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Robert H. Brumfield, Esq. (SBN 114467)
bob@brumfieldlawgroup.com

LAW OFFICES OF ROBERT H, BRUMFIELD
A Professional Corporation

1810 Westwind Drive, Suite 100

Bakersfield, CA 93301

Telephone: (661) 316-3010

Facsimile: (661} 885-6090

Attorneys for Johnny Zamrzla, Pamella Zamrzla,
Johnny Lee Zamrzla and Jeanette Zamrzla (collectively

“Zamrzla’'s”)
SUPERIOR COURT OF CALIFORNIA
COUNTY OF LOS ANGELES — CENTRAL DISTRICT
Coordinated Proceeding, Judicial Council Coordination
Special Title (Rule 1550(b)) Proceeding No., 4408
LASC Case No. BC 32501
ANTELOPE VALLLY Santa Clara Court Case No. 1-05-CV-049053
GROUNDWATER CASES. Assigned to the Hon. Jack Komar, Judge of the

Santa Clara County Superior Court

DECLARATION OF JAN H.M.
HENDRICKX RE OPPOSITION BY THE
ZAMRZLA’S TO THE WATERMASTER’S
MOTION FOR MONETARY,
DECLARATORY AND INJUNCTIVE
RELIEF AGAINST ZAMRZLA’S

Date: November 12, 2021
Time: 9:00 a.m.
Dept.: By Court call

I, JAN HM. HENDRICKX, declare as follows:
L I am submitting this declaration in support of the Zamrzla’s opposition to the

Watermaster’s Motion for Monetary, Declaratory and Injunctive Relief against Zamrzla’s,
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2. The purpose of my declaration is to respond to the Watermaster’s erroneous and
baseless claim regarding the Zamrzla’s water production on their various parcels based upon
satellite imagery and the Memorandum by Todd Groundwater attached to the Motion. I have read
and reviewed the September 5, 2019 Memorandum by Todd Groundwater (the Watermaster’s
Engineer) and am familiar with the Memorandum.

3. I am personally familiar with each and every matter stated in this declaration and
could competently testify thereto if called as a witness.

4, Attached as Exhibit A hereto is a true and correct copy of my Professional
Experience resume and on my Consulting Resume.

5. While my resumes are lengthy, I can summarize by saying that I am an expert in
the areas of soil physics, irrigation, crop water requirements, and satellite remote sensing for
quantification of crop evapotranspiration. | am a Professor Emeritus of Hydrology and a Fellow
of the Soil Science Society of America.

6. In reviewing the Watermaster’s Engineer’s analysis, I found many flaws. My
report’ states on the first page that while remote sensing was the correct method to use for the

Watermaster’s Engineer’s analysis, it was not properly used. My report states:

Unfortunately, the Watermaster’s analysis for the calculation of the Replacement
Obligation for which the Zamrzla’s are responsible in 2018 is seriously flawed
because (1) they use the crop coefficient method which is the wrong method to
estimate actual crop water use; (2) they confuse Russian Thistle and other weeds
with alfalfa; and (3) they use only one image of September 2018 and, thus, have no
information about actual water use on the parcels during the periods of March-
August and October-November 2018.

7. I noted further serious problems with Todd Groundwater’s methodology as
follows:
a. The crop coefficient method is a common approach in California to

estimate potential crop water use for a wide range of crops grown under

! A true and correct copy of my September 23, 2020 report is attached hereto as Exhibit B.
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optimal conditions of watering and fertilization. In other words, this
method estimates maximum crop water use but not actual water use that
can be considerably less.

The Watermaster Engineer’s methodology has implicit requirement
standards that the Watermaster’s Engineer did not meet.

It is impossible to calculate actual crop water use using the Watermaster’s
methodology.

‘The infrared images used by the Watermaster’s Engineer do not support
the conclusion that alfalfa was grown on the parcels in in question,

There is nothing in the Watermaster’s Engineer’s report that it performed
any ground truthing as is the standard practice when using remote sensing
in areas of uncertainty.

On October 22 and 25, 2019, I was able to inspect the ficlds myself for
ground truthing. I found no alfalfa but much Russian Thistle (Fig. 4 of my
report, lower picture) and other non-agricultural vegetation that resulted
in the spotty red-dots pattern. Nor did 1 find any signs of irrigation other
than the unconnected existing wheel line system.,

In addition to the misclassification of the vegetation growing on parcels -
002, -003 and -027, the Watermaster made another basic mistake. They
used only one image in September 2018 to estimate crop water use over
the entire growing period from March through November 2018 and made
the unwarranted assumption that potential crop water use occurred during
the entire growing season. This assumption easily could have been checked
using Landsat images for 2018 that arc freely available,

For example, Fig. 5 of my report shows the relative crop water use on the
parcels in the middle of the growing season on July 14, 2018 as shown by

Google Earth Engine (hitps://eeflux-levell.appspot.com/). The
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calculations are performed by EEFLUX which is an automatic
implementation of the METRIC algorithms. Although EEFLUX can differ
by 35 to 25% from a more accurate METRIC application, the image clearly
shows the absence of any irrigation on parcels -002, ~003 and -027. In
addition, parcels -026 and -028 show é relative crop water use of),
respectively, 30-45 and 25% percent which is much lower than potential or
maximum water use. These low relative crop water uses are also echoed on
the USDA image by the light red to pink colors on parcels -026 and -028
(Figs. 1-2). The Landsat images clearly indicate that water use on parcels -
026 and -028 was about 25% and 38% of the potential crop water use
calculated by the Watermaster.

i. There are sufficient cloud free Landsat images available in 2018 to make a
more accurate estimate of actual annual crop water use on these parcels if
need be.

8. I concluded my report by stating; In my professional opinion, the true water
use on the Zamrzla parcels is zero on parcels -002, -003 and -027; and a yet to be determined
amount used on parcels -026 and -028. Thus, while any water used was a magnitude less than
the Watermaster’s assessment, an accurate Replacement Obligation can be determined using the
methods described in my 2016 award winning paper that is attached.” [emphasis added.

9. Today, after thoughtful pondering of all technical aspects of this case I consider
the Watermaster’s baseless claim regarding the Zamrzla’s water production not as a grave
engineering mistake but as an act of professional misconduct. Specifically, the Watermaster
Engineer is ignoring the guidelines written in the Judgement of December 23, 2015 (Santa Clara
Case No.: 1-05-CV-049053) by the Honorable Judge Jack Komar who states “The Watermaster
Engineer shall rely on and use the best available science, records and data to support the

implementation of this Judgment. Where actual records of data are not available, the

2 The 2016 award winning paper is attached hereto as Exhibit C.
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Jan MLH. I—Iendi‘ickx, Ph.D., Ir.

Pr ofesqmnal Prenalatmn

B.8, 7 "Civil Engineering and Irrigation Wageningen University Research 1972
M.S." Civil Engineering and Irrigation Wageningen University Research 1975
Ph.D. \__So,ll Physics _ New Mexico State University 1984
Postdoctoral: Dept. of Agricultural Engineering  Texas A&M University 1985

Professional Kxperience
New Mexico Institute of Mining and Techrology, Dept. of i,zarrh and Envirownental Science

2016 to present “Emeritus Profossor of Hydrol
o Evapotransplratlon mapping fm statewide water assessment in Now
Mexico, Water and energy balance of steep tropical hill slopes in Panama
Canal Watershed.
1990102015 Professor of Hydrology
Teaching courses in hydrology, remote sensing, and environmental
physics, Active research program to investigate physical processes in the
vadose zone and the near surface atmospheric boundary layer.
Centrum for Development Research, Rheinische Friedvich-Wilhelm University Bonn, Germany
2003102014  Senior Fellow of Ecology and Natural Resource Management
Soil moisture and actual evapotranspiration from remote sensing in the
Volta Basin (Ghana, Burkina Faso), Water and salt management in the
Khorzem (Uzbekistan),
International Institute for Land Reclamation and Improvement, Wageningen, The Netherlands
1988 1o 1990 Irrigation & Drainage Engineer and Research Leader
Stationed in Lahore, Pakistan at the Water and Power Development
Authority. Simulation and ¢valuation of water and salt balances in arid
regions. Study of drainage design criteria, Management of water quantity
and guality in irrigated areas. Managing field and laboratory research.
The Netherlands Soil Survey Institute (Stiboka), Wageningen, The Netherlonds
198510 1988 Soil Hydrologist and Head of Department of Soil Physics & Hydrology
Study of solute movement in field soils, the effects of unstable wetting
fronts on transport mechanism. Simulation and evaluation of regional
soil moisture regimes. Responsible for rescarch program development as
well as fleld research and laboratory of soll physics and hydrology,
Texas A&M University, Department of Agricultural Engineering, College Station, Texas
1984 - 1985 Research Agricultural Engineer and PostDoc
Simulation of infiltration in irrigated and dryland agricultural fields with
finite element model, Research on soil moisture variability,
New Mexico State University, Dept.of Agronomy and Horticulture, Las Cruces, New Mexico
1981 - 1984 Research Assistant of Soil Physics
Water use of trickle irrigated chile peppers. Spatial variability of soll
water tension and soil water content. Water balance along a transect in
the Chituahuan desert.




Wageningen University, Department of Civil Engineering and Irrigation, The Netherlands
1979 to 1981 Irrigation & Drainage Engineer and Research Leader
Stationed in Nioni, Malj at the Office du Niger. Determination of water
requirements for rice and sugarcane, Evaluation of furrow irrigation
systems for sugarcane, Development of drainage design criteria for
frrigated rice fields. '
Agrar und Hydrotechnik Gmbh, Essen, Germany
1978 - 1979 Terigation and Drainage Engineer
Consulting engineer. Different tasks: design of irrigation and drainage
schemes. Use of aerial photographs,
Program for the Application of Appropriate Technology, Campina Grande, Paraiba, Brazil
1976 - 1978 Irrigation Engineer and OXFAM Volunteer
Design of inexpensive trickle irrigation systems with wind powered
water supply. Design criteria for rainwater harvesting cisterns for semi-
arid northeastern Brazil,
Wageningen University, Department of Civil Engineering and Irvigation, The Netherlands
1975 - 1976 Instructor :
Teaching and evaluation of project hased courses in irrigation |
engincering. Research on drip ircigation,
Institute for Land and Water Management, Wageningen, The Netherlands
1973 Research Assistant
Investigation of compaction of sand seil during wetting,
Agricultural Experiment Station, Paramaribo, Suriname (South America)
1972 Research Assistant
Investigation of the effect of soil compaction on yield of soja beans.
Dresign of experimental sprinkler systems with high uniformity of water
applcation.

Awards and Honors

2017  With my co-authors, we are recipient of the William R, Boggess Award for the most
outstanding paper “Benchmarking Optical/Thermal Satellite Imagery for Estimating
Evapotranspiration and Soil Moisture in Decision Support Tools™ published in the :
Journal of the American Water Resources Association during 2016 |

2002 Fellow of the Soil Science Society of America |

2000 Fullbright Schetar, Universidad Nacional de Colombia at Medeltin '

Memberships
American Geophysical Union

Soil Science Society of America
Royal Society of Agricultural Science of The Netherlands

Research Interests

The process of water and solutes movement through the vadose zone and the application of
compuier models to this process. Groundwater recharge and contamination in deserts, irvigated
{ands, and metropolitan areas. The application of remote sensing for determination of actual
evapotranspiration, root zone soil moisture and soil water storage capacity. Trrigation and
drainage for salinity management. The impact of spatial and temporal variability of soil physical




properties on sensors for detection of IED’s (improvised explosive devices). The oceurrence and
effects of unstable wetting fronts. Use of electromagnetic induction methods for environmenta)
surveys and non-invasive soil water content determination. Energy balance measurements using
scintillometry. Python scripts development for quantifying statewide evapotranspiration in New
Mexico.

Research Career

Dr. Hendrickx has been PI or co-PI on research projects funded by NSF, NASA, USDA, DOD,
DOE as well as state agencies, He has authored or coauthored over 140+ refereed papers and
book chaptets. He is a google scholar: citations 5629, h-index 40, i10-index 93. He has
condueted short term assignments in the Volta Basin (Ghana, Burkina Faso) for the University of
Bonn, Karnataka (India) for WorldBank, tfropical ateas of Australia-Suriname-Honduras-Panama
as a member of a US Army science panel; he has tanght vadose zone hydrology workshops in
Spanish for professionals in Colombia, Mexico, Venezuela and Bolivia. He was a volunteer for
OXFAM in the Northeast of Brazil (1978-1979) adapting applied technology concepts to
irrigated horticulture, Ho was an intern at the Suriname Agricultural Experiment Station in 1972,
He is fluent in English, Spanish and Dutch; working knowledge of French, German and
Portuguese, He has investigated the water requirements of tice and sugarcane in the Office du
Niger (Mali) and of drip irrigated chile peppers in New Mexico, In Pakistan he conducted
research for the optimization of drainage design criteria in irrigated lands to maximize yield and
minimize salinity damage to rice and wheat,

LANGUAGES
Speaking: Dutch, English, Spanish, German, French, Portuguese
Reading: Duich, English, Spanish, German, Irench, Portuguese
Writing: Dutch, English, Spanish, German, French

COMPUTER SCIENCE

Languages:  Python, FORTRAN, CSMP, APL
Packages: Minitab, ERDAS Imagine, QGIS, SAS, Matlab
Models: HYDRUSID, HYDRUSZD, SWAT, WORM, CXTFIT, FLOWPATIH

PUBLICATIONS
htnsid/scholar.google.com/eitationsuser=nbe BOwSAAA A& h=en




Consulting Resume of JAN MLH. HENDRICKX, Ph.1},, Ir,

CTO of SoilHydrology Associates, LLC and Emeritus Professor of Hydrology
Los Lunas, NM §7031
Phone: 305 459 6952; email: janhendricknmt@gmail.com

INTERESTS

The processes of water, solutes, and heat movement through the Earth’s Critical Zone using field
observations, laboratory experiments, and mathematical models, The Earth's Critical Zone
includes the land surface, vegetation, and water bodies, and extends through the soil, unsaturated
vadose zone, and saturated groundwater zone; it is the most heterogeneous portion of the Earth,
Current research is directed toward quantification of the components of the energy balance,
actual evapotranspiration, root zone soil moisture, soil hydraulic properties, and surface
temperatures at cm to km scale using optical/thermal and radar remote sensing imagery,
scintillometry, and thermal cameras,

EDUCATION
Ph.D., 1984, Soil Physics, New Mexico State University, Las Cruces, NM,

M.S., 1975, Civil Engineering & Trrigation, Wageningen University, The Netherlands

B.S., 1972, Civil Engineering & Irrigation, Wageningen University, The Netherlands

EXPERIENCE

2016 — present Emeritus Professor of Hydrology, New Mexico Tech

20012015 - Professor of Hydrology, New Mexico Tech

2003 - 2015 Adjunct Professor of Civil Engineering, New Mexico Tech

2004 2014 Senior Fellow of Ecology and Resource Management
Center of Development Research
Rheinische Wilhelm Friedrich University
Bonn, Germany

1993 - 2001 Associate Professor of Hydrology, New Mexica Tech

1990 - 1993 Assistant Professor of Hydrology, New Mexico Tech

1988 - 1990 Research Leader and Agrohydrologist, Jitesnational Institute for Land
Reclamation and Improvement/ILRI, Wageningen, The Netherlands.
(Stationed at the International Waterlogging and Salinity Research
Institute, Lahore, Pakistan)

1985 - 1988 Head and Seil Hydrologist, Department of Soil Physics and Hydrology,

H




Netherlands Soil Survey Institute, Wageningen, The Netherlands.

1984 - 1985 Research Agricultural Engineer and Post Doc, Department of Agricultural
Engineering, Texas A&M University, Coltlege Station, Texas.

1981 - 1984 Research Assistant of Soil Physics, New Mexico State University, Las
Cruces, New Mexico,

1979 - 1961 Research Leader and [rrigation Engineer, Department of Civil Engineering

and Irrigation, Agricultural University Wageningen, The Netherlands.
(Stationed at the Office du Niger, Segou, Mali, West-Africa)

1978 - 1979 Irrigation and Dirainage Engineer, Agrar und Hydrotechnik Gmbh, Essen,
Germany.
1976 - 1978 Irrigation Engineer and OXFAM Volunteer, Program for the Application

of Appropriate Technology — OXFAM, Campina Grande, Paraiba, Brazil.

1975 - 1976 Instructor, Department of Civil Engineering and Irrigation, Agricultural
University Wageningen, The Netherlands.

1973 Research Assistant, Institite for Land and Water Management,
Wageningen, The Netherlands.

1972 Research Assistant, Agricultural Experiment Station, Paramaribo,
Suriname (South America).

PROFESSIONAL SERVICES
Memberships: American Geophysical Union
Soif Science Society of America,
National Ground Water Association
American Society of Agriculiural Engineers
Asociacidn Latinoamericana de Hidrologfa Subterrdnnea para el
Desarroto
International Soil Science Society
Royal Society of Agrieultural Scignce of The Netherlands
Gamma Sigma Delta, Phi Kappa Phi

Offices:

Associate Editor Soil Science Society of America Journal, Div. Soil Pliysics. 1993-
1999,

Adjunct Professor  Faculty of Engineering, Autonomous University of Chihuahua,
Chihuahua, Mexico, 1993~1993,

Adjunct Professor  Department of Agronomy and Horticuliure, New Mexico State
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University, Las Cruces, 1992-1994,

Participant: Binational Committee for the Investigation of the Future of the
Aquifer of Mexico City. 1992-1993,

Member: UNESCO/TAH Project "Aquifer recharge in semi-arid areas”,
1992.1996.
Member; Task group 'Soils' of Dutch National Couneil for Agricultural

Research 1986-198%

Member; Dutch National Coordination Committee for Research on Water
Resources Management. 1986-1988

Member: Education Board of the Department of Civil Engineering and
Irrigation, Agricultural University Wageningen, 1973-1976
Treasurer! Agricultural Student Association of Wageningen. 1968-1969
HONORS

2017 Recipient of the William R. Boggess Award for the most outstanding paper
“Benehmarking Optical/Thermal Satellite Imagery for Estimating
Evapotranspiration and Soil Moisture in Decision Support Tools” published in the
Journal of the American Water Resources Association during 2016

2002 Fellow of the Soil Science Society of America

2000 Fulbright Scholar

LANGUAGES
Speaking: Dutch (native), English and Spanish (fluent)
French, German, Porfuguese
Reading: Duteh, English, Spanish, French, German, Portuguese
Writing; Dutch, English, Spanish, French, German
COMPUTER SKILLS
Languages: Python, Foriran, SAS
Software: ERDAS Imagine, Minitab, QGIS, Microsoft Desktop Applications,
ARCGIS, R
PUBLICATIONS

https://scholar.poople. com/eitations?user=n6eRowi AAAAT&h=en




MAJOR SERVICES PROVIDED SINCE 1993 BY “SOIL HYDROLOGY ASSOCIATES

LLC” (2006 - PRESENT) AND ‘ENVIRONMENTAL HYDROLOGY APPLICATIONS
(1993 - 2005)",

2018 Sampling of Representative American Soils

Praject Description: Take samples of representative American soils in New
England, the Carolinas, and the Southwest in support of the project
“Integrated multimodal Sensor Technology for Rapid, In-situ Chemical
Analysis of Soil and Materials of Military Interest Under Ambient
Conditions in the Field.”

Client: US Army Engineering Research and Development Center, Cold
Regions Rescarch and Engineering Laboratory, New Hampshire

2018 uantify Evaporation of the Tailing Facility of Robinson Nevada Minin
Company during 2015 - 2018

Project Description: Convert Landsat imagery into evaporation estimates
during the period 2016 through 2018 for estimation of total evaporation
volume from the tailings storage facility.

Client: Geosystems Analysis, Ing,, Tueson, AZ

2015 - Assessment of Hydrologic Sail Properties in the Panama Canal Watershed
2018 Panama

Project Description: Assess the hydrologic properties of the tropical soils and
undertylng geological layers in the Panama Canal Watershed using field
observations in soil pits, laboratory analyses and data from the literature. The
overall goal is to better understand how tropical forest soils enhance the
sponge effect and how different tand uses (full forest cover, secondary forest
and pasture) change the sponge effect through changes in soil hydraulic
properties. This project is a sub-award to a NSF research project.

Client: Unjversity of Wyoming, Laramie, WY

2015 Quantify Evaporation of the Tailing Facility of Robinson Nevada Mining
Company during 1996 - 2013

Project Description: Convert Landsat imagery into evaporation estimates
during the period 1996 through 2015 for estimation of total evaporation
volume from the tailings storage facility,

Client: Geosystems Analysis, Inc., Tucson, AZ

2012 - Quantify the Seasonal Evapolranspiration of Iivigated Lands in the CGreen
2016 | River Basin of Wyoming

Project Description; Use the remote sensing algorithm Mapping
EvapoTranspiration at High Resolution with Internal Calibration (METRIC)
for the quantification of annual evapotranspivation in the Green River Basin
of Wyoming.

Client: Office of the State Fngineer of Wyoming




2012 -
2014

Preparation of Expert Testimony for Superior Court of the state of California
for the County of Los Anpeles

Project Description: Quantify urban return flow for Antelope Valley, prepare
expert testimany. Present my expert opinion in a hearing.

Client: Brownstein | Hyatt | Farber | Schreck, Santa Barbara, CA,

2011

Evaluation of Current and Future Hydrologic Monitoring in the State of
Karnataka, India

Project Desceription; Evaluate hydrologic monitering (precipitation, ET,
runoff, sediment transport, soil moisture storage) and advice on
tmprovements for future hydrologic monitoring in the semi-arid areas of
Karnataka underlain be hard rock aquifers,

Client: World Bank, Washington DC,

2009~
2011

Preparation of Expert Testimony for Superior Court of the state of California
Tor the County of Los Angeles

Project Deseription: Combine METRIC ET and root zone water content
distributions with a distributed hydrologic model for evaluation of net
infiltration in the San Gabriel and Tehachapi Mountains; prepare expert
testimony, Present my expert cpinion in hearings and trial.

Client: Brownstein | Hyatt | Farber | Schreck, Santa Barbara, CA.

2011

Evaluation of METRIC for the Southern High Plains

Project Description: Evaluate how METRIC can be nsed for the assessment
of ground water recharge on the High Plains of Texas.

Client: Bureau of Economic Geology, University of Texas, TX.

2010

Mapping of Evapotranspiration in the Clover Basin,

Project Deseription: Use METRIC for the assessment of evapotranspiration
in the Clover Basin of Nevada.

Client: Daniel B. Stephens & Associates, Inc,, Albuguerque, NM

2009 -
2010

Mapping of evapotranspiration in the Salt Basin

Project Description: Use METRIC for the assessment of evapotranspiration
from ierigated fields and playas in the Salt Basin of New Mexico.

Client: INTERA Incorporated, Albuguerque, NM

2009

Evaluation of the Guidelines for Produced Water Disposals in Wyoming
Project Description: Evaluate the 2009 guidelines for produced water
disposal from coalbed methane gas wells in Wyoming,

Client: Wyoming Department of Environmental Quality, Cheyenne, WY,

2009

Mapping of evapotranspiration In the Tadla, Doukkala, and Haouz ORMYA
{Moroceo) using satellite images,

Project Description: Use METRIC to make assessment of seasonal BT over
three irrigation projects in Morocceo.

Client: Riverside Technology, Inc., Fort Colling, CO, |
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2008

Collaborative Research Planting Mission to the Anton de Kom University of
Suriname, Paramaribo, Suriname

Project Description; Preparation of a research proposal for strengthening the
research infrastructure at the Anton de Kom University of Suriname.
Client: US Army Yuma Proving Grounds, Yuma, AZ,

2008-
2009

SEBAL/METRIC Training to the Wyoming GIS Center

Project Deseription: Train personnel of the Wyoming GIS Center in the use
of SEBAL and METRIC in the Green River Basin,

Client; University of Wyoming, Laramie, WY,

2008

SEBAL/METIRIC Training to the Center for Development Research

Project Description: Train personnel of the Center for Development Research
in the use of SEBAL and METRIC in the Volta Basin (West Africa).

Client: University of Bonn, Germany.,

2007

A Technical Analysis of Sites in Honduras and Panama For Tropical Testing
of Army Materiel, Equinment and Systems

Project Description: Soil hydrofogy member of a U.S, Army science panel to
develop a suite of sites to support its tropical testing mission.

Client: U.8. Army Research Office, Research Triangle Park, NC.

2007

Independent Review of Simulation of Net Infiltration for Present-Day and
Potential Future Climates at the Yucca Mountain Project

Project Description: Member of a seience panel to provide an Independent
expert review of the infiltration model and prediction results for net
infiltration of water into the unsaturated zone at Yucca Mouniain.

Client: .8, Department of Energy, Las Vegas, Nevada

2006

Mapping of Actual Evapotranspiration in the Volta Basin, Ghana, West
Africa

Project Deseription: Use the Surface Energy Balance Algorithms for Land
(SEBAL™) to map regional distributions of actual evapotranspiration in the
Volta Basin at the start and at the end of the dry season using Landsat and
MQODIS images.

CHent: University of Bonn, Bonn, Germany

2006

Chloride Mass Balance Method for Prediction of Ground Water Recharge in
Southeast New Mexico

Project Description: Use of chioride measurements in soil samples from 30
m deep drillings for determination of ground water recharge rates in the
oilfields of southeastern New Mexico.

Client: R.T. Hicks Consulting, L., Albuguerque, New Mexico




2005

Technetinm-89

Project Description: Member of scientitfic panel to review treatment
technologies for immobilization of high level radicactive Technetium-99 in
the vadose zone.

Clignt: TS, Department of Encrgy, Hanford Site, Richland, Washington

2003

Simulation of Optimal Remediation Strategy at the B.C, Dickinson A-1
Former Tank Battery Site

Project Description: Field sampling and simulations with model
HYDRUS2D for the development of an optimal restoration strategy for the
site in order to minimize risk for ground water contamination with chloride
and BTEX.

Client: Whole Earth Environmental, Inc,, Houston, Texas

2003

Muodeling Study of Produced Water Release Scenarios

Project Description: Computer simulation study with model HYDRUS1D 1o
provide a scientific basis for operators, regulators and landowners to
determine if assessment or remediation of produced water releases will
provide a meaningful environmental benefit. {API Publication Number 4734,
January 20051,

Client: Regulatory Analysis and Scientific Affairs Department, American
Petroleum Institute, Washington, D.C.,

2004

Eigdson Station

Project Description: Computer simulations with HYDRUS2D for evaluation
of different remediation scenarios to optimize its final remediation plan,
Client: Whole Earth Environmental, Inc., Houston, Texas

2003

Regional Distribution of Soil Thermal Properties and Soil Temperature

Parameters in Fast Africa and Asia

Project Description: Regional distribution of soif thermal conductivity, seil
volumetric heat capacity, and soil thermal diffusivity at different soil field
soil moisture conditions. Pedotransfer functions have been used to derive soil
thermal properties from the FAO Digital World Soit Map and the WISE soil
data base. Fifty maps of the region have been prepared with thermal
properties of the top soil and sub goil under five different field soil moisture
conditions, Model HYDRUS2D is used to analyze the effect of the depth and
the strength of buried heat sources on maximum soil temperatures around the
heat source.

Client: HARRIS CORPORATION, Government Communications Systers
Divigion (GCSD}, Palm Bay, Florida




2003

Validation of SEBALY™ for Mapping Actual Evapotranspiration in the
Owens River Valley

Project Description: The Surface Energy Balance Algorithis for Land
(SEBAL™) have been validated by comparison with ground measurements
of evapotranspiration in the Owens Valley. SEBAL is used for the
preparation of maps of regional evapotranspiration that inform water
resource managers about water losses,

Client: Inyo County Water Department, Bishop, California

2003

Electromagnetic induction for delineation of brine affected sqil volumes
Project Description: Develop field procedures for the use of electromagnetic
induction measurements for determination of soil volume affected by brine
contamination after leaks in pipes or operation facilities.

Client: Rice Operating Company, Hobbs, New Mexico

2003

Soll Salinity Survey of the Zuni River Corridor

Profect Description: Soil salinity survey and soil moisture sampling to locate
optimal sites for Saltcedar removal and revegetation with Cottonwoods along
the Zunt River.

Client: Fish and Wildlife Department, Riparian Restoration Project, Zuni,
New Mexico

2002

Verification of Model HYDRUSID for Prediction of Chloride Fate after

Brine Releases in the Region around Hobbs, New Mexico
Project Description: Use field data obtained by Rice Operating Company for

the validation of model HYDRUS! for the prediction of chloride movement
after brine leaks and for the evaluation of risk for groundwater
contamination.

Client: Rice Operating Company, Hobbs, New Mexico

2002

Electromagnetic Induction Soil Survey for Albuguergue Biologieal Park
Wetland Restoration Project

Project Description: Salinity survey and analysis of revegetation potential.
Evaluation of future salinization risk using the computer model HYDRUS.
Client: US Army Corps of Engineers, Albuguerque District, New Mexico

2001

Soil Salinity in the Travis Harrds Drip Irrigation Project

Project Description: Monitor soil salinity on experimental drip irrigated field
to show farmers that the efficient drip irrigation method does not increase
soil salinity.

Client: Soil & Water Conservation District, Socorro, New Mexico




2000

The Santa Ana Floodplain Bosque Restoration Project

Project Description: Soil salinity survey using electromagnetic induction.
Soil survey, sampling, snd measurement of hydraulic soil properties,
Determination of future risk for soil salinization using model HYDRUSID.
Scil improvement plan to reduce salinity and alkalinity.

Client: Department of Natural Resources, Pueblo of Santa Ana, New Mexico

1999

Water Quality Changes along the Mesquite/East Drain

Project Description: Water quality survey during the low flow season in the
Mesquite/East Drain, The measurements along the Mesquite/East Drain
dermonstrate two important features of salinity dynamics: 1, The locations of
water quality deferioration along the drain during the low flow season appear
to be consistent from one year to another; ii. The water quality changes are
strongly correlated with the salinity of the soil-aquifer system measured with
the elecirical apparent ground conductivity using electromagnetic induction.
Our novel approach of simultaneous water quality measurements in the drain
and apparent electrical conductivity measurements of the soil-aquifer system
detects in a cost effective manner salt sources in the Mesilla Valley.

Client: Bl Paso Field Division, U.8. Bureau of Reclamation, El Paso, Texas

1568

Electromagnetic Induction Survey af the Yucea Mountain High-Level

Radioactive Waste Depository
Project Description: Conduct an electromagnetic induction survey to

characterize subsurface water flow paths originating from a infijtration
experiment on the mountain,
Client: U.S. Geologic Survey, Las Vegas, Nevada

1997

Water Quality Protection for El Paso County Water Improvement District
No. t

Prolect Deseription: Evaluation of salt sources that affect water quality in the
Rio Grande at El Paso. Development of a water quality protection plan for
the District.

Client: El Paso County Water Improvement District No. 1, El Paso, Texas

[996

Salinity Survey of Bernardo Waterfow] Management Area

Project Description: Salinity survey and analysis of revegetation potentiai in
the Bernardo Waterfowl Area.

Client: New Mexico Game and Fish, Bernardo, New Mexico

1993

Electromagnetic Induction Survey at the Socorro Mission pear El Paso,
Texas

Project Deseription: Detection of oid graves at the historical Socorro
Mission. Several anomalies were detected but none were old graves.
Chent: Office of Contract Archeology, University of New Mexico,
Albuquerque, New Mexico




1965

Electromagnetic Induction Survey for Detection of Floating (iagoline
Project Description: Evaluate potential of electromagnetic induction for
detection of floating gasoline in urban environment. Electromagnetic
induction measurements clearly delineate subsurface gasoline distribution at
ESSO Station in Downtown Bogota.

Client: HIDROGEOCOL. Ltda,, Bogota, Colombia

1994

Salinity Surveys for Revepetation in the Pueblo of Laguna

Project Description: Salinity survey and analysis of revegetation potential in
the Pueblo of Laguna.

Client: Pueblo of Laguna, Laguna, New Mexico

1994

Salinity Swrveyvs for Revegetation in the Albuguergue Bosque using
Electromagnetic Induction

Project Description: Salinity survey and analysis of revegetation potential in
the Bosque along the Rio Grande.

Client: US Army Corps of Engineers, Albuquerque District, New Mexico

1994

Electromagnetic Induction for Non-Intrusive Monitoring of Surface Barriers
for Radivactive Waste

Project Description: Evaluation of electromagnetic induction measurerments
for non-intrusive monitoring of surface barriers for radioactive waste
materials. The electromagnetic induction technique is suitable for non-
intrusive menitoring of surface barriers for radicactive waste in order to
detect large ingreases of water content in the barrier and the occurrence of
cracks, cavities or other irregularities that may weaken the barrier.

Client: Battelle Pacific Northwest Laboratories, Richland, Washington

1993

Water and nitrogen management plan for DeRuvter's Dairy

Project Description: Preparation of management plant for use of dairy waste
water for irpigation while minimizing nitrate contamination of shallow aquifer,
Client: DeRuyter's Dairy, Mesquite, New Mexico

1993

Salinity Surveys on Mine Spoils at the Navajo Coal Mine using
Electromagnetic Induction

Project Description: Evaluation of electromagnetic induction measurements
on mine spoils. Electromagnetic induction has great potential for inexpensive
salinity surveys on mine spoils and will considerably reduce expensive field
sampling.

Client: Buchanan Environmental Consulting, Farmington, New Mexico

1993

Selection of Tree Planting Sites using Electromagnetic Induction

Project Description: Use electromagnetic induction and visual ohservations
to select optimal salt free tree planting sites along freeway 1-25.

Client: City of Socorro, New Mexico

10
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BENCHMARKING OPTICAL/THERMAL SATELLITE IMAGERY FOR ESTIMATING
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ABSTRACT; Generally, one expects evapotranspiration (RT) maps derived from optical/thermal Landsat
and MODIS satellite imagery to improve decision support tools and lead to superior decisions regsrding
water resources management. However, there is lack of supportive evidence to accept or reject this expec-
tation. We “benchmark” three existing hydrologic decision support tools with the following benchmarks:
annual ET for the ET Toolbox developed hy the United States Bureau of Reclamation, predicted rainfall-
runoff hydrographs for the Gridded Surface/Subsurface Hydrologic Analysis model developed by the U.S.
Army Corps of Engineers, and the average annual groundwater recharge for the Distributed Parameter
Watershed Model used by Daniel B. Stephens & Associates. The conclusion of this benchmark study is
that the use of NASA/USGS cptical/thermal satellite imagery can considerably improve hydrologic decision
support tools compared to their traditional implementations. The benefits of improved decision making,
resulting from more accurate resulls of hydrologic support systems using optical/thermal satellite imagery,
should suhstantially exceed the costs for acquiring such imagery and implementing the remole sensing
algorithms. In fact, the value of reduced error in esilmatling average annual groundwater recharge in the
San Gabriel Mountains, California alene, in texms of value of water, may be as large as $1 billion, more
than sufficient to pay for one new Landsat satellite.

{KI'Y TERMS: soil moisture; evapotranspiration; GSSHA;, SEBAL; METRIC; DPWM; distributed hydrelogic
modeling; optical/thermal satellite imagery; Landsat; MODIS; groundwater recharge; water management; hydro-
graph.)
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INTRODUCTION

Monitoring of regional evapotranspiration (ET)
allows decision makers to (1} follow where, when, and
how much water has moved into the atmosphere by
ET; (2) monitor crop performance and the effects of
drought for famine prediction; (3) beiter avaluate the
performance of irvigation systems; (4) improve esti-
mates by distributed hydrologic and weather models;
and (5) estimate root zone soil moisture conditions. It
18 expected that the integration of regional ET maps
derived from National Aeronautics and Space Admin-
istration (NASA) and United States Geological Sur-
vey (USGS) earth imaging products will improve
decision support tools and, therefore, lead to superior
decisions regarding water resources utilization, How-
ever, there is a need to quantify benefits realized
through the use of satellite derived results in user
decision support tools. When our study started in
2006, only a few research exarmples had been
reported in the literature where NASA earth science
results related to BT had been integrated into hydro-
logic models (Ahmad and Bastiaanssen, 2003; Schu-
urmans ef al., 2003) but no operational hydrologic
decision support tools were known to our research
team that used satellite-estimated ET products on a
regular bagis.

Thereflore, the overall goal of this study was to see
il the wuse of satellite optical/thermal imagery
improves the performance of three operational hydro-
logic decision support tools: the ET Toolbox developed
by the United States Bureau of Reclamation (USBR),
the Gridded Surface/Subsurface Hydrologic Analysis
(GSSHA) model developed by the U.S. Army Corps of
Engineers, and the Distributed Parameter Watershed
Model (DPWM) based on the Mass Accounting Sys-
tem for Soil Infiltration and Flow (MASSIF) model,
developed in 2007 by Sandia National Laboratory,
and since then continuously improved by Daniel B.
Stephens & Associates (DBS&A) for the prediction of
groundwater recharge in semiarid regions.

The ET Toeolbox is a grid-based approach that uses
the “crop coefficient reference ET approach” (Allen
et al., 1998; Jensen, 1998) to provide daily forecasts
of water depletions, i.e., ET of agricultural and ripar-
ian vegetation as well ag evaporation from open
water, for the day in guestion and the following six
days (Brower, 2008). The GSSHA {(Downer and
Ogden, 2004, 2006) is a physically hased, distributed
hydrologic model that simulates the hydrologic
response of a watershed subject to given hydro-
meteorological inputs. It is used by the U.S. Army
Corps of Engineers not only within the United States
(UU.5.) but also worldwide. The DPWM (Daniel B. Ste-
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phens & Associates, Ine., 2010a) is a distributed
hydrologic model used for the evaluation of ground-
water recharge in arid and semiarid basing (e.g.,
Daniel B, Stephens & Associates, Ine., 2008, 2010b,
2011; Hendrickx ef ai., 2011a).

In the context of this study, benchmarking is the
process of running a hydrologic decision support tool
to assess the relative performance of using eptical/
thermal satellite imagery for the improvement of
forcing functions (e.g., precipitation, ET, etc)), the
appraisal of initial conditions {e.g., soil moisture,
gnow cover, ete.), and the estimation of model param-
eters (e.g., land use, soil texture, total available water
for transpiration} (Toll, 2008). Our study ohjective
was to benchmark traditional applications of ET Tool-
box, GSSHA, and DPWM versus the use of optical/
thermal satellite imagery on the forcing function of
ET in ET Toolbox, the appraisal of initial soil mois-
ture conditions in GSSHA, and the estimation of the
model parameter “total available water for transpira-
tion (TAW)” in DPWM.

BENCHMARKING METHOD

Our benchmarking method compared typical tradi-
tional applications of each decision support tool with
ones that wsed information from optical/thermal
gatellite imagery. The coraparisons were based on a
“performance indicator,” ie., a measurement for
assessing the quantitative performance of a system,
The performance indicators selected were; annual ET
forecagts for ET Toolbox, storm hydrographs for
GSSHA, and average annual groundwater recharge
volures for DPWM. The goal of our research spomsor
NASA was to benchmark the improvement, if any, to
the “performance indicators” from the use of satellite
imagery for the purpoese of improving decision making
in water resources management,

First, the opticalthermal satellite images were
converted into maps of ET and root zone soil moisture
with established algorithms: Surface Energy Balance
Algorithms for Land (SEBAL), Mapping EvapoTran-
spiration (ET) at high Resolution with Internalized
Calibration (METRIC), and the Evaporative Fraction
Method for Root Zone Soil Moisture Reirieval. The
inputs for these algorithms are the bands of Landsat
and the Moderate Resolution Imaging Spectrora-
diometer (MODIS) presented in Table 1. The ET
maps were then incorperated into the hydrologic deci-
sion support tools, either after conversion of the BT
into the reference ET fraction (ETrF) using high-
quality hourly weather data, or — where this was
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TARLE 1. Band Spatial Resolutions (m} and Wavelengths (um) of Landsat 6 and 7 and MCDIS Sensors,

Band nember

Sensors 1 2 3 4 & 6 7 31 32
Landsat?  Pixel size (m} 30 50 30 30 50 80 (L7 30 NA? NaZ
Landsath 120 (L5)
Band width 0.45.0.51  0.52-0.60 063069 07509 1.56-1.76 104125 209235 NA® NA
{pm)
MODIS Pixel size (m} 260 250 500 500 600 500 500 1,000 1,000
Band width 0.62-0.67 0.84-0.87 0.46-0.48  0.54-0.56 1.23-1.25 1.63-165 2.11-2.15 10.8-11.3  11.8-12.3

{um)

IMODIS band B is nol used in this study because of streaking noise.

*Not available.

not possible — after conversion of the heat fluxes
retrieved with SEBAL or METRIC into root zone soil
moigture, The details of these three operations are
presented below.

The SEBAL/{METRIC Approach

SEBAL (Bagtisanssen ef al., 1998a, 2006) and
METRIC (Allen et al., 20072, b) are “snapshot”
energy balance models that use the strong thermal
signals sensed by satellites that are associated with
evaporation processes to provide high-regolution ET
images. Spatial resclutions of retrievals range from
30 to 120 m with Landsat satellite data (Allen ¢f ai.,
2007a, 2011) and 250 to 1,000 m with MODIS (Allen
et al., 2008b; Trezza et al., 2013). These energy bal-
ance algorithms are thermally driven, with ET com-
puted as a residual of the surface energy balance, so
that air humidity, air temperature, and vegetation
canopy conductivities are not needed at each pixel of
the image. METRIC empleys an innovative Calibra-
tion using Inverse Modeling at Extreme Conditions
method {Allen e# af., 2011; [rmak et al., 2011; Irmak
et al.,, 2012) pioneered in the SEBAL model (Basti-
aungsen ef ¢f., 1998a) to overcome biases in land sur-
face temperature retrievals and unknown spatial
variation in near-surface air temperature during the
estimation of sensible heat flux, As this calibration is
based on a “eold” and “hot” pixel selected from within
the image, it is often called an “internal” calibration.
The METRIC/SEBAL approach has demonsirated ET
accuracies of 15, 10, and 5% for daily, monthly, and
seagonal time scales, respectively (Allen, 1997; Hen-
drickx and Hong, 2005; Allen ef «l., 2007b; Hong,
2008). In this study, METRIC was used to benchmark
the ET Toolbox and DPWM, while SEBAL was used
for GSSHA. The main practical difference between
METRIC and SEBAL is that the latter can be imple-
mented without using meteorological observations-—
with some unknown decreage in aceuracy—while
METRIC needs hourly meteorological measurements
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including air humidity and temperature, wind speed,
and solar radiation for calculation of the reference ET
at one or more sites that are representative of the
enfire image or part of the image (Allen ef al.,
2007a). The METRIC algorithm takes into account
the effects of slope, aspect, and elevation om the
energy balance which is critical for its application in
mountains and over rolling terrain. It also captures
the changes in soil evaporation and riparian vegeta-
tion transpiration due to capillary fluxes originating
from the interaction between groundwater depth, soil
texture, and even groundwater salinity. METRIC/
SEBAL has been successfully used with Landsat and
MODIS images in numerous practical apphications
(Bastiaanssen, 2000; Bastiaanssen ef al., 2000, 2002;
Hafeez et al., 2006; Allen ef al., 2008b; Hong et al.,
2009, 2011b). The ET estimates have, in furn, been
uged to derive evaporative fraction and soil moisture
retrievals,
Like SEBAL, METRIC computes the latent heat
flux as the residual of the surface energy balance
iE=R,-G-H {1)
where R, ig net radiation, & the soil heat flux, H the
sensible heat flux, and AE is the latent heat flux.
METRIC deviates from SEBAL in its use of an inter-
nal calibration of the energy balance that incorpo-
rates effects of regional advection of energy and dry
air, via the employment of the Penman-Monteith
equation, that can substantially increase ET from
wrigated agriculture and riparian vegetation (Allen
et al,, 2007a) in semiarid and arid cimates. METRIC
retrievals of ET, when derived from Landsat or
MODIS imagery, represent snapshots of ET during
late morning, These time-gnapshots are extended to
daily totals using the fraction of reference KT, ETrF,
a concept applied in METRIC, as the ETrF has been
shown to be nearly constant over the course of a day
for normal agricultural conditions (Allen et ol,
2007a, b), However, evaporative fraction has been
suggested in place of E'TrF for substantially stressed
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conditions such as exist for natural conditions (Allen
et al.,, 2011) following Brutsaert and Sugita (1992)
and Bastiaanssen et al. (1998a), They also suggest
using evaporative fraction for regional, rainfed condi-
tions where, by definition, advection is small or
nonexigtent,

The Evaporative Fraction Method for Soil Moisture
Retrieval in the Root Zone

Thig method ig based on the long-known soil physi-
cal relationship between root zone soil meisture and
the partitioning of sensible and latent heat fluxes at
the land surface (Davies and Allen, 1973; De Bruin,
1983; Owe and van de Griend, 1920; Kustas and Nor-
man, 1999). This method is a straightforward exten-
sion of the METRIC and SEBAL algurithms that
derives reliable estimates of the energy balance fluxes
from remotely sensed optical/thermal imagery (Basti-
aanssen ef of., 1997, 1998a, b, 2005; Ahmad and Bas-
tiaanssen, 2003; Scott ef al., 2003; Fleming et ol.,
2005; Hendrickx and Hong, 2005; Hong ef al., 2005).

In many agro-hydrologic studies, root zone soil
moisture is used to reduce potential ET to actual ET
{Feddes ef al., 1978, 1988; Belmans et ql, 1983;
Wagenet and Hutgon, 1996; Allen, 2000; Anderson
et al., 2007, Hain et of., 2009, 2011). When soil mois-
ture in the root zone decreases and soil resistance to
waber movement increases, the net effect is a redue-
tion in actual BT (AF). When the soil is wet, most of
the available energy (net radiation, R,, minus soil
heat flux, @) is used for BT (latent heat flux) and
almost no energy i left for sensible heat flux (F).
When the soil is dry, most of the available energy is
used to heat soil and air and latent heat flux (ET) is
small. One way to express this partitioning of radiant
energy is the evaporative fraction (4) that is defined
as (Brutsaert and Sugita, 1992; Crage, 1996):;

Al AE
e S ————— 2
A MAH Ry-G )

The energy partitioning calculated with the evapo-
rative fraction is primarily related to the amount of
vegetation and soil moisture content (Beni ef al,
2001). The following equation was derived by Ahmad
and Bastiaanssen {2003) using in situ root zone soil
moisture measvrements and validated evaporative
fraction data from the SEBAL

PRI 3)

USﬂt

where S is degree of saturation (0.0-1.0), 8 is volu-
metric water content, and @, is volumetric water
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content at saturation. Equation (3) was derived from
goil moisture measurements obtained on grassland in
Kangas on alluvial soils and loess (Smith et al.,
1992), as well as from rainfed (vineyard, barley,
wheat} and irrigated crops (maize, alfalfa} in Central
Spain on sandy loams (Bolle et al,, 1993; Basti-
aanssen ef al., 1997). A number of studies have suc-
cegsfully supported the use of Equation (3) for
retrieval of root zone soil moisture using remote sens-
ing algorithms (Scatt ef al., 2003; Mohamed et 2l.,
2004; Fleming et al., 2005).

Insertion of ET Fluxes in Hydrologic Models

The SEBAI/METRIC algorithms for ET mapping
cannotl provide a continuous series of daily ET esti-
mates due to the fact that Landsat and MODIS images
are only periodically available, Landsat imagery is
potentially available every 16 days per satellite, while
the daily MODIS images can only be used every 4 to 5
days when the satellite has a viewing angle of less
than about 15° to the area of interest (Trezza et ol.,
2013). The nadir-angled images are needed for reliable
ET estimates from SEBAT: and METRIC (Allen ef al.,
2008Db). In addition, the presence of clouds often causes
longer time periods between images.

Another issue with constructing continuous series
of BT with satellite imagery is the large temporal
variability of ET fluxes. The daily ET can vary by a
factor 2 or 3 from one day to another depending on
weather conditions, especially cloudiness. As the ET
observed from space on image days is often not repre-
gentative of ET values on nonimage days, direct
insertion of ET fluxes into hydrologic models can
cause substangial error, Instead, more robust vari-
ables with less temporal variability such as the ETrI?
or rooé zone soil moisture (8§ or 0} are preferred for
insertion into hydrologic decision support tools and
for time-integraticn of ET between satellite overpass
dates. As a consequence, the generation of a continu-
ous series of daily ET maps is only possible by com-
bining the available ET mayps with a daily hydrologic
model or other time-integration system that is based
on relative ET, and for the same area or region.

The ETrF is calculated for each pixel of an image
as

ET

ET.F = BT, (4)

where ET is the actual ET estimated by SEBAL or
METRIC for each pizel, and ET, is the standardized
reference ET for a tall crop (Allen et al., 2006d), The
ETrl is similar to the crop coefficient (X,) that is
defined as

JouRNAL OF THE AMERICAN WATER RESOURCES ASSOGIATION




Benchmariang Optical/THERMAL SATELLITE IMAGERY FOR ESTIMATING EvaraTRANSPIRATION AND Soi. Moisture v Decision Suproat Tools

ET,
Kc - 'E‘.:”[\:';}‘ {5)
where ET, is the crop ET under standard condi-
tions and ET.. 18 the (generic) reference ET. Crop
ET under standard conditions refers to the actual
ET from crops “that are grown in large fields under
optimum soil water, excellent management condi-
tion and environmental conditions, and achieve full
production under the given climatic conditions”
(Allen ef al., 1938). The reference ET can be calcu-
lated for two types of reference surfaces represent-
ing clipped grass (a short, smooth crop) and alfalfa
{a taller, rougher agricultural crop) resulting in,
respectively, the reference BT for a short erop ET,
and for a tall crop ET, (Allen et al., 1998, 20054},
Due to the higher surface roughness of the tall
crop, ET, generally will be higher than ET, for the
same meteorological conditions (Irmak et al,, 2008).
Therefore, one should use grass-based crop coefli-
cients with ET, and alfalfa-based crop coefficients
with ET, (Allen et al., 2005d), If a reference ET
other than ET, or ET, was used to develop the crop
coefficients, it mugt be established that the equa-
tion yields valuss that are equivalent to ET, or
ET.. For example, the daily “reference” ET that has
been computed in the past by the New Mexico
State University Penman equation (ET,.nmey) needs
its own set of crop coefficients (K,nmgyl as
explained in Case Study I.

Despite the similarity of Equations (4) and (5}, a
distinet difference can exist between refevence LT
fractions (ETrF) and traditional crop cosfficients (K,),
The latter represent optimmum agricultural manage-
ment under well-watered conditions and are typically
determined from point-based measurements; the flor-
mer represent actual ETrF populations that may
have inherent variation because of variation in water
availability, erop variety, irrigation method, weather,
soil type, salinity and fertility, and/or field manage-
ment that can be different from the average X, value
for optimal crops.

The temporal robustness of the ETtF and K,
appreach has been illustrated by lysimeter measure-
ments for sugar beets that show ETrF and K, values
for sugar beets to be nearly identical on alternating
clear and cloudy days with different ET values (Allen
et al., 2007k}, Other agricultural crops, which are
bred to maintain nearly constant and maximum
stomatal conductivity so as to maximize biomass pro-
duction, are expected to respond similarly. Thus, the
daily ET for each pixel on nonimage days can be cal-
culated using the ETyF derived by METRIC on the
image day multiplied by the ET, calculated from
weather data on nonimage days. If two or more
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images are available, it is standard procedure to
interpolate the ETrF between the image dates so that
the dynamics of vegetation development arve captured
(Allen et al., 2007a, 2011).

Root zone soil moisture is another robust hydro-
logic variable that is correlated with daily ET but
without its large temporal variability (Hillel, 1998),
TFor example, the dynamics of root zone soil moisture
and actual ET at the Paynes Prairie State site in
Florida show root zone soil moisture to vary gradu-
ally during the season, while the actual ET shows
large variability from day to day caunsed by different
weather conditions leading to different atmospheric
demands (Jacobs et al., 2002; Liu e# al., 2008).

Root zone soil moisture is an important tool for the
incorporation of variable ET fluxes into hydrelogic
models when no high-quality hourly weather data are
available to caleulate ET, during satellite overpass or
in mountainous terrain where it is nearly impossible
to estimate ET, for each pixel due to the effects of
slope, aspect, and elevation on incoming seolar radia-
tion, wind speed, air temperature, and relative
humidity. Equations (2) and (3) show that the instan-
taneous heat fluxes from the MHETRIC/SEBAL
approach yield sufficient information to obtain the
root zone soil moisture condition of each pixel and to
map soil moisture maps on image days for initializa-
tion of hydrelogic models, For example, in GSSIIA
the actual ET, the potential evapotranspiration
(PET), and volumetric soil water content are related
as follows (Downer and Ogden, 2006):

ET = PET( (6)

0 — Oup
0-75(95m - gwp)

where ¢ is the volumetric soil waler content, Oy, is
the wilting point, and 0y is the saturated volu-
metric soil water content. If § > 0.750,,, the ET is
congidered equal to the PET. PET is considered
equal to the reference ET for a tall crop {(ET,) that
is calculated from the metecrological data mea-
sured at a ground-based station (Allen, 2001). The
wilting point and the saturated volumetric water
content are derived from the Natural Resource
Conservation Service STATSGO database (accessed
May 28, 2012, http:/soildatamart.nres,
usgda.gov/) uging established pedotransfer functions
that yield 0., and f,; as a function of soil texture
(Rawls ef al, 1982}, Once GSSHA is initialized
with a realistic soil moisture map, its daily ET pre-
dictions based on Eguation (6) are expected to be
more realistic as well. For long-term simulations,
the soil moisture distribution of the model can be
updated when new clear sky optical/thermal ima-
gery becomes available.
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CASE STUDY I: ET TOOLBOX IN THE MIDDLE
RIO GRANDE CONSERVANCY DISTRICT

The ET Toaolbox case study in the Middle Rio
Grande Conservancy District (MRGCID) in New Mex-
ico provides an example of how optical/thermal ima-
gery can be used to derive the forcing function of
ET ir hydrologic models. The primary purpose of the
ET Toolbox is to eskimate daily water depletions, i.e., BT
of agricultural and riparian vegetation as well as
evaporation from open water, at a resolution of
1 x 1 km {previously 4 x 4 km), and to improve the
efficiency of water management and irrvigation
gcheduling by providing guidance — through ET
charts — on when and where to deliver water and
how much to apply (Brower, 2008). Daily ET fore-
casts for the day of interest and the following six
days are accessible for water managers and other
users through the internet (accessed August 30, 2011,
www.usbr.gov/pmts/rivers/awards/Nm2/riogrande.htm
1), For example, the Albuquerque office of the United
States Bureau of Reclamation decides on a daily basis
how much water to release from Cochiti reservoir to
meet ail agricultural, rviparian, domestic, industrial,
and minimum flow demands in the Rio Grande Valley
between Cochiti and Elephant Butle reservoirs. As
the travel time of river water from Cochiti reservoir
to Elephant Butte reservoir is about five days (Lang-
man, 2009), it is essential that the Bureau hases its
releases on reliable BT forecasts. This information is
critical hecause an error in the forecast “ends up in
the river.” If the ET forecasl is larger than the actual
ET, additional excess water may not be pul tc a bene-
ficial use to those who could take the stored water
later. On the other hand, if the forecast is smaller
than the real ET, the legally binding minimum flow
requirement of the river may be violated. This is
especially important during periods of low flow and
hot weather when a relatively small ervor in ET fore-
cast can represent a considerable pereentage of the
minimum flow requirement.

The performance indicator used in evaluating the
worth of BT estimates derived from NASA imagery
on the BT Toolbox s the sum of all daily ET forecasts
in 2007, i.e., the annual ET forecast. The inclusion of
the ET forecasts for the following six days was also
explored, but as they are usually similar to the first
day’s forecast under the climatic conditions of the
MRGCD, only the first day's forecast was used. For
this METRIC application we used MODIS imagery as
its daily acquisition schedule all but assures that
under the climatic conditions of MRGCD sufficient
images will be available to force operational hydro-
logic decigion support tools.
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Benchmark Approach for ET Toolbox

We compared the annual sum of daily ET forecasts
in 2007 using the traditional ET Toeolbox approach
(BTgempgun? versus the annual sum derived from
METRIC using 26 MODIS images distributed over
the entire year (Table 2). The METRIC application
reaulted in twenty-six 500 x 500 m KTrF images that
were aggregated to 1,000 x 1,000 m to ceineide with
the 1,000 x 1,000 m cell size of ET Toolbox. The
500x500 m pixels were developed by resampling
1,000 m MODIS therma! pixels to the 500 m resolu-
tion of most MODIS optical pixels (Trezza et al.,
2013). This was done to promote improved spatial
fidelity of the ET retrievals. Following the production
of BT, the product was resampled to the 1,000 m spa-
tial resolution of the original thermal pixels. Figure 1
presents 12 monthly METRIC ETrT maps aggregated
to 4 x 4 km to show the annual temporal and spatial
dynamics of ETrF in the MRGCD. Thege METRIC
ETrF values were used in two ways to estimate the
annual sum of daily ET values: (1) the BETrF values
were converted to BT Toolbox crop cvefficients (K.
wmerrie) and then processed using the traditional ET
Toolbox approach (BETwemermie); (2} the ETrTF values
were processed using standard METRIC procedures
without making use of ET Teolbox (ETygrric).

Traditionally, ET Teolbox has used the New Mex-
ico State University Penman reference ET (BT, ymsu)
instead of the ASCE Standardized Penman-Monteith
reference ET (Brower, 2008) to calculate the crop ET
under standard conditions as

ET, = K. _nmsy % BTy..nmsu (7)

However the BT, ey, even though it is purported
to be a grass reference methoed, produces higher

TABLE 2. Linage Dates Used for the MODIS-METRIC Application
in the Middle Rio Grande Valley of New Mexico for the Year 2007
(Allen et al., 2008q),

Image No, Date Image No. Date

1 January 28, 2007 14 June 30, 2007

2 February 8, 2007 15 July 7, 2007

3 Jdanuary 1, 2007 16 July 16, 2007

4 Mareh 17, 2007 17 August 8, 2007

5 Mareh 26, 2007 18 Augnst 24, 2007

6 April 2, 2007 19 September 18, 2007
7 April 18, 2007 20 Seplember 26, 2007
8 April 27, 2007 21 Oclober 11, 2007

9 May 13, 2007 22 Qctober 20, 2007
10 May 29, 2007 23 October 27, 2007
11 June §, 2007 24 November 21, 2007
12 June 14, 2007 25 December 23, 2007
15 June 21, 2007 26 December 30, 2007
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FIGURE 1. Monthiy ETri" Aggrogated o 4 o Sized Grid Cells of
the BT Toolbox Grid along the Middle Rio Grande during 2007
{Allen et al., 2008h).

egtimates than the standard grass-reference ET, of
ASCE and FAO (Allen ef al, 2008a), and even
exceeds the standardized ASCE alfalfa reference ET,
by 7.7% (Figure 2). Therefore, that reference method
requires itg own set of crop coefficients (K_.ymsu) that
were provided by Dr. Salim Bawazir of New Mexico
State University on March 186, 2000 (Brower, 2008).
In 2012, the BT Toolbox abandoned the New Mexico
State University reference T and switched to the

NMSU Los Lunas - 1985-2003
NMSU ETo vs. ASCE ETr
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FIGURE 2. Daily “Reference” ET Computed hy the New Mexico
State University Penman FHguation (of E'T Toolboex) vs, Daily Alfal{a
Reference BT Computed by the ASCE-EWRI (2005) Standardized
Penman-Monteith Equation for 18 Years of Weather Data Collected
at the NMSU TLos Lunas Experiment Station (Allen ef of., 20084),
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ASCE Standardized Penman-Monteith reference ET
method of Allen et al. (2005d).

Equation (7) was used to caleulate the ET Toolbox
ET-based forecasts for “today” and the following six
days. The ET,nmgu was caleculated using weather
data from a network of seven weather stations in
MRGCD (Brower, 2008) as well as weather forecast
parameters provided by the National Digital Forecast
Database (accessed August 30, 2011, http/
www.nws.noaa.gov/ndfd/). The daily assignment of a
crop coefficient (K nmur) for each grid cell in the
MRGCD was based on its land cover. Prior to June
8, 2004, the Middle Rio Grande Land Use Trend
Analysis of 1992/93 (U.S. Bureau of Reclamation,
1997) was used as the land cover database. After
that date, a high-resolution land cover map was pro-
duced using a combination of July 2000 TKONOS
satellite imagery at 4 m resolution and 2001 Utah
State University aerial photography at 0.5 m. That
high-resclution land cover map was transposed to
the grid cell map of ET Toolbox to determine acreage
of each agricultural crop (Alfalfa, Corn, Pasture,
Orchard, etc.), each type of riparian vegetation (Cot~
tonwood, Salt Cedar, Russian Olive, ete.), and open
water in each 1 % 1 km grid cell. As a consequence,
the ET Toolbox land cover map generally was at
least several years out of date. In this study for the
year 2007, the land cover map was approximately gix
yearg old,

Important features in the ET Toolbox are the
dates when a land cover is assumed to become active
and ET beging, and when the area becomes inactive
and ET stops. For example, corn was assumed lo
begin its growth phase starting on April 29, and
remain active until November 20. Thus, a field clas-
gified on the imagery of 2001 as Corn would, in
2007, be estimated to consume water during six
months and 22 days out of the year, with zero ET in
the remaining peried. Of course, in 2007, a field may
actvally be planfed with alfalfa, which has a growing
season from January 1 through October 20, or it
may be bare, ie., considered in ET Toolbox as inac-
tive with zero ET, but underlain by a shallow
groundwater table that almost certainty maintains a
gmall soil evaporation rate (Hendrickx et af.,, 2003).
To mitigate the issue of out-of-date land cover maps,
MRGCD switched, in 2012, to the use of crop reports
developed from field surveys performed by ditch rid-
ers throughout the irrigation season so that the ET
Toolbox now uses one-year-old land cover data. In
this context, it is relevant to observe that no land
cover data are needed for KT predictions using the
SEBAI/METRIC approach (Allen efal, 2011),
although land cover information may somewhat
increase the accuracy of ET predictions by improving
estimates of the surface roughness of each cell.
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The width of the Middle Rio Grande Valley varies
from less than 1 km to about 8 km. As a result, there
are many edge cells located on the boundary between
low-lying valley lands and higher dry upland terrain.
These boundary cells cover the area that remains
between the last full-sized cell and the boundary
between the floodplain and desert up-lands. As a con-
sequence, many of these cells are considerably smal-
ler than 1 km® which may lead to inaccuracies when
re-projecting different data layers to a common pro-
jection and, therefore, they have been eliminated. As
a result, all of our analyses are based on 831 approxi-
mately 1 x 1 km cells that are entirely located in the
vallay and mostly underiain by a shallow (0-5 m)
groundwater table (Bexfield and Anderholm, 1997;
8.8. Papadopulos & Associates, Inc., 2008).

The performance indicator, total annual ET for
2007, using the traditional ET Toolbox approach
without MODIS imagery (ETywe.nmsu) was caleulated
in this study using:

duy =365
day=1

He_mmsy x BTy _yusy)/831

cell=831
cell-=1

ETy .NMSU = ®)

In contrast, the performance indiecators baged on
the ETrF maps generated by METRIC from MQODIS
imagery were not based on the New Mexico State
University Penman reference ET, ET,nvso, but on
the ASCE standardized Penman-Monteith equa-
tion for the alfalfa reforence, LETr (Allen ef al.,
2007a). Because the data presented in Figure 2 sug-
gest that

ETu—NMSU = 1077 x ETr (9)
we developed a METRIC-derived crop coefficient (K,
I\-IE'.‘E‘IHC) to be uged with ETo—NMSU as

_ETrR

Ke. TLoTT

METRIC - (10)

and the performance indicator using METRIC ETrF
inside the ET Toolbox (ETk. meTrIC) 88

day =366 cell—S 1

day:=1 cell==1 (11]
(Kemmmric % BT nmsu)/831

E lf& METRIC

The primary difference between Equations (8) and
{(11) are that Equation (8) uses “static” K, values
developed by NMSU, and Equation (11} uses spatially
varying K, values developed from the METRIC appli-
cation. The daily ETrF values were determined by
linear interpolation between the ETrF images derived
from the 26 MODIS images to simulate common
interpolation practice.
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The performance indicator based on METRIC only
without using ET Toolbox (ETygrric) was caleulated
ag

ETwerric = Zﬁ:;“, 368 Zggl}—m (ETrF x ET,)/831
{12)

where ET, was computed using the ASCE standard-
ized Penman-Monteith equation and ETrF was pro-
duced from the METRIC process. The daily ETYF
values of this performance indicator were not deter-
mined by linear interpolation but by fitting a spline
between the ETrF images derived from the 286
MODIS images, which follows common METRIC
practice (Allen et al., 2007a). In general, the spline
function tends to more smoothly follow the evolution
of ETrF caused by evolution in vegetation develop-
ment, than does a linear interpolation. In addition,
the convex nature of ET+rF vs, time of growing season
tends to cause the linear interpclation to understate
total ET due fo undercutting of the convex curvilin-
sar ETrF time-based curve (Allen ef al., 2007a). In
MIETRIC, the quality controlled measurements at the
two representative automated weather stations of
Angostura and Boys Ranch were used for the caleula-
tion of an average daily ET, for all 831 cells (Allen
et al., 2008a). The annual sum of these daily ET, val-
ues was 1,950 mm and ideally thiz number should be
gimilar to the annual ET,. that contributed to perfor-
mance parameter ETx, mrraic. One can ingert Equa-
tiong (9) and (10) into Equation (11) to confirm this.
However, due to uncertainty of regression Equa-
tion (9) as well as the use of seven instead of two
weather stations and spatial weighling schemes for
agsigning a reference ET.nmso to each grid cell in
ET Toolbox, the annual ET, for performance indicator
ETxemerric Was 1,767 mm, or about 10% less than
the 1,950 mm for performance indicator ETymrric.
To benchmark the three different performance
indicators (ETgenmsu,  ETkemmprric,  ETwerric)
against each other, we not only used their averages
over 831 cells but also their averages over different
land covers, We calculated the values for the perfor-
mance indicators for each land cover class defined in
2008 by the National Agricultural Statistics Service
{NASS) of -the U8, Department of Agriculture
{http://nassgecdata.gmu.edu/CropScape/, accessed
September 10, 2012). The land covers consisted of
agricultural crops (corn, serghum, winter wheat,
alfalfa, pecans), fallow land, and nonagricultural
classes similar to the ones used in the 2006 National
Land Cover Database (Fry ef al., 2011). All data were
downloaded at a spatial resolution of 57 x 67 m. We
used the 2008 NASS dataset as it was the first yoar
available and sufliciently close to 2007 to identify the
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irrigated areas and other major land covers in the
MRGCD. We then reclassified all agricultural crops
into one new class of “irrigated lands.” Before using
these data, we aggregated the 57 x 57 m cells into
1,000 x 1,000 m cells assigning the land cover occur-
ring with the highest frequency to the aggregated
cells. For exarmple, iff 51% of the 57 x 57 m cells in
one 1,000 x 1,000 m cell were “shrubland” and 49%
were “irrigated land,” then the aggregated cell would
be classified as “shrubland.” This aggregation process
introduced considerable biag for many pixels, as the
subpixel-scale variability of heat fluxes in the
MRGCD was guite high (Kleissl ef ol., 2009). Overall,
the total ET aggregated over all 831 pixels of
1,000 x 1,000 m was assumed to have much lower
bias than for individual pixels, due to randomized
assignment of majority land use {ype on a pixel-by-
pixel basis. The result would be eancellation of error
in proportion to the square root of the number of
cells, or a reduction of 831" or about 29 times. The
eight land cover clagses were: Open Water (WAT),
Woody Wetlands (WWE}, Irrigated Land (IRR), Pas-
ture/Hay (PAS), Grassland Herbaceous (GRA), Shruh-
land (SHR), Developed/Open Space (DEQ), and
Developed/Low intensity (DEL) {Table 3).

Benchmark Results for ET Toolbox
Table 3 presents the total annual ET's in 2007 esti-
mated using ET Toolbox in its traditional way and

with METRIC ETvFs. The average annual 2007 ET
perﬁ)rmance indicators — ETK;:—NMSU) ETK::—METRIC)

TABLE 3

and ETyprric — were 543, 771, and 832 mm, regpec-
tively, over the 831 cells. The absolute and relative
differences of (832-771=) 61 mm and 8% between the
average ET..vrrric and ETymraic Was not expected
as according to Equations (8)-(12) these performance
indicators should have approximately the same value.
This difference appears primarily caused by the inter-
polation method of the ETrI images for caleulation of
the ET performance indicator, linear interpolation for
ETgemmrric, end the more accurate spline interpola-
tion for ETymrric (Allen ef al., 2007a). A secondary
possible cause is that the reference ETs used for the
caleulations of ETg.mrrric and ETyereic were based
on data from different weather stations as explained
in the previous section. The 8% difference is consid-
ered to be within the commonly accepted uncertainty
of remotely sensed ET (Karimi and Bastiaanssen,
2015).

Because ETKcﬁNMSU and ETKc-ME'X‘RIC are both
resuits of ET Toolbox, we focused our benchmark
analysis on these two performance indicators. The
absolute and relative differences between ETg.nusu
and ETgemprne for all 831 cells were (771-543=
228 mm and 30%. This is a large difference; however,
one should keep in mind that the purpose of the tra-
ditional ET Toolbox is to estimate crop and riparian
vegetation ET from “active” areas and open water
evaporation within specified river reaches (Brower,
2008). The 0T Toolbox was not developed to estimate
ET from all areas, including what are classified by
USBR as “inactive” areas that contain desert shrubs
or bare soils, fallow fields, or agricultural fields
during winter time. METRIC, on the other hand,

. The Average Annuat Aclual ET in Cage Study T, Iig Standard Deviation, and Its Coelficient of Variation for 831 Pixels of About

1 x 1 km foy the Three Perforimance Indicators (BTkenmstn Bl wenimrric: BETyrrric) for Al Pixels and for Each Land Cover Class.

Standard Deviation of Annual ET

Coefficient of Variation of Annual

Land Annual ET (mm/yr) (mm/iyr} ET (-
Cover!
N*  AA® ETkamsu  ETxensrue  Blamrnre  Blreewasu  Elxemerme ETwmrare ETgenmsu Blweamree  ETwmrric

ALL 831 40 543 771 832 246 206 230 45 a7 28
WWE 123 40 621 B* 898 A 978 AB 199 148 170 a2 21 17
WAT s 43 606 B 878 AB 1,026 A 216 179 161 26 20 16
IRR 60 52 T07 A 863 ABC D27 BC 155 158 172 22 18 19
BAS 178 41 632 AR 830 BCD 892 CD 185 166 178 29 20 20
GRA 35 44 640 AB 804 CD 790 EF 259 145 153 39 18 20
DEO 57 43 566 B 768 D 838 DE 223 193 207 39 25 26
SHR 260 36 439 C T00 I T4d B 258 176 244 59 25 a3
DEL 80 31 355 D 545 F 816 G 250 201 179 65 87 29

"WWE, Woody Watiands; WAT, Open Water; IRR, Trrigated Lands; PAS, Pasture/Hay; GRA, Grassiand Horbaceous; DEQ, Developed/Opon
Spd.(.e, 8HR, Shrubland; DEL, Developed/Low Intensity.
2N is nuntber of 1,000 x 1,000 m cells present in each land cover class.
¥The Active Area is the percentage of o pixel area where BT takes place; the lnau,twe Area ig the percentage of a pixel ares with bare and gpar-
sely vegetated spots where E'T Toelbox assumes zero ET. AA iz annual mean active area used for the ealenlation of BTy, savsy in the traditional
ET Toolbox. The AA of IRR is significantly higher than all other classes; the AAs of WWE, WAT, and SIIR are net significantly different,
*Walues with a different letter are significantly different al the 5% significance level. For example, ETymmc values of Open Water {WAT)
and Drrigated Lands (IRR) are significantly different beeause they do have different letters, respectively, an A and a B.
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estimates a spatially continuous ET field over an
entirve region or watershed including shrubs and bare
goils having low ET rates, For that reason it is to be
expected that the cumulative ET derived from
METRIC is higher than that estimated from the tra-
ditional ET Toolbox approach, Neither approach is
necegsarily “right” or “wrong,” as they are designed
to detect or estimate the ET from different areas of
interest.

Table 3 also presenty the ErI‘Kc-NMSU: ErrKc_ME'prc,
and ETyprric for the eight land cover classes. An
analysis of variance was conducted to test whether
differences among ETKr.—NMSU: ETKc-ME’[‘RIC; and
ETyvierric depend on land cover. All three perfor-
mance indicators did significantly (p < 0.001) depend
on land cover but only a small part of their variabil-
ity was explained by land cover as expressed in the
R?%wvalues of 20, 26, and 25% for, respectively, BTk,
nvsth ETgemprrics and ETyprmic. These low R
values were expected as (1) previous research demon-
strated a large variability of heat fluxes within cells
having dimensions of 1,000 x 1,000 m (Kleissl et al.,
2009); and (2) the NASS land cover classes do not
capture well the true differences in land cover of an
arid floodplain in New Mexico at a scale of 1,000 m.
For example, visual false color image-based inspec-
tion of the land types occurring in land cover classes
Pasture/Hay (PAS), Grassland Herbaceous (GRA),
Developed/Open Space (DEQ), and Develeped/Low
Intensity (DEL) revealed that they do contain irri-
gated parcels, For that reason we did not further con-
gider these four land cover classes, but instead,
focused our discussion on Open Water (WAT), Woody
Wetlands (WWE), Irrigated Lands (JIRR), and Shrub-
land (SHR) that represent truly different environ-
ments in MRGCD. Indeed, land cover Shrubland was
significantly different from all other land covers for
ETK(:-NMSU and ET.K(:-IVIETRIC: but cannot he distin-
guished significantly rom Pasture/Hay for ETypric.
The land cover classes Woody Wetlands and Open
Water were not gignificantly different for any of the
three performance indicators, but together they rep-
resented the moist nonagricultural areas covering the
river and adjacent wetlands.

The BTy, merric values were ranked from highest
to lowest as they explain most of the variability
caused by land cover; ETg, nmsu and ETygrric val-
ues followed this ranking in Table 3, The highest
annual ETg.merrie occurred in cells classified as
Woody Wetlands with 898 mm, Open Water with
878 mm, and Irrigated Lands with 863 mun, but
these values were not sgignificantly different, The
700 mm value of Shrubland wag significantly lower.
A completely different ranking was found for ETg,.
nyey with the highest value of 707 mm in Irrigated
Lands and significantly lower values of 621 and
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605 mm in Woody Wetlands and Open Water, respec-
tively. Again, Shrubland wag significantly lower with
439 mm, The ranking of ETyerric basically followed
the one of ETKE-BIETRIU with values of 978, 1029, and
927 mm for, respectively, Woody Wetlands, Open
Water, and Irrigated Lands. Shrubland was the low-
est with 744 mm.

The absolute and relative differences between
ETkevmrric and ETyprric for Woody Wetlands
and Open Water cells were, respectively, 80/151 mmn
and 8/159%; for [rrigated Lands, the values are 64 mm
and 7% and for Shrubland 44 mm and 6%. These
values confirmed that the differences between ETyk,.
weTrric and ETywprric are minor and mainly caused
by their different approaches for calculation of the
reference ET, as discussed before. The absolute and
relative differences between ETyg.nmsg and ETg,.
mutric for Woody Wetlands and Open Water cells
were, respectively, 277/273 mm and 31/31% while for
Irrigated Lands these values were 156 mm and 18%
and for Shrubland 261 mm and 37%. The standard
deviations of ETKc-NMSU and ETKQ_METRIC for W()Ody
Wetlands, Open Water, Irrigated Lands, and Shrub-
land were, respectively, 199188 mm, 216/179 mim,
165/1588 mm, and 258/176 mm, and the respective
coefficients of variation were 32%/21%, 36/20%, 22/18%,
and 59/25%. The overall plcture that arises from the
magnitude of these differences iz that the perfor-
mance parameters ETkenmsu and ETK('.—METRIC for
land cover class Irrigated Lands were more similar
than for other classes. Not only were their absolute
and relative ET differences of 156 mm and 18% smal-
ler than those of Woody Wetlands, Open Water, and
Shrubland, but alse their standard deviations and
coefficients of variation were nearly the same and the
lowest among the land cover classes. The difference
of 156 mm between performance parameters ETg..
nvst and ETg.nmrric for land cover class Irrigated
Lands is most likely largely due to capillary rise and
bare soil evaporation during the winter season when
ET Toolbox assumes evaporation to be zero on inac-
tive lands, whereas the thermally based energy bal-
ance of METRIC was able to detect evaporation from
wet goil. METRIC-based ET was aggregated over the
calendar vear to demonstrate the positive impact of
considering evaporation and ET during all parts
of the year. On average, during 2007, the active area
of Irrigated Lands cells was 52% (Table 3), leaving
48% as inactive. As groundwater table depths in the
floodplain of the Rio Grande are shallow (0-5 m below
surface) (8.8, Papadopulos & Associates, Inc., 20086)
and the soils generally have a medium to fine texture
(Nelson ef al., 1914), capillary fluxes can vary from
more than 1 mm/day to close to zero (Hendrickx
et al., 2003). Such fluxes could explain part of the ET
difference of 156 mm between the traditional and
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METRIC approaches. Yet, another reason for the dis-
crepancy may be that the land use map used by ET
Toolbox was more than six years old so that erro-
neous land use classes may have affected the total
annual ET egtimation,

The dynamics of perfermance parameters ET,.
nmsy and BTy verric for land cover classes Woody
Wetlands, Open Water, and Shrubland were guite
different. The absclute and relative differences
between ETge.nmsu and Ely . yuprric were much lar-
ger than the 156 mm and 18% found in land cover
Irrigated Lands; they were, respectively, 273, 277,
and 261 mm, and 31, 31, and 31%. As for the irri-
gated lands, the differences in ET were most likely
duse to capillary rise and bare soil evaporation, not
only during the winter season when ET Toolbox
assumnes evaporation to be zers, but also during the
growing seagson on the bare soil patches that are typi-
cal of the riparian and shrub areas. The mean aver-
age active areas of Woody Wetlands, Open Water,
and Shrubland were 39% so that their total inactive
area, le., bare and sparsely vegelated spots where
ET was set equal to zero, and is 61% or about 25%
more than the 48% of Irvigated Lands. As explained
earlier, capillary fluxes on inactive areas can make
up part of the BT difference of 261-277 mm between
the traditional and METRIC approaches for Woody
Wetlands, Open Water, and Shrubland. Yet, another
reason for the discrepancy may be the six-year-old
land use map as discussed in the previous paragraph
and the lack of a majority of any particular land use
type in a 4 km grid eell, thereby impacting accuracy
of the ETI{E-NMSU estimates.

The gharp decreage in the standard deviations and
coeflficients of variation is another characteristic of
the statistics in Woody Wetlands, Open Water, and
Shrubland (Table 3) when the traditional ET Toolbox
approach was replaced by a METRIC-based one.
While the standard deviation and coefficient of varia-
tion of Irrigated Lands for ETg.amsy and ETi..
mETRIC basically remained the same, the stondard
deviation of Woody Wetlands, Open Water, and
Shrubland decreased by, respectively, 11, 37, and
82 mm; coefiicients of variation decreased from 32 to
21%, 36 to 20%, and 59 to 25%. Therefore, the stan-
dard deviations and coefficients of variations for
Woody Wetlands, Open Water, and Shrubland
approached those of Irrigated Lands or — in other
words — the accuracy of annual ET estimates for
these classes improved when METRIC was used. On
the other hand, METRIC does not need annually
varying land cover information as it directly determi-
nes the components of the energy balance. Another
important factor explaining the higher accuracy of
METRIC is that it captures, not only in active areas,
but also in inactive areas, the change in soil evapora-
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tion and riparian vegetation transpiration due to
capillary fluxes as a result of groundwater depth
change between years and during a water year. Many
gtudies have confirmed that groundwater depth is an
important factor affecting ET, particularly in riparian
and groundwater discharge areas with phreatic vege-
tation (White, 1932; Van Hylckama, 1974; Moayyad
et al., 2003; Shafike et al., 2007). For example, Van
Hylckama (1974) studied water use by salt cedar, a
phreatophyte known to utilize groundwater, during a
gseven year perviod using lysimeters and found that
the plant's ET rate was highly dependent on the
depth to groundwater, with 2,160 mm/yr with depth
of 1.6 m decreasing to less than 1,000 mmfyr for
depth of 2.7 m.

A final aspect considered i3 whether METRIC
applied with MODIS imagery yields aecurate ET val-
ues. Previous studies have found generally good
agreemment between METRIC ET derived [rom
MODIS compared with up-scaled Landsat ET maps
(Allen ef al., 2008b; Hong et al., 2009, 2011a). In
addition, eddy-covariance ET measurements and
HYDRUSID simulations from 1999 at a flooded Salt
Cedar site in the MRGCD vielded an annual ET of
1,12 and 1,140 mm/yr, respectively (Moayyad e¢ al.,
2008}, which suggests that the ETuyprwie value of
1,140 mm from 2007 at that location is accurate.

Benchmark Conclusions for ET Toolbox

Observing the large differences in estimation of
annual ET in 2007 for the 831 cells in MRGCD by
the three performance indicators ETk.nnsu,
ETgemerric, and ETyemic, and considering the pos-
itive METRIC validations with MODIS imagery in
the Rio Grande Valley, optical/thermal imagery has
the potentia!l to considerably improve the forecasts of
ET in the MRGCD, It is very likely that a nearly
real-time implementation of METRIC would generate

“benefits that outweigh the costs of such an opera-
tion, especially in light of recent efforts to reduce
cogts of human oversight and intervention on
METRIC and similar model applications (Allen et al.,
2013) and implementation of the METRIC algo-
rithms on the very fast Google Earth Engine cloud
via an application named EEFlux (Earth Engine
Evapotranspiration Flux) {Kilic ef af., 2014). All pat-
terns of water use (whoen, where, and how much)
need to be known during the entire year before
water can be optimally managed in times of scarecity
and drought. This information can only be obtained
from the METRIC Landsat-based ET because the BT
derived from the ET Toolbox only provides the
expected average ET during the growing season
under optimal conditions.
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CASE STUDY II: GSSHA IN THE KISHWAURKEE
WATERSHED

The GSSHA model case study is an example of
how optical/thermal imagery can {mprove model
hydrologic predictions through initialization of soil
moisture state in the models. GSSHA (Ogden et al.,
2000; Downer and Ogden, 2004, 2006) is a ftwo-
dimensional, physically based, distributed parameter
hydrologic model that simulates a variety of hydro-
logic processes, Including: parameterizations for rain-
fall interception and infiliration, overland flow
retantion, BT, surface runoff and subsurface routing.
(GSSHA is applicable in most watersheds because its
formulation includes Richards equation infiltration,
two-dimensional implicit groundwater routing, and
an optional conceptual base flow model based on the
Sacramento Soil Moisture Accounting (SAC-SMA)
model. GSSHA is used by the U.S. Army Corps of
Engineers not only within the U.S. but also world-
wide. GSSHA is public domain software maintained
by the U.8. Army Corps of Engineers, Engineering
Research and Development Center, and can be
downlpaded from the GSSHA Wiki (accessed August
23, 204, www.gsshawiki.com/gseha/Gridded, Surface
Subsurface_Hydrologic_Analysis).

An accurate initialization of spatially distributed
GSSHA goil moisture is critical when predieting paak
discharges and maximum flocd levels in rivers of inter-
est on short notice in support of civilian and military
operations. In applications without remctely sensed
root zone soil moisture, there is little to no time to
gather spatially distributed field estimates of the soil
maisture conditions needed to initialize GSSHA. In
the absence of ficld data, the model is initialized using
an initially uniform scil moisture state such as dry,
average, or wet, and running the model from before a
previous rainfall recorded event. Errors in initial soil
moisture estimates were found to be diminished after
a significant rainstorm is simulated (Senarath ef al.,
2000). However, this process first increases simulation
time when time is of the essence and it alse results in
errors in the peak hydrograph and, thus, the predie-
tion of maximuim flood levels. We performed this study
to see if improved initial soil moisture estimates signif-
icantly improve model performance, as well as
increase parameter set unigiueness when calibrating.
Therefore, we selected the predicted storm hydrograph
as the performance indicator for GSSHA.

Benchmark Approach for GSSHA

For this study, we used GSSHA simulations in
the Kishwaukee Watershed. The Kishwaukee River
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originates near Woodstock, Illinois, and flows to
Rockford, Ilinois, where it discharges into the
Rock River. The watershed covers approximately
3,000 km® and contains a dense network of
gtreams with a total length of about 1,800 km,
Agricultural lands occupy about T0% of the water-
shed; the remainder is covered by forests, sloughs,
wetlands, and urban areas, GSSHA simulations in
the Kigshwaukee waterghed for the prediction of
flcod changes caused by land use conversion,
removal of tile drains, and installation of a wet-
land were used ag the basis for this study (Byrd,
2013). Average annual precipitation is 950 mm and
average annual evaporation is 750 mm (Kay and
Trugestaad, 1998).

Discharge measurements were made from April 1,
2002, through October 11, 2002 (Figure 3). Unfortu-
nately, no matching hourly NEXRAD distributed pre-
cipitation data were available for this entire period.
Therefore, Event 1 and Event 2 (Figure 3) have been
split and simulated individually with GSSHA in this
proof of concept study; Bvent 1 started on June 3 and
Event 2 on August 21. Hourly NEXRAD distributed
precipitation images have been used as input to the
GSSHA model,

For our study period, only the Landsat image of
June 18, 2002 was of sufficient cloud-free quality
to map ET and soil meisture., This image iz located
in the tail of the hydrograph of Lvent 1 and is
assumed to represent soil moistare conditions typi-
cal for periodg in the growing season without pre-
cipitation as cccurred just before Event 1 in early
June and Event 2 in late August. A horizontal
grid increment of 250 m was used in the simula-
tions, resulting in approximately 48,000 grid cells
within the watershed.

We benchmarked the prediction of two hydro-
graphs after the two large storms occurring in June
and August 2002 (Events 1 and 2 in Figure 3)
using individual GSSHA simulations, Our approach
for benchmarking and evaluating the value of using
the Landsat-derived soil moisture product for ini-
tializing the GSSHA model is a straightforward
application of Equation (6). First, GSSHA was run
in its traditional manner with uniform initial soil
water contents assigned to all cells in the model
before running the model from before a previous
significant rainfall event. GSSHA was then run for
Lvent 1 in early June and Event 2 in late August
using as the inifial soil moisture distribution the
ene that was derived from a SEBAL analysis for
the June 18, 2002, Landsat image (Hendrickx ¢! al.,
2009). For the Landsat approach, the SEBAL-geney-
ated BT map (Figure 4a) was converted into a soil
moisture map using Equation (6) while PET was
calculated wsing daily meteorological data (Allen
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FIGURE 3. Time Series of the Average Radar Precipitation over the Kishwaukee Watershed as well as the Observed and Simalated Dis-
charges at the Qutlet of the Kishwaulee Watershed for Event 1 and Event 2 Using the Surface Energy Balance Algorithms for Land-Derived
Boil Moisture Mup {o Initialize GSSHA. The precipitaticn volues shown in this figure are the average values of the distributed radar rainfall
over the watershed; in the simulations, the spatially distributed radar rainfall is used so that the cell with the maximmum precipitation value
receives [ar more precipitation than the average value (Pradhan ef «l., 2012),
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FIGURE 4. Kishwaukee Maps Used for This Study: (a) Surface Energy Balance Algorithms for Land actual ET {mm/day) on June 18, 2002;
(b} s0ils by surface texture (FHendrickx ef al,, 200%; Pradhan ef «l., 2012),

ef al,, 2005d) from a weather station located at used to determine 6, and A, for each cell in the
42,11 N, 38.96139 W. For both the traditional and model using standard USDA soil parameters (Rawls
Landsat approaches, the soil map (Figure 4b) was et al., 1982),
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No Landsat images were available immediately
before the storms of June 3 and August 21, 2002; the
only available image was acquired on June 18, 2002,
during a period that the discharge in the watershed
was at a level somewhat higher than just before
Event 1 and Hvent 2 (Figure 3). In humid regions
like the Kishauwkee watershed, only a few clear sky
Landsat images are typically available during pericds
with high rainfall (S8anc e af., 2007) and the proba-
bility of having a clear sky image just before a major
atorm event is rather low,

The use of daily MODIS images increases the
availahility of clear sky images due to the higher fre-
quency of overpass. However, because the thermal
band of MODIS hag a resolution of 1,000 m, the
MODIS ET and soil meisture maps have lower rese-
lution than those of Landsat b, which has a thermal
band resolution of 120 m. This begped the question:
What is the value of a soil moisture map obtained
from wmoderate resolution Landsat imagery weeks
before or after the storm event to be simulated, com-
pared to a more frequent, but lower-resolution soil
map? We hypothesized that the value of a higher
resolution but less-frequent soil moisture map would
be of congiderable value bhecause generally there
exists a “temporal persistence of spatial patterns of
soil water storage” (Kachanoski and de Jong, 1988)
or, more accurately, a “time stability of the rank of
individual cbservations in the probability distribu-
tion function of the whole population” (Vachaud
et al., 1985) of soil moisture values, The “rank order
stability” of goil moisture patterns can be deseribed
then ag the temporal persistence of spatial goil mois-
ture patierns, i.e., even when the average soil mois-
ture conditions change due to precipitation and ET,
the rank order of soil moisture for each cell often
will remain relatively unchanged. One important
reagon for time stability of soil moisture patterns is
the strong relationship hetween soil texture, land-
seape position, and soil moigture {e.g., Vachaud
et al., 1985; Hendriclkx et al., 1990; Hillel, 1998, Jury
and Horton, 2004). This relationship is so strong
that soil boundaries between soil series can be deter-
mined using field soil water content measurements
{(Hendrickx ef al., 1986) or series of SEBAL-gener-
ated soil moisture maps (Tingle ef ol., 2010, 2014)
gimilar to the map usged in this case study. There-
fore, we expected that the June 18 SEBAIL soil mois-
ture map would reveal soil moisture patterns similar
to the ones existing in the watershed just before
Event 1 starting on June 3 and Event 2 starting on
August 21, If true, then the June 18 zoil moisture
map would be & befter option for initialization of
GSSHA than an artificial, sgpatially uniform soil
moisture distribution, or lower resolution MODIS
soil moisture map.
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Benchmark Results for GSSHA

Figure 5 shows for Event 1 how the simulated run-
off hydrograph varied with the various uniform ini-
tial seoil-moisture conditions, which were evaluated
with observed discharges usging the Nash-Sutcliffe
(N-8) efficiency. Table 4 presents for Event 1 the
variation of the N-S efficiency, which represents a
goodness-of-fit between the observed and simulated
hydrographs. The N-S efficiency varieg from —0.02
for uniform initial soil moisture of 70% to 0.81 for a
uniform initial soil moisture of 40% during the sensi-
tivity analysis and ealibration of Kishwaukee water-
shed. Because discharge measurements are availahle,
we recognize that the uniform 40% initial soil mois-
ture produced the most efficient hydrograph using
the traditional GSBSHA initialization method. How-
ever, the use of the June 18 SKEBAIL soil moisture
map resulted in N-S efficiencies of (.88 and 0.85 for
Events 1 and 2, respectively, This is a strong indica-
tion that soil meisture distributions during the period
of discharge measurements have a robust rank order
stability and that this knowledge substantially
improves estimation of individual flood events. Senar-
ath et al. (2000} showed that distributed-parameter
physically-based hydrologic models are quite sensitive
to assumed initial soil moisture values, and this sen-
gitivity destroys the validity of single-event calibra-
tions when assumed values are used. They also
showed significant improvements in calibration verifi-
cation when more realistic soil moistures wers simn-
lated. The results shown in Figure 5 and Table 4
clearly show that if SEBAL soil moisture estimates
are available, model performance is considerably
improved when used to initialize soil moisture.

GSSHA is a fully distributed hydrologic model that
accounts for soil moisture conditions in each time
step. Therefore, GSSHA can be used not only to pre-
dict hydrographs but also to predict real<time soil
meisture dypamics in a watershed. Figure 6a pre-
sente the June 18, 2002 soil moisture distribution
derived from the SEBAL ET map (Figure 4a) using
Equation (6). This map was used to initialize the sim-
ulations of Events 1 and 2; this map contains sub-
stantial spatial details and is much more robust than
the soil moisture distributions used for traditional
(GSSHA simulations, The model-predicted soil mois-
ture distributions 16 days after Event 1 are shown in
Figures 6b-6e. Figures 8b-6d show soil moisture dis-
tributiona initiated with, respectively, 10, 40, and
70% uniform initial water content while Figure Ge
shows the soil moisture distribution initiated nsing
the SEBAL June 18-based soil moisture map (Fig-
ure 6a). Even alter 16 days, the soil moisture maps
initialized with uniform initial seil moisture distribu-
tions {Figures 6b-6d) still retain unyrealigtic features
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as cornpared with that produced using the SEBAL-
initialized soil moisture map. Figure 6e shows a high
spatial variability and much wider variability of soil
moistures across the watershed, This latter feature is
best seen by comparing the goil meisture density dis-
tributicng of the simulations (Figure 7). Whereas the
simulations initialized with uniform initial soil mois-
ture have their densities concentrated in a rather
narrow band, the density distribution resulting from
the SEBAL so0il moisture map spang a wide range of
goil moisture conditions. For initialization with 10,
40, and 70% uniform initial soil moisture, the respec-
tive soil moisture values ranged from 0.10-0.17, 0.18-
0.34, and 0.20-0.35 while the SEBAL initialization
yielded a range of 0,12-0.39.

Benchmark Conclusion for GSSHA

Comparison of the measured hydrographs in this
study with the hydrographs simulated with and with-
out wusing spatially-distributed initial soil moisture
state estimate derived from optical/thermal Landsat
gatellite imagery has established that such imagery
has the potential to considerably improve the predic-
tion of hydrographs and river levels uging distributed
hydrelogic models. In addition, we observed that sim-
ulated soil moisture distributions exhibit greater vari-
ability that seems more natural when satellite
imagery was used to initialize the GSSHA model.

This study alse demonstrated that in cloudy
regions where clear sky Landsat imagery is limited
(Asner, 2001; Wohl e al., 2012), the rank order sta-
bility of soil moisture patterns enables the use of
SEBAI/METRIC-derived soil moisture maps for
model initialization on dates that are days, weels, or
possibly even years (albeit in the right season) apart
in the future or past from the image day.

TABLE 4. Goodness-o[-Fit between Simmulated and Oliserved
Hydrographs as a Function of [nitial Root Zone Soil Moisture
Distribution. The uniform cases refer to Event 1,

Nash-Suteliffe

Initialization of Soil Moisture Efficiency
Uniform svil moisture content of 10% C.14
Uniform soil moisture content of 30% 0.63
TUniform soil moisture content of 35% .76
Uniform soil moisture content of 40% .81
Unilorm seil moisture content of 70% -0,02
SEBAL-distributed soil moisture map: Event 1 0.88
SEBAL-distributed sail motsture map: Bvent 2 0.85

These conclusgions are based on data and measure-
ments covering only two storm events in the Kigh-
waukee watershed and, therefore, need to be
confirmed by more field studies, This study supports
another research effort in Africa advocating that in
un-gauged watersheds ET and soil moisture maps
from the METRIC/SEBAL approach can be used as a
means for the calibration of distributed hydrologic
models (Winsemius et al., 2008).

CASE STUDY III: DPWM IN THE SAN GABRIEL
MOUNTAINS OF CALIFORNIA

The DPWM case study serves as an example of
how optical/thermal imagery can improve the estima-
tion of critical parameters in hydrologic models, One
such parameter ig the “total available water” (TAW)
for BT that is eritical to the parameterization of oper-
ational distributed water balance models that deter-
mine actual ET and aquifer recharge (Alley, 1984),
quantify feedbacks between soil moisture and climate
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and Obaerved Hydrographs for Event 1 (Hendrickx et el., 2009; Pradhan et of., 2012),
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FIGURE 6. Relevant Soil Molsture Maps: (a) Surface Energy Balance Algorithms for Land (SEBAL)derived soil moisture distribution on
June 18, 2002, that is used to initialize the simulations of Bvent 1 starting on June 8 and Bvent 2 starting on August 21; GSSHA soil mois-

ture predictions on day 18 of Event, i.e., June 18, slarting with unitorm

initial soil meisture of, respectively, 10% (b}, 40% (c}, and 76% (d);

{e) GSSHA soil moisture predietion on day 16 of Event 1, i.e,, June 18, starting with distributed initial spil moisture derived from SEBAL soil

moigtire map on June 18.
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(Seneviratne ef al., 2010}, estimate runoff (Schaake
et al., 1996), assess BT and soil moisture dynarics in
ecohydrology (Guswa et al., 2002), and optimize rain-
fed crop production (Ritchie, 1981b). In DPWM, the
parameter TAW is critical to the assessment of
groundwater recharge as — on a daily basis - all
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water added to a soil (precipitation, snowmelt and
run-on) in excess of TAW becomes recharge,

DPWM estimates the daily water balance compo-
nents of precipitation, ET, changes in soil water stor-
age, runoff, recharge, sublimation, and snowmelt at
fine-scale resolution within a watershed. The DPWM
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is a derivative of the MASSIF model developed by
Sandia National Laboratory for the Yucea Mountain
Project (Sandia National Laboratory, 2007), All com-
ponents of MASSIF were developed from publically
available, peer-reviewed literature and are primarily
baged on the United Nations FAQ-56 methodology for
computing ET (Allen et al., 1998, 2006a, b, ¢, d). The
DPWM improved on MASSIF and generalized the
model application to areas cutside of Yucca Moun-
tain. Improvements include the following: (1) allow-
ing for wvariable-sized grid cells for simulating
concentrated surface water flow in ephemeral
streams; (2) allowing for precipitation model data as
input (e.g., PRISM, PERSIANN, or HRLDAS);, (3)
additional options for snowmelt and sublimation
based on the HELP and INFIL model (Schroeder
et al., 1994; U.S. Geological Survey, 2008); and (4)
incorporation of METRIC satellite data (Allen e? al.,
2007a, b). DBS&A has applied DPWM to numerous
basing in California, Nevada, and New Mexico for the
determination of water rights and to estimate
recharge and ET in groundwater models (Daniel B.
Stephens & Associates, Inc., 2008, 2010a, b, 2011).
METRIC has been. incorporated in DPWM in the Salt
Basin of New Mexico, the Clover Basin of Nevada,
and the San Gabriel Mountains in California.

DPWM iz a “second-generation” hiophysical land
surface model (Seneviratne ei af.,, 2010} that takes
into account a storage reservoir for evaporation near
the surface and one for transpiration from the root
zone, Validation of the FAO-56 methodology against
weighing lysimeter data and the water balance of the
Imperial Irrigation District in California as well as
against simulations with the HYDRUS model based
on the Richards’ equation (Simunek et al., 2008)
demonstrated its strength to preduce good estimates
of evaporation from hare scils and transpiration from
partial or (ull vegetation covers in agricultural lands
(Allen ef al., 1998, 2005a, b, ¢; Allen, 2011). A DPWM
validation for semiarid rangeland in southern New
Mexico uging 27 years of monthly soil water content
measurements with the neutron probe to a depth of
130 cm showed that DPWM can adequately simulate
observed rool zone goil molsture dynamics at a point
(Figure 8). These results ag well ag many other sue-
cessful applications of relatively simple water balance
models in the literature {(Vereocken ef al., 2008;
Seneviratoe ef al., 2010) indicate that the physical
basis of DPWM is rigorous and that it produces real-
istic representations of soil moisture dynamics and
deep percolation if the model can be parameterized
correctly,

This case study is conducied in the San Gabriel
Mountains that are a fault-bounded mountain block
north of the Los Angeles basin and south of the Ante-
lope Valley, The mountains are primarily composed
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of granitic rocks with some marine sedimentary
depesits in the northwest section of the block, Kleva-
tions range up to 3,069 m and snow is common at the
highest elevations in winter months. Vegetation
ranges from desert serub where the mountain front
meets the adjoining valleys to chaparral in the mid-
dle elevations up to large conifers at the highest ele-
vations. Recharge from the San Gabriel Mountains
provides groundwater to Antelope Valley to the north
and to the Los Angeles basin to the south. Precipita-
tion ranges from a mean annual rate of 1,400 mm at
the mountain peaks down to 250 mm at the moun-
tain front.

DPWM in its traditional application is parameter-
ized using publcally available data from the internet
including the USDA SSURGO soils database, USGS
GAP database on vegetation, USGS Digital Elevation
Model (DEM), MODIS satellite data on vegetation
cover, and USGS bedrock geology. Climate data were
obtained from local weather stations and then spa-
tially distributed over the model domain based on the
PRISM algorithm. As the main purpose of DPWM is
the prediction of long-term recharge rates, we
selected the average annual groundwater recharge
rate as the performance indicator for DPWM,

Benchmark Approach for DPWM

Benchmarking of DPWM was conducted by com-
paring the average annual groundwater recharge
during 1980-2009 in the San Gabriel Mountains after
calibration with Landsat-based METRIC and stream-
flow data to the recharge after calibration with
streamflow data only, ie., the traditional DPWM
implementation. DPWM was calibrated to the
METRIC data by adjusting in each cell the TAW for
ET. The TAW is a permanent soil property for each
cell; it is typically defined as

TAW = (i, — Bp) x Zi (13)

where 0g and 0, are the volumetric water contents
at field capacity and wilting point in the root zone or
evaporation zone, respectively, and Zj; is the rooting
depth or the depth of the bare scil evaporation layer
(e.g., Manabe, 1969; Allen ¢f ol., 1998; Hillel, 1998;
Romano and Santini, 2002; Kirkham, 2005), Egua-
tien {13) or variations thereof are often the method of
choice for the assessment of TAW in distributed
hydrologic models (Flint and Flint, 2007; Hyndman
et al., 2007, Sandia National Lahoratory, 2007; U.S.
Geological Survey, 2008; Daniel B. Stephens & Asso-
ciates, Tnc., 2010a) or in land data assimilation sys-
tems (Manabe, 1969; Sellers et al., 1997; Seneviratne
et @l., 2010). The equation is attractive as digitized
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Time Series of Simulated and Observed Root Water Level
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FIGURE 8. Comparison of Neutron Probe Measored {solid line} Versus Dislribuied Porameter Watershed Model {DPWM) Simulated (open
cireles) Root Zone Water Storage at o Desert Scrub Aceess Tube (C18) of the Jormada LTER Transect in New Mexico. The analysis shows
that DPWM can simulate the long-term downward trend seen in the observed data as well as short-term changes in soil waler increases fol-
lowing large precipitation evenls. Some diserepancies exist due to model errar and/or measurement errors, The monthly measurements may
migs peal incresses in soil water in the top layer due to amaller rain storms; the neutron probe cannot measure soil water content well near
the soil surface. Personal communication by Todd Umstot, November 2011,

geo-referenced soil and vegetation databases can be
downloaded for determination of field capacity and
wilting point as well as the roviing depth for each cell
of digtributed models. Soil data are provided by the
Soil SBurvey Staff at the Natural Resources Conserva-
tion Service of the United States Department of Agri-
culture. The Soil Survey Geographic (SSURGO)
Database for each sltate and the U.S. General Sail
Map (STATSGO2) are available online at http//
websoilsurvey.sc.egov.usda.gov/App/HomePage htm (ge-
cessed June 15, 2018). USGS Land Cover Data are
available at http://landcover.usgs.gov/usgslandeover.
php and http:/gapanalysis.usgs.gov (accessed June
15, 2015).

However, the simplicity of Equation (13} is decep-~
tive because it is based on assumptions that have
validity in deep homogeneous agricultural soils, but
not in complex mountainous terrains. Field observa-
tions in the San Gabriel Mountains immediately
revealed that roots search for water not only in well-
defined soils but also in fractured bedrock, more
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advanced techniques even found enhanced vegetation
water uptake hy ectomyecorrhizal [ungi extending
from bedrock roots (Allen, 2006). Bornyasz et al.
(20058) estimated that in shallow soils on southern
California hillsides plants extract ag much ag 86% of
their water from the granite bedrock below the soil
{(Bornyasz ef al., 2008). Therefore, in shallow moun-
tain soils barely covering fractured bhedrock, the
parameterization of Equation (13) using only soil and
vegetation databases will result in a large bias in
TAW and consequently significantly irnpact the simu-
lation of ET, runoff, and deep percolation (Laio ef al.,
2002; Rodriguez-Iiurbe and Porporato, 2004).
Another assumption is that volumetric socil water
content at flield capoacity and wilting point can be
accurately derived from laboratory measurements or
from information available in soil databases, How-
aver, these two terms are not well defined: field
capacity is the “content of water remaining in a soil
two or three days after having been wetted with
water and after free drainage is negligible” and wilt-

108 JOuRNAL OF THE AMeRICAN WATER RESOURCES ASSCCIATION



BencHMARKING OPTICAL/THERMAL SATELLITE [MAGERY For EsTIMATING EvapotRansrizamion and Soi. Moisture v Decision SupporT TooLs

ing point is “water content of a scil when indicator
plants growing in that seil wilt and fail to recover
when placed in 8 humid chamber” (Soil Science Glos-
sary Terms Committee, 2008}, Field capacity is influ-
enced by many factors: soil texture, type of clay
minerals, organic matter content, soil structure,
depth of wetting, previous water content, presence of
impeding layers in the profile, ET, water table depth,
and temperature (Ritchie, 1981a, b; Ratliff et al.,
1983; Hillel, 1998; Kirkham, 2005). In the literature,
soit water pressures of —330 em and —100 em have
been typically used to identify field capacity but field
capacities are reported to vary from —8600 cm in a
deep dryland soil to -6 c¢m in a highly stratified seil
(Kirkham, 2005). Field capacities should he measured
in the field as the effects of soil layering and hystere-
siz are difficult to mimic in the laboratory (Ratliff
et al., 1983; Cassel and Nielsen, 1986; Romano and
Santini, 2002}, In addition, there exists no definitive
correlation between field capacity and soil texture
(Bouma and Droogers, 1999; Ritchie ef al., 1999), nor
18 there justification to associate field capacity with a
specific soil water pressure (Stein ef al., 2004). The
wilting point is also a dynamic variable as it depends
on the soil profile (soil texture, compaction, stratifica-
tion), s0il water contents, and root distributions at
different dapth, trangpiration rate of the plant, tem-
perature (Kirkham, 2005), and vegetation type
{(Hupet ef al., 2005; Seneviratne ef al., 2010).

The third assumption that the effective depth for
root water uptake can be determined from field ohser-
vations in soil pits may apply to agricultural fields
with relatively shallow rooting depths but will fail in
complex terrain due o the challenges of soil and root
gsampling at depth, and the difficuity of estimating
in sity rool activity over the entire root zone (Jackson
et al., 2000; Feddes et al., 2001}, In Australia, active
soil depths, i.e., rooling depths, for agricultural crops,
grags, and fallow based on field measurements of
extractable water generally varied bhetween 1 and
2 m, while those of trees are more variable ranging
from 1 to 12 m, but active soil depths of 5 m were
measured for crops and grass on deep sandy soils
(Tadson et al., 2008). In eastern Amazonia, water
stored at 2-8 m soil depth contributed more than 75%
of water uptake not only in forest but alse in
degraded pasture with deep-rooted woody plants dur-
ing the severe dry season of 1992 (Nepstad et al.,
1994). Clearly, in mountainous areas wherve shallow
soile force the roots to search for water in bedrock
cracks, direct field observations for estimation of
effective rooting depths are nearly impossible,

As the three assumptions needed for the use of
Equation (13) are rarely met in complex terrain or
even in agricultural areas, general consensus exists
that instead of using some form of Equation (13) the
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TAW is best measured directly in the field (Israelzen
and West, 1922; Ritchie, 19814, b Ratliff e al., 1983;
Hillel, 1998; Romano and Santini, 2002; Kirkham,
2005; Ladson e al., 2006). However, field measure-
ments in each goil-vegetation-geology unit of a water-
shed would take too much effort and expense even
under the best of conditions with stone-free soils and
shailow rooting depths. In addition, field measure-
menty in areas where rooting depths exceed 2-3 m or
where shallow soils are underlain by fractured hed-
rock are nearly impossible and certainiy cannot be
completed on a regional scale. The challenge of cost-
effective regional TAW mapping can only be met by
using remote sensing. Based on our experience with
ragional mapping of ET and root zone soil moisture
in the southwestern U.S. (Fleming #¢ al., 2005; Hen-
drickx and Hong, 2005; Hong, 2008; Hong et al.,
2009, 2011b), Mlincis (Hendrickz eof al, 2009),
Panama (Hendrickx et al., 2005}, West Africa (Com-
paoré et ol., 2008), Afghanistan (Hendrickx et al.,
2011b), and — more recently — in the Sacramento
Mountains of New Mexico and the San Gabrisl Moun-
taing of California (Hendrickx et al., 2011a), we rec-
ognize that reliable TAW estimates can be derived
from a series of Landsat images captured during sea-
gong of water-limited conditions using the following
procedure.

Step 1: Select Landsat Images. The availability and
quality of Landsat images for any area of interest in
the 1.3, can be quickly determined at the USGS web
page glovis.usgs.gov. After making an inventory of all
cloud-free images for the S8an Gabriel Mountains, we
applied two more selection criteria: (1) the image
must reflect land surface conditions during the grow-
ing season when vegetation is active; and (2) the
image must reflect land surface conditions with dry
canopies and soil surfaces, i.e., no precipitation in the
days before image acquisition. The first criterion
assures thal the effects of root water uptake are taken
into account for determination of TAW in a pixel, The
second criterion is needed as we need only informa-
tion that reflects water uptake from the root zene or
evaporation where soils are bare. Therefore, we want
to eliminate images that will result in METRIC ET
images that include the effects of evaporation from
canopy and/or soil surface due to recent precipitation.
For this study, we used 15 Landsat images acquived
during the growing season in a wet (2005), normal
(2003), and dry (2007) precipitation year.

Step 2: Use METRIC and the Evaporative Fraction
Method for Retrievel of Soil Muisture Maps. Bach
Landsat image was processed with METRIC for
derivation of the components of the energy balance
for each pixel. Fquations (2) and (3) were then used
to generate the root zone soil moisture map; soil
moisture on this map is expressed as the “degree of
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s0il moisture” from 0 for dvy conditions to 1 for condi-
tions where soil moigture ig not imiting ET,

Step 3: Determine the Wetness Score for Each Pixel.
The wetness acore of a pixel is the sum of its “degree
of goil moisture” values for all soil moisture maps pre-
pared for a project. If 16 Landsat images are used for
the determination of TAW, the wetness score of a
pixel may vary from 0 to 15 x 1.0 = 15.0. Thus, the
wetness score is a relative measure of the overall
wetness of a pixel compared to other pixels, As the
METRIC algorithm and the evaporative fraction
method for soil moisture have a sound scientific basis
and have been validated by field measurements and
observations, the wetness score map provides a veli-
able presentation of the overall wetness distribution
in the San Gabriel Mountaing. As the DPWM cell size
is 270 x 270 m, the 30 x 30 m Landsat wetness
scores have been up-scaled by averaging 81 Landsat
scores for each DPWM cell.

Step 4: Determine the Qualitative Relationship
between Wetness Score and Toial Aveciluble Weler
(TAW). There is ample practical and theoretical evi-
dence that the response of root zone soil moisture
to precipitation and ET is, to a large extent, deter-
mined by TAW. Following an example by Ritchie

(1981b), consider a crop canopy fully covering the
" ground growing in three soils I, II, and Il having
a TAW of 10, 120, and 300 mm, respectively. Before
the onget of a 30-day period without any precipita-
tion a net precipitation surplus of 300 mm was
received that filled the three soils to their maxi-
mum TAW. In soils I and II only 10 and 120 mm,
respectively, can be stored with the remainder of
the surplug precipitation becoming runoff or deep
percolation. Assume an ET rate of 5 mm/day and
an onset ol water stress when more than 50% of
the extractable soil water is consumed. Then, these
three soils will not show any stress for, respec-
tively, 1, 12, and 30 days. In other words, the
amount of available water in these three soils dur-
ing the dry period is determined only by TAW: the
larger the TAW, the higher the degree of soil mois-
ture in the root zone and ET during the dvy period,
This empirical finding by Ritchie (1981b) has been
confirmed by more complete studies using advanced
stochastic bucket-type water balance models (Milly,
1994, 2001; Milly and Dunne, 1994; Redriguez-
Iturbe et al., 1999; Laio ef al., 2001, 2002; Rodri-
guez-lturbe and Porporato, 2004; Seneviratne ef al.,
2006, 2010). Therefore, we conclude that for most
practical applications under water-limited conditions
a negative correlation exists between the TAW and
the number of days with water-stressed vegetation
between two precipitation events. In the context of
this study, this means “the lower the wetness score,
the lower the TAW.”
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Step 5: Quantify the Relationship between Wot-
negs Score and Total Available Water (TAW). For
the TAW parameterization of distributed bucket-
type water balance models, we need a guantitative
relationship between the wetness score determined
from the soil moisture images retrieved by METRIC
on days with cloud-free Landsat images and TAW.
We quantify and optimize this relationship by mini-
mizing the differences or mean error between
METRIC-observed and DPWM-simulated “degree of
goil meisture” distributions for seven differant TAW
distribution scenarios. Each TAW scenario is char-
acterized by its minimuem and maximum value. The
lowest TAW value is taken as 15 mm thought to
occur in a pixel where most of the water is storad
in a few bedrock fractures; the highest TAW value
is 1,000 mm thought te occur in a deep soil profile
covered by trees. TAW scenarie 1 has a constant
low value of 15 mm in all pixels while TAW scenar-
ios II through VII have a minimum value of 15 mm
and mazimum values of, respectively, 100, 2060, 300,
400, 600, and 1,000 mm, These TAW values seem
reasonable as compared to the values in the Aus-
tralic Data Base published by Ladson et al. (2004,
2006) that containg field measured TAW values for
180 locations in Australia with annual precipitation
from about 50 to 1,200 mm. The lowest and highest
measured TAW values in Australian soils are,
respectively, 20 and 690 mm with most values
between 40 and 300 mm.

The optimization procedure that we used is based
on a linear relationship between the wetness scare
and the TAW value. For example, in TAW scenario
111, the maximum possible TAW value is set equal to
200 mm. Therefore, the maximum wetness score
equals 200 mm and the minimuam 15 mm. All other
weiness scores for scenario IIT are found by linear
interpolation between these two extreme wvalues.
Repeating thig procedure for the other maximum pos-
gible TAW values yielded seven different regional
TAW distributions. For each one of these TAW distri-
butions, DPWM simulated deep percolation — the
variable of most interest for groundwater reeharge
studies — for a period of 30 yearg generating a large
number of daily seil moisture distributions, The opti-
mal TAW distribution is the one with the smallest
difference hetween observed soil moisture values
(from METRIC) and simulated soil moisture values
(by DIPWM). Iigure 9 shows that the TAW distribu-
tion based on a maximum TAW of 200 mm yields the
smallest error and, therefore, we used this TAW dis-
tribution for the final simulation to determine the
30-year average groundwater recharge rate in the
San CGabriel Mountains. The METRIC TAW distribu-
tion captures the variability of TAW a¢ the 30 m pixel
scale which is much finer than the traditional TAW
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Mean Error Between METRIC and DPWM Soit Root Zone Saturations
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FIGURE 9. Mean Error hetween METRIC Observed and Distributed Parameter Watershed Model Simulated Root Zone Soil Moisture
for Seven Dillerent Total Available Water (TAW} Distributions Based on Their Maximum TAW Value, The TAW distribution
with a magimum TAW value of 200 mm yields the smallest error.

digtribution that mirrors the soil and vegetation unit
scale on the order of 100 m or rore.

Benchmark Results for DPWM

Figure 10 shows annual deep percolation, aggre-
gated over the entire San Gabriel Mountain range,
simulated with the traditional DPWM approach and
with METRIC soil moisture information obtained
from Landsat imagery. The average annual recharge
for the traditional and METRIC DPWM implementa-
tions over the San Gabriel Mountaing are, respec-
tively, 0.532 and 0.380 cubic kilometer or 21.3 and
15.2 mm equivalent water depth. So, the use of Land-
sat imagery for parameterization of the TAW distri-
bution resulied in a lower average annual recharge
rate than the one estimated by the traditional DPWM
approach. The reason 18 that Landsat imagery pro-
vides the tools to take into account the part of TAW
that ig stored in bedreck fractures while the tradi-
tional DPWM application based on Equation (13)
does not. As the recharge rate is negatively correlated
with TAW, it decreases when bedrock moisture stor-
age and ET is included in the analysis.
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Tigure 11 shows the spatial distributicn of average
annual recharge for the San Gabriel Mountains after
parameterizing DPWM with the METRIC-derived
optimal TAW distribution (Hendrickx et al., 2011a),
The distripution of recharge partly reflects the distri-
bution of the precipitation with higher recharge rates
occurring at higher elevations where annual precipi-
tation values increase to 1,400 mm and lower rates
at lower elevations where annual precipitation is as
low as 280 mm. Such pattern is typical of mountain
regions (Guan et al., 2009).

The wvalidation of model-predicted groundwater
recharge rates in semiarid regions and mountain
blocks is challenging due to the wide range of topo-
praphic, geological, geomorphological, and climatic
conditions, For that reason, it is recommended to
use as many different techniques as possible to con-
strain estimates of recharge rates including the use
of groundwater models (Hendrickx and Walker,
1997; Scanlon, 2004). A simple two-dimensional,
crogs-sectional groundwater model was developed
along cross-section AA’ in the middle of the San
Gabriel Mountains as shown in Figure 11, The
cross-section runs from Crescenta Valley on the
south, follows the Angeles Forest Highway across
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FIGURE 10. Comparison of Average Annual Deep Percolation before (brown) and after (yellow) Using Landsat Tmagery
for the Parameterization of the Total Available Water (TAW) Distribation in the San Gabriel Mountains.
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FIGURE 11. Average Annual Groundwater Recharge Rate of Each Pixel Using Landsat Imagery with 30 Years of Daily Simualations of Seil
Water Balance with Digtributed Parameter Watershed Model (DPWM), The cross-gection AA' wasg used for the simulation of groundwater
table depths before and after using METRIC soil mvisture data for calibration of DPWM (see Figure 12).

the crest of the mountain, and terminates at Pear- steady-state groundwater simulations were con-
blogsom, California on the north., To evaluate the ducted with MODFLOW-SURFACT using spatially
water table elevation within the mountain block, distributed annual recharge estimated by DPWM for
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the 30-year simulation period. Constant heads were
specified on the north and south ends of the cross-
gection based on the mean groundwater elevations
observed in wells in the adjacent valleys. Drain
boundary conditions were specified along the cross-
section where the cross-section crossed a mapped
stream. Hydraulic properties varied in the horizontal
direction but were homogenecus in the vertical direc-
tion as it was assumed that the geologic umit
mapped at the surface represented the underlying
units. The vertical hydraulic conductivity used in the
groundwater model was the same ag assigned to
DPWM while the horizontal hydraulic conductivity
was assumed to be 10 times the vertical hydraulic
conductivity. There are no known wells to provide
observations of groundwater elevations along the
crosg-sections but it is known that streams at the
lower elevations, such as Little Rock Creek, have
perennial flow from groundwater discharge (Duell,
1987; California Department of Water Resources,
2004), while streams at the higher elevations only

have ephemeral flow (Izbicki et al., 2007). Therefore,
simulated beads should be high enough to generate
discharge at the drain beundary cells at lower eleva-
tions, while simulated heads at the higher elevations
ghould be lower than the specified drain elevations.
Before DPWM wag calibrated with the METRIC soil
moisture data, the estimated recharge and corre-
sponding water table appeared tco high because
permanent discharges were simulated in a high-
elevation stream that should be ephemeral, After
calibration of DPWM to the METRIC data, the simu-
lated water table corresponded with the observations
of perennial and ephemeral stream discharges
(Figure 12}. This is strong evidence that the use of
Landsgat imagery c¢an improve the parameterization
of TAW distributions and the quality of the ground-
water recharge simulations.

Another validation is obtained using detailed seil
(Sail Survey Staff, 2013), vegetation (Lennartz et al.,
2008), and geology (Ludington ef al., 2007) data-
bases. For the San Gabriel Mountains, these data-

Water Table Profile Comparison
Before and After Calibration with METRIC TAW
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FIGURE 12. Land Svrface Elevation aud Simulated Groundwater Table Depths without (dashed line) and with (lewer solid line} Using
Landsat Imagery for the Parameterization of the Total Available Water in Digtributed Parameter Watershed Model (DPWM). The ephemeral
atrearn ia discharging or perennial when no Landsat imagery is used but becames clearly ephemeral or nondischarging when Landsat
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bases contain 229 different soil series, 20 vegetation
classes, and 13 bedrock types; together they present
229 x 20 x 18 = 59,640 unigue environmental units
that affect the groundwater recharge processes. For
the traditional DPWM approach, the 4,580 soil-vege-
tation units have been used in Eguation (13) for the
parameterization of the TAW,. .4 distribution, For
the parameterization of the Landsat-based
TAWyeTric distribution, no information from these
databases was used except the vegetation classes for
the assessment of the vegetation height in each cell
for estimation of the roughness length needed for
esleulation of the sensible heat flux. Therefore,
TAW e i a product directly derived from the data-
bhases while TAWyprnic has been determined inde-
pendently from them. Yet, the ciled literature above
leaves no doubt that TAW principally depends on
the soil and vegetation wunit. This leads to the
hypothegis that the TAWygrrie distribution derived
from Landsat imagery should show some relation-
ship with the information in the databases. In other
words, if the TAWygTric distribution is a true repre-
sentation of total water availability distribution in
the Sam Gabriel Mountains, it should be possible to
predict with some degree of accuracy TAWyprrie for

each cell in the model from its soil, vegetation, and
bedrock geology class. We test this hypothesiz by
performing a general linear models (GLM) procedure
with SAS software; the results of the GLM analysis
are presented in Table 5.

Sixty-eight percent of the variability of TAWymrric
in the San Gabriel Mountaing ig explained by the
independent variables Soil, Vegetation, and Bedreck
and their interactions S*V, S*B, and V*B with a
mean square error of 24 mm. In addition, the values
in the table show several other interesting features.
Firat of all, there are two R-squares with a value of
100%; these occur when the independent variables
Soil and Vegetation plus their interaction term 3*V
are part of the linear model for explanation of the
variability in the dependent variable TAW,.q. The
value of 100% is expected as the use of Equation (13}
for the calculation of TAW . only involves Seil and
Vegetation characteristics. O interest is the rather
large interaction effect S*V  that explains
100 — 62 = 38% of the variability in TAW, .. Tt
means that the effect of Soil on TAW .4 depends not
enly on the soil type but also on the type of Vegeta-
tion; the physics for this phenomenon are demon-
strated in Egquation (13) where in the same soil

TABLE 5. The General Lingar Model Procedure of SAS Software Used to Assess How Total Available Water (TAW) Calculated Following
the Traditional DPWM Approach (TAW, .} and Using Landsat Imagery (TAWymrme) Depending on Soil, Vegetation and Bedrock Geology
Clagses. The dependent variables are TAW:,.q and TAWprgic; the independent variables arve soil class (8), vegetation class (V) and bedrock
geology {B). This analysis was based on the values in 57,423 cells, i.e., the complste population of the area under consideration.

Coefficient of Mean Square

Dependent Variable Independent Variable' R? (%) Variation (%) Error (mm) F-value® ()
TAW o S, V, B, 8V, 8B, V*B 100 0 0 Tnfinity
TAWywTRIC S, V, B, 5*V, 8*8B, V*B a8 20 24 5
TAW na S, V,B 62 92 5 364
TAWarmrnie 8, V,B 60 22 26 336
TAW a0 5, V, 5*V 100 0 0 Infinity
TAWuarRIc §,V, 5V 64 21 25 73
TAWiraa 8,V 62 92 78 389
TAWETRIC S, v 60 22 26 346
TAWirng V, B, *B 20 133 113 a5
TAWrrIc V, B, v*B 36 28 3 216
TAW rad V. B 13 139 117 278
TAWymTRIC Vv, B 34 28 33 952
TAW rna S, B, 8*B h% 96 81 94
TAWymTRIc S B, 8B 83 21 25 109
TAW g 5, B 56 99 84 303
TAWymRIC 5. B 58 23 27 327
TAWima 8 56 100 84 317
TAW vz ) 67 23 a7 338
TAW 0 \4 3 147 124 B7
TAWuimTHIn v 25 30 36 992
TAW rad B 11 140 118 662
TAWwwrRic B 18 32 38 941

'8 = sofl unit, V = vegetation unit, and B = bedrock unit. §*V = interaction effect between soil and vegetation, S*B = interaction effect
between soil and bedreck, and V¥B = jnteraction effect between vegetation and bedrock. 8, V, and B are the main effects while 5%V, 8*B,
and V*B are the interaction effects considersd in the general linsar models (SAS software).

2All Fevalues have a probability of oceurrence <0.0001 indicating that all models are very significant.
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different rooting depths will result in different values
for TAWipaq. The linear model that uses only the
independent variable Vegetation to explain the vari-
ability in TAW .4 vields the smallest R® value of 3%
but this does not mean that Vegetation is nonsignifi-
eant, On the contrary, the S*V interaction effect is a
major factor determining TAW,, .4,

As a check on the GLM analysis, a third TAW dis-
tribution was generated consisting of randomly
agsipned TAW values to each cell of DPWM, The
range of these TAW values was identical to the one of
TAWymrrre. The R? values of the random linear mod-
els were all close to zero and never larger than
0.025% indicating that no relationships exist between
the independent and dependent variables. In large
eontrast, the R? values of the TAWymrnic linear mod-
els ranged from a high of 68 o a low of 16%,
although none of the subsurface soil, vegetation, and
bedrock information in the databases was used for
the generation of TAWygrrIC.

We conjecture that the 32% unexplained variability
is due to soil, vegetation, and bedrock variability
within map units that characterize the heterogeneous
San Gabriel mountain block. For example, Bregt and
Beemster (1989) found that spatial variability within
s0il map units caused an error of 50% in the estima-
tion of moisture deficits for soil map scales between
1:25,000 and 1:50,000. Against this background, the
explanation of §8% of the variability of TAWymrric
by Soil, Vegetation, Bedrock, and their interactions is
a remarkable feat that gives much confidence in the
accuracy of the TAWymrrie distribution obtained
from Landsat imagery.

Benchmark Conclusion for DPWM

The difference between the average annual
groundwater recharges determined without and with
optical/thermal satellite tmagery is 0.152 cubic kilo-
meter or 6.1 mm. The relative difference between the
traditional approach and the METRIC methodology is
28.5%. Therefore, optical/thermal satellite imagery
has a large relative impact on the recharge estimates
by DPWM. Two wvalidalions using the modeled
groundwater table elevations along cross-section AA’
and the large percentage of the TAWyprric distribu-
tion explained hy soil, vegetation, and bedrock
variability provide a strong indication that thermal-
equipped Landsat imagery has a great polential to
congiderably Improve groundwater recharge esti-
mates for sermniarid mountain blocks.

A recharge difference of only 6.1 mm seems of
minor soctetal importance but it is not. The present
price for the water rights of one acre-foot of water in
southern Cglifornia is approximately $10,000. Thus,
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the monetary value of the recharge difference
between the two approaches is well over one billion
U.S. dollare and an accurate determination of
groundwater recharge ig of the utmost importance for
foir and equitable settlements of water rights cases.

OVERALL CONCLUSION OF THE THREE CASE
STUDIES

In thig study, we have benchmarked applications
of three operational hydrologic decision support mod-
els without and with using optical/thermal satellite
imagery for foreing functions, estimation of initial
conditions, and model parameterization. The three
operational hydrologic decision support tools are the
ET Toolboex, the GSSHA model, and the DPWM. Our
benchmarking methed is straightforward by compar-
ing a typical traditional application of each decision
support tool with one that uses information from opti-
cal/thermal satellite imagery. Each comparizon is
based on a performance indicator: annual ET fore-
casty for ET Toolbox, storm hydrographs for GSSHA,
and average annual groundwater recharge volumes
for DPWM. Uszing the SEBAL/METRIC approach for
processing MODIS or Landsat imagery, we obtained
gpatial distributions of the forcing function of ET in
ET Toolbox, initial =o0il moisture conditions in
GSSHA, and the model parameter “total available
water for transpiration (I'AW)” in DPWM.

In the ET Toolbox benchmark test, the annual ET
difference between ET computed from a traditional,
agsigned K, BTy (ETgenmsy) and BT computed from
K. derived spatially from METRIC Landsat (ETg.
merrie) over the MRGCD command area (ie.,
between the traditional and satellite imagery
approaches) was 228 mm or 30%; ETk.mprric Was
the largest with 771 mm/fyr. Considering the vali-
dated METRIC applications with MODIS imagery in
the Rio Grande Valley, optical/thermal imagery has
the potential to considerably improve not only the
accuracy of the area-wide ET forecasts in the
MRGCD but to also provide detailed information on
when, where, and how much water evaporates and
trangpires. Such information is needed for the devel-
opment of climate-proofing strategies (Kabat e al.,
2006) for the Middle Rio Grande Valley.

In the GSSHA benchmark test, the comparison of
two measured hydrographs with the hydregraphs
simulated with and without using an initial soil mois-
ture distribution generated from Landsat imagery
established that the use of Landsat-generated initial
soil moisture distributions resulted in superior simu-
lations, Tn addition, we found that the rank order
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stability of soil moisture patterns can make it possible
to use SEBAL/METRIC-derived soil moisture maps for
model initialization on dates that are days or weeks
apart in the future or past from the image day.

In the DPWM benchmark test, the difference
between the average annual groundwater recharge
determined without and with using a TAW parame-
terization generated from Landgat imagery equaled
0.1562 cubic kilometer or 6.1 mm of water. The rela-
tive difference between the traditional approach and
the METRIC methodology is a decrease of 28.5%
using the latter. Two independent validationz based
on the groundwater table elevations along a cross-gec-
tion through the San Gabriel Mountains and the
large percentage of the TAWygrgie distribution
explained by soil, vegetation, and hedrock variahility
provide a strong indication that Landsat imagery has
a great potential to considerably improve groundwa-
ter recharge estimates for semiarid mountain blocks.

The overall conclusion of this benchmark study iz
that the use of NASA optical/thermal satellife ima-
gery can considerably improve hydrologic decision
gupport tools compared to their traditional implemen-
tations. As the water resources of the U.S. are a
$200 billion per year economic engine that supports
hundreds of thousands of jobs, the costs for Landsat
{estimated at about $250 million per year) (Western
States Water Council, 2012} and MODIS are only a
fraction of the potential benefits. Therefore, this
benchmark study demonstrates that the benefits of
improved decisiong by hydrologic support systems
uging optical/thermal satellite imagery vastly exceed
the costs for acquisition and use of such images.
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