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HIGHLIGHTS 
 ASABE/IA 6th National Irrigation Symposium includes 80 papers, with 36 introduced here in this Special Collection. 
 Papers include current irrigation research about ET, management, turf systems, technology, humid region, water supply. 
 Irrigation in the U.S. is growing more rapidly in humid regions, and pressurized irrigation continues to grow in usage. 
 There has been much progress in irrigation science in the last decade, and the vision of the future looks bright. 

ABSTRACT. This article introduces the ASABE Special Collection associated with the 6th Decennial National Irrigation 
Symposium: Beyond 2020, Vision of the Future. This U.S. symposium, jointly sponsored by ASABE and the Irrigation Asso-
ciation in December 2021, was postponed from 2020 due to the pandemic and consists of approximately 80 presentations, 
of which 36 were accepted as journal articles for this Special Collection. Irrigated land area appears to be growing slightly 
in the U.S. but is shifting geographically somewhat toward humid regions. Pressurized irrigation continues to grow, and 
gravity-fed irrigation continues to decline. Competition for stressed water resources among diverse water users remains 
great, and smaller numbers of irrigation scientists are available to meet the informational needs. Improved ability to ac-
quire, assess, and use water and crop information helps to meet these challenges. This article discusses irrigation research 
progress in evapotranspiration (ET), irrigation management, turf systems, sensors and technologies, irrigation strategies 
in the humid region, and water supply. Challenges and opportunities continue to exist for irrigation in the U.S., but progress 
in the last decade has been steady, and a good vision for the future of irrigation beyond 2020 is anticipated. 

Keywords. Evapotranspiration, Irrigation, Irrigation management, Irrigation scheduling, Irrigation systems, Turf and land-
scape irrigation. 

n March of 2019, the program committee of the 6th De-
cennial National Irrigation Symposium (NIS) estab-
lished the symposium titled Beyond 2020, Vision of the 
Future. The intended wordplay was that it is possible 

to have vision better than 20/20, and it was hoped that the 
symposium would provide such a vision of the future for ir-
rigation in the U.S. Little did the program committee know 
that, within a year, the symposium title would take on new 
meaning, with the COVID-19 pandemic necessitating post-
ponement of the 6th Decennial NIS. 

ASABE (formerly ASAE) has sponsored the NIS every 
ten years since 1970; beginning in 1990, the Irrigation 

Association (IA) became a co-sponsor. These decennial 
events provide a forum to discuss the status and recent pro-
gress of research, extension, state and federal agency, and 
industry efforts to advance the effectiveness of irrigation 
practices and technologies, as well as to project a path for-
ward amid the successes and challenges. Additional discus-
sion of some of the earlier Decennial NIS is provided by 
Dukes et al. (2012). 

At the time of this writing, it is anticipated that 80 papers 
will be presented at the 6th Decennial NIS, which is cur-
rently scheduled for December 2021 in San Diego, Califor-
nia. The authors of these papers had the option of seeking 
simultaneous dual publication in the symposium proceed-
ings and through the journal peer-review process. A total of 
36 papers were published in both media, and these peer-re-
viewed journal articles are contributions to the largest 
ASABE Special Collection prepared thus far. These journal 
articles are summarized in the following sections along with 
some additional contextual discussion of the present status 
of irrigation in the U.S. and a vision of the future beyond 
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2020. This collection builds on two recent ASABE Special 
Collections with contributions from the 5th Decennial NIS 
in 2010 (Dukes et al., 2012) and the Emerging Technologies 
for Sustainable Irrigation symposium in 2015 (Lamm et al., 
2016), both jointly sponsored by ASABE and IA. 

STATUS OF IRRIGATION IN THE U.S. 
Overall, it appears that irrigated land area (~23.5 Mha) 

has continued to increase slightly in the U.S. (fig. l), alt-
hough we note some discrepancies in the various 2018 
USDA-NASS Farm and Ranch Irrigation Survey tables used 
to prepare this summary. The concentration of irrigated land 
area has migrated somewhat within the U.S., with the top ten 
states losing approximately 2% of their area in the last dec-
ade, while the bottom 40 states have increased their irrigated 
land area by approximately 13%. Although irrigation is most 
heavily concentrated in the semi-arid and arid western U.S., 
two Mid-South states, Arkansas and Mississippi, have the 
third and ninth largest irrigated land areas, respectively 
(USDA-NASS, 2018). 

The geographic shift toward more humid regions is likely 
to continue with increasing competition for water resources 
in the western U.S. and an increasing need to mitigate crop 
production risks in the eastern semi-humid and humid re-
gions. These geographic changes in irrigation within the 
U.S. require some adjustment to the future of irrigation, per-
haps relying more on optimization schemes rather than on 
schemes for crop yield maximization or for immaculate turf 
landscapes. New and emerging irrigation technologies will 
continue to be needed in the water-stressed western areas, as 
well as in the eastern areas of the U.S. where irrigation is 
increasing. 

The adoption of pressurized irrigation systems (i.e., sprin-
kler and microirrigation) continues in the U.S. (fig. 2), with 
surface gravity systems continuing to decrease. The percent-
age of pressurized systems increased from 37% to 65% dur-
ing the period 1978 through 2017. In the last decade, the 
sprinkler irrigated area seems to have plateaued for now 
(~3% increase), the microirrigated area is still rapidly in-
creasing (~56% increase), and the surface gravity irrigated 

area has continued its steady decline (~8% decrease). The 
decline in surface gravity systems may be moderated in the 
future, considering that 35% of the total surface gravity land 
area is in the Mid-South states of Arkansas, Mississippi, 
Louisiana, and Missouri. In this region, 71% of surface grav-
ity systems use single-year poly-pipe for water distribution, 
and these less-expensive systems are often more economical 
than pressurized systems. 

DISCUSSION OF 6TH DECENNIAL NIS  
JOURNAL ARTICLES 

The 36 journal articles comprising this ASABE Special 
Collection can be loosely categorized into the following top-
ics (table 1): 

 Evapotranspiration (improved estimation procedures 
and on-farm usage). 

 Irrigation management (modeling, scheduling, and 
strategies). 

 Irrigation systems (sprinkler, surface gravity, and 
microirrigation). 

 Turf and landscape irrigation. 
 Technology and innovation (sensors, technology us-

age and adoption, extension/education) 
 Irrigation in the humid region. 
 Water supply. 

EVAPOTRANSPIRATION (IMPROVED ESTIMATION  
PROCEDURES AND ON-FARM USAGE) 

Evapotranspiration (ET) is a key factor and metric in both 
evaluation of irrigation strategies and management of crops, 
turf, and landscapes. Seven journal articles for this ASABE 
Special Collection were related to either improving ET esti-
mation procedures or improving the on-farm usage of ET 
data. 

Standardized procedures to estimate ET for short and tall 
reference crops (Allen et al., 1998, 2005; Walter et al., 2000) 
are well established. However, for estimation of actual crop 
ET, the reference ET needs to be modified by coefficients 
(e.g., crop, landscape, stress, cultural, or environmental  

 

Figure 1. Irrigated land area in the U.S., the top ten irrigated states,
and the remaining 40 states during the period 1969 through 2017. Data
from USDA-NASS Farm and Ranch Irrigation Surveys (USDA-NASS,
1994, 2004, 2010, 2014, 2018). Note that there are some unreconcilable
differences in irrigated land area between figures 1 and 2 when consid-
ering a total land area. 

 

Figure 2. Irrigated land area in the U.S. by sprinkler, surface gravity, 
and microirrigation methods during the period 1978 through 2017. 
Data from USDC or USDA Farm and Ranch Irrigation Surveys
(USDC, 1979, 1990; USDA-NASS, 1994, 2004, 2010, 2014, 2018). Note
that there are some unreconcilable differences in irrigated land area
between figures 1 and 2 when considering a total land area. 
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Table 1. Summary of articles included in the 2021 ASABE Special Collection “Beyond 2020, Vision of the Future: Selected Papers from the 6th
Decennial National Irrigation Symposium”. 

Authors Title Key Topics DOI 
Allen, R. G., Dukes, M. D.,  
Snyder, R. L., Kjelgren, R.,  

& Kilic, A. 

A review of landscape water requirements using  
a multi-component landscape coefficient. 

ET;  
turf/landscape 

https://doi.org/10.13031/trans.13948 

Allen, R. G., Robison, C. W.,  
Huntington, J., Wright, J. L.,  

& Kilic, A.  

Applying the FAO-56 dual KC method for  
irrigation water requirements over large  

areas of the western U.S. 

ET https://doi.org/10.13031/trans.13933 

Andales, A. A., Bartlett, A. C.,  
Bauder, T. A., & Wardle, E. M. 

Adapting a cloud-based irrigation scheduler  
for sugar beets in the High Plains. 

ET;  
irrig. mgmt. 

https://doi.org/10.13031/aea.13902 

Andrade, M. A., O’Shaughnessy, S. A.,  
& Evett, S. R. 

ARSPivot, a sensor-based decision support  
software for variable-rate irrigation center  

pivot systems: Part A. Development. 

Irrig. systems;  
tech. and  

innovation 

https://doi.org/10.13031/trans.13907 

Andrade, M. A., O’Shaughnessy, S. A.,  
& Evett, S. R. 

ARSPivot, a sensor-based decision support  
software for variable-rate irrigation center  

pivot systems: Part B. Application. 

Irrig. systems;  
tech. and  

innovation 

https://doi.org/10.13031/trans.13908 

Barnes, E. M., Campbell, B. T.,  
Vellidis, G., Porter, W., Payero, J.,  

Leib, B., ... & Thorp, K. 

Forty years of increasing cotton’s water  
productivity and why the trend  

will continue. 

Tech. and  
innovation 

https://doi.org/10.13031/aea.13911 

Baumhardt, R. L., Haag, L. A.,  
Gowda, P. H., Schwartz, R. C.,  
Marek, G. W., & Lamm, F. R. 

Modeling cotton growth and yield response  
to irrigation practices for thermally limited  

growing seasons in Kansas. 

Irrig. mgmt. https://doi.org/10.13031/trans.13877 

Bjorneberg, D. L., Ippolito, J. A.,  
King, B. A., Nouwakpo, S. K.,  

& Koehn, A. C. 

Moving toward sustainable irrigation in a  
southern Idaho irrigation project. 

Water supply https://doi.org/10.13031/trans.13955 

Butts, C. L., Sorensen, R. B.,  
& Lamb, M. C. 

Irrigator Pro: Progression of a peanut irrigation  
scheduling decision support system. 

Irrig. mgmt.;  
humid region 

https://doi.org/10.13031/aea.13909 

Cardenas, B., Migliaccio, K. W.,  
Dukes, M. D., Hahus, I.,  

& Kruse, J. K. 

Irrigation savings from smart irrigation  
technologies and a smartphone app  

on turfgrass. 

Turf/landscape; 
tech. and  

innovation 

https://doi.org/10.13031/trans.13903 

Chávez, J. L., Torres-Rua, A. F.,  
Woldt, W. E., Zhang, H.,  

Robertson, C. C., Marek, G. W.,  
... & Neale, C. M. 

A decade of unmanned aerial systems in  
irrigated agriculture in the western U.S. 

Tech. and  
innovation 

https://doi.org/10.13031/aea.13941 

Chiu, Y. L. J., & Reba, M. L. Development of a wireless sensor network for  
tracking flood irrigation management in  

production-sized rice fields in the Mid-South. 

Tech. and  
innovation;  

humid region  

https://doi.org/10.13031/aea.13962 

Conger, S. L., & Dukes, M. D. Evaluation of testing procedures for weather- 
based irrigation controllers. 

Turf/landscape; 
tech. and  

innovation 

https://doi.org/10.13031/trans.13926 

Dukes, M. D. Two decades of smart irrigation controllers  
in U.S. landscape irrigation. 

Turf/landscape; 
tech. and  

innovation 

https://doi.org/10.13031/trans.13930 

Evett, S. R., Marek, G. W., Colaizzi, P. D.,  
Brauer, D., & Howell, T. A. 

Are crop coefficients for SDI different from  
those for sprinkler irrigation application? 

ET https://doi.org/10.13031/trans.13920 

Evett, S. R., O’Shaughnessy, S. A.,  
Andrade, M. A., Colaizzi, P. D.,  

Schwartz, R. C., Schomberg, H. S.,  
... & Sui, R. 

Theory and development of a VRI decision  
support system: The USDA-ARS  

ISSCADA approach. 

Irrig. systems;  
tech. and  

innovation 

https://doi.org/10.13031/trans.13922 

Hashem, A. A., Engel, B. A.,  
Marek, G. W., Moorhead, J. E.,  
Flanagan, D. C., Rashad, M.,  

... & Gowda, P. H. 

Evaluation of SWAT soil water estimation  
accuracy using data from Indiana, Colorado,  

and Texas. 

Irrig. mgmt. https://doi.org/10.13031/trans.13910 

Henry, C., Krutz, L., & Mane, R. The Arkansas “most crop per drop” contest:  
An innovative extension method to improve  

irrigation water management adoption. 

Tech. and  
innovation;  

humid region 

https://doi.org/10.13031/trans.13964 

Kelley, J., McCauley, D.,  
Alexander, G. A., Gray, W. F.,  
Siegfried, R., & Oldroyd, H. J. 

Using machine learning to integrate on-farm  
sensors and agro-meteorology networks  

into site-specific decision support. 

ET https://doi.org/10.13031/trans.13917 

King, B. A., Shellie, K. C.,  
Tarkalson, D. D., Levin, A. D.,  

Sharma, V., & Bjorneberg, D. L. 

Data-driven models for canopy temperature- 
based irrigation scheduling. 

Irrig. mgmt. https://doi.org/10.13031/trans.13901 

Lamm, F. R., Colaizzi, P.D.,  
Sorensen, R. B., Bordovsky, J. P.,  

Dougherty, M., Balkcom, K.,  
... & Peters, R. T. 

A 2020 vision of subsurface drip irrigation  
in the U.S. 

Irrig. systems https://doi.org/10.13031/trans.14555 

Leib, B., Wright, W., Grant, T.,  
Haghverdi, A., Muchoki, D.,  

Vanchiasong, P., ... & Wszelaki, A. 

Rainwater harvesting with solar and gravity  
powered irrigation for high tunnels. 

Humid region https://doi.org/10.13031/aea.13969 
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factors), and these coefficients have varying accuracy, geo-
graphical applicability, and methodologies for their develop-
ment and usage. Application of the FAO-56 dual crop coef-
ficient method for determining ET and irrigation water re-
quirements for large areas of the western U.S. (Idaho and 
Nevada) was discussed by Allen et al. (2020a). The products 
of this effort are used by state governments to manage water 
rights, water resource planning and design, and hydrologic 
assessment and modeling. The federal government has used 
the products for assessing the impacts of climate change on 
irrigation requirements. Key innovations of the products are 
the scaling of crop coefficients (KC) to thermal units 
(i.e., growing degree days, GDD) and the improvement in 
ET estimations during the dormant season. Similarly, a KC 
curve for sugar beet in eastern Colorado was improved by 
scaling with GDD and leaf area index (Andales et al., 2020) 
as compared to earlier published time-based KC values (Al-
len et al., 2007). The new KC curve improved estimates of 
soil water deficits and were incorporated into a cloud-based 
irrigation scheduling program called Water Irrigation Sched-
uler for Efficiency (WISE). In the Texas High Plains (Marek 
et al., 2020a), the maximum daily KC values for legacy and 
modern drought tolerant (DT) corn hybrids were found to be 

similar, but season length was shorter for the DT hybrids, 
thus affecting the shape of the KC curve. The authors pointed 
out that the published KC values were generally applicable, 
but their advance and decline throughout the season should 
be modified based on canopy growth and climate. In another 
Texas High Plains study (Evett et al., 2020a), the KC value 
for corn with subsurface drip irrigation (SDI) was only 83% 
to 89% of the value for mid-elevation spray application 
(MESA), and the authors concluded that SDI KC values 
should be decreased by 10% compared to sprinkler irriga-
tion. They indicated similarity in SDI KC values to those that 
could be developed for surface drip irrigation when using 
full-cover plastic mulch. 

Landscape coefficients (KL) are similar to KC but are used 
for natural and urban landscapes that often vary in composi-
tion (e.g., vegetation types, density, and ground cover), mi-
cro-climate (e.g., shading and light reflection by structures, 
fetch and wind, slope, reflected radiation aspects), and end-
user practices. A multi-component decoupling method for 
KL was discussed in a comprehensive review of different KL 
methodologies (Allen et al., 2020b). The authors concluded 
that the ASABE Standard S623 methodology (ASABE, 
2017) is simpler yet complementary to the IA methodology 

Table 1 (continued). Summary of articles included in the 2021 ASABE Special Collection “Beyond 2020, Vision of the Future: Selected Papers 
from the 6th Decennial National Irrigation Symposium”. 

Authors Title Key Topics DOI 
Lena, B. P., Ortiz, B. V.,  

Jiménez-Lópe, A. F., Sanz-Sáez, Á.,  
O’Shaughnessy, S. A., Durstock, M. K.,  

& Pate, G.  

Evaluation of infrared canopy temperature  
data in relation to soil water-based irrigation  
scheduling in a humid subtropical climate. 

Tech. and  
innovation;  

humid region 

https://doi.org/10.13031/trans.13912 

Lo, T. H., Pringle, H. C.,  
Rudnick, D. R., Bai, G., Krutz, L. J.,  

Gholson, D. M., & Qiao, X. 

Within-field variability in granular matrix  
sensor data and its implications for  

irrigation scheduling. 

Tech. and  
innovation;  

humid region 

https://doi.org/10.13031/aea.13918 

Marek, T. H., Porter, D., Howell, T. A.,  
Marek, G. W., & Brauer, D. 

The impact and value of accurate evapotrans- 
piration networks in Texas High Plains  

production agriculture. 

ET https://doi.org/10.13031/aea.13913 

Marek, G. W., Marek, T. H., Evett, S. R.,  
Bell, J. M., Colaizzi, P. D., Brauer, D. K.,  

& Howell, T. A. 

Comparison of lysimeter-derived crop coeffi-
cients for legacy and modern drought-tolerant  

maize hybrids in the Texas High Plains. 

ET https://doi.org/10.13031/trans.13924 

O’Shaughnessy, S. A., Andrade, M. A.,  
Colaizzi, P. D., Workneh, F., Rush, C. M.,  

Evett, S. R., & Kim, M. 

Irrigation management of potatoes using  
sensor feedback: Texas High Plains. 

Irrig. systems;  
tech. and  

innovation 

https://doi.org/10.13031/trans.13925 

Porter, D. O., Irmak, S., Lamm, F.,  
Marek, T., & Rein, B. 

Challenges and opportunities for education  
in irrigation engineering. 

Tech. and  
innovation 

https://doi.org/10.13031/trans.13943 

Reba, M. L., & Massey, J. H. Surface irrigation in the lower Mississippi  
River basin: Trends and innovations. 

Irrig. systems;  
humid region  

https://doi.org/10.13031/trans.13970 

Reinhart, B. D., Frankenberger, J. R.,  
Hay, C. H., Bowling, L. B.,  

& Hancock, B. G. 

Development and sensitivity analysis of an  
online tool for evaluating drainage water  

recycling decisions. 

Humid region  https://doi.org/10.13031/trans.13900 

Rudnick, D. R., Stockton, M.,  
Taghvaeian, S., Warren, J.,  
Dukes, M. D., Kremen, A.,  

... & Amosson, S. H. 

Innovative extension methods in the U.S. to  
promote irrigation water management. 

Tech. and  
innovation 

https://doi.org/10.13031/trans.13929 

Stone, K. C., Bauer, P. J.,  
O’Shaughnessy, S.,  

Andrade-Rodriguez, A., & Evett, S. 

A variable-rate irrigation decision support  
system for corn in the U.S. eastern  

coastal plain. 

Irrig. systems;  
tech. and  

innovation 

https://doi.org/10.13031/trans.13965 

Sui, R., O’Shaughnessy, S. A.,  
Evett, S. R., Andrade-Rodriguez, A.,  

& Baggard, J. 

Evaluation of a decision support system for  
variable-rate irrigation in a humid region. 

Irrig. systems;  
tech. and  

innovation 

https://doi.org/10.13031/trans.13904 

Taghvaeian, S., Andales, A. A.,  
Allen, L. N., Kisekka, I.,  
O’Shaughnessy, S. A.,  

Porter, D. O., ... & Aguilar, J. 

Irrigation scheduling for agriculture in the  
United States: The progress made and  

the path forward. 

Irrig. mgmt. https://doi.org/10.13031/trans.14110 

Trout, T. J., Howell, T. A.,  
English, M. J., & Martin, D. L. 

Deficit irrigation strategies for the western U.S. Irrig. mgmt. https://doi.org/10.13031/trans.14114 

Zamora-Re, M. I., Rath, S.,  
Dukes, M. D., & Graham, W. 

Water and nitrogen budget dynamics for a  
maize-peanut rotation in Florida. 

Irrig. mgmt.;  
humid region  

https://doi.org/10.13031/trans.13916 
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for KL (IA, 2003), but that either can be used to effectively 
estimate landscape water requirements. 

On-farm irrigation scheduling requires accurate weather 
data and delivery of ET values through public and/or private 
weather station networks. These networks can be costly to 
install, operate, and maintain, and in some cases the lack of 
sufficient station density affects their effectiveness as a wa-
ter management tool. One large and long-term system, the 
Texas High Plains ET Network, was estimated to save irri-
gated producers $22 million annually through energy and 
water savings (Marek et al., 2020b). The authors also dis-
cussed the requirements and challenges of sustaining a suc-
cessful network and the associated costs, noting that the so-
cietal benefits can extend well beyond the agricultural sec-
tor. Because high-quality weather stations are expensive and 
often are sparsely located, there can be limitations on their 
use for on-farm irrigation scheduling. Research using data 
from agricultural fields in Oregon and California (Kelley et 
al., 2020) evaluated the use of machine learning combining 
regional weather station data with data from a few inexpen-
sive on-farm sensors to improve site-specific irrigation man-
agement. The authors concluded that such machine learning 
techniques could be considerably improved if mobile high-
quality weather stations could be co-located at the field site 
for a short duration (e.g., 14 days). 

These seven studies illustrate the continued progress in 
ET estimation and its implementation for irrigation water 
management, and they augment the six ET-related papers in 
the earlier ASABE Special Collections (Dukes et al., 2012; 
Lamm et al., 2016). 

IRRIGATION MANAGEMENT (STRATEGIES,  
SCHEDULING, AND MODELING) 

Ultimately, the success of any irrigation system or irri-
gated farming operation is constrained by the irrigation man-
agement, with a heavy emphasis on the human aspect. The 
strategies are often seasonal or longer-term and may have 
various goals (e.g., maximum yield, improved crop quality, 
water conservation, greatest net return) that may interact and 
also may be chosen by the producer or governed by some ex-
ternal constraint. Irrigation scheduling is typically defined as 
determining when and how much to irrigate, and decisions 
are often made in the short-term (e.g., daily or sometimes 
even more frequently). Modeling can be used to evaluate both 
strategies and irrigation scheduling practices. Eight journal 
articles for this ASABE Special Collection were closely re-
lated to this topic, with one article (Andales et al., 2020) pre-
viously discussed in the Evapotranspiration section. 

Managed deficit irrigation is sometimes used as an irriga-
tion strategy when the water resource is limited (e.g., hydro-
logic or institutional constraints) or when the water is expen-
sive and the strategic goal is to maximize net returns for the 
cropped land. A modeling framework for deficit irrigation in 
the western U.S. was described by Trout et al. (2020) for two 
deficit irrigation conditions (i.e., land-limited and water-lim-
ited constraints). The models incorporated both biophysical 
and economic relationships to maximize net returns. The au-
thors pointed out that the sensitivity of net returns to deficit 
irrigation can be decreased with judicious planning for pro-
duction inputs and costs. In addition, even when a deficit 

irrigation strategy reduces overall crop production, it can re-
duce the chance of crop failure and help to ensure at least 
some profitability. 

Progress in irrigation scheduling in the U.S. was the topic 
of three Special Collection journal articles (Butts et al., 
2020; King et al., 2020; Taghvaeian et al., 2020). The pro-
gression of Irrigator Pro, an irrigation scheduling decision 
support system (DSS), was discussed by Butts et al. (2020). 
This DSS began as an expert system and checkbook-based 
scheduler for peanuts and was first implemented on desktop 
personal computers in 1995. Since then, it has been further 
developed with support for corn and cotton irrigation sched-
uling and availability on mobile web-based platforms incor-
porating available weather data and soil water data streams. 
Further advances are planned to incorporate additional data 
streams, such as soil water data from capacitance probes. 

Improved prediction of the crop water stress index 
(CWSI; Idso et al., 1981; Jackson et al., 1981) using artificial 
neural network (ANN) modeling for sugar beet and wine 
grapes was reported by King et al. (2020). They concluded 
that the improved estimation of the reference temperatures 
used in the CWSI calculation allowed effective usage of 
CWSI for these two crops in the study region, provided that 
measurements under wet canopy or low solar radiation are 
disregarded. 

A review of agricultural irrigation scheduling progress 
within the last decade in the U.S., its current status, and its 
anticipated future was provided by Taghvaeian et al. (2020). 
USDA-NASS survey data were used to illustrate that many 
irrigators continue to use qualitative measures to inform ir-
rigation scheduling decisions, rather than quantitative, sci-
ence-based tools. Some improvements have been made in 
adoption in science-based scheduling, particularly with ad-
vances in soil water sensors and the ability to collect and an-
alyze the data. Improvements in decision support systems, 
plant and soil sensors, and the internet of things (IoT) should 
continue to increase the adoption rate of irrigation schedul-
ing but would still benefit from university, state and federal 
agency, and private technical support for training and imple-
mentation. The authors concluded that there are important 
opportunities to develop integrated irrigation scheduling 
strategies combining the various approaches (i.e., soil, plant, 
and weather-based modeling) that are more robust than ex-
isting methods. 

Cotton requires less irrigation than corn and thus has be-
come an irrigated crop of interest in western Kansas despite 
the limited thermal units available for production. Modeling 
was used to examine the effects of crop emergence date, irri-
gation capacity, and irrigation application period on cotton 
production in three western Kansas locations (Baumhardt et 
al., 2020). Earlier emergence generally increased yield and 
water productivity. Greater irrigation capacity usually in-
creased yield, but extending the irrigation period beyond four 
to six weeks was not beneficial. The authors concluded that 
there were some opportunities for cotton production in south-
west Kansas, but not for west central and northwest Kansas. 

Modeling and field experimental data were used to eval-
uate water and nitrogen dynamics in a corn-peanut rotation 
in Florida (Zamora-Re et al., 2020). DSSAT 4.7 (Hoogen-
boom et al., 2019) modeling accurately simulated field data 
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for three irrigation rates and three N fertilizer rates. The sim-
ulations demonstrated that N leaching could be greatly re-
duced (~37%) by limiting N application to 247 kg ha-1 and 
using sensor-based irrigation scheduling as compared to 
conventional practices. 

The Soil and Water Assessment Tool (SWAT) was used 
to estimate soil water at three locations in the U.S. (north-
eastern Indiana, Texas High Plains, and northeastern Colo-
rado) for periods ranging from one to ten years (Hashem et 
al., 2020). The soil water simulations at all three sites were 
deemed unacceptable for use in irrigation management. The 
authors suggested that the SWAT soil water algorithms did 
not accurately simulate soil water redistribution between 
layers for plant water demand and that there was also uncer-
tainty in soil parameterization. 

Irrigation management continues to be a major topic of 
research and extension efforts, as demonstrated by these 
seven studies, and is likely to continue to be so in the future. 
The aforementioned earlier ASABE Special Collections 
(Dukes et al., 2012; Lamm et al., 2016) had a combined total 
of five papers related to this topic. 

IRRIGATION SYSTEMS (SPRINKLER, SURFACE  
GRAVITY, AND MICROIRRIGATION) 

Although irrigation systems by themselves cannot man-
age or conserve water, their appropriate design, operation, 
and management are key factors in optimizing the use of ir-
rigation water. Each of the major system types (i.e., sprin-
kler, surface gravity, and microirrigation) require their own 
appropriate design, operation, and management. Eight jour-
nal articles for this ASABE Special Collection were related 
to this topic. 

During the last decade, the USDA-ARS has worked ex-
tensively on a variable-rate irrigation (VRI) DSS imple-
mented in its patented Irrigation Scheduling Supervisory 
Control and Data Acquisition (ISSCADA) system (Evett et 
al., 2014). The theory and development of the DSS was dis-
cussed by Evett et al. (2020b). Both plant and soil water sen-
sors and research-based algorithms were integrated into the 
DSS and automated irrigation control system. Research ef-
forts at several USDA-ARS sites were important, culminat-
ing in the DSS. The sensor-based DSS software developed 
by the USDA-ARS was named ARSPivot, and the software 
development and its application were discussed by Andrade 
et al. (2020a, 2020b). Using a graphical user interface (GUI), 
ARSPivot assists in the process of setting up and reviewing 
irrigation prescriptions that can be generated automatically 
based on sensor feedback. 

Irrigated potato production on the Texas High Plains was 
evaluated with manual irrigation and ISSCADA-controlled 
irrigation in a two-year field study (O’Shaughnessy et al., 
2020). The authors reported that ISSCADA-controlled irri-
gation resulted in fewer irrigation events in a drier growing 
season (2018) and in similar or better potato yields in a wet-
ter season (2019). They concluded that further research was 
warranted to develop better soil water criteria for triggering 
ISSCADA-controlled irrigation. Irrigated soybean produc-
tion was evaluated with ISSCADA-controlled irrigation and 
a soil electrical conductivity (EC) based method in Missis-
sippi (Sui et al., 2020), and the authors found that the 

ISSCADA method reduced irrigation water use and in-
creased irrigation water productivity. VRI for corn produc-
tion on the U.S. Eastern Coastal Plain was evaluated for two 
different implementations of the ISSCADA system (Stone et 
al., 2020). The authors reported greater corn yields and less 
irrigation requirements for a hybrid implementation of 
ISSCADA that included soil water depletion criteria as com-
pared to the standard ISSCADA. Research to further develop 
and implement the DSS continues at the USDA-ARS. 

As discussed earlier, the Mid-South region of the U.S. has 
experienced much growth in irrigated land area, mostly with 
surface irrigation. A review of surface irrigation in the lower 
Mississippi River basin was provided by Reba and Massey 
(2020). Noting that 90% of the irrigation water applied to 
4 Mha of cropland is from groundwater, they detailed ongo-
ing efforts to address the overdraft of the alluvial aquifer 
(i.e., Mississippi River source). Irrigation innovations in-
clude system improvements (e.g., land grading, pump auto-
mation, improved in-field application), management strate-
gies (e.g., changes to rice flooding), and institutional efforts 
(e.g., flowmeter requirements and water permits). 

The use of subsurface drip irrigation (SDI) continues to 
increase in the U.S. and has been the subject of a considera-
ble amount of research during the last decade, as discussed 
in a comprehensive review by Lamm et al. (2021). Research 
from 2010 through 2020 within the U.S. for SDI cotton, 
grain and oilseed crops, horticultural, forage, and turf crops 
is summarized in their review. Persistent challenges (e.g., ro-
dent damage, germination and crop establishment, clogging) 
still exist, but opportunities for further adoption also exist 
(e.g., increased crop yield or quality, increased water 
productivity, use of effluents, reduction in greenhouse gas 
emissions, integrated and intensified crop production). 

Integrated use of advanced irrigation management strate-
gies and/or other irrigation technologies (e.g., crop physiol-
ogy algorithms, cultivar selection, cultural practices, agro-
chemical applications, weather monitoring, soil and plant wa-
ter sensors, irrigation control systems, etc.) with these ad-
vances in the design, operation, and management of irrigation 
systems is likely to continue to be a fruitful research topic in 
the coming decade. These eight journal articles in this 
ASABE Special Collection are illustrative of just some of the 
progress of the last decade. The aforementioned earlier 
ASABE Special Collections (Dukes et al., 2012; Lamm et al., 
2016) had a combined total of 13 papers related to this topic. 

TURF AND LANDSCAPE IRRIGATION 
Irrigation for turf and landscape is a major use of munic-

ipal water in the U.S. and continues to be scrutinized by wa-
ter planners and regulators looking for additional ways to 
conserve water. Four journal articles in this Special Collec-
tion were related to turf and landscape irrigation, three con-
cerning irrigation controllers (Cardenas et al., 2020; Conger 
and Dukes, 2020; Dukes, 2020), and the other article (Allen 
et al., 2020b) was previously discussed in the Evapotranspi-
ration section. 

A comprehensive review of smart irrigation controllers 
for turf and landscape irrigation was discussed by Dukes 
(2020). When irrigation savings were reported (12 of 
17 studies), the average savings in research plots was 51%, 
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but savings for residential systems averaged only 30%. In 
the five studies reporting increased irrigation with smart con-
trollers, the primary reasons appeared to be controller usage 
at sites where irrigation needs were low and in cases where 
the controller programming was not optimized. The im-
portance of human factors was documented, and it was con-
cluded that consumer education remains a key factor in 
achieving water conservation. 

A two-year research study in Florida with smart irrigation 
technologies and a smart phone application (SP) was dis-
cussed by Cardenas et al. (2020). Irrigation treatments based 
on the advanced technologies [i.e., soil moisture sensor 
(SMS), estimated ET, or SP] saved approximately 30% to 
65% more water than traditional time-based irrigation control. 
The reasons for water savings with the advanced technologies 
varied, with fewer irrigation events attributed to SMS, reduced 
irrigation depths for ET, and a combination of the two reasons 
for SP. The authors reported that the economic payback for 
the advanced technologies ranged from 0 to 12 months. 

The performance of the Smart Water Application Tech-
nologies testing protocol for weather-based irrigation con-
trollers for turf and landscape in Florida was evaluated by 
Conger and Dukes (2020). They found deficiencies in the 
reproducibility and transferability of results. Some of the de-
ficiencies were related to inadequate documentation of the 
protocol, controller setup and programming, order of opera-
tions, and availability of weather data. They suggested po-
tential improvements to the testing protocol. 

These three articles along with the fourth article discussed 
earlier (Allen et al., 2020b) highlight some of the research 
progress in turf and landscape irrigation since the 5th Decen-
nial NIS in 2010. The aforementioned earlier ASABE Spe-
cial Collections (Dukes et al., 2012; Lamm et al., 2016) had 
a combined total of eight papers related to this topic. 

TECHNOLOGY AND INNOVATION (SENSORS,  
TECHNOLOGY USAGE AND ADOPTION,  
EXTENSION/EDUCATION) 

Advances in irrigation technology [e.g., sensors, irriga-
tion controllers, unmanned aerial systems (UAS)] and its 
adoption and the availability of innovative research, exten-
sion, and education programs in irrigation science were key 
factors in the progress of irrigation management in the U.S. 
during the past decade. Seven journal articles from this 
ASABE Special Collection are discussed in this section, but 
ten additional articles (Andrade et al., 2020a, 2020b; Car-
denas et al., 2020; Conger and Dukes, 2020; Dukes, 2020; 
Evett et al., 2020b; Lena et al., 2020; O’Shaughnessy et al., 
2020; Stone et al., 2020; Sui et al., 2020) discussed in other 
sections of this article easily overlap with this topic. 

The use of soil water sensors for scheduling agricultural 
irrigation is growing in the U.S. The within-field variability 
in granular matrix soil water sensor data was examined in a 
field study in Mississippi (Lo et al., 2020). The authors 
found that variability was greater for individual depths than 
for the complete soil profile, and that variability increased as 
the soil water decreased. They proposed a probabilistic con-
ceptual framework to interpret the variability in the soil wa-
ter data. They concluded that if the irrigation scheduling goal 
is to maintain adequate soil water for a specific fraction of 

the irrigated field, then the advantage of adding additional 
soil water sensors may not be as useful as anticipated. 

The development of a wireless sensor network (WSN) for 
monitoring remote rice production fields in the Mid-South 
U.S. was discussed by Chiu and Reba (2020). The WSN in 
this implementation included data from soil water sensors 
and water level data (i.e., depth in flooded rice fields) ob-
tained with ultrasonic sensors. The authors found significant 
relationships between automated and manual measurements 
of water level data for three different irrigated rice produc-
tion methods that are used in the Mid-South. Problems with 
field installation and maintenance of the water depth sensors 
and potential solutions were discussed. The authors con-
cluded that the WSN with various sensors and appropriate 
installation and maintenance could provide real-time infor-
mation useful for management of irrigated rice production. 

Advances in the last decade in the use of UAS for irriga-
tion management in the western U.S. were the subject of a 
review (Chávez et al., 2020). The authors found that, despite 
the advances, further improvements are needed in UAS plat-
forms, sensor integration, processing software, and govern-
ment regulation. They concluded that further advances in 
UAS adoption and implementation for irrigation scheduling 
could be augmented through better integration of multiple 
sensor data streams (i.e., UAS, ground-based, satellite sen-
sors). As these data streams are becoming more readily 
available, data science will be a key factor in processing, 
analysis, and interpretation of such large volumes of data. 

The increased water productivity for U.S. cotton during 
the last 40 years was attributed to a combination of improved 
irrigation systems and associated technologies, irrigation 
scheduling and management, and changes in cultivars in a 
comprehensive review (Barnes et al., 2020). Irrigation sys-
tems and adoption of associated technology varied across the 
southern cotton production regions, with local climate, water 
availability, soils, and topography having an important influ-
ence. The authors reported 2018 USDA-NASS data indicat-
ing that nearly 60% of the irrigated cotton in the U.S. uses 
sprinkler irrigation and that approximately 36% of the 
4.1 Mha of cotton nationwide is irrigated. They concluded 
that water productivity improvements for cotton during the 
last 40 years must continue due to stressed water resources 
and climate variability, and will continue due to further ad-
vances in irrigation systems and associated technologies and 
through genetic gains. 

The challenges and opportunities for education in irriga-
tion engineering were discussed in a perspective article by 
Porter et al. (2020). They found that declining enrollments 
and a declining number of university degree programs were 
having a negative impact on the availability of irrigation en-
gineering expertise. While shorter-term technical degree and 
certificate programs can fill some of these gaps, it is im-
portant that qualified irrigation engineers be developed to 
address present and emerging national and international 
challenges in irrigated agriculture. Extension and other edu-
cation programs are continuing to evolve to provide the 
skills needed by end-users and are often available in both on-
demand internet-based and social media-based formats. The 
authors concluded that current knowledge gaps and research 
time lags can cause restlessness among some end-users and 
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that the problem increases the potential for misimplementa-
tion of technologies and products that have little scientific 
basis in fact. 

An innovative extension method in Arkansas, the “most 
crop per drop” contest, was described by Henry et al. (2020). 
The contest promoted the adoption of surge irrigation, soil 
water monitoring, computerized hole selection for poly-pipe 
furrow irrigation, and multiple inlet rice irrigation. Using a 
modified calculation of water use efficiency (WUE) as a 
metric, the authors found that the contest winners (i.e., those 
with the greatest WUE) did not always have the greatest 
corn, soybean, or rice yields. Cash prizes and donated indus-
try products averaging $60,000 per year were presented to 
the contest winners at an Arkansas conservation conference. 
The authors found that contest participants increased adop-
tion of computerized hole selection by 33%, surge irrigation 
by 28%, and soil water monitoring by 51%, and concluded 
that all contest participants were “winners” through im-
proved water management. 

Innovative extension programs in the Great Plains and 
Southeast U.S. to promote improved irrigation management 
were described by Rudnick et al. (2020). They reported that 
university extension is serving a larger number of irrigated 
farms as technology becomes more complex and the stress 
on water resources increases. They also noted that there has 
been a transition away from typical lectures and field tours 
for information delivery and knowledge transfer. Newer ex-
tension programs have focused on experiential learning, de-
velopment of practitioner networks, and industry participa-
tion. The ability of practitioners to interact with each other, 
with university and agency staff, and with industry seems to 
promote individual responsibility and the sustainability of 
adopted practices. 

The seven papers discussed in this section and the ten re-
lated papers discussed in other sections of this article com-
prise a sizable body of important research and extension ef-
forts in technology and innovation. The aforementioned ear-
lier ASABE Special Collections (Dukes et al., 2012; Lamm 
et al., 2016) had a combined total of twelve papers related to 
this topic. 

IRRIGATION IN THE HUMID REGION 
Nearly 30% of the total irrigated land area in the U.S. is 

located in the eastern humid states, and the area continues to 
increase (USDA-NASS, 2018). Overall, eight journal arti-
cles for this ASABE Special Collection were related to agri-
cultural irrigation in the humid region, with three articles 
specifically discussed in this section (Leib et al., 2020; Lena 
et al., 2020; Reinhart et al., 2020). The other five articles 
were discussed in the Technology and Innovation section 
(Chiu and Reba, 2020; Henry, et al., 2020; Lo et al., 2020), 
the Irrigation Systems section (Reba and Massey, 2020), and 
the Irrigation Management section (Zamora-Re et al., 2020). 

Plant water stress criteria [CWSI and temperature-time 
threshold (TTT)] were evaluated in a humid subtropical cli-
mate for irrigated corn production in Alabama (Lena et al., 
2020). In a season with more sparse rainfall events, both 
CWSI and corn yield were significantly affected by irrigation 
treatment, but not so in a season with more evenly distributed 
rainfall. The authors concluded that further study was needed 

to develop CWSI threshold values for irrigated corn in this 
region. They found that the TTT method did not work well 
for irrigation management in this region, whether or not the 
additional limiting relative humidity factor was considered. 

Rainwater harvesting (RWH) was sufficient to meet irri-
gation needs for high tunnels (i.e., simple greenhouse struc-
tures using plastic film) in Tennessee (Leib et al., 2020) in a 
comparison of three different RWH systems (gravity flow, 
solar transfer pumping, and solar battery-powered pump-
ing). The authors concluded that the costs of the three tested 
RWH systems were not competitive with the cost of using 
alternative water sources. Other potential RWH systems 
with lower initial costs were identified but remain untested. 

Combining tile drainage and subirrigation is gaining in-
terest in the midwestern U.S. and is termed drainage water 
recycling (DWR). An open-source online software tool 
(Evaluating Drainage Water Recycling Decisions, EDWRD) 
was developed to evaluate the potential irrigation and water 
quality benefits (Reinhart et al., 2020). Global sensitivity 
analysis indicated that the model was most sensitive to the 
input parameters controlling total available water. 

These three articles along with the other five articles dis-
cussed in other sections of this article demonstrate just some 
of the breadth of irrigation research and extension activities 
occurring in the humid region. Although agriculture irriga-
tion in the humid region was not a specific topic in the earlier 
ASABE Special Collections (Dukes et al., 2012; Lamm et 
al., 2016), four journal articles in those earlier collections 
would fit this topic. 

WATER SUPPLY 
In the western U.S., irrigation development was often 

achieved through a combination of private and public part-
nership. A case study of the Twin Falls Canal Company 
(TFCC), which began delivering water in Idaho in 1905, was 
discussed by Bjorneberg et al. (2020). They reported the 
early struggles of the TFCC (e.g., financial struggles, water-
logged soils) and the current challenges (e.g., chronic ero-
sion from furrow irrigation, excessive nutrient losses in irri-
gation return flows). Although water quality of return flows 
has improved greatly in the last 30 years, more can be done 
to further improve water quality in the Snake River. The 
presence of six hydroelectric facilities on the TFCC im-
proves the long-term viability of the project. There were no 
journal articles closely related to water supply issues in the 
earlier ASABE Special Collections. 

CONCLUSIONS 
The irrigated land area in the U.S. appears to have grown 

slightly in the last decade, but the top ten states have seen a 
slight decline (~2%) in land area, while the bottom 40 states 
have increased their irrigated land area (~13%). Irrigation in 
the primary Mid-South states adjacent to the Mississippi 
River now totals 4 Mha, and the irrigated land area in the 
humid eastern U.S. is 36% of the total irrigated land area. 
Pressurized irrigation (i.e., sprinkler and microirrigation) 
comprises about 65% of the total irrigated area, and the sur-
face gravity irrigated land area continues to decline. 
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At the time of this writing, it is anticipated that approxi-
mately 80 papers will be presented at the 6th Decennial NIS, 
scheduled for December 2021 in San Diego, California. This 
total includes 36 journal articles published in 2020 and 2021 
as part of an ASABE Special Collection. These 36 articles are 
described in this introductory article. This Special Collection 
is the largest thus far in ASABE history and includes nine re-
view articles, 24 research articles, one research brief, and two 
perspective articles. The progress in irrigation research and 
extension in the last decade and its current status in the U.S. 
suggest a good vision for the future of irrigation beyond 2020. 
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