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Introduction

This annual report provides the required information for projects funded with 2015 USGS 104B base grant
and mandatory non-federal matching funds. Please note that there may be some overlap in information with
our 2014 report because data collection is based on a July-June fiscal year rather than the March-February
USGS Grant Award period.

The New Mexico Water Resources Research Institute (NM WRRI) was established in 1963 by the New
Mexico State University Board of Regents, becoming one of the first of the 54 state institutes approved
nationwide under the authorization of the 1964 Water Resources Research Act. It is considered to be the
statewide nucleus for coordinating water resources research. In 2005, the New Mexico state legislature gave
NM WRRI statutory authority. Using the expertise of researchers in a variety of disciplines at state-supported
universities, the institute is able to respond to the critical water needs of New Mexico and the region. It
operates under the general advice of a Program Development and Review Board, whose membership includes
faculty representatives as well as state and federal agency personnel.

The mission of the NM WRRI is to develop and disseminate knowledge that will assist the state, region, and
nation in solving water resources problems. Specifically, the institute encourages university faculty statewide
to pursue critical areas of water resources research while providing training opportunities for students who
will become our future water resources scientists, technicians, and managers. It provides an outlet for
transferring research findings and other related information to keep water managers and the general public
informed about new technology and research advances. In addition, the institute maintains a unique
infrastructure that links it with many federal, state, regional, and local entities to provide expertise and
specialized assistance.

The institute maintains a dynamic program to transfer technical information from the producer to the user and
the public. Technical publications, newsletters, conferences, press announcements, and presentations keep
practitioners aware of new technology and research advances. The NM WRRI homepage
(http://nmwrri.nmsu.edu/) provides online information about the institute, newsletters, technical report series,
requests for proposals, upcoming conferences and symposia, links to related entities, research reference
library, and special projects such as Produced Water and the Statewide Water Assessment. The institute's
website was redesigned in 2015 and is being maintained daily.

New Mexico is one of the driest states in the nation, averaging no more than 20 inches of precipitation a year,
varying from about 6.5 inches in the Four Corners area to more than 30 inches in the high mountains. The
relative humidity is low, resulting in a high rate of evaporation. Summer rain accounts for almost half of the
annual precipitation other than in the high mountains. Widely varied precipitation contributes as much to a
water allocation problem as water scarcity itself. To compound the situation, New Mexico, like much of the
West, continues to suffer from the worst drought in 100 years or longer. As of April 2016, 44 percent of New
Mexico was in moderate drought status, with 469,230 residents, or 23 percent of its total population, living in
drought affected areas. Long-term drought persists across the Southwest, and warm and dry weather has
further exacerbated regional drought. It was hoped that a strong El Niño might help ameliorate drought
conditions. Instead, 2015-2016 winter precipitation patterns looked more La Niña than El Niño, and water
year precipitation, along with snowpack and reservoir storage, is unexpectedly average to below-average in
much of the region. Forecasters see the drought impacts continuing for a significant amount of time with
future water supplies not meeting future water demand in the state.

In 2014, New Mexico's State Legislature funded a New Mexico Universities Working Group to look at the
state's water supply vulnerabilities. The Group was asked to (1) assess the current status of water supply and
demand after years of severe drought in New Mexico; (2) put the current drought into long-term context with
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reduced surface water, groundwater depletions, and economic activity; and (3) develop a list of vulnerabilities
and promote policy strategies to mitigate these vulnerabilities. The research focused on the Lower Rio
Grande. The Groups Final Report to the Interim Committee on Water and Natural Resources was presented in
August 31, 2015. The report includes an executive summary with Key Findings, Recommendations, and
Principal Vulnerabilities and is available on the NM WRRI website at:
http://nmwrri.nmsu.edu/wp-content/uploads/2015/publish/otherrpt/DroughtWorkingGroupReport_Final.pdf

Solving the dire and complex water problems facing New Mexico and the Southwest requires the highest
quality research and the NM WRRI is dedicated to assisting in this effort.
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Research Program Introduction

The primary objective of the New Mexico Water Resources Research Institute is to maintain a balanced
program of research that addresses water issues and problems critical to New Mexico, the region, and the
nation. In administering this program, the institute relies on financial support from state appropriations,
federal and state agencies, and the USGS Water Resources Research Institute Annual Base Program (USGS
104B).

To make the best use of limited resources, the institute has targeted four areas as high priority for funding:
water conservation, planning and management; atmospheric, surface and groundwater relationships; water
quality; and utilization of saline and other impaired waters. During the reporting period, five projects received
funding from the 2015 Annual Base Program. Three of these projects fit into the water conservation, planning
and management category: "WRRI Information Transfer Program," "Geographic Information System for
Water Resources Planning," and "Measuring the Impact of Rate Increases on Consumer Acceptance of
Potable Water Reuse Options in the Albuquerque Area." A water quality project was supported, "Arsenic
Removal from Water by Porous Polymers" and a project that focused on saline and other impaired waters,
"Self-Sustaining Produced Water Treatment for Concurrent Renewable Energy Production, Desalination, and
Organic Removal." In addition, multiyear projects that terminated during the reporting period, received
supplemental funding through the USGS, "Monitoring and Forecasting Climate, Water and Land Use for
Food Production in Afghanistan," "Monitoring and Forecasting Climate, Water, and Land Use for Food
Production and Business Development in Iraq," and "Groundwater Exploration, Assessment and Monitoring
for Humanitarian Assistance in Ethiopia." A new supplemental project started during the reporting period,
"Drought in the West: Elements of Successful Science to Improve Water Management and Address
Nationally Important Issues Through the USGS-NIWR Partnership."

During the reporting period, March 1, 2015 through February 29, 2016, the NM WRRI administered a total of
57 projects dealing primarily with water planning and management issues as well as water quality. The total
value of these projects was $1,260,280. Dollar amounts per project award ranged from a Student Water
Research Grant on groundwater recharge of $3,194 to a project in the amount of $224,092 supported by the
National Science Foundation focusing on ways to improve efficiency of sustainable energy resources in New
Mexico while minimizing water impacts. During the reporting period, 14 projects were conducted at New
Mexico State University, 14 at the University of New Mexico, 11 at New Mexico Tech, 2 at New Mexico
Highlands University, 2 at Eastern New Mexico University, one with the USGS, one with a private entity, and
two in-house 104B projects. NM WRRI staff managed 12 additional projects.

Of the five projects receiving USGS 104B funding during the reporting period, three were made to New
Mexico faculty researchers (the other two projects are in-house efforts, i.e., GIS and Information Transfer
programs). All three of the research projects were led by junior faculty at the assistant professor rank.

USGS 104b and USGS Supplemental funded projects administered by the NM WRRI utilized 21 students
during the year including undergraduates, masters, and Ph.D. students in the diverse disciplines of agricultural
economics, chemical engineering, civil engineering, community and regional planning, engineering
technology, environmental engineering, finance, geography, computer science, mechanical engineering, water
science, water management, and water resources.

Projects administered by the NM Water Resources Research Institute during the reporting period are listed
below. Note that total award value is shown and includes both agency and cost sharing when appropriate, and
can include multi-year funding.
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Monitoring and forecasting climate, water and land use for food production in Afghanistan, Phase I - USGS
Supplemental $0 for reporting period; terminating program

Monitoring and forecasting climate, water and land use for food production in Afghanistan, Phase 2 - USGS
(non WRRA) $0 for reporting period; terminating program

Monitoring and forecasting climate, water, and land use for food production and business development in
Iraq, USGS Supplemental (extended) $0 for reporting period; terminating program

Groundwater exploration, assessment and monitoring for humanitarian assistance in Ethiopia USGS
Supplemental $406 for reporting period; terminating program

Effects of ground heat flux on a transitional snowpack in the arid Southwest climate, NM State appropriation,
student grant $5,717

Using chloride mass balance to quantify groundwater recharge in the mountains of New Mexico, NM State
appropriation, student grant $3,193

Fire ash influences on aquatic primary producers through changes in water quality, NM State appropriation,
student grant $5,220

Temporal analysis of non-snow fed streams in New Mexico, NM State appropriation, student grant $5,771

Water politics and cultural difference: Fostering community relationships to promote environmental health
and community wellbeing in times of drought, NM State appropriation, student grant $5,815

Evaluation of impacts of silvicultural operations such as thinning treatments on water quality and quantity in
New Mexico forests, NM State appropriation, student grant $5,823

Real time monitoring of flood control dams for emergency action management, NM State appropriation,
student grant $5,932

3-D bathymetric model of a shallow lagoon measured by a solar powered low-cost autonomous surface
vehicle prototype in Cuauhtemoc, Chihuahua, Mexico, NM State appropriation, student grant $5,937

How does nutrient processing change along a river continuum? NM State appropriation, student grant $5,938

Evaluating the impacts of particulate matter deposition on snow melt processes in the Upper Rio Grande, NM,
NM State appropriation, student grant $5,938

Effects of turbidity on group cohesion in Sand Shiners and Red Shiners from the Pecos River in New Mexico,
NM State appropriation, student grant $5,973

Development of a design and calibration manual for simple flow measurement devices in open channel, NM
State appropriation, student grant $5,978D

Development of a bio-indicator to assess water quality in ephemeral ponds, NM State appropriation, student
grant $5,989

Hydro-Weirs: A technology for low-head hydropower generation, NM State appropriation, student grant
$5,990
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Linking forests to faucets: Investigating alternative approaches for securing long-term funding for watershed
restoration in New Mexico, NM State appropriation, student grant $5,994

Assessment of water quality in the irrigation drainage canals as a source of reusable irrigation water, NM
State appropriation, student grant $5,994

Application of HydroGeoSphere to model climate change effects on three-dimensional hydrological processes
in the Valles Caldera, New Mexico, NM State appropriation, student grant $5,994

Potential interactions of turbidity and water velocity on group cohesion in cyprinid fishes from two NM river
drainages (Pecos and Canadian Rivers), NM State appropriation, student grant $5,994

Measuring the impact of rate increases on consumer acceptance of potable water reuse options in the
Albuquerque Area, NM State appropriation, student grant $5,995

Combining empirical relationships with data-based mechanistic modeling to inform solute tracer
investigations across stream orders, NM State appropriation, student grant $6,000

5 cents is still a lot: New generation of anti-bacterial absorbents based on functionalized cellulose aerogels for
water treatment in rural areas, NM State appropriation, student grant $6,000

Development of calibration procedures for large aperture scintillometers for validation of statewide NM ET
maps, NM State appropriation, student grant $6,000

Aquatic and morphological assessment of the Gallinas River within the Las Vegas, New Mexico city limits,
NM State appropriation, student grant $6,000

Cost-efficient detection of endocrine-disrupting compounds in drinking water, NM State appropriation,
student grant $6,000

Test of the new LAS MkII Scintillometer for validation of statewide New Mexico evapotranspiration maps,
NM State appropriation, student grant $6,000

Implementation of drip irrigation system facilitates collaboration between future agricultural leaders, NM
State appropriation, student grant $6,000

The detection of antibiotic resistant bacteria (ARB) in the Gallinas River, NM State appropriation, student
grant $6,000

Submerged aquatic macrophytes - Ecosystem engineers in New Mexico mountain streams � Effects of forest
fire, NM State appropriation, student grant $6,000

Enhanced photocatalysis for water purification and disinfection using optical fibers coated with
nanocomposite thin films, NM State appropriation, student grant $6,105

Geographical Information System for water resources planning, USGS 104B $13,306

Information Transfer Program, USGS 104B $15,776

Arsenic removal from water by porous polymers, USGS 104B $20,547
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Implementing a web-based streamflow statistics tool for New Mexico (stream states) � Yr 2, NM State
Appropriations, $22,600

Drought, salinity, and invasive plants: A new model for sustainable water management, NM State
Appropriations, $29,070

Doing hydrology backwards in New Mexico to estimate a statewide water budget, NM State Appropriations,
$29,904

Improving evapotranspiration estimation using remote sensing technology - Year 2, NM State Appropriations,
$29,970

Policy alternative for controlling nitrate pollution from New Mexico's dairies, NM State Appropriations,
$29,978

Assessment of water table and water quality variations with respect to river flow along Rio Grande between
Garfield NM and Fabens TX, NM State Appropriations, $29,981

Identification of law and policy options for best water management practices, NM State Appropriation,
$29,996

Understanding the Costs of Arid Inland Communities' Potable Water Reuse Options, USGS 104B $30,000

Self-sustaining produced water treatment for concurrent renewable energy production, desalination and
organic removal, USGS 104B $30,000

Comparison of operational precipitation and evapotranspiration products for statewide water assessment, NM
State Appropriations, $30,000

Characterization of produced water in New Mexico - Yr 2, NM State Appropriations, $30,003

New Mexico statewide water assessment: Soil water balance method for statewide evapotranspiration
assessment - Year 2, NM State Appropriations, $36,434

Research for the Development and Use of Alternative Water Supplies, Bureau of Reclamation, $40,725

Recharge quantification and recharge model assessment for the State of New Mexico - Yr 2, $41,901

Groundwater level and storage changes in alluvial basins along the Rio Grande, New Mexico - Yr 2, NM
State Appropriations, $41,945

A dynamic statewide water budget for New Mexico - Yr 2, NM State Appropriations, $49,905Sustaining the
environment at the New Mexico-Chihuahua Border, New Mexico Environment Department, $60,644

The Feasibility of Utilizing Produced Water to Improve Drinking Water Supply in Southeastern New Mexico,
New Mexico Environment Department, $73,257

Impact of drought on household water quality in rural southern New Mexico, New Mexico Department of
Health, $75,000

Chihuahuan Desert Network Administrative Support, National Park Service $75,548
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New Mexico's Experimental Program to Stimulate Competitive Research (EPSCoR) - Social and Natural
Science Nexus, National Science Foundation $224,092
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Monitoring and Forecasting Climate, Water and Land Use
for Food Production in Afghanistan

Basic Information

Title: Monitoring and Forecasting Climate, Water and Land Use for Food Production in
Afghanistan

Project Number: 2008NM114S
USGS Grant Number: 08HQAG0146

Sponsoring Agency: None
Start Date: 9/22/2008
End Date: 7/21/2015

Funding Source: Supplemental
Congressional

District: 2

Research Category: Climate and Hydrologic Processes
Focus Category: None, None, None

Descriptors: Afghanistan, crop growth, agriculture, economics
Principal

Investigators: Alexander G. Fernald, Frank Ward

Publications

Torell, G. and F.A. Ward, 2010, Improved Water Institutions for Food Security and Rural Livelihoods
in Afghanistan's Balkh River Basin, International Journal of Water Resources Development,
26,4,613-637.

1. 

Ward, F.A., 2012. Cost benefit and water resources policy: A survey. Water Policy. 14:250-280.2. 
Torell, G. and F.A. Ward, 2010, Improved Water Institutions for Food Security and Rural Livelihoods
in Afghanistan's Balkh River Basin, International Journal of Water Resources Development,
26,4,613-637.

3. 

Ward, F.A., 2012. Cost benefit and water resources policy: A survey. Water Policy. 14:250-280.4. 
Shahruh Jalilov, Saud Amer, and Frank Ward, "Reducing Conflict in the Development and Allocation
of Transboundary Waters," Eurasian Geography and Economics, April 2013.

5. 

Abdelaziz Gohar, Saud Amer, and Frank Ward, "Economic Performance of Water Storage Capacity
Expansion for Food Security," Journal of Hydrology, January 2013.

6. 

Frank Ward, Saud Amer, and Fahim Ziaee, Water Allocation Rules in Afghanistan for Improved
Food Security, Food Security, November 2013.

7. 

Torell, G. and F.A. Ward, 2010, Improved Water Institutions for Food Security and Rural Livelihoods
in Afghanistan's Balkh River Basin, International Journal of Water Resources Development,
26,4,613-637.

8. 

Ward, F.A., 2012. Cost benefit and water resources policy: A survey. Water Policy. 14:250-280.9. 
Jalilov, S-M, S.A. Amer, and F.A. Ward, 2013, Reducing Conflict in the Development and Allocation
of Transboundary Rivers, Eurasian Geography and Economics, pp. 1-32.

10. 

Abdelaziz A.G., F.A. Ward, and S.A. Amer, 2013, Economic Performance of Water Storage Capacity
Expansion for Food Security, Journal of Hydrology, Vol. 484, pp. 16-25.

11. 

Ward, F.A., S. Amer, and F. Ziaee, 2013, Water Allocation Rules in Afghanistan for Improved Food
Security, Food Security, November 2013.

12. 
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Shokhrukh-Mirzo, J., S.A. Amer, and F.A. Ward, 2013, Water, Food, and Energy Security: An
Elusive Search for Balance in Central Asia, Water Resources Management, Vol. 27, pp. 3959-3979.

13. 

Torell, G. and F.A. Ward, 2010, Improved Water Institutions for Food Security and Rural Livelihoods
in Afghanistan's Balkh River Basin, International Journal of Water Resources Development,
26,4,613-637.

14. 

Ward, F.A., 2012. Cost benefit and water resources policy: A survey. Water Policy. 14:250-280.15. 
Jalilov, S-M, S.A. Amer, and F.A. Ward, 2013, Reducing Conflict in the Development and Allocation
of Transboundary Rivers, Eurasian Geography and Economics, pp. 1-32.

16. 

Abdelaziz A.G., F.A. Ward, and S.A. Amer, 2013, Economic Performance of Water Storage Capacity
Expansion for Food Security, Journal of Hydrology, Vol. 484, pp. 16-25.

17. 

Ward, F.A., S. Amer, and F. Ziaee, 2013, Water Allocation Rules in Afghanistan for Improved Food
Security, Food Security, November 2013.

18. 

Shokhrukh-Mirzo, J., S.A. Amer, and F.A. Ward, 2013, Water, Food, and Energy Security: An
Elusive Search for Balance in Central Asia, Water Resources Management, Vol. 27, pp. 3959-3979.

19. 

Abdelaziz A. Gohar, S.A. Amer, and F.A. Ward, 2015, �Irrigation Infrastructure and Water
Appropriation Rules for Food Security,� Journal of Hydrology, 520, 85-100.

20. 

Torell, G. and F.A. Ward, 2010, Improved Water Institutions for Food Security and Rural Livelihoods
in Afghanistan's Balkh River Basin, International Journal of Water Resources Development,
26,4,613-637.

21. 

Ward, F.A., 2012. Cost benefit and water resources policy: A survey. Water Policy. 14:250-280.22. 
Jalilov, S-M, S.A. Amer, and F.A. Ward, 2013, Reducing Conflict in the Development and Allocation
of Transboundary Rivers, Eurasian Geography and Economics, pp. 1-32.

23. 

Abdelaziz A.G., F.A. Ward, and S.A. Amer, 2013, Economic Performance of Water Storage Capacity
Expansion for Food Security, Journal of Hydrology, Vol. 484, pp. 16-25.

24. 

Ward, F.A., S. Amer, and F. Ziaee, 2013, Water Allocation Rules in Afghanistan for Improved Food
Security, Food Security, November 2013.

25. 

Shokhrukh-Mirzo, J., S.A. Amer, and F.A. Ward, 2013, Water, Food, and Energy Security: An
Elusive Search for Balance in Central Asia, "Water Resources Management," Vol. 27, pp. 3959-3979.

26. 

Abdelaziz A. Gohar, S.A. Amer, and F.A. Ward, 2015, �Irrigation Infrastructure and Water
Appropriation Rules for Food Security,� "Journal of Hydrology," 520, 85-100.

27. 
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Brief description of problem and research objectives 
 
This cooperative agreement between NMSU and USGS supported reducing food poverty 
through development of improved irrigation systems and institutions in Afghanistan. 
Activities focused on the application and development of techniques for monitoring the 
physical variables governing crop growth, such as timing and level of precipitation, 
evapotranspiration and temperature, along with human-related factors such as cropped 
area, agricultural inputs, and economic indicators. 
 
These data have been integrated into an analysis of policy options for improving farm 
income, rural food security, and improved livelihoods. Recent work has developed and 
applied a framework to inform farmers, extension personnel, mirabs, and ministry 
personnel on uses of land and water resources in the Balkh River Basin to improve farm 
income and reduce food poverty. 
 
Three journal articles have been published and two more are currently under review 
summarizing connections between irrigation institutions and food poverty in Afghanistan. 
The research examined the development of irrigation institutions that could contribute to 
reducing food poverty by improved water allocation among canals. 
 
Brief description of methodology 
 
Funding under Agromet has supported the following activities: 
 
Installation of 113 weather observation sites: 
1) all 113 observation sites are recording daily rain and snow;  
2) 80 of 113 sites are reporting in addition to rain and snow on crops (wheat, rice, barley 
and maize) and pasture and grazing twice a month (fortnightly forms) including crop 
condition (all the weather adverse factors, shortage of inputs, weed, pests and diseases 
infestations) and crop phonological stages (including land preparation) in addition to 
areas planted (% of the total by agricultural zone), planting and harvesting dates in 
addition to the expected yields during the agricultural year and final obtained yields after 
the harvesting; and 
3) of 113 sites, 21 sites are complete agrometeorological stations (three observations 
daily), with 19 classical stations recording seven weather parameters and five automatic 
stations that can report on up to 20 weather parameters daily. 
 
Using weather, hydrologic, agronomic, and economic data, several arrangements for 
allocating water through an existing network of irrigation canals were analyzed for their 
impacts on land and water use, farm profitability, and food security at both the canal and 
basin levels. 
 
Principal findings and significance 
 
Findings show that total water supply and institutional arrangements for allocating water 
during periods of shortages have important influences on farm income and food security. 



The methods used and results found provide a framework for informing decisions on the 
sustainable use of land and water for improved food security and rural livelihoods in the 
developing world’s irrigated areas. 
 
An article was recently published in the journal Food Security, summarizing findings that 
indicate that a proportional sharing of shortages in periods of drought combined with 
water trading is the best method for assuring both food security and farm income in the 
Balkh Basin, Afghanistan. 
 
Work this year also examined potential economic benefits of additional reservoir storage 
that could be developed in the Balkh Basin, Afghanistan. A paper on that work was 
recently published in the Journal of Hydrology in January 2013. 



Monitoring and Forecasting Climate, Water, and Land Use
for Food Production and Business Development in Iraq

Basic Information

Title: Monitoring and Forecasting Climate, Water, and Land Use for Food Production and
Business Development in Iraq

Project Number: 2010NM123S
USGS Grant

Number: G10AC00516

Sponsoring Agency: None
Start Date: 9/1/2010
End Date: 8/31/2015

Funding Source: Supplemental
Congressional

District: 2

Research Category: Climate and Hydrologic Processes
Focus Category: Drought, Water Use, Management and Planning

Descriptors: Forecasting, Climate, Water Use, Land Use, Agriculture, Drought
Principal

Investigators: Alexander G. Fernald, Frank Ward

Publications

Water Rights Systems for Adapting to Shortage (under review, Journal of the American Water
Resources Association)

1. 

Salman, D.A., S.A. Amer, and F.A. Ward, 2014, Water Appropriation Systems for Adapting to Water
Shortages in Iraq, Journal of the American Water Resources Association, pp. 1-18.

2. 

Salman, D.A., S.A. Amer, and F.A. Ward, 2014, Water Appropriation Systems for Adapting to Water
Shortages in Iraq, Journal of the American Water Resources Association, pp. 1-18.

3. 

Salman, D.A., S.A. Amer, and F.A. Ward, 2015, Water Right Systems to Protect Food Security in the
Lower Tigris-Euphrates. Under journal review: Water Policy, April, 2015.

4. 

Salman, D.A., S.A. Amer, and F.A. Ward, 2014, Water Appropriation Systems for Adapting to Water
Shortages in Iraq, Journal of the American Water Resources Association, pp. 1-18.

5. 

Salman, D.A., S.A. Amer, and F.A. Ward, 2015, Water Right Systems to Protect Food Security in the
Lower Tigris-Euphrates. Under journal review: Water Policy, April, 2015.

6. 
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Problem and Research Objectives 
 
This cooperative agreement between NMSU and the US Geological Survey aimed to 
contribute to food poverty reduction through development of improved irrigation 
management systems and institutions in Iraq. Activities focused on the application and 
development of techniques for monitoring the physical variables governing crop growth, 
such as timing and level of precipitation, evapotranspiration, and temperature, along with 
human-related factors such as cropped area, agricultural inputs, and economic indicators. 
 
These data were integrated into an analysis of policy options for improving farm income, 
rural food security, and improved livelihoods. Much of the work over the project’s 
history developed and applied a framework to inform farmers, extension personnel, and 
ministry personnel on uses of land and water resources in the Tigris-Euphrates River 
Basin. That work was conducted for most provinces of Iraq, with the intent of improving 
farm income and reducing food insecurity through economic assessments of improved 
water sharing irrigation institutions from areas of water and economic surplus to areas of 
water and economic deficit.   
 
One master’s thesis and three published journal article were completed. One workshop on 
water economics was held in Erbil, Iraq, in August 2013, describing and illustrating the 
use of optimization models to inform policy choices for addressing drought and climate 
variability. Workshop presenters included Dina A. Salman, Saud Amer, and Frank A. 
Ward. NMSU has stayed in touch with several of the 12 workshop participants for the 
last three years since the time of the workshop. One additional journal article is currently 
in preparation and near completion. In addition, the Iraqi government in late 2014 sent, at 
their considerable expense, two visiting scholar doctoral students to work with us in the 
NMSU agricultural economics/agricultural business department for a year on ground-
water prediction and economic optimization models to address falling groundwater tables 
in the lower part of the Tigris Euphrates Basin. A workshop was held at NMSU in March 
2015, staffed by Dr. Jack Eggleston, of the Boston Office of the U.S. Geological Survey. 
The goal of this workshop was to present essential principles of the USGS MODFLOW 
model to NMSU’s visiting Iraqi scholars. MODFLOW has been and remains the ‘gold 
standard’ of groundwater flow models worldwide. 
 
The work activities under this project generally has analyzed and summarized 
connections between irrigation institutions, farm income, and food security in Iraq as well 
as policy-mitigating measures for adapting to drought and climate variability. Much of 
the work funded by this project examined the development of irrigation institutions that 
could contribute to reducing food poverty by more economically productive water 
allocation among most of the provinces in Iraq in which crop irrigation occurs.    
 
 
Methodology 
 
Using weather, hydrologic, agronomic, and economic data, several arrangements for 
allocating water through an existing network of irrigation canals were analyzed for their 



impacts on land and water use, farm profitability, and food security at both the canal and 
basin levels. 
 
Taking advantage of the weather station data as well as other data from published 
sources, an optimization framework was developed to support policy analysis, through 
the development and application of several mathematical programming models. The 
workshop material as well as the model codes are posted in several locations at the 
NMSU web site http://agecon.nmsu.edu/fward/water/ . The framework developed can be 
used to identify economic values of several climate and policy choice instruments within 
an allowed range that maximize or minimize the numerical value of an economic benefits 
objective function that depends on the development of water allocation rules for handling 
water shortages from drought or climate variability in innovative ways.   
 
Optimization of water resource systems and irrigation institutions through empirical 
mathematical programming models provides a method to address a complex problem like 
water development and allocation for irrigation for the lower Tigris-Euphrates Basin in 
Iraq. In this country, an important objective is improvement of rural livelihoods, 
improved economic opportunity, and reduction of food insecurity. The optimization 
framework carefully specified, has the potential to perform well in the face of minimum 
data, a complex economic objective, variables that are both under and outside control of 
the policymaker as well as numerous constraints required to be respected for an 
acceptable policy response. Integrated optimization models offer considerable utility to 
address interrelated processes, such as hydrology, economics, environment, institutions, 
and policy applications.  
 
Our optimization framework, described in detail in Salman et al. (2014) cited below, 
contains several elements: scenarios, water supply conditions, reservoir storage capacity 
levels, water-shortage sharing rules, farm behavior, and observed as well as predicted 
food grain prices. The base condition describes the historical observed characteristics of 
most of the provinces in Iraq. Historical observed water is the observed period of record 
water inflow pattern, which reflects the basin’s ‘normal’ water supply over that period. 
Future stochastic supplies reflect an amount equal to the long run historical mean and 
variance of streamflow supplies in the base. Average annual supplies are about 41.4 bcm 
for the Tigris, based on a period of record 1931-2004, and 30.8 bcm for the Euphrates, for 
a period of record 1932-1997. The base water shortage sharing arrangement is an 
upstream priority system. It is contrasted with three alternative possible rules for sharing 
water supplies.  
 
The models developed under this research project predicts base farm cropping patterns 
and adjusted  cropping patterns under the alternative water institutional scenarios. The 
model’s most important outcomes are the maximized discounted net present value of 
farm income plus additional consumer food security produced by reduced food prices and 
increased food grain security. 
 
 
 



Principal Findings and Significance  
 
Summaries are presented below for several lines of work funded by this project that have 
been ongoing since this project commenced in September 2010. Citations for each is 
presented at the end of each summary, for which research articles have been published.  
A reference for the detailed research articles are presented at the end of each summary. 
 
Financing Irrigation Water Management and Infrastructure: A Review 
Summary:  Many of the world’s irrigated regions, including those located in the lower 
Tigris-Euphrates River System in Iraq, face the problem of aging infrastructure and 
declining revenues to maintain and repair irrigation structures. Policy debates over 
climate change, population growth, food security, and impacts of irrigation on ecological 
assets compound the problem, raising the urgency to invest in irrigation infrastructure. 
Meanwhile, a global call for full cost recovery for water infrastructure investments 
increases the need to identify the economic value of sustaining irrigation infrastructure. 
Despite the growing debates, little comprehensive research has been conducted 
summarizing factors affecting irrigation investments or policy options available for 
sustaining irrigation infrastructure. This investigation reviews research on factors 
affecting the level and value of irrigation infrastructure investments. It also reviews 
previous studies on policy instruments for sustaining irrigation infrastructure, considering 
both market and institutional approaches. Several market approaches have been found to 
have the potential to influence the economic attractiveness of investments in irrigation 
infrastructure. These include infrastructure subsidies, clearing titles to water rights, 
marginal cost pricing, and non-volumetric pricing. Institutional approaches described 
include regulatory measures, transboundary agreements, and water user associations. 
Results may contribute to current debates in various regional, national, and international 
forums on whether and how water should be priced for agricultural use. 
Publication Information:  Ward, Frank A., “Financing Irrigation Water Management and 
Infrastructure: A Review,” International Journal of Water Resources Development, Vol. 
26, No. 3, 321–349, September 2010. 
 
Economic Analysis of Water Shortage Adaptation Measures in Iraq 
Summary:  Climate change and population growth have intensified the search 
internationally for measures to adapt to fluctuations in water supplies. An example can be 
found in the Lower Tigris-Euphrates Basin where recent water supply reductions have 
resulted in high economic costs suffered by irrigation farmers. Losses to irrigators in this 
basin have made a compelling case to identify flexible measures to adapt to water 
shortage. Few published studies have systematically examined ways to enhance the 
flexibility of water right systems to adapt to water shortages.   
 
This investigation examines how profitability at both the farm and basin levels is affected 
by various water appropriation methods. Four water allocation methods are compared for 
impacts on farm income under three water supply scenarios. Results show that a (1) 
proportional sharing of water shortages among provinces and (2) unrestricted water 
trading perform as the top water appropriation methods. The shadow price of water for 
irrigation rises from zero at a full water supply level to US $93 per thousand cubic meters 



when supply falls to 20 percent of full levels. Results carry important implications for the 
design and efficient implementation of water appropriation systems in the world’s 
irrigated regions.   
Publication Information:  Salman, Dina A., “Water Appropriation Systems for Adapting 
to Shortage in Iraq, Unpublished M.A. thesis, New Mexico State University, July 2013.”  
 
Institutional Innovations for Adapting to Water Shortages in Iraq   
Summary:  Climate variability and population growth have intensified the search 
internationally for measures to adapt to fluctuations in water supplies. A significant 
example with important management implications can be found in the lower part of the 
transboundary Tigris-Euphrates Basin in Iraq, where water shortages in 2008-2009 
resulted in high economic costs to irrigation farmers. Losses to irrigation farmers that 
occurred in 2008-2009 in the lower Tigris-Euphrates basin have made a compelling case 
to identify flexible methods to adapt to water shortage. Few previously published studies 
had systematically examined ways to enhance the flexibility of water appropriation 
systems to adapt to water shortage in the lower part of that basin. This investigation 
addressed an ongoing challenge in water governance in Iraq by examining how 
profitability at both the farm and basin levels is affected by various water appropriation 
systems for sharing shortages when they occurred. Four water appropriation systems 
were compared for impacts on farm income under each of three water supply scenarios. 
Results show that a (1) proportional sharing of water shortages among Iraqi provinces 
and (2) unrestricted water trading rank as the top two appropriation systems. The shadow 
price of water for irrigation rises from zero at a full water supply level to US $ 93/1,000 
cubic meter when supply falls to 20% of full levels. Similar methods can be used to 
analyze challenges facing the design or implementation of water shortage sharing 
measures in the world’s irrigated regions, methods for which relevance will grow in 
future years as drought and climate variability become potentially growing problems.  
Publication Information:  Salman, Dina A., Saud A. Amer, and Frank A. Ward, 2014. 
Water Appropriation Systems for Adapting to Water Shortages in Iraq. Journal of the 
American Water Resources Association (JAWRA) 1-18. DOI: 10.1111/jawr. 12186 
 
Policy Innovations for Sustainable Adaptation to Water Shortages in Transboundary 
Basins   
Summary: Few international water-sharing agreements to date have shown the flexibility 
to adjust to extended drought; fewer still provide safeguards for adaptation to modern 
climate variability. Yet, current conflicts over the development and use of transboundary 
rivers, such as the lower Tigris-Euphrates River System, continue to motivate the search 
for negotiated water-sharing arrangements that can provide flexibility in the face of 
drought and climate variability. To avoid future conflicts, an agreement must include 
measures that allow for adaptation to changes in water supplies, population, climate, 
technology, infrastructure, and economic activity while also guiding water use patterns. 
The benefits of a flexible agreement can be a more predictable water supply for all 
riparians, greater incentives to develop needed water infrastructure and a more open, 
transparent, and accountable set of water institutions. Other benefits include increased 
food production, water security, environmental protection, reduced flood damages, better 
adaptation to the costs of extreme weather and variable climate, and a reduced need for 



complex legal, administrative and enforcement activities. This investigation examines 
measures to design and implement sustainable transboundary water-sharing agreements. 
It investigates barriers to forging water-sharing agreements, describes errors that could 
undermine settlements and presents takeaway lessons from three selected basins 
worldwide. Finally, the paper proposes an approach by which information on headwater 
flows and historical use patterns could be used to allocate supplies between riparians that 
adapt with flexibility to changes in water supply and demand. Outcomes from the 
implementation of structured, but flexible agreements could help guide future negotiated 
settlements for the world’s international rivers. 
Publication Information: Ward, F.A., “Forging Sustainable Transboundary Water-
Sharing Agreements: Barriers and Opportunities,” Water Policy 15 (2013) 386–417.  
 
 
Water Right Systems to Protect Food Security in the Lower Tigris Euphrates  
Summary:  In arid regions where irrigation is important, food security through domestic 
grain production is tied to the supply and efficient use of water. Ongoing climate change 
and variability continues to compel the search for science-informed water management to 
protect food security in the face of an uncertain future. Much research has examined 
climate-related impacts on food security, but little has systematically examined 
alternative water right systems for protecting food security. This investigation addresses 
that gap by examining the performance of alternative water right systems and food 
production subsidies that protect food security while adapting to ongoing water supply 
fluctuations. It is based on a case study of water supply shortages in Iraq, where food 
grain shortages have been experienced periodically over a long history as a consequence 
of those shortages.  It examines three alternative water allocation rules for adapting to 
drought while protecting food grain security in the Lower Tigris-Euphrates Basin, Iraq. 
The most widespread method for sharing water shortages when they occur in Iraq is an 
upstream priority allocation system. Two alternative methods for addressing reduced 
supplies are a proportional sharing of shortages and a market motivated system for 
trading water. These three water shortage sharing systems are reviewed for their 
performance for sustaining domestic food grain security. It does so by formulating a 
national scale farm income optimization framework to assess the performance of three 
water shortage sharing methods under each of two potential food subsidy programs based 
on how each contributes to national food security. Surprisingly, a proportional sharing of 
shortages and unrestricted water trading outperforms an upstream priority system, the 
customary way of sharing water shortages in Iraq. Results point to the importance of 
carefully designed rules for allocating water shortages to ensure food grain security in the 
world’s irrigated regions.   
Publication Information:  not yet published 
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Description of problem and research objectives 

The oil & gas exploration and production plays a critical role in national energy security and economic 
development. Management of produced water is a significant challenge to oil & gas producers and 
operators. Produced water contains contaminants such as suspended and colloidal solids, petroleum 
hydrocarbons, salts, and chemical additives. The water is considered hazardous waste and must be 
treated or disposed safely. The common disposal method π deep well injection is costly and waste of 
valuable water resources. Conventional thermal evaporation and membraneπbased water treatment 
technologies such as reverse osmosis are cost and energy intensive. 

In this study, we propose to develop an innovative microbial capacitive deionization cell (MCDC) to 
simultaneously remove organic substances and salts from produced water so it can be recycled and 
reused. Moreover, compared to other energy intensive systems, MCDC uses bacteria to convert 
biodegradable pollutants into direct electricity, which offsets operation energy use or supplies 
additional energy for other systems.  

Therefore the objectives of the research are threefold: 1) develop modular MCDC to substantially 
increase system performance in produced water treatment and energy production; 2) optimize the 
systems with novel electrode materials to make the technology more efficient; 3) evaluate the MCDC 
process at system level for treating produced water. 

Description of methodology 

MCDC is the latest application of bioelectrochemical systems (BESs). BESs use microorganisms as 
biocatalysts to oxidize biodegradable electron donors and generate electricity (microbial fuel cell, MFC) 
or valueπadded chemicals (microbial electrolysis cells, MEC). For example, in a twoπchamber MFC 
reactor, bacteria oxidize organic compounds in the anode chamber to acquire energy for metabolisms. 
Some of the electrons derived from this oxidization are transferred from the bacteria to the anode and 
then flow to the cathode through an external circuit, where they are harvested for direct current 
generation. In the mean time, equal amount of protons are released into the anolyte. If a pair of anion 
exchange membrane (AEM) and cation exchange membrane (CEM) is installed in the MFC reactor, with 
the AEM next to the anode and the CEM by the cathode, the twoπchamber MFC becomes a threeπ
chamber microbial desalination cell (MDC), which is able to desalinate salty water, such as seawater, 
brackish water, and produced water. 
 

MCDC, which integrates capacitive deionization (CDI) into the MDC design, has the advantages of using 
electrodes to electrically adsorb ions while overcoming the challenges of pH imbalance and preventing 
salt transport to anode and cathode. A schematic of the MCDC is illustrated in Figure 1. Modular MCDC 
reactors were built treating a produced water from shale gas production. Produced water was deionized 
through electrochemical ion adsorption driven by the electrical field generated by microorganisms. 
Activated carbon cloth (ACC) – membrane assemblies were designed to connect with the anode and 
cathode and adsorb ions from water. During desalination, the ions are stored in the electrical double 
layer capacitors between the solution and the ACC assembly interfaces, thus preventing the salinity 
increase in treated wastewater. After the ACC is saturated with adsorbed ions, the assembly can be 
regenerated by removing the electrical potential and the retained salts can be fully recovered in situ for 
disposal or further salt recovery. 
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