 
used for assessing the number of irrigated acres, irrigation 
system types, how groundwater and surface-water withdrawals 
were determined, if system and conveyance efficiencies were 
considered when estimating withdrawals and consumptive 
use for both crop water use and golf course water use, and 
if reclaimed wastewater is estimated. The documentation of 
the methods used by each Water Science Center (WSC) was 
submitted to regional water-use specialists and used to create 
the summary paragraphs provided in this appendix. 

Alabama
The Lower Mississippi-Gulf WSC estimated crop 

acreages for Alabama using data from the U.S. Department of 
Agriculture (USDA) National Agricultural Statistics Service 
(NASS) 2012 Census of Agriculture. The number of irrigated 
acres were estimated using county-reported acres by crop 
type from the USDA–NASS Census of Agriculture 2012. 
Irrigated-acres data from the Census of Agriculture were 
adjusted for some counties based on data assembled by the 
University of Alabama-Huntsville (UAH). UAH determined 
irrigated acreages by making geographic information system 
(GIS) based estimates of center-pivot irrigated acreage. Total 
water withdrawals, including pasture and horticulture, were 
estimated using locally determined crop-specific application 
rates and multiplying those rates by the number of previously 
determined irrigated acres. Consumptive-use values for crop 
irrigation were estimated to equal withdrawals. Water-source 
was determined using previous compilations (2005 and 
2010). Sprinkler irrigation is the only system-type estimated. 
Reclaimed wastewater is not a known water source type for 
agriculture. Golf course irrigation values were estimated and 
reported separately using coefficients based on survey data 
from the Alabama Department of Economic Affairs, Office of 
Water Resources.

Alaska
The Alaska Science Center estimated crop acreages 

and the number of irrigated acres from census data provided 
by the USDA–NASS 2012 Census of Agriculture. Total 
water-withdrawals values, including horticulture (pastures 

are not irrigated in Alaska), were estimated using historical 
irrigation rates to determine withdrawals based on the updated 
number of irrigated acres from the 2003 Irrigation and Water 
Management Survey (IWMS). Irrigation system efficiencies 
and conveyance losses were not considered when estimating 
withdrawals. Consumptive-use values were estimated as 90 
percent of the estimated withdrawals. The water-source was 
determined to be entirely groundwater, based on historically 
collected data. Reclaimed wastewater is not a known source 
of water for irrigation in Alaska. Golf course irrigation values 
were estimated and reported separately from crop irrigation 
values using historical irrigation rates and the number of golf 
course acres.

Arizona
The Arizona WSC estimated crop acreage using data 

from polygons digitized from National Aerial Imagery 
Program (NAIP) imagery. The number of irrigated acres were 
estimated by crop type and summed by county using the 2015 
Cropland Data Layer (CDL) and field visits. Total water-
withdrawals values, including pasture and horticulture, were 
estimated using the information on reported withdrawals from 
the Arizona Department of Water Resources and the Arizona 
Irrigation and Drainage Districts, consumptive-use estimates, 
irrigation system-efficiency data, and the number of cropped 
acres. Irrigation-system and conveyance-efficiencies data were 
estimated based on research from the USDA and field observa-
tions. Consumptive water-use requirement rates for crops 
were determined using a modified Blaney-Criddle method, 
as described in the Bureau of Reclamation report (1992, 
appendix A). The water source type was determined using 
reported diversions for surface-water and well registration 
records. Data on reclaimed wastewater used for agriculture 
were estimated using reported information from the Arizona 
Irrigation and Drainage Districts. Golf course irrigation values 
were estimated and reported separately using data on golf 
course acreages and consumptive use by grass.

Arkansas
The Lower Mississippi-Gulf WSC estimated the number 

of crop acres and irrigated acres using site-specific information 
from the Arkansas Water-Use Database (WUDB). Total water-
withdrawal values, including pastures and horticulture, were 
estimated using the site-specific data from the WUDB. The 
information in the WUDB includes both measured data and 
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estimates of water withdrawals made by water users during 
the annual reporting requirement. Irrigation system-type data 
were included in the WUDB database, and irrigation-system 
efficiencies and conveyance losses were not considered when 
estimating withdrawals. The water source type was determined 
using information in the WUDB. Reclaimed wastewater 
is not a known source of water for irrigation in Arkansas. 
Golf course irrigation data were estimated and not reported 
separately because they use data from the WUDB.

California
The California WSC estimated the number of crop 

acres using information from the California Department of 
Water Resources (CADWR), the California Department of 
Conservation, the Division of Land Resource Protection, the 
Farmland Mapping and Monitoring Program (FMMP), and 
the USGS Earth Resources Observation and Science (EROS) 
Center. The CADWR periodically conducts inventories 
of irrigated lands for most counties about once every 10 
years. The data inventory used for this effort was conducted 
between 1993 and 2015. For counties with no applicable 
irrigated land-use data available, irrigated-lands data from the 
FMMP and the USGS MODIS Irrigated Agriculture Dataset 
(MIrAD–US) were used to fill spatial gaps. The number of 
crop acres was then compared to the NAIP imagery from 2014 
to visually identify and remove areas converted to urban or 
other nonirrigated land-use types. The tabulated county sums 
of irrigated land (including pasture and horticulture) were 
then qualitatively compared with total irrigated-land data from 
USDA County Agriculture Commissioner reports for 2014 and 
found comparable.

Operational Simplified Surface Energy Balance 
(SSEBop) estimates of actual evapotranspiration (ETa) 
were used with the irrigated-acreage data and annual 
precipitation data from the National Oceanic and Atmospheric 
Administration (NOAA) to compute consumptive use. Total 
water withdrawals were calculated using irrigation-system 
survey data from the CADWR, and application-efficiency 
information, by irrigation system type, from the University of 
California–Davis Water Management Research Group. The 
water source type was determined using a combination of 
surface-water diversion data compiled by the California WSC 
and aggregated Bureau of Reclamation surface-water delivery 
data. The difference between the total water-withdrawals 
estimates and surface-water delivery estimates were identified 
as groundwater withdrawals. Irrigation system-type data 
indicated that 18 percent of irrigated acres are equipped with 
sprinkler systems, 38 percent with micro-irrigation systems, 
and 44 percent with flood systems. Information on reclaimed 
wastewater used for agriculture was from the California State 
Water Resources Control Board survey. Consumptive-use and 
withdrawal values for golf courses were estimated separately 

from crop-irrigation values using survey results published 
by the Golf Course Superintendent’s Association of America 
(GCSAA) (https://www.gcsaa.org/ ).

Colorado
The Colorado WSC estimated crop acreages using data 

from field verifications conducted by the Colorado Department 
of Water Resources (CDWR). The number of irrigated 
acres were provided by CDWR via an irrigated-acreage 
polygon dataset created from field visits in 2010 and 2015 
and summed by county. The CDWR HydroBase dataset 
(https://cdss.colorado.gov/ software/ hydrobase) contains 
monthly surface-water diversion and groundwater withdrawals 
values based on a combination of reported and metered 
data. Total water-withdrawal values, including pastures and 
horticulture, were estimated by the number and type of crops 
planted in 2010 and 2015, the CDWR irrigated-acreage 
spatial dataset, and crop coefficients for water demand from 
the CDWR Colorado Decision Support System (CDSS; 
https://cdss.colorado.gov/ ). Irrigation system-type information 
was provided by the CDWR. Irrigation-system efficiencies 
and conveyance losses were not considered when estimating 
withdrawals values. Consumptive-use values were estimated 
by SSEBop modeled ETa data in combination with a dry-land 
correction factor. The water-source was determined from 
information in the CDSS. Reclaimed wastewater is not a 
known source of water for irrigation in Colorado. Golf course 
irrigation values were estimated separately from crop-
irrigation values using information from the CDWR.

Connecticut
The New England WSC estimated crop acreages and 

the number of irrigated acres using the USDA–NASS 2012 
Census of Agriculture. The number of irrigated acres was 
estimated using the USDA–NASS 2012 Census of Agriculture 
county-acres totals and the USDA–NASS 2015 CDL 
distribution of crops. Total water-withdrawal values were 
estimated from the irrigation rates produced as outputs from 
a USGS Soil-Water Balance (SWB) model (Westenbroek 
and others, 2010.) The irrigation rates were multiplied by the 
number of irrigated acres and adjusted upwards by 5 percent to 
account for system and conveyance inefficiencies (Shaffer and 
Runkle, 2007). Irrigation system-type data were considered 
consistent with previous compilations. Consumptive-use 
values were estimated using the SWB estimates of ETa for 
each crop and summarized by county. The water source type 
was determined using historically accepted county divisions 
of surface water and groundwater. Reclaimed wastewater is 
not a known source of water for irrigation in Connecticut. Golf 

https://www.gcsaa.org/
https://cdss.colorado.gov/software/hydrobase
https://cdss.colorado.gov/
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course irrigation values were estimated and reported separately 
using the Homeland Security Infrastructure Program (HSIP) 
Gold 2015 database and data from Massachusetts.

Delaware
The Maryland, Delaware, and District of Columbia 

WSC estimated crop-acreage and the number of irrigated 
acres using a polygon data layer from the University of 
Delaware agriculture department. Total water-withdrawal 
values, including pastures, were estimated using the SSEBop 
estimates of ETa, multiplied by the number of irrigated acres 
and adjusted based on growing season length. Irrigation 
system efficiencies and losses were not estimated. Irrigation 
system-type information was provided by the Delaware 
Department of Natural Resources and Environmental Control. 
Consumptive-use values were estimated using ETa for each 
crop and summarized by county. The water source type was 
determined by using information from the Delaware Extension 
Service; 85 percent of irrigation is sourced by groundwater. 
Reclaimed wastewater is not a known source of water for 
irrigation in Delaware. Golf course irrigation values were 
estimated and reported separately from crop irrigation using a 
coefficient multiplied by the estimated number of golf course 
facilities in a county.

District of Columbia
The Maryland, Delaware, and District of Columbia WSC 

reported no crop-irrigation values, as there is no agriculture 
in the District of Columbia area. The only irrigation is for 
golf courses. The number of golf course irrigated acres were 
reported by the golf courses. The total water-withdrawal 
values for golf courses were estimated from the public supply 
deliveries made by the Washington Aqueduct and the land 
acreage of the golf courses. Irrigation-system efficiencies 
and conveyance losses were not estimated. The water source 
type is exclusively surface water from the Potomac River 
through the Washington Aqueduct. Reclaimed wastewater is 
not a known source of water for irrigation in the District of 
Columbia.

Florida
The Caribbean-Florida WSC estimated the number of 

crop-acres, irrigation system type, source of water, and total 
withdrawal values using information from various State 
water management districts (WMD), USGS reports, and 
the Balmoral Group (https://www.balmoralgroup.us/ ). The 
number of irrigated acres were estimated using a series of 
land-use maps prepared by the WMDs and recent satellite 

imagery. Crop coefficients were developed using selected 
irrigation-demand models and calibrated with metered data 
provided annually by the WMDs. Total water-withdrawal 
values, including those for pastures and horticulture, were also 
obtained from the State WMDs. Irrigation-system efficiencies 
were considered when estimating consumptive-use values. 
Sprinkler efficiency values were estimated at 70 percent, 
surface systems at 50-percent efficient, and micro-irrigation 
systems at 80-percent efficient. Values of reclaimed waste-
water used for agriculture were estimated using information 
from the Florida Department of Environmental Protection, 
Domestic Wastewater Division. Golf course irrigation values 
were estimated and reported separately using information from 
State WMDs.

Georgia
The South Atlantic WSC estimated the number of crop 

acres using information from the Georgia Environmental 
Protection Division (GaEPD) through the Georgia State 
Agricultural Water Conservation and Metering Program and 
the Georgia Statewide Water Plan (Georgia Environmental 
Protection Division, 2008). The number of irrigated acres was 
estimated using a permitted agricultural-lands polygon dataset 
(Georgia Department of Natural Resources, written commun., 
April 26, 2016) combined with metered-withdrawals data 
and summed by county. Total water-withdrawal values, 
excluding pasture information, were estimated primarily using 
annual metered-withdrawal data. When metered data were 
unavailable, two approaches were used, each dependent on the 
location within the State. Geostatistical techniques described 
in Torak and Painter (2011, 2013) were used in south Georgia, 
and water-use forecasts from the Georgia Statewide Water 
Plan were used in north Georgia. Irrigation system-type 
information was provided in the agricultural lands polygon 
dataset. Irrigation-system efficiencies and conveyance losses 
were not estimated but are assumed to be negligible because 
of the extensive use of low-pressure center-pivot and micro-
irrigation systems that are primarily sourced by groundwater. 
Consumptive-use values for crop irrigation were estimated 
to equal withdrawals. The water source type was determined 
using farm permits issued by the GaEPD. Reclaimed waste-
water is not a known source of water for irrigation in Georgia. 
Golf course irrigation values were estimated and reported 
separately from crop-irrigation values using information from 
farm permits and nonfarm withdrawal permits managed by the 
GaEPD and from irrigation-demand computations developed 
in partnership with the GaEPD, the Georgia Golf Course 
Superintendents Association, and the University of Georgia for 
the Georgia Statewide Water Plan (Waltz, 2008).

https://www.balmoralgroup.us/
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Hawaii
The Pacific Islands WSC estimated the number of 

crop-acres using the Statewide Agricultural Land Use Baseline 
(SALUB) 2015 dataset (https://hdoa.hawaii.gov/ salub/ ). The 
number of irrigated acres and irrigation system-type informa-
tion was determined using the SALUB and then summed by 
county. Total water-withdrawals values, including horticulture, 
were estimated using a demand-based calculation from a 
daily water-balance model. Irrigation system-efficiencies 
and conveyance-losses values were based on water budget 
reports (Engott and others, 2017; Johnson and others, 2018). 
Consumptive-use values were estimated using a coefficient 
derived from information on system efficiencies, irrigated 
acres, and crop types. The water source type was determined 
by using information from the State of Hawaii, which 
indicated that 95 percent of irrigation water needs are met with 
groundwater. Surface-water withdrawal values were calculated 
by subtracting the groundwater withdrawals and precipitation 
values from the total crop-water demand numbers. Reclaimed 
wastewater is not a known source of water for irrigation in 
Hawaii. Golf course irrigation values were estimated and 
reported with crop-irrigation values. A historical irrigation-
application rate of 1 million gallons per day per 200 acres and 
the total number of reported golf course acres were used to 
estimate golf course irrigation water-use values.

Idaho
The Idaho WSC estimated the number of crop acres 

using information from the USDA–NASS 2012 Census of 
Agriculture and 2015 CDL. The number of irrigated acres 
were estimated by summing the number of acres per crop 
type per county from the USDA data. Total water-withdrawal 
values, excluding pastures and horticulture, were estimated 
using AgriMet data for crop-irrigation requirements and 
effective-precipitation calculations (https://www.usbr.gov/ 
pn/ agrimet/ general.html). Irrigation system-efficiency 
estimates were determined using coefficients and system-type 
information that originated from the 2010 USGS compilation. 
Conveyance loss was not estimated. Consumptive-use values 
were estimated using the SSEBop estimates of ETa (Senay and 
others, 2013; data in Painter and others, 2021). The water-
source type was determined using water rights and surface-
water diversion data obtained from the Idaho Department of 
Water Resources. Irrigation system-type data indicated that 68 
percent of irrigated acres are equipped with sprinkler systems, 
32 percent with flood systems, and less than 1 percent with 
micro-irrigation (drip) systems. Reclaimed wastewater is not 
a known source of water for irrigation in Idaho. Golf course 
irrigation values were estimated and reported separately using 
information from the Idaho Golf Course Association.

Illinois
The Central Midwest WSC compiled the number of 

irrigated acres, principally from (1) the USDA Farm Service 
Agency (FSA) 2015 crop acreage dataset, (2) irrigated 
crop-acreages information from a polygon GIS dataset 
of center-pivot locations provided by the Illinois State 
Water Survey (https://www.isws.illinois.edu/ ), and (3) the 
USDA–NASS irrigated-acreage data from the 2012 Census of 
Agriculture. All irrigated acres were assumed to be supplied 
from groundwater unless the use of surface water was 
reported in the 2000 compilation. This decision was based 
on information from USDA–NASS, which has been used as 
the basis for determining the number of acres irrigated by 
surface water since the 2000 compilation (Jim Burt, written 
commun., March 2002). The State total for irrigated acreages 
by irrigation-system type was obtained from the 2012 Census 
of Agriculture and the 2013 IWMS, which indicated that about 
97 percent of the State was irrigated with sprinkler systems. 
Since county-level irrigation-system data were unavailable, 
sprinkler systems were designated for all counties. 

Reported withdrawal data were only available from 
local sources in three counties. Withdrawal values for most of 
the remaining counties were estimated by the rainfall-deficit 
method presented in “Estimated Water Withdrawals in Illinois, 
1992” (Avery, 1999). The rainfall deficit for each county was 
determined through weekly rainfall data compiled from daily 
records, primarily from the NOAA National Weather Service 
(NWS) rain gages in each county. Rainfall deficits were 
determined for May 2015 (first full week, beginning May 4) 
through August 2015 (last full week, ending August 30). The 
method assumes that all irrigated crops require 1.25 inches of 
rainfall per week. Total irrigation-withdrawal values in each 
county, including pasture, were the product of the rainfall-
deficit values (application rate) and irrigated-acreage numbers. 
Consumptive-use values were set as equal to withdrawal 
values in all counties in which the rainfall-deficit method was 
used to calculate withdrawals, as it was considered that nearly 
all the provided moisture was consumed by ET. Consumptive-
use values for the three counties with reported withdrawals 
were calculated using SSEBop ETa estimates (Senay and 
others, 2013; data in Painter and others, 2020). Reclaimed 
wastewater used for agriculture was estimated using reported 
data from agriculture operations. Golf course irrigation data 
were estimated primarily through the rainfall-deficit method 
with some reported withdrawals.

Indiana
The Ohio-Kentucky-Indiana WSC estimated the number 

of crop acres using information from the Indiana Department 
of Natural Resources (INDNR). The number of irrigated 
acres were reported by the USDA–NASS 2012 Census of 
Agriculture and summed by county. Total water-withdrawal 

https://hdoa.hawaii.gov/salub/
https://www.usbr.gov/pn/agrimet/general.html
https://www.usbr.gov/pn/agrimet/general.html
https://www.isws.illinois.edu/
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values, excluding pastures and horticulture, were reported 
by the INDNR Division of Water. Irrigation system-type 
information from the 2013 IWMS indicated 100 percent of 
irrigation systems are sprinkler systems for Indiana. Irrigation-
system efficiencies and conveyance losses were not estimated. 
Consumptive-use values were estimated using the SSEBop 
estimates of ETa (Senay and others, 2013; data in Painter 
and others, 2021). The water-source type was provided by 
INDNR. Reclaimed wastewater is not a known source of water 
for irrigation in Indiana. Golf course irrigation values were 
estimated and reported separately from crop irrigation using 
information from the INDNR.

Iowa
The Central Midwest WSC used reported irrigated-acres 

data and irrigation-withdrawal values by source (groundwater 
and surface water) from the Iowa Department of Natural 
Resources (IADNR) Water Allocation Compliance and Online 
Permitting (WACOP) database (https://www.iowadnr.gov/ 
Environmental- Protection/ Water- Quality/ Water- Supply- 
Engineering/ Water- Allocation- Use) or through the IADNR 
online search engine (https://programs.iowadnr.gov/ wateruse/ 
Search.aspx). The WACOP database stores the agriculture-
operation location (township, range, and section) along with 
the environmental and historical information on all of Iowa’s 
water-use permits, which are required of any person or entity 
that withdraws over 25,000 gallons in 24 hours during a 
calendar year. The irrigation system-type information from the 
IADNR indicated that sprinkler systems were associated with 
all irrigated lands. Consumptive-use values were calculated by 
multiplying the total withdrawal values by 0.80 (80-percent 
efficiency), based on the assumed use of sprinkler irrigation 
and the associated efficiency estimates found in Howell 
(2003). Reclaimed wastewater is not a known source of 
water for irrigation in Iowa. Irrigation-withdrawal values for 
pastures were not included in estimates, and estimated values 
of golf course irrigation withdrawal and consumptive use were 
determined and reported separately from crop irrigation.

Kansas
The Kansas WSC estimated the number of irrigated-crop 

acres, determined water source types, and identified crop 
type and irrigation system type using information from 
the Kansas Department of Agriculture, Division of Water 
Resources (KADWR) water-use reports, which are based on 
annual reports submitted by individual water-right owners 
and incorporated into KADWR’s Water Rights Information 
System (WRIS). Total water-withdrawal values (at point of 
diversion), including pastures and horticulture, were provided 
by KADWR. Irrigation-system efficiencies and conveyance 
loss were not estimated. Consumptive-use values were 

estimated using KADWR provided withdrawal values and 
SSEBop estimates of ETa (Senay and others, 2013; data in 
Painter and others, 2021). Irrigation system-type information 
indicated that 96 percent of irrigated acres were equipped with 
sprinkler systems, 1 percent with micro-irrigation systems, 
and 3 percent with surface systems. Information on reclaimed 
wastewater use for agriculture was obtained from the Kansas 
Department of Health and Environment for systems permitted 
to reuse water; however, volumes were unavailable. Golf 
course irrigation-withdrawal values were reported separately 
from the information provided in the KADWR water-
use reports.

Kentucky
The Ohio-Kentucky-Indiana WSC estimated the number 

of crop acres and irrigated acres using information from the 
USDA–NASS 2012 Census of Agriculture tables and the 
Kentucky Department of Environmental Protection, Division 
of Water (KDOW). Total water-withdrawal values, excluding 
pastures, were estimated using irrigated-acreage numbers 
and an estimated irrigation rate of 0.5 foot per year. Irrigation 
system-type information was provided by the 2013 IWMS. 
Irrigation system efficiencies and conveyance loss were not 
estimated. Consumptive-use values were estimated to be 90 
percent of total withdrawals based on Shaffer and Runkle 
(2007). The water source type was determined using the same 
statewide ratio of 96-percent surface water and 4-percent 
groundwater, which are estimated historically. Reclaimed 
wastewater is not a known source of water for irrigation 
in Kentucky. Golf course irrigation values were estimated 
separately from crop-irrigation values using information from 
KDOW and using 4.11 acres per hole multiplied by a coef-
ficient for water requirements.

Louisiana
The Lower Mississippi-Gulf WSC estimated the number 

of crop acres using information compiled by the Louisiana 
Cooperative Extension Service (https://www.lsuagcenter.com) 
for the 2015 calendar year. Total water-withdrawal values, 
excluding pastures (and including horticulture when avail-
able), were estimated using application-rate information taken 
from the 2014 Agricultural Water Use Questionnaire, a survey 
distributed by the Louisiana State University Agricultural 
Extension Office. The number of irrigated acres from 
horticultural establishments was not included in the number 
of irrigated acres estimated. County-level proportions of the 
total number of irrigated acres associated with each irrigation 
system type (sprinkler and flood systems) identified for 2015 
were consistent with those identified for 2005. Irrigation-
system efficiencies and conveyance loss were not considered 
in estimating withdrawals; however, consumptive-use values 

https://www.iowadnr.gov/Environmental-Protection/Water-Quality/Water-Supply-Engineering/Water-Allocation-Use
https://www.iowadnr.gov/Environmental-Protection/Water-Quality/Water-Supply-Engineering/Water-Allocation-Use
https://www.iowadnr.gov/Environmental-Protection/Water-Quality/Water-Supply-Engineering/Water-Allocation-Use
https://programs.iowadnr.gov/wateruse/Search.aspx
https://programs.iowadnr.gov/wateruse/Search.aspx
https://www.lsuagcenter.com
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were estimated using average irrigation system-type efficiency 
information from a literature review on geographically 
similar conditions. The water source was determined using 
unpublished data provided by Bill Branch, Professor Emeritus, 
Department of Biological and Agricultural Engineering, 
Louisiana State University (oral commun., May 4, 2011). 
Reclaimed wastewater is not a known source of water for 
irrigation in Louisiana. Golf course irrigation-withdrawal 
values were not reported.

Maine
The New England WSC estimated the number of crop 

acres and irrigated acres by using information from the 
USDA–NASS 2012 Census of Agriculture, with an adjustment 
to the number of irrigated acres for blueberries, which are 
considered an underreported crop in USDA products. The 
number of irrigated acres was summed by county. The total 
water-withdrawal values, including pastures, were estimated 
using the USGS SWB model (Westenbroek and others, 
2010). For the irrigation-system type, county proportions 
of irrigated acres were considered consistent with those in 
the previous compilation. Irrigation system-efficiencies and 
conveyance-loss values were estimated to be 5 percent of total 
withdrawals. Consumptive-use values were estimated by using 
ETa provided by the SWB model. The water source type was 
determined using historical data. Reclaimed wastewater is not 
a known source of water for irrigation in Maine. Golf course 
irrigation values were estimated and reported separately 
using information from the HSIP Gold 2015 database and the 
SWB model.

Maryland
The Maryland, Delaware, and District of Columbia 

WSC estimated the number of crop acres and irrigated acres 
using the USDA–NASS 2012 Census of Agriculture tables. 
County total-water withdrawal values, including lawns, parks, 
and nurseries, were estimated using monthly reported data 
from the Maryland Department of the Environment (MDE). 
Irrigation-system types associated with irrigated acreages 
were determined from the 2013 IWMS. Irrigation systems 
are considered 95-percent efficient and with minimal loss 
due to conveyance because the primary source of water is 
groundwater, as determined through consultation with the 
University of Maryland and MDE. Consumptive-use values 
were estimated using SSEBop estimates of ETa (Senay and 
others, 2013; data in Painter and others, 2021). Reclaimed 
wastewater is not a known source of water for irrigation in 
Maryland. Golf course irrigation values were estimated and 
reported separately from crop-irrigation values using informa-
tion from MDE.

Massachusetts
The New England WSC estimated the number of crop 

acres and irrigated acres using information from the USDA–
NASS 2012 Census of Agriculture, 2013 IWMS, and 2015 
CDL. Acreage by irrigation-system type was determined using 
the same ratios used in the 2010 compilation. Total water-
withdrawal values, excluding horticulture, were estimated 
using an SWB model (Westenbroek and others, 2010). The 
resultant rates were then multiplied by the number of irrigated 
acres and aggregated by county to calculate withdrawal 
values. Irrigation systems are considered 95-percent efficient 
with minimal losses due to conveyance. Consumptive-use 
values were estimated using ETa provided by the SWB model. 
The water source type was determined using the same county 
proportions from the 2010 compilation. Reclaimed wastewater 
is not a known source of water for irrigation in Massachusetts. 
Golf course irrigation values were estimated and reported 
separately using modified golf course acreages from the HSIP 
Gold 2015 database and irrigation rates from the SWB.

Michigan
The Upper Midwest WSC estimated the number of 

crop acres using reported information from the Michigan 
Department of Environmental Quality. The number of 
irrigated acres was estimated using the county-summary 
information provided by the department and compared to 
totals in the USDA 2013 IWMS and the 2012 Census of 
Agriculture. Total water-withdrawal values, including pastures 
and horticulture, were estimated using the information 
reported by the Michigan Department of Environmental 
Quality. The reported information includes both measured data 
and estimates of water withdrawals made by the water user 
because of an annual reporting requirement. Irrigation-system 
types associated with irrigated acres were identified using 
total statewide values from the 2013 IWMS and the 2012 
Census of Agriculture. System efficiencies were not estimated. 
Consumptive-use values were assessed at 90 percent of total 
withdrawals (Shaffer and Runkle, 2007). The water source 
type was determined using information provided by the 
Michigan Department of Environmental Quality. Reclaimed 
wastewater is not a known source of water for irrigation in 
Michigan. Golf course irrigation values were estimated and 
reported separately from crop-irrigation values.

Minnesota
The Upper Midwest WSC estimated the number of crop 

acres, determined irrigation-system types and water source 
types, and estimated withdrawal values based on irrigation 
permit holders’ self-reported information, which is stored in 
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the Minnesota Department of Natural Resources (MNDNR) 
Permitting and Reporting System (MPARS). An MNDNR 
water-appropriation permit is required to irrigate any type 
of crop if the amount of water appropriated (used) from a 
groundwater or surface-water source exceeds 10,000 gallons 
per day or one million gallons per year. Monthly withdrawals 
data are available from MPARS and include withdrawals data 
for nurseries and orchards. Withdrawals data for pastures are 
not included. Consumptive-use values were estimated through 
multiplying withdrawals by a coefficient based on the irriga-
tion system-efficiencies and conveyance-losses information 
(70 percent for surface irrigation and 80 percent for sprinkler 
irrigation). Reclaimed wastewater is not a known source of 
water for irrigation in Minnesota. Golf course irrigation values 
were estimated and reported separately from crop irrigation 
values using data from MPARS.

Mississippi
The Lower Mississippi-Gulf WSC estimated the number 

of crop acres and irrigated acres using the USDA–NASS 
tables for most of the State and reported data from the 
Mississippi Department of Environmental Quality and 
Yazoo Management District (YMD) for the Delta region of 
Mississippi. Total water-withdrawal values for most of the 
State, excluding pastures, were estimated by multiplying the 
number of irrigated acres by a coefficient (1.04 acre-feet per 
acre per year) determined from the 2013 IWMS data. Total-
withdrawal values for counties in the Delta region were based 
on a model that uses data on crop type and extent, climate 
conditions, and ideal water needs by crop type. Irrigation 
system-type data were assumed to be consistent with previous 
compilations and were compared to information from the 
2013 IWMS for verification. Irrigation system-efficiencies and 
conveyance-loss values were estimated to be 80 percent for 
sprinkler irrigation and 75 percent for surface irrigation based 
on Solomon (1988). Consumptive-use values were estimated 
by multiplying the total withdrawals by the system-efficiency 
percentage. The water source type was determined using the 
same proportions used in 2010. Reclaimed wastewater is not 
a known source of water for irrigation in Mississippi. Golf 
course irrigation was not estimated.

Missouri
The Central Midwest WSC estimated the number of 

crop acres and irrigated acres using information from the 
USDA–NASS, the 2012 Census of Agriculture, the 2013 
IWMS, and the 2015 CDL. Total water-withdrawals values, 
including pastures and horticultural activities, were estimated 
using a combination of information from a database of major 
water users (MWU) from the Missouri Department of Natural 
Resources and State-level coefficients developed in 2000 

based on irrigation system types. These coefficients were 
multiplied by the number of acres in each county, for each 
irrigation system, to determine an estimate of withdrawals. 
The irrigation system type associated with the irrigated 
acres was determined using information in the 2013 IWMS. 
Adjustments to those estimated withdrawals were made based 
on 2015 total rainfall in relation to an average rainfall year 
(33 percent more rainfall than average) and an estimated 
runoff coefficient of 0.45 for farmland. The water source type 
was determined from the MWU database. Irrigation-system 
efficiencies and conveyance loss were not explicitly estimated 
but contributed to the irrigation system-type coefficients used 
in the withdrawal estimates. Reclaimed wastewater is not a 
known source of water for irrigation in Missouri. Golf course 
irrigation values are likely included in the MWU data but were 
not explicitly estimated.

Montana
The Wyoming-Montana WSC used a polygon dataset 

of irrigated land attributed with acres and irrigation-system 
type provided by the Montana State Water Plan (Montana 
Department of Natural Resources and Conservation Water 
Management Bureau [MTDNRC WMB]). The MTDNRC 
WMB also provided the percentage of acres within each 
county irrigated by groundwater (James Heffner, written 
commun., March 2017); the balance of the irrigated acres in 
each county was assigned to surface water. Total irrigation-
withdrawal values for each county, including pastures, were 
calculated by dividing the total consumptive use of applied 
irrigation-water (ETirr) values by the total irrigation efficiency 
(combined conveyance and irrigation system-type efficiencies) 
for areas in the polygon irrigated-land dataset. The ETirr 
values were calculated by subtracting effective precipita-
tion from ETa. Effective precipitation values are based on 
individual weather-station data processed with the USDA 
Natural Resources Conservation Service (NRCS) Irrigation 
Water Requirements (IWR) Program, which ranged from 2.5 
to 4.9 inches among counties and averaged 4.0 inches for 
the State of Montana. ETa estimates for the growing season 
(April–September 2015) were calculated using the SSEBop 
model (Senay and others, 2013; data included in Painter and 
others, 2021). The conveyance efficiency for groundwater-
sourced irrigation systems was assumed 100 percent efficient.

In contrast, the conveyance efficiency for surface-water 
sourced systems is between 32 and 96 percent, with a 
median of 64 percent (U.S. Department of Agriculture, Soil 
Conservation Service (1976). Surface water is used by both 
sprinkler and surface-irrigation system types, with average 
irrigation system-type efficiencies of 50 percent for surface-
irrigation systems and approaching 80 percent for sprinkler-
irrigation systems. All groundwater-sourced irrigation-system 
types are sprinklers with an average irrigation system-type 
efficiency of 77 percent. The overall, combined irrigation 
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efficiency (conveyance and irrigation system) for Montana 
was about 25 percent. Reclaimed wastewater estimates were 
not made. Golf course irrigation was not estimated.

Nebraska
The Nebraska WSC estimated the number of crop acres 

using information provided by the Nebraska Natural Resource 
Districts and the output from the USGS Northern High Plains 
Groundwater Availability Study’s SWB model. The number 
of irrigated acres were estimated using a polygon dataset 
from the Center for Advanced Land Management Information 
Technologies for acres under center-pivot irrigation and other 
irrigated acres. Total water-withdrawal values were estimated 
using reported data, SWB model outputs, and extrapolated 
estimates using reported data for irrigated areas outside of 
reported withdrawals or the SWB model extent. Irrigation-
system efficiencies were not estimated. Consumptive-use 
values were estimated using the results of the SWB model. 
Reclaimed wastewater is not a known source of water for 
crop irrigation in Nebraska. Golf course irrigation values 
were estimated and reported with crop-irrigation values 
using information from the GCSAA water-use report and 
groundwater-wells information from the Nebraska Department 
of Natural Resources. It was assumed that a golf course 
would irrigate using either municipal water or a well but not 
direct surface water. The irrigation application rates from the 
GCSAA report were multiplied by the number of course acres 
to estimate groundwater-withdrawal values for golf courses.

Nevada
The Nevada WSC estimated the number of crop acres 

from the USDA 2012 Census of Agriculture and field-checked 
crop inventories from the Nevada Department of Water 
Resources (NDWR). The number of irrigated acres were 
estimated by using the irrigated-cropland values reported 
in the 2015 USDA–NASS Annual Statistical Bulletin 
(https://www.nass.usda.gov/ Statistics_ by_ State/ Nevada/ 
Publications/ Annual_ Statistical_ Bulletin/ index.php). Total 
water-withdrawal values, including horticulture, were esti-
mated using NDWR and USDA crop inventories and applica-
tion rates per crop with a county-level average application rate 
of 3.42 feet. The irrigation-system type associated with the 
irrigated acreages was determined using information from the 
NDWR, the 2010 compilation, and the 2015 Annual Statistical 
Bulletin. Irrigation system-efficiencies data were determined 
from literature compiled by the NDWR (sprinkler, 80 percent; 
micro-irrigation, 80 percent; and surface, 70 percent); convey-
ance losses were not estimated. Consumptive-use values were 
calculated from application rates, acreages, crop types, and 
system-efficiency information. The water source type was 
determined using historical information. Data on reclaimed 

wastewater used for agriculture were estimated using historical 
information. Golf course irrigation values were estimated and 
reported separately from crop-irrigation values using data 
from the NDWR and GOLFNOW (https://www.golfnow.com).

New Hampshire
The New England WSC estimated crop acreages and 

the number of irrigated acres using the USDA 2012 Census 
of Agriculture, 2013 IWMS, and 2015 CDL. Acreage values 
by irrigation-system type were determined using the same 
ratios used in the 2010 compilation. Total water-withdrawal 
values, excluding horticulture, were estimated using an SWB 
model (Westenbroek and others, 2010). These rates were 
multiplied by the number of irrigated acres and aggregated by 
county to calculate county total-withdrawal values. Irrigation 
system and conveyance efficiencies were assumed to be 95 
percent combined. Consumptive-use values were estimated 
from the SWB model values of ETa. The water source type 
was determined using the same county proportions from the 
2010 compilation. Reclaimed wastewater used for agriculture 
was not estimated. Most golf course irrigation values were 
reported, but some were estimated using modified acreages 
from the HSIP Gold data and irrigation rates from the 
SWB model.

New Jersey
The New Jersey WSC estimated the number of irrigated 

acres using information from the USDA–NASS 2012 Census 
of Agriculture and the 2013 IWMS. Total water-withdrawal 
values were estimated using reported information from 
the New Jersey Department of Environmental Protection 
(likely including pastures and horticulture). The New Jersey 
Department of Environmental Protection Bureau of Water 
Allocation collects water-use reports on groundwater or 
surface-water withdrawal amounts over 100,000 gallons of 
water per day. For any water-use withdrawal or diversion 
in the Highlands Preservation Area, the threshold is 50,000 
gallons per day. The irrigation-system type used on irrigated 
acreages was determined from information in the 2013 IWMS. 
Irrigation-system efficiencies and conveyance losses were not 
estimated. Consumptive-use values were estimated to be 68 
percent of total withdrawals based on the New Jersey State 
Water Supply Plan. The water source type was determined 
using information reported by the New Jersey Department 
of Environmental Protection. Reclaimed wastewater is not 
a known source of water for irrigation in New Jersey. Golf 
course irrigation values were estimated using information 
from the New Jersey Department of Environmental Protection 
and reported with crop-irrigation values.

https://www.nass.usda.gov/Statistics_by_State/Nevada/Publications/Annual_Statistical_Bulletin/index.php
https://www.nass.usda.gov/Statistics_by_State/Nevada/Publications/Annual_Statistical_Bulletin/index.php
https://www.golfnow.com
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New Mexico
The New Mexico WSC estimated the number of crop 

acres using information from the USDA–NASS 2015 CDL. 
Some counties had reported irrigated-acreage values; for 
others, the number of irrigated acres was estimated using the 
2015 CDL and historical information. Total water-withdrawal 
values, including horticulture, were estimated using historical 
water-use values and a coefficient based on the ratio of irri-
gated acres from previous compilations and the 2015 acreage 
counts for each crop type. The ratio of county-level irrigation-
system types associated with irrigated acreages was consistent 
with the 2010 compilation. Irrigation-system efficiencies 
and conveyance losses were not estimated. Consumptive-use 
values were provided by the New Mexico Office of the State 
Engineer (New Mexico Office of the State Engineer, 2015). 
The modified Blaney-Criddle method was used for the 
Upper Colorado River Basin to maintain consistency with 
the New Mexico Interstate Stream Commission’s accounting 
of consumptive use, and the Blaney-Criddle equation was 
used for the rest of New Mexico (Blaney and Criddle, 1962; 
U.S. Department of Agriculture, Soil Conservation Service, 
1970). The water source type was determined using historical 
information. Reclaimed wastewater is not a known source of 
water for irrigation in New Mexico. Golf course irrigation 
values were estimated and reported separately using informa-
tion from the New Mexico Office of the State Engineer and the 
Blaney-Criddle equation.

New York
The New York WSC used values from the USDA–NASS 

2012 Census of Agriculture and the 2013 IWMS to estimate 
the number of crop acres and withdrawal values for irrigation. 
The total number of irrigated acres for each New York county, 
by system type, were calculated using the 2013 IWMS values 
for four main crops and extrapolated to county acres reported 
in the 2012 Census of Agriculture. Total crop-irrigation 
withdrawal values were calculated using the number of 
irrigated acres with county application-rate coefficients built 
from crop-specific 2013 IWMS application, withdrawal, and 
system-type information. Conveyance and irrigation-system 
efficiencies were not estimated. Consumptive-use values were 
estimated to be 95 percent of total withdrawal values. Total 
county crop-irrigation withdrawals values were portioned into 
groundwater and surface-water withdrawals using reported 
data ratios of golf course irrigation from the New York State 
Department of Environmental Conservation Water Withdrawal 
Reporting (DEC WWR) database. Reclaimed wastewater 
is not a known source of water for irrigation in New York. 
Golf course irrigation values were either reported from the 
DEC WWR database or estimated using coefficient-derived 
irrigated-acres values and application rates calculated from the 
reported data.

North Carolina
The South Atlantic WSC estimated the number of 

crop acres using information from the USDA–NASS 2012 
Census of Agriculture and information published by the 
North Carolina Department of Agriculture. The number of 
irrigated acres was estimated using the percentage of total 
harvested acres reported in the USDA–NASS 2012 Census 
of Agriculture. Total water-withdrawal values, excluding 
pastures, were estimated using the number of calculated 
irrigated acres and a coefficient of 8 inches per acre per year 
for most crops, 10 inches per acre per year for orchards, 27 
inches per acre per year for sod, and 40 inches per acre per 
year for nursery crops. County proportions of each irrigation-
system type associated with the number of irrigated acres 
were consistent with previous compilations. Conveyance 
and irrigation-system efficiencies were not estimated. 
Consumptive-use values were estimated to be 100 percent. 
The water source type was determined using the results of an 
email survey conducted by North Carolina State University 
and the Agriculture Extension Service, in the mid-1990s, that 
collected water-source and irrigation system-type information 
by county. Reclaimed wastewater is not a known source of 
water for crop irrigation in North Carolina but has been used 
for golf course irrigation. Golf course irrigation values were 
estimated and reported separately from crop-irrigation values 
using coefficients and the number of acres estimated per hole.

North Dakota
The Dakota WSC estimated the number of irrigated 

acres, identified irrigation-system types, and estimated 
withdrawal values primarily on information received from the 
permit section of the North Dakota State Water Commission 
(NDSWC). Water-permit holders are allocated specified 
amounts of withdrawals from a source and are required to file 
annual water-use information with the State engineer. The 
number of crop acres was estimated using information from 
the NDSWC permit files and the 2013 IWMS. Total water-
withdrawal values by water source type, including pastures 
and horticulture, were estimated using the NDSWC permit 
information and reported data. Irrigation system-type data 
were obtained from the NDSWC permit files and information 
provided by North Dakota State University. Conveyance 
and irrigation-system efficiencies were not considered in 
estimating withdrawal values. Consumptive-use values for the 
applied irrigation water within each county were calculated by 
subtracting effective precipitation values from ETa; ETa esti-
mates for the growing season (April through September 2015) 
were estimated from the SSEBop model (Senay and others, 
2013, data in Painter and others, 2021), and effective-
precipitation values were estimated at about 75 percent of 
growing-season precipitation (https://farmwest.com/ climate/ 
weather- parameters/ effective- precipitation/ ). Reclaimed 

https://farmwest.com/climate/weather-parameters/effective-precipitation/
https://farmwest.com/climate/weather-parameters/effective-precipitation/
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wastewater is not a known source of water for crop irrigation 
in North Dakota. Golf course irrigation values were estimated 
and included with crop-irrigation values.

Ohio
The Ohio-Kentucky-Indiana WSC estimated the number 

of irrigated acres using information from the USDA–NASS 
2012 Census of Agriculture. Total water-withdrawal values, 
including pastures and horticulture, were estimated using 
information from the Ohio Department of Natural Resources. 
Irrigation system-type data came from the Ohio State 
University County Extension offices and the Soil and Water 
Conservation District Offices. Conveyance and irrigation-
system efficiencies were not considered. Consumptive-use 
values were estimated at 90 percent of withdrawals. The 
Ohio Department of Natural Resources reported water-source 
type information. Reclaimed wastewater is not a known 
source of water for crop irrigation in Ohio. Golf course 
irrigation values were provided from the Ohio Department of 
Natural Resources and are reported separately from crop-
irrigation data.

Oklahoma
The Oklahoma-Texas WSC estimated the number of 

crop acres using information from the Oklahoma Water 
Resources Board (OWRB), the Bureau of Reclamation, the 
USDA–NASS 2012 Census of Agriculture, and the Lugert-
Altus Irrigation District. The number of irrigated acres was 
estimated using the 2012 Census of Agriculture data plus an 
estimated 5-percent increase to account for drier conditions 
during 2012 than 2015. Total water-withdrawal values, 
including horticulture (irrigated pastures are uncommon 
in Oklahoma), were estimated using site-specific reported 
data from the OWRB. Irrigation system-type assignments to 
irrigated acres were determined through communication with 
the USDA Oklahoma State statistician. Conveyance and irriga-
tion system-efficiencies and consumptive-use values were 
estimated using information from the 2010 USGS compilation 
and a Bureau of Reclamation report for the Lugert-Altus 
Irrigation District. The conveyance efficiency was identified 
at 83 percent for groundwater and 78 percent for surface 
water. The water source type was determined using reported 
data from the OWRB. Reclaimed wastewater is not a known 
source of water for crop irrigation in Oklahoma. Golf course 
irrigation values reported by the OWRB were included with 
crop-irrigation values.

Oregon
The Oregon WSC determined the number of crop 

irrigated acres by intersecting Oregon Water Resources 
Department water-rights maps and irrigation district bound-
aries with the USDA–NASS 2015 CDL. The number of crop 
acres by irrigation system were calculated using previously 
developed coefficients using information from Oregon 
State University (OSU) Extension Service scientists, the 
2008 IWMS, and other publications. Crop consumptive-use 
coefficients were developed from Oregon Crop Water Use and 
Irrigation Requirements (Cuenca, 1992) and communication 
with OSU Extension Service scientists. The irrigation-
efficiency coefficients used were based on those in Energy and 
Water Consumption of Pacific Northwest Irrigation Systems 
(King and others, 1977) and modified from discussions with 
OSU Extension Service scientists. Irrigation system-type 
coefficients for 2015 were modified from prior coefficients 
with information from OSU Extension Service scientists, 
the 2008 IWMS, and other publications. The Oregon Water 
Resources Department water-rights maps and irrigation-
district boundaries were used to determine the proportion of 
total water-withdrawal values by groundwater and surface 
water for each county. Reclaimed wastewater use for irriga-
tion is unknown and not estimated. Golf course irrigation 
values were reported separately from crop-irrigation values. 
The number of golf course irrigated acres was calculated by 
identifying all golf courses in Oregon and assuming 80 percent 
of the OWRD water-rights acreages for each golf course were 
irrigated (Environmental Institute for Golf, 2009).

Pennsylvania
The Pennsylvania WSC estimated the number of irrigated 

acres using information from the USDA–NASS 2012 Census 
of Agriculture and the 2013 IWMS. Total water-withdrawal 
values, including pastures, were calculated using information 
from the IWMS, Census of Agriculture, and county-level 
crop-application rates. Information from the 2013 IWMS was 
used to associate irrigation-system type with the county-level 
estimates of irrigated acreage. Irrigation-system efficiencies 
and conveyance losses were not considered. Consumptive-use 
values were estimated at 90 percent of total county-withdrawal 
values. The water source type was determined from the 2013 
IWMS. Reclaimed wastewater is not a known source of water 
for crop irrigation in Pennsylvania. Golf course irrigation 
values were either reported from the Pennsylvania Department 
of Environmental Protection or estimated using coefficients 
and are reported separately from crop-irrigation values.
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Puerto Rico and U.S. Virgin Islands
The Caribbean-Florida WSC reported no irrigation 

activity in the Virgin Islands in 2015. The Caribbean-Florida 
WSC estimated the number of crop acres and the number of 
irrigated acres for Puerto Rico using the USDA–NASS 2012 
Census of Agriculture and satellite imagery from Google 
Earth. Total water-withdrawal values, excluding pastures 
and horticulture, were determined using metered diversions 
of surface water and the estimation of groundwater based on 
the number of irrigated acres, crop type, and the crop water 
requirements. Irrigation-system efficiencies and conveyance 
efficiencies were not considered. Consumptive-use values 
were estimated using ET information from the University of 
Puerto Rico. The associated water source type and irrigation-
system type were determined using field verifications and 
reported diversions. Reclaimed wastewater is not a known 
source of water for crop irrigation in Puerto Rico. Golf course 
irrigation values were estimated and were reported with crop-
irrigation values. These estimates were calculated using data 
from the water requirement for grass and golf course acreages.

Rhode Island
The New England WSC estimated crop acreages and 

the number of irrigated acres using the USDA–NASS 2012 
Census of Agriculture, 2013 IWMS, and 2015 CDL. Acreage 
values by system type were determined using the same county 
ratios used in the 2010 compilation. Total water-withdrawal 
values, excluding horticulture, were estimated using an SWB 
model that incorporated soils, weather, and crop data to 
create irrigation rates. These rates were then multiplied by 
the number of irrigated acres and aggregated by county to 
calculate withdrawal values. Irrigation-system and convey-
ance efficiencies were assumed to be 95 percent combined. 
Consumptive-use values were estimated from the SWB values 
of ETa. The water source type was determined using the same 
county proportions from the 2010 compilation. Reclaimed 
wastewater used for agriculture was not estimated. Golf course 
irrigation values were estimated and reported separately using 
modified acreages from HSIP Gold data and irrigation rates 
from SWB.

South Carolina
The South Atlantic WSC estimated crop acreages and the 

number of irrigated acres by irrigation-system type using the 
USDA–NASS 2012 Census of Agriculture. Reporting water-
withdrawal values is a requirement for having a water-use 
permit and withdrawing 3 million gallons per month or greater 
in the State and is regulated by the South Carolina Department 
of Health and Environmental Control (SCDHEC). These 

withdrawal values were summarized to determine county 
total-withdrawal estimates. Irrigation-system efficiencies and 
conveyance loss were not considered. Consumptive-use values 
were estimated to be 100 percent. The water source type 
was determined using data reported to SCDHEC. Reclaimed 
wastewater is not a known source of water for irrigation in 
South Carolina. Golf course irrigation values were estimated 
using reported information from SCDHEC and supplemented 
with estimates for nonreporting golf courses using estimated 
acres per course and a coefficient for application rates based 
on methodologies established in North Carolina.

South Dakota
The Dakota WSC based estimates of the number of 

irrigated acres, the identification of irrigation-system types, 
and estimated-withdrawal values on information received 
from the permit section of the South Dakota State Department 
of Environmental and Natural Resources (DENR), Water 
Rights Program. Annually, the DENR sends out questionnaires 
to each permitted irrigation-water user in the State. The 
questionnaire requests information including withdrawals, 
water source type (surface water or groundwater), the number 
of irrigated acres, irrigation-system type, county name, types 
of crops irrigated, and the amount of water applied to each 
crop. The Dakota WSC receives this compiled information 
from DENR and summarizes the required information by 
county. Irrigation system and conveyance efficiencies were not 
considered. Consumptive-use values were estimated based on 
ETa estimates for the growing season (May–September 2015) 
provided by the SSEBop model (Senay and others, 2013; 
data in Painter and others, 2021). Effective-precipitation 
values were estimated based on NWS climate-station records 
and calculations that used methods provided by the South 
Dakota State University Extension iGROW Corn program 
(https://extension.sdstate.edu/ igrow- corn- best- management- 
practices- corn- production). Effective-precipitation values 
were subtracted from the ETa estimates to determine the 
consumptive-use values for the applied irrigation water within 
each county. Reclaimed wastewater used for agriculture was 
not estimated. The irrigation water-use values for golf courses, 
horticulture, and pastures were not estimated.

Tennessee
The Lower Mississippi-Gulf WSC estimated crop 

acreages and the number of irrigated acres using information 
from the USDA–NASS 2012 Census of Agriculture. Total 
water-withdrawal values, excluding pastures and horticulture 
(which were not specifically identified), were estimated using 
crop-acreage and application-rates information from the 2012 
Census of Agriculture and the 2010 USGS compilation for 
counties not included in the USDA–NASS data (to protect 

https://extension.sdstate.edu/igrow-corn-best-management-practices-corn-production
https://extension.sdstate.edu/igrow-corn-best-management-practices-corn-production
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farm-owner privacy). Consumptive-use values were estimated 
using application efficiencies from Solomon (1988). County-
level irrigation-system types linked to irrigated acreages 
were consistent with the county-level ratios used in the 2010 
compilation. Irrigation system-efficiency information indicated 
80-percent efficiency for sprinkler and micro-irrigation 
systems and 75-percent efficiency for surface-irrigation 
systems. The water source type was determined using county 
water-source ratios from the 2010 compilation. Reclaimed 
wastewater used for agriculture was not estimated. Golf course 
irrigation values were estimated and reported separately from 
crop-irrigation values.

Texas
The Oklahoma-Texas WSC estimated the number of crop 

acres using information from the Texas Water Development 
Board. The data provided were aggregated by county. 
Irrigated-acreage data came from the FSA and were modi-
fied using the Texas Water Development Board data when 
applicable. The Texas Water Development Board provided 
county water-withdrawal estimates. Horticulture was not 
included, and it is unknown if pasture irrigation was included 
in the estimates. Proportions of surface water and groundwater 
were determined, in part, from diversion data from the Texas 
Commission on Environmental Quality and the Texas Water 
Masters. Proportions of the estimated irrigated acreages 
associated with each irrigation-system type (sprinkler, micro-
irrigation, and surface) were determined through a report from 
the year 2000, which documented irrigation by system type. 
The Texas Water Development Board provided an irrigation-
efficiency factor for use in estimating consumptive-use values. 
Reclaimed wastewater and golf course irrigation values were 
not estimated.

Utah
The Utah WSC estimated crop acreages and the number 

of irrigated acres by system type using information from the 
Utah Department of Water Resources (UDWR), which uses 
satellite imagery and field verifications to determine field 
boundaries. The number of irrigated acres was summed by 
county. Total water-withdrawal values, including pastures, 
were estimated using the UDWR GIS-based Water Budget 
Program model and provided to the Utah WSC as county 
aggregates. The Water Budget Program model contained 
information on irrigation-system and conveyance efficiencies 
and provided consumptive-use values. The water source type 
was determined using the UDWR’s Water Budget Program 
model and USGS groundwater data. Reclaimed wastewater 
is used primarily on pastureland and alfalfa, and the values 
were estimated using information from the Utah Division of 
Water Quality and UDWR publications. Golf course irrigation 

values were estimated and reported separately from crop-
irrigation values using information from the Utah Automated 
Geographic Reference Center database.

Vermont
The New England WSC estimated crop-acreages and the 

number of irrigated acres using information from the USDA–
NASS 2012 Census of Agriculture, the 2013 IWMS, and the 
2015 CDL. Acreage values by irrigation-system type were 
determined using the same ratios as those in the 2010 compila-
tion. Total water-withdrawal values, excluding horticulture, 
were estimated using an SWB model. These rates were then 
multiplied by the number of irrigated acres and aggregated by 
county to calculate withdrawal values. Irrigation-system and 
conveyance-efficiencies information indicated a combined 
95-percent statewide efficiency (Shaffer and Runkle, 2007). 
Irrigation system-type data were considered consistent with 
county ratios in the 2010 compilation. Consumptive-use 
values were estimated from the SWB modeled values of ETa. 
The water source type was determined using the same county 
proportions as those in the 2010 compilation. Reclaimed 
wastewater is not a known source of water for irrigation in 
Vermont. Golf course irrigation values were estimated and 
reported separately from crop-irrigation values using modified 
acreages from the HSIP Gold 2015 data and irrigation-rate 
values from the SWB.

Virginia
The Virginia and West Virginia WSC estimated the 

number of irrigated acres using information from the USDA–
NASS 2012 Census of Agriculture. Total water-withdrawal 
values, including pastures and horticulture, were estimated 
using the Virginia Department of Environmental Quality 
(VADEQ) reported data or calculated by using the number of 
irrigated acres and county coefficients developed for previous 
compilations. Irrigation system-type county ratios were 
considered consistent with those used in previous compila-
tions. Irrigation-system type and conveyance efficiencies 
were estimated to be 90 percent for sprinkler systems and 95 
percent for micro-irrigation systems (Irmak and others, 2011). 
Consumptive-use values were estimated to be the fraction 
of withdrawals not lost due to system-type or conveyance 
inefficiencies. The water source type was determined either 
through information provided by VADEQ or estimated using 
county-specific coefficients developed for previous compila-
tions. Reclaimed wastewater is not a known source of water 
for irrigation in Virginia. Golf course irrigation values were 
either reported from VADEQ or estimated using regional coef-
ficients and reported separately from crop-irrigation values.



Appendix 1  39

Washington
The Washington WSC estimated crop acreages and the 

number of irrigated acres by system type using information 
from the USDA–NASS 2012 Census of Agriculture, 2013 
IWMS, and previous USGS compilations. Estimates of water 
withdrawals, including pastures and excluding horticulture, 
were calculated using the number of irrigated acres and 
irrigation application rates estimated from 2010 application 
rates. Irrigation-system efficiencies were determined to be 80 
percent for sprinkler systems, 90 percent for micro-irrigation 
systems, and 70 percent for surface-irrigation systems, and 
these percentages were used in estimating consumptive-use 
values (Howell, 2003). The water source type was determined 
using previous USGS compilations and USDA information. 
Reclaimed wastewater is not a known source of water for 
irrigation in Washington. Golf course irrigation values were 
estimated and reported separately from crop irrigation.

West Virginia
The Virginia and West Virginia WSC estimated crop 

acreages and the number of irrigated acres using information 
from the USDA–NASS 2012 Census of Agriculture. Total 
water-withdrawal values, including pastures and horticulture, 
were calculated by multiplying the number of irrigated acres 
and county-specific coefficients developed for previous compi-
lations. County ratios of irrigation-system types were consistent 
with those used in the previous compilation. Irrigation 
system-type and conveyance efficiencies were identified as 90 
percent for sprinkler systems and 80 percent for micro-irrigation 
systems (Irmak and others, 2011). Consumptive-use values 
were estimated to be the fraction of withdrawals not lost 
through matters of system efficiency or conveyance. The water 
source type was determined using county-specific coefficients 
developed for previous compilations. Reclaimed wastewater 
is not a known source of water for irrigation in West Virginia. 
Golf course irrigation values were estimated using regional 
coefficients and reported separately from crop-irrigation values.

Wisconsin
The Upper Midwest WSC estimated the number of 

irrigated acres using a GIS coverage of irrigated lands provided 
by the Wisconsin Department of Natural Resources (WDNR) 
Water Use Section, county-level data from the USDA–NASS 
2012 Census of Agriculture, and industry reports of cranberry 
production. Total water-withdrawal values, including minor 
quantities of withdrawals for pastures, horticulture, and golf 
courses, were estimated primarily from data provided by 
WDNR for high-capacity systems with reported withdrawals 
of greater than 70 gallons per minute. Registered water users 
are required to measure or estimate the volume of water they 

withdraw every month and report that information annually to 
the WDNR. In addition, the USGS estimated withdrawal values 
for low-capacity systems based on reported pumping rates and 
estimated periods of use. The number of irrigated acres, by 
irrigation system type, was estimated through the evaluation 
of 2013 IWMS data and county-specific, high-capacity usage 
data provided by WDNR. High-capacity groundwater-usage 
irrigation systems were designated as sprinkler systems, and 
high-capacity surface-water usages irrigation systems were 
designated as sprinkler systems for most principal crops (corn, 
for example) and as a combination of surface and sprinkler 
systems for secondary crops (examples are wild rice and 
cranberries). Irrigation system and conveyance efficiencies 
were not considered. Consumptive-use values were estimated 
at 20 percent of withdrawals for cranberries and 90 percent 
of withdrawals for all other irrigation. The water source type 
was determined using WDNR data. Reclaimed wastewater is 
not a known source of water for irrigation in Wisconsin. Golf 
course withdrawal values were estimated and included with 
crop-irrigation values, but golf course acres were not estimated 
and are not included in the compilation.

Wyoming
The Wyoming-Montana WSC estimated the number of 

irrigated acres within each county based on values reported 
in the USDA–NASS 2012 Census of Agriculture. The sum of 
acres for each irrigation-system type was based on percentages 
from historic (through 2009) USDA–NASS reports that 
included the acreage irrigated by “method of water distribu-
tion.” The same percentages have been used since the 2000 
compilation. The relative percentages of surface-water and 
groundwater withdrawals were applied at percentages similar 
to the 2000–2010 compilations. Irrigation-withdrawal values 
were based on ETa calculated by the SSEBop model (Senay 
and others, 2013; data in Painter and others, 2021). Since a 
digital spatial dataset of irrigated lands was unavailable for 
Wyoming, the ET estimates were calculated in areas identified 
as “potentially irrigated.” Effective-precipitation values ranged 
from 1.0 to 6.0 inches among counties and averaged 3.4 inches 
for the State of Wyoming. Total irrigation-withdrawal values 
(including pastures) for each county were calculated by dividing 
the total consumptive use of applied irrigation water (ETirr) 
by the total irrigation efficiency (combined conveyance and 
irrigation system-efficiencies percentages). Assigned irrigation 
system-efficiency percentages were 55 percent for flood systems 
and 85 percent for sprinkler systems (Bear River Basin Planning 
Team, 2000). Conveyance system-efficiencies percentages 
ranged from 40 to 55 based on values reported in River Basin 
Water Plans of the Wyoming Water Development Office. The 
overall combined irrigation-efficiency percentages (conveyance 
and irrigation system) for Wyoming was about 59 percent. 
Reclaimed wastewater for agriculture and golf course irriga-
tion were not included in these estimates.
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