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EXECUTIVE SUMMARY & PROGRESS REPORT 

The Freshwater Trust (TFT) has developed this Remote Sensing-Based Measurement Method (MM) and its 

Implementation Plan (the Plan) pursuant to regulations implementing Senate Bill 88 (SB-88) surface water 

diversion reporting requirements. Some landowners and managers in the Sacramento-San Joaquin Delta 

(Delta) have significant technologic and hydrologic barriers to the application of conventional measuring 

devices, data collection equipment, and telemetry specified in SB-88. The Plan described in this report 

fulfills reporting requirements through the development and validation of a new measurement method for 

determining water diversion in the Delta. This method employs participant-supplied crop, irrigation, and 

management data; local weather data; and remotely-sensed spatial data, and applies multiple analyses for 

the calculation of water diversion for each program participant. The Plan advances the science of 

consumptive use estimations through automation, refinement, and comparison of existing methodologies. 

In case that the measurement method is determined inconsistent with the statue, the program would 

default to an Alternative Compliance Plan (ACP), described later. 

 

TFT has taken major steps forward with the implementation of the Plan in 2019, the most significant of 

which are listed below (2019 Plan Actions). TFT’s approach to water diversion and use calculations has been 

iterative, and is currently being refined to increase accuracy. The majority of effort in developing the MM 

thus far has been focused on automating, refining, and validating the entire workflow, from data collection 

through water use modeling and allocation to water rights, to fulfill reporting requirements in a way that 

meets the accuracy requirements of SB-88 and can be repeated annually at scale. With the ongoing 

development, roll-out, and integration of OpenET, TFT’s MM-ACP is even more well-positioned for 

integrating current, accurate, and fast ET estimations. With OpenET’s improvements on the scientific 

aspects of evapotranspiration, TFT’s MM is able to more quickly and accurately connect the dots between 

biophysical water use and societal regulations and compliance. 

A massive analytical effort to compare and improve TFT’s MM began in 2018, including a comparison 

between the volume of diverted Delta surface water measured using TFT’s MM, remote sensing models, 

and point of diversion flow meters (see Attachment G, Technical Appendix).  

Anticipated next steps in the Plan are identified listed below (2020 Plan Actions), and include: piloting new 

data collection systems and methods, automated quality assurance of data, and scripting the conservation 

credit. The primary objectives of (1) advancement in understanding of remote water use calculation 

methodologies and (2) water use reporting are currently on track.  

2019 Plan Actions 

Recruitment 
Recruitment of MM-ACP participants began in late 2016, and by the end of 2020 TFT had contracted with 

82 landowners for their participation in the Plan, for a total of 165 water license reports or statement 

numbers enrolled. See Attachment A for water rights and participant information. Attachment B and the 

GIS shapefile submitted with this Plan include the point of diversion and point of use (APN) locations 

associated with the license reports and/or statements according to the California Electronic Water Right 
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Information Management System (eWRIMS). The shapefile also contains associated APNs representing 

the area served by the Plan.  

Consumptive Use Analysis and Automation 

The focus of TFT’s analytical efforts in 2019 were:  

(1) water report data collection quality improvements, including:  

a. changing the unit of analysis in the consumptive use modelling from APN to a 

‘management unit,’ which prevents any potential for double counting and excludes non-

farmable acreages such as outbuildings, roads, ditches, etc. 

b. the development of a field-based app for data collection, and accompanying standard 

operating procedures; 

(2) honing model parameters to include the best, most recent, and most geographically appropriate 

parameters (e.g., completing an irrigation efficiency literature review, searching for Delta-specific 

crop coefficient curves and planting/harvesting dates); and, 

(3) Completing the comparative validation effort of the modeled consumptive use outputs. These 

metered data were provided through ongoing programs by The Nature Conservancy (TNC), a 

member of the Office of the Delta Watermaster’s Consortium, and informed by the Office of 

Delta Watermaster’s Comparative Study for Estimating Crop Evapotranspiration in the Delta.  

The full MM process is described in detail in Technical Appendix 1 (Attachment G), and more broadly 

here and throughout this the Plan. TFT was fortunate to be able to work with the model’s developer at 

the California Department of Water Resources (DWR), Dr. Orang, to fully understand the model’s data 

requirements and equations. The R and SQL programming languages were used to replicate the model, 

and a work flow for the automation of this model has been completed using the approach originally 

developed by DWR, so that modeled water use data at the field level can be obtained from crop, 

weather, and other data. CUP+ in the Excel spreadsheet form has some additional capabilities that TFT is 

exploring for advanced analyses. 

In summary, evapotranspiration (ET) or consumptive use calculations occur at the field-level using daily, 

location-specific reference evapotranspiration (ET0) that is provided by CIMIS on a spatial grid. When 

reference ET data is missing from the appropriate grid, it is extrapolated from surrounding data through 

procedures in the automated version of the model. The analysis then uses biological water use factors 

representative of the crop type and crop stage to calculate ETC of the crop in milliliters (which are 

converted to acre-feet for reporting based on the acreage of the field being analyzed). ET of applied 

water (ETaw), which considers reduced irrigation needs due to precipitation, is then calculated based on 

the time since the last rain event using CIMIS precipitation data interpolated from the three CIMIS 

stations nearest to the field. Currently, TFT models irrigated water volumes which are exactly in line with 

the biological plant demand; that is to say, TFT’s MM does not account for intentional plant stress (deficit 

irrigation) or intermittent irrigation scheduling. However, additional factors such as soil water holding 

capacity and maximum allowable depletion (MAD) will be included in the model in future versions to 

more accurately model gravity based irrigation systems. 
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As described above, TFT is still in the process of assessing how these automated methods compare with 

the CUP+ spreadsheet tool’s output. Also, automated quality assurance / quality control measures and 

data and model validation procedures are in development, described in detail in Appendix G. The 2019 

water diversion values reported on behalf of Plan participants to fulfill SB-88 requirements (described 

below) reflect the current status of TFT’s analyses.  

The field-level, monthly water use values (in units of acre-feet) that result from consumptive use 

modeling are then used as inputs to another model developed by TFT, called Allocator. This second 

model allocates and aggregates water use to water reports or statements for SB-88 reporting. This is 

done based on the association between water rights associated with points of diversion and points of use 

(irrigation) reported by participants, and the temporal and spatial restrictions listed in eWRIMS. This 

model was developed by TFT late in 2018, after understanding the water use allocation workflow based 

on the 2017 reporting. It was first used for 2018 reporting and is described further in Appendix G. 

Reporting 

On behalf of the Plan participants, TFT submitted the required monthly 2017 water diversion and use 

data and water right information to the SWRCB for the appropriate reports (eWRIMS ID beginning with 

A0) and statements (eWRIMS ID beginning with S0). As the refinement of methods to estimate water 

diversion and use is iterative, data that was reported reflected TFT’s current version of consumptive use 

calculation via CUP+ methods. This process includes the modeling of monthly ET of applied water 

calculated at the field level, multiplied by an irrigation efficiency factor, and then aggregated by license 

or statement used to irrigate field(s). Initial MM QA efforts comparisons were based on comparisons with 

previously reported water use for each water report or statement and with published agronomic water 

application rates for the region1. Additional MM validation will occur in 2020 (described below). 

2020 Plan Actions 

Measurement Method Comparison and Refinement 

The MM currently being used to fulfil SB-88 reporting requirements is based on the CUP+ model for 

estimating water use. The design of the “SB88_Db” database, the automation of CUP+, and the 

development of a model to allocate water used among water reports and statements were the focused 

tasks of TFT’s 2018 analytical effort. These elements created the entire workflow to enable SB-88 

reporting through a draft MM. The refinement of this MM and the comparison to other MMs were the 

focus of TFT’s efforts in 2019, to improve the workflow and increase reporting accuracy, as stated in the 

goals of this ACP. The 2019 MM refinement and validation involved the systems and analytical tasks 

listed below, and the results of these efforts have been documented in the Technical Appendices 

(Attachment G).  

(1) TFT will add an additional automated calculation of a water conservation credit (described 

below). 

(2) The scripted version of CUP+, which enables the batch estimation of consumptive water use over 

many agricultural fields, needs further improvement to parallel DWR’s version more precisely. 

                                                           
1 See irrigation literature review in Appendix G. 



The Freshwater Trust SB 88 Measurement Method for the Sacramento-San Joaquin Delta (Version 2.0)   4 

   

Some factors that are part of the Microsoft Excel version of the model created by DWR are not 

incorporated into TFT’s analyses, including maximum allowable depletion and incorporating root 

depths of crops. TFT plans to continue to meet with the CUP+ developer, Dr. Orang, to better 

align methods. 

(3) TFT will collect data for the first time using the new unit of analysis (management unit), piloting 

the new field-based data collection app, testing the new automated QC of model inputs and 

outputs, and following the new standard operating procedures (details about these new data 

collection units and SOPs are found in Technical Appendix G). From piloting these improvements, 

any lessons learned will be documented for future iterations in 2021. 

(4) An investigation into additional scalability of this MM will continue, by evaluating the accuracy of 

various remotely sensed data (described below). 

The conservation credit is useful for participants to answer questions eight and nine on their reports, 

where they are asked the following questions below, in Figure 1. TFT computes this credit by finding the 

differential of water volume from their operation as compared to a baseline of flood irrigation, using the 

irrigation efficiency factors from a literature review conducted on the subject in March 2019. 

Figure 1. Hypothetical responses for questions in eWRIMS reporting where a water use reduction “conservation 
credit” can be reported. 

 

Field-level data on crop and irrigation practices acquired from analyses of satellite imagery and additional 

remotely sensed data are also being acquired by TFT in 2020 through its program partners. The feasibility 

of using this data to reduce the administrative burden of collecting participant data will be tested, to 

assess applicability of TFT’s MM being adopted by the state for SB-88 compliance. The accuracy of these 

remotely sensed data sets will be quantified via comparisons with participant-supplied crop type, 
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irrigation method, and irrigation frequency data. When the remotely sensed data misclassifies cropping 

or irrigation practices (e.g., identifying a pasture as an alfalfa field), the resulting model sensitivity will be 

tested at the field and landscape level to quantify the significance of using remotely sensed data given 

inherent inaccuracies.   

Furthermore, the development of methods for data QA/QC and data validation will take place, including 

metrics to quantify the accuracy of seasonal crop type and other field-level data (by automated 

comparison of remotely sensed data to participant-supplied or publicly available data).  

Reporting 

TFT will continue submitting water diversion and use data and other information required under SB-88 

on behalf of Plan participants. The form and methods of submission of data for future SB-88 reporting 

under the Plan will continue to be discussed with SWRCB Water Rights staff and modified as needed. For 

future reporting periods, it is TFT’s intent to provide an electronic submittal in collaboration with the 

SWRCB.  
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OVERVIEW 

Senate Bill 88 (SB-88), Sections 15 through 18, signed June 24, 2015, added measurement and reporting 

requirements for certain Sacramento-San Joaquin Delta (Delta) surface water diverters.2 Essentially all 

water right holders diverting 10 acre-feet of surface water (or more) per year are subject to volumetric 

metering and monthly reporting requirements starting on January 1, 2017. Delta surface water diverters 

(diverters), however, have a series of practical impediments to the use of conventional water meters, 

which were identified after the initial extension of monthly water reporting to all users under SB X7-7.3 

The 2015 legislation (SB-88) has different and more expansive requirements than SB X7-7 that must now 

be met. The State Water Resources Control Board (SWRCB) has adopted “Regulations for Measuring and 

Reporting the Diversion and Use of Water” to provide the specific regulatory requirements for water 

reporting.4 

Some diverters in the Delta still have significant technologic, hydrologic, and logistic barriers to the use of 

electronic water meters, data loggers, and telemetry as needed to meet the requirements in SB-88. The 

regulations recognize these issues and provide for other means of achieving consistency with the 

requirements. The Freshwater Trust (TFT) is proposing the development of a new measurement method, 

described here. However, in case that the measurement method is determined inconsistent with the 

statue, the program would default to an Alternative Compliance Plan (ACP), described later. 

This integrated program, titled the Delta SB-88 Measurement Method (method or MM) or its 

Implementation Plan (the Plan), is intended to research the application and phase in the implementation 

of alternative remote-sensing water measurement methods starting in 2017 and possibly through 2021. 

This Plan will allow for a direct statistical comparison of the results of different water measurement and 

estimation methods under similar environmental conditions. Ideally the program will validate the 

method more rapidly than expected; however, the Plan period is intended to ensure that the MM is fully 

supported by the Office of the Delta Watermaster. This approach integrates current scientific 

understanding from peer-reviewed sources and the recent Office of the Delta Watermaster’s 

Comparative Study for Estimating Crop Evapotranspiration in the Delta.5  

The use of the Plan’s scientific and technical approach will quantify the relative strengths and 

weaknesses of each of these MMs, and ultimately be used to refine and optimize one or more MMs 

within the Delta. It is expected that this Plan document will be updated with the latest refinements 

annually, but not in such a manner that disrupts the fundamental scientific elements of comparing 

methods and refining one or more MMs. 

                                                           
2 CAL. WATER CODE §§ 1840, 1841 & 5100–07 (West 2017); CAL. CODE REGS. tit. 23, §§ 907–38 (2016).   
3 CAL. WATER CODE §§ 10608, 108000 (West 2016). See also CAL. DEP’T OF WATER RES., A PROPOSED METHODOLOGY FOR QUANTIFYING THE 

EFFICIENCY OF AGRICULTURAL WATER USE: A REPORT TO THE LEGISLATURE (May 2012), 
www.water.ca.gov/wateruseefficiency/sb7/docs/AgWaterUseReport-FINAL.pdf. 
4 State Water Res. Control Bd., Measurement Regulation: Information on SB-88 and Emergency Regulation (Aug. 2017), 
www.waterboards.ca.gov/waterrights/water_issues/programs/measurement_regulation/. 
5 https://www.waterboards.ca.gov/water_issues/programs/delta_watermaster/crop_c_u_study.html 
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TFT is the sponsoring organization and coordinating the Plan. TFT will act as the agent of subscribing in-

Delta diverters in the Plan’s implementation. As such, TFT will be the administrative point of contact for 

the SWRCB and the Delta Watermaster. However, as noted on the TFT Extension Opt-In Form, each water 

right claimant is required to provide accurate information in support of the development and 

implementation of the Plan. Further, each water rights claimant remains individually and independently 

responsible to report their water diversions and uses to the SWRCB in a timely manner. TFT will support 

developing, implementing, and administering the Plan and completing such reports. TFT assumes no 

responsibility for the accuracy, completeness, or timeliness of such reports, which remain the legal 

responsibility of the individual water right holders. To continue their effective stewardship of the water 

used for agricultural beneficial uses, the Delta water right holders identified in Attachment A propose to 

develop and implement this Plan.  

DISCUSSION 

In-Delta islands have inverted topography, with adjacent channel water surface elevation above the land 

surface elevation. This hydraulic gradient saturates the soils and necessitates pumping to render the 

fields suitable for farming. This hydrology also allows for siphons that can draw irrigation water into the 

islands without power. These agricultural water intakes around the rims of the islands take surface water 

from the surrounding channels. This water flows by gravity throughout the island, typically reused several 

times until it gets to the lowest part of the island. Drains collect the water and pumps return the water to 

the adjacent channel. The water is circulated internally within the island using low-head ditches and 

small siphons. The low hydraulic head reduces the ability to use flumes to accurately measure these 

flows, and the siphons (both onto the island and between ditches) are unpowered in many cases. Intakes 

and any measurement equipment are often situated in remote locations, making them subject to chronic 

theft and vandalism, as members within the Measurement Consortium have reported. Traditional 

impeller-based meters require hydraulically complex and clog-prone screening, or are subject to internal 

clogging, cavitation, turbulence, accuracy errors, and outages. This list of technical impediments is by no 

means exhaustive, but these technical challenges place disproportional burdens on Delta diverters trying 

to comply with SB-88.6  

Notwithstanding these challenges, Delta diverters support the State’s attempt to better understand and 

document diverse water users. On behalf of the subscribing in-Delta diverters, TFT proposes a Plan by 

which the SWRCB will receive the most accurate and reliable data available in light of their 

circumstances. A collaborative model will provide water use calculations using state-of-the-science data 

collection and analysis methods, the MM, through the integration of field-level evapotranspiration (ET) 

models, spatial CIMIS weather analysis, and the use of satellite imagery and other remote sensing tools.  

The Plan’s ET and consumptive use estimates will be based on the following method, subject to 

calibration and refinement: (1) the Consumptive Use Program PLUS (CUP+) developed by the California 

Department of Water Resources (DWR) and the University of California Davis (UCD). TFT is further 

                                                           
6 See, e.g., Letter from BSK Associates, Inc., to S.F. Heringer, President, Reclamation District 999 (Sept. 6, 2011), 
www.waterboards.ca.gov/waterrights/water_issues/programs/diversion_use/docs/bsk_cmmnts.pdf. 
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assessing additional data inputs for water use estimation that go beyond those required for ET 

calculations, such as information about water conveyance and remotely sensed irrigation type and 

intensity. The refinement of these MMs will be documented in annual reports. The Plan provides for 

comparisons to demonstrate the similarities and differences among MMs and provides additional 

validation of the methods.  

Regardless of the diversion quantification methods, Delta farms are already incentivized to and 

experienced with optimizing water distribution and application systems. For example, in the Northern 

Delta, fruit trees are typically planted on the highest ground on the periphery of the island and annual 

crops are often grown in the lower, central locations, to optimize water use and efficiency from the rim 

of the islands with well-drained soils to the center of the islands, where seepage and return flows are 

collected and recirculated or retuned to the channel. The Plan’s analysis of these factors can allow a 

better understanding of local water use and the strength of the modeling assumptions. Surface water 

management within the Delta is often tightly geographically and topographically controlled, and thus can 

be readily extrapolated.7  

For example, this diversion, flow, and return system is typically subject to high water tables due to the 

inverse topography, disincentivizing excessive irrigation. That is to say, there is little or no storage 

available if a farmer applied excess irrigation water and significant costs if they do overapply. Since the 

islands are below sea level, any surplus water simply fills up the space and saturates the roots, reducing 

yields. In order to avoid that effect from flood or rainwater, water table elevations are often controlled 

across an entire island through the same surface water diversion canal network, and are interoperated to 

maintain a suitable root zone moisture content.  

BASIS FOR ALTERNATIVE COMPLIANCE  

Given the physical conditions, technological limitations, and other Delta-specific challenges of farm gate 

diversion information collection, management, and potentially telemetry, strict compliance with Chapter 

2.8 Measuring and Monitoring is generally not feasible, and where feasible, is not reliable, as demonstrated 

by recent experience identified by the Delta Measurement Experimentation Consortium. 

The Delta has a complex network of channels and sloughs that rely on mechanical pumping and siphons to 

divert from adjacent tidal sloughs and channels to support beneficial uses, including irrigated agriculture, 

wetland maintenance, and habitat management for resident and migratory wildlife. This network includes 

inverse topography, very low hydraulic head, and field elevations at or below sea level. 

Many of the diversion sites are in remote locations where electronic measurement, storage, and 

transmission challenges are compounded by sparse or nonexistent cell tower coverage and unstable power 

at the end of transmission lines. The inverted topography further complicates the use of conventional line-

of-sight radio frequencies. Monthly, daily, and hourly tidal changes cause periods of low flow that can be 

below the operational limits of traditional meters. Most water diversion structures are multi-purpose 

                                                           
7 Dr. Charles M. Burt, Irrigation Water Conservation—Benefits & Tradeoffs, U.S. Comm. On Irrigation & Drainage Seminar, 51-58 
(1995) http://www.itrc.org/papers/pdf/irrwaterconservation.pdf. 
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stormwater, flood, and drain structures. At high tide, water may be diverted onto a field with a siphon or 

into the managed wetland through a gate, but at low tide water can also flow in the opposite direction out 

of the same water control structure if it is not well-sealed. Moreover, the Delta pumps and their ancillary 

infrastructure vary in size and age, and are subject to a range of hydraulic inefficiencies from cavitation, 

bubbles, and debris. 

As demonstrated by recent experience of DWR and The Nature Conservancy (TNC) in the Delta, meters are 

subject to significant variation or even failure under the conditions common in the region. In many cases 

there is not appropriate pipe length to meet the manufacturer’s requirements for permanent mounting. In 

many locations, equipment would be subject to significant corrosion and fouling, requiring custom 

installation and specialized construction. Access for refurbishment or replacement can be precluded by 

State and Federal Endangered Species Act restrictions concerning the distance to Valley elderberry shrubs 

or for salmonid seasonal timing. Even with refurbishment, aquatic weeds and invasive species can readily 

impede accuracy, restrict flows, and damage installations.  

Because of these technological difficulties of accurately metering water use at the scale and complexity of 

the Delta, DWR uses its Delta Island Consumptive Use (DICU) model for determining its compliance with 

SWRCB Decision-1641.8 The DICU model and other traditional estimation models have also undergone 

recent analyses to improve their efficiencies.9, 10, 11, 12, 13, 14, 15 

PARTICIPATION 

Participation in the Plan by in-Delta surface water diverters (water right holders) is discretionary, but 

Plan subscribers are contractually bound to ensure data quality and consistency between sub-areas or 

groups. Diverters may also participate through coalitions, including Water Agencies, Reclamation 

Districts, or groups using joint diversion facilities. Agreement to share in the costs of the program is 

required. The overall Plan budget and sample participant contract are supplied in Attachments E and F, 

respectively. 

                                                           
8 DEPT. OF WATER RES., DELTA ISLAND CONSUMPTIVE USE (2017), available at 
http://baydeltaoffice.water.ca.gov/modeling/deltamodeling/models/dicu/dicu.cfm. 
9 WILLIAM FLEENOR, ET AL., DELTA STEWARDSHIP COUNCIL, AN INDEPENDENT PEER REVIEW REPORT ON THE DWR REPORT ON ESTIMATING NET DELTA 

OUTFLOW (NDO): APPROACHES TO ESTIMATING NDO IN THE SACRAMENTO-SAN JOAQUIN DELTA (Sept. 2016), available at 
deltacouncil.ca.gov/sites/default/files/2016/10/Independent%20Peer%20Review%20Report%20on%20Estimating%20NDO.pdf. 
10 DEPT. OF WATER RES., ON ESTIMATING NET DELTA OUTFLOW: APPROACHES TO ESTIMATING NDO IN THE SACRAMENTO-SAN JOAQUIN DELTA (Mar. 
2016), www.waterboards.ca.gov/waterrights/water_issues/programs/bay_delta/deltaflow/docs/ndo_report_march2016.pdf. 
11 L.J. Siegfried, Thesis, Physically Based Modeling of Delta Island Consumptive Use: A Case Study of Fabian Tract and Staten Island 
(2012), available at https://watershed.ucdavis.edu/shed/lund/students/LucasSiegfriedMS2012.pdf. 
12 DEPT. OF WATER RES., DIV. OF PLANNING, ESTIMATION OF DELTA ISLAND DIVERSIONS AND RETURN FLOW, C-032892 (Feb. 1995), available at 
http://www.calwater.ca.gov/Admin_Record/C-032892.pdf. 
13 DEPT. OF WATER RES., METHODOLOGY FOR FLOW AND SALINITY ESTIMATES IN THE SACRAMENTO-SAN JOAQUIN DELTA AND SUISUN MARSH: 36TH ANNUAL 

PROGRESS REPORT IN ACCORDANCE WITH WATER RIGHT DECISIONS 1485 & 1641 (June 2015), 
http://baydeltaoffice.water.ca.gov/modeling/deltamodeling/AR2015/AR-2015-all.pdf. 
14 Davids Engineering, Inc., Remote Sensing Consumptive Use Analysis (2012), http://davidsengineering.com/projects/remote-
sensing/california-department-water-resources-analysis/. 
15 Tariq Kadir, Estimates for Consumptive Water Demands in the Delta using DETAW, in METHODOLOGY FOR FLOW AND SALINITY ESTIMATES 

IN THE SACRAMENTO-SAN JOAQUIN DELTA AND SUISUN MARSH (Oct. 2006), available at 
http://baydeltaoffice.water.ca.gov/modeling/deltamodeling/delta/reports/annrpt/2006/2006Ch7.pdf. 
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SCALE 

The Plan consists of a program of developing, refining through documented studies, and implementing 

the alternate measurement method, focused on the subscribing diverters within the Northern “legal 

Delta,” currently totaling 165 water reports held by 82 landowners. 

TIMING 

The Plan will be developed, tested, and rolled out in a step-wise manner to ensure consistent and 

accurate reporting, and to adjust adaptively based on the latest information and technologies. 

Coordination with each of the Water Agencies and/or Reclamation Districts to enroll interested farmers 

in this Plan, as well as direct outreach to individual land owners and managers, began in 2016 and will 

continue through 2019, as either meter installation, limited time extension, or participation in a Plan that 

involves a MM or an ACP. 

The current list of Plan participants and their associated statement, license report, contact, and other 

information are provided in Attachment A. The locations associated with the updated participant water 

right application and statement numbers (according to eWRIMS) are shown in Attachment B and 

included in the GIS shapefile submitted with each revision of the MM. The Plan’s timeline and 

implementation schedule is provided in Attachment D. As stated earlier, the MM is intended to meet the 

regulatory requirements for a Monitoring Method; however, it could take up to five years to document 

that compliance. Achieving that compliance is one of the key reasons for maintaining consistent 

participation in the technical working groups on this matter, participation in the Delta Consortium, and 

frequent engagement with the Office of the Delta Watermaster. 

PLAN OUTLINE 

The MM program is intended to be consistent with the SB-88 statutory requirements and is currently 

subject to a §916 Request for Additional Time to develop a §934 Measurement Method. In order to 

ensure that there are no reporting compliance gaps in case the SWRCB’s deputy director determines that 

this MM program is not consistent with §916, the Plan is consistent with §935 Alternative Compliance for 

a Measuring Device or Measurement Method Requirement (a) Alternative Compliance. As described 

above, circumstances exist where “strict compliance with sections 933 or 934 of this title is not feasible, 

would fail to meet the accuracy requirements, would unreasonably affect public trust uses, or would 

result in the waste or unreasonable use of water.” 

The Plan is subject to the following requirements in the Statutes (A−F, and b−e):  

(A) Name and contact information of all participants, including designation of an agent to serve as 

the primary contact person.  

See Attachment A for participants. 

Agent to serve as the primary contact person: 
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Erik Ringelberg 

The Freshwater Trust 

1717 I Street Suite A 

Sacramento, California 95811  

Erik@TheFreshwaterTrust.org 

(B) Topographic or aerial map(s) showing location of participants and covered lands (including all 

assessor’s parcel numbers). The map shall conform to the mapping requirements of article 7 of 

chapter 2 of division 3 of this title.  

See Attachment B (Figure 1), as well as the GIS shapefile submitted with this Plan by TFT. 

(C) Description of how the measurement method is implemented to meet the requirements of this 

chapter.  

Provided in Attachments C and D. 

(D) Documentation required under subdivision (f) of this section verifying the accuracy of the 

measurement method.  

The Plan will be certified by a licensed California Professional Engineer, Dr. Stephen McCord, PE, 

supported by analyses provided in Attachment G. 

(E) Description of the permits, licenses, registrations, certificates and water right claims covered by 

the measurement method including for each individual right: file number, owner name, water report 

type, priority of diversion, monthly and annual diversion amounts, place of use, purpose of use, and 

alternative sources of water.  

Provided in Attachments A and B. 

(F) Description of how the measurement method will account for each priority of right during periods 

of insufficient supply. 

The measurement method distinguishes rights by priority, in this case Riparian, Pre-1914 (date) 

and License; and, within license, North Delta Water Contract holders. In the case of curtailment, 

the method reflects the degree or extent of water use subject to those rights to supply. 

In the case that the Measurement Method is found incomplete, does not meet a specified standard or 

subject to an adverse determination by the deputy director, an association of Delta Diverters, in 

partnership with the TFT, propose to submit an alternative compliance plan (ACP) consistent with §935 

(and in the relevant text substituting “MM” with alternate method or “AM”)[(a) noted above]:  

(b) Minimum Standards⎯an alternative compliance plan under subdivision (a) shall meet the following 

minimum standards:  

(1) The plan shall include the following information: 

(A) The name and contact information for all diverters covered by the plan; provided in the form 

of an Excel spreadsheet; 
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See Attachment A. 

(B) The name and contact information for the person designated to represent all diverters 

covered by the plan in matters before the board;  

Erik Ringelberg 

The Freshwater Trust 

1717 I Street Suite A 

Sacramento, California 95811  

Erik@TheFreshwaterTrust.org 

(C) Identification of each individual water report type and priority covered by the plan; provided 

in the form of an Excel spreadsheet. 

See Attachment A. 

(D) A detailed description of the area served by the plan, including all points of diversion whether 

used or not used, all methods of diversion, any conveyance systems, all beneficial uses of water, 

and all acreage served; provided in the form of an Excel spreadsheet. 

See Attachments A and B (Figure 2), as well as the GIS shapefile submitted with this Plan by 

TFT. 

(E) The assessor’s parcel numbers and ownership within the area covered by the plan; provided 

in the form of an Excel spreadsheet, associated figures and a GIS reference;  

See Attachments A and B, as well as the GIS shapefile submitted with this Plan by TFT. 

(F) Identification of the proposed measurement frequency;  

Provided in Attachment C. 

(G) Identification of the proposed measurement methodology;  

Provided in Attachment C. 

(H) Topographic map(s) or aerial photograph(s) of the area covered by the plan that show the 

separate places of use authorized to be served by claimed water reports covered by the plan and 

showing the acreage served;  

See Attachment B, as well as the GIS shapefile submitted with this Plan by TFT. 

(I) An implementation schedule, including date-specific, objective milestones of plan 

implementation from date of filing through final implementation, including the estimated 

milestones for acquiring permits required for plan implementation and the estimated milestones 

for compliance with the California Environmental Quality Act (CEQA), if required;  

Provided in Attachment D. 
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CEQA: No impacts to the physical environment will occur nor any known direct or indirect 

environmental impacts, (e.g., new diversions will be installed, as the MM is applied scientific 

research for the purpose of understanding water use and diversion, and all permanent physical 

infrastructure is already emplaced, or will be placed by operators in their normal course of 

operation.) Therefore, no CEQA analysis or review is required, as there are no known direct or 

indirect environmental impacts, and there are no discretionary permits required. 

(J) Budget for implementation of the plan and the source(s) of financing for the plan;  

Provided in Attachment E. 

(K) A list of any permits required for plan implementation, the agencies that will issue the 

permits, and expected dates for issuance;  

None are identified at this time. 

(L) An affirmation, signed by all diverters covered by the plan, that the plan will be implemented 

in accordance with the schedule contained therein and that all claimed water rights covered by 

the plan will not be exercised outside the scope of the plan;  

Provided in Attachment F. 

(2) The plan shall include an explanation and substantiating documentation of alternative compliance 

for each of the requirements of sections 933 and 934 of this title. Absent substantiation of the 

specific basis for reduced performance standards, the plan shall state how compliance with sections 

933 and 934 of this title will be achieved.  

The program will use a mix of standard approaches described in §933 & 934, as well as modified 

standards. As described above, this Plan will specifically quantify water use through the 

approaches used to demonstrate compliance. Those approaches will be developed by subregion, 

crop, and measurement or assessment method. Provided in Attachment C and discussed in the 

Basis for Alternative Compliance. 

(3) The plan shall provide detailed documentation establishing and supporting the specific basis for 

claiming that strict compliance with §933 and 934 of this title is not feasible, would be unreasonably 

expensive, would unreasonably affect public trust uses, or would result in the waste or unreasonable 

use of water. Any claim that strict compliance is unreasonably expensive shall be accompanied by a 

cost analysis.  

The program will identify each of the appropriate bases for this determination on the same 

master spreadsheet so that the Board can assess all of the specifics of diversion (location [lat/lon-

APN], applicable right), by diverter, diversion method, measurement or calculation method, 

measurement frequency, instrument calibration, and any/each claims for compliance basis. 

(4) The plan shall include a certification by a qualified individual that the plan is in compliance with 

this chapter.  

The Plan will be certified by a licensed California Professional Engineer, Dr. Stephen McCord, PE. 
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(c) Filing of Alternative Compliance Plan 

(1) The alternative compliance plan shall be filed no later than the compliance deadline applicable to 

the diverter(s)’ claim(s) of right under subdivisions (b) and (c) of §932 of this title.  

The Plan will track the strictest of the compliance schedules for the applicable claims. All 

schedules will be provided in Attachment D. 

(2) The alternative compliance plan shall be filed electronically on a form available on the board’s 

website.  

The Plan will be submitted electronically once approved by the SWRCB. 

(3) The alternative compliance plan shall be filed under penalty of perjury.  

The Plan will be filed under penalty of perjury.  

(d) Diverters under an alternative compliance plan shall report on plan implementation. Documentation 

of compliance with the timelines and other elements of the alternative compliance plan shall be filed 

with the applicable annual report under chapter 2.7 of this title.  

The Diverters will report on the appropriate timeline as a contractual obligation of their participation 

with TFT’s Plan, as well as under their particular legal obligations. 

(e) All plans submitted in accordance with the provisions of this section shall be timely implemented in 

accordance with the schedule contained therein. 

See above. 
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ATTACHMENT A: PARTICIPANTS  

Spreadsheet following Watermaster’s direction. Includes the name and contact information for all 

diverters, each individual water report type and priority, all points of diversion whether used or not used, 

all methods of diversion, any conveyance systems, all beneficial uses of water, all acreage served, and 

assessor’s parcel numbers and ownership. 

Provided as a PDF with each updated version of this Plan. Current file version is titled: 

AttachmentA_WaterRights_December2019.pdf 
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ATTACHMENT B: MAPS AND FIGURES  

The assessor’s parcel numbers (APN) covered by the Plan can be viewed on the interactive version of 

this map: 

https://freshwatertrust.maps.arcgis.com/apps/webappviewer/index.html?id=bc3618492b1d450aa9ff

7df5dc11729c 

 

Figure 2: Diversion locations associated with Plan participants (according to the California eWRIMS). 

 
Figure 1. Points of diversion (POD) associated with the Plan

https://freshwatertrust.maps.arcgis.com/apps/webappviewer/index.html?id=bc3618492b1d450aa9ff7df5dc11729c
https://freshwatertrust.maps.arcgis.com/apps/webappviewer/index.html?id=bc3618492b1d450aa9ff7df5dc11729c
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ATTACHMENT C: PROPOSED MEASUREMENT FREQUENCY AND METHOD 

The Plan consists of the application of measurement methods (MMs), which requires remote data 

collection at the agricultural field level, estimation of consumptive water use, and submittal of monthly 

surface water diversion estimates for each of the participating diversions to the SWRCB annually (as 

required by SB-88). In order to assess and effectively refine the MMs, a series of scientific studies will be 

designed and executed by TFT during the Plan development period. Progress will be reported to the 

SWRCB through an annual summary of findings, as well as a final report. The Plan consists of the four 

parts described broadly below. Technical reports of the detailed methods and validation of the models 

are included as Attachment G.  

(1) Collect, aggregate, and process data to facilitate the automation, refinement, and comparison of 

water use estimates. Consumptive use calculations require spatially explicit (field-level) data for crop 

types, planting and harvesting dates, agricultural plant growth curves, and local daily precipitation and 

reference ET values. Summing field-level consumptive use estimates to water license report application 

or statement-level estimates for SB-88 reporting necessitates fine scale understanding of the 

relationships between each water right, point of diversion, and point of use. Measured water use data, as 

well as additional data describing field-specific water conveyance features, irrigation practices, and other 

farm operation and environmental factors, contribute to the refinement of water use estimates beyond 

consumptive use calculations. A large-scale effort is required to collect, process, and ensure the accuracy 

of these data sets from MM participants, project partners, and government agencies. To produce annual 

reports of monthly water use by statement or license, the frequency of data collection varies among daily 

weather data downloads, annual participant crop and irrigation surveys, and remotely sensed data 

updates.  

(2) Automate consumptive use calculations The primary method for estimating ET is the Consumptive 

Use Program [CUP+] Metric Version 6.5. For daily, field-level ET calculations to be automated for each 

participant field, and then aggregated to the water report application or statement level for reporting, a 

complex database structure is needed to securely store the data described above, and facilitate the 

scripted modeling and reporting of consumptive use. TFT has extracted the equations and dependencies 

from the CUP model in their current form. Scripts were written that communicate with the database and 

run the same procedures as these models to calculate daily, field-level ET automatically, aggregating 

these estimations by month and application/statement number as an output. As the method is 

developed further, data validation and data quality assurance results will be reported in outputs and 

indicated in the database as QA codes. Examples of this include: flags when weather data is not available 

and data from an alternative station must be used; potential data entry errors such as acreages above or 

below two standard deviations from the mean of the dataset, unlikely crop and irrigation combinations, 

such as drip irrigated triticale, and other checks. These and other QA steps are fully described in 

Attachment G. 

(3) Refine water use model estimates using additional factors. Machine learning and neural networks 

applied to frequently collected satellite imagery and other remotely sensed data are enabling highly 
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accurate, field-level predictions of conveyance networks, irrigation methods, irrigation intensity, soil 

saturation, field flooding intensity and frequency, and inter- and intra-annual cropping practices. These 

field operations, infrastructure, and practices data are being acquired by TFT for the area covered by the 

Plan both directly from Plan participants and through project partners. These data are not required as 

inputs to consumptive use models; however, through statistical analyses, they can be used to account for 

differences, where they exist, between the consumptive use model results and measured water use. For 

example, the distance between a surface water diversion and its point of use may be related to carriage 

loss factors, or flood irrigation may result in more water use than sprinklers irrigating the same crop over 

the same area. These variables can be included in models to refine and calibrate estimations of water 

use. Once all data sets are aggregated and ET estimates have been automated, TFT will conduct analyses 

between MMs. These analyses will result in accuracy metrics that will be included in summary reports 

(e.g., model chi-squared values for goodness-of-fit). 

(4) Compare a sub-sample of field and modeled water use data for the same irrigated field or crop type 

class using tabular estimation methods, consumptive use models, and findings from other similar studies 

in the Delta. The data collection, data storage, and automated modeling employed under this Plan will 

allow for robust comparison among consumptive use estimates. The Office of the Delta Watermaster has 

been facilitating advanced consumptive use analyses, including the Comparative Study for Estimating 

Crop Evapotranspiration in the Delta, which will support improvements to the crop water use estimation, 

irrigation application technology, and conveyance information to the Plan.16 This approach provides an 

additional comparisons among methods, provides additional validation and calibration of the methods 

used, allows for finer scale calibration, and provides the statistical support for the CUP+ and METRIC 

models.17, 18  

  

                                                           
16 https://www.waterboards.ca.gov/water_issues/programs/delta_watermaster/crop_c_u_study.html 
17 J. MEDELLIN-AZUARA & R.E. HOWITT, COMPARING CONSUMPTIVE AGRICULTURAL WATER USE IN THE SACRAMENTO-SAN JOAQUIN DELTA (Sept. 2013), 
https://watershed.ucdavis.edu/files/biblio/DPC_ComparativeStudy_ET_Final_Report_UCD.pdf. 
18 DELTA PROT. COMM’N., PUBLIC NOTICE & MEETING AGENDA, ITEM 7(B): COMPARING CROP WATER CONSUMPTIVE USE IN THE SACRAMENTO SAN JOAQUIN 

DELTA: PROOF OF CONCEPT (Nov. 20, 2013), delta.ca.gov/commission/meetings/meeting_archives/meetings_11-20-13/.  
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Measurement Methodology 

Goals:  

1. Develop an accurate picture of agricultural water diversion and use in the Delta using a 

statistical comparison of the previously described MMs, while improving the method’s 

accuracy iteratively based on enhanced understanding of water use and conveyance, emerging 

data sets, and scientific experimentation.  

2. Demonstrate that the MM meets or improves upon the accuracy criteria for diversion 

measurements established by the State Water Resources Control Board in the regulations 

implementing Senate Bill 88. 

MM Approach: The Plan will use remotely sensed data, Plan participant-supplied farm management 

data, ET modeling, and additional agricultural water use parameters to estimate monthly water diversion 

volumes for each Plan participant. 

The following steps constitute the Measurement Method to be used under this Plan. Technical reports of 

the detailed methods and validation of the models are included as Attachment G. 

1. Secure comparison sites 

The comparison sites are farm operations located within the Delta that have available remotely 

sensed data characteristic of the crops, cropping patterns, and irrigation practices that will be 

assessed with multiple MMs. Multiple comparison sites are useful to capture and assess remote 

sensed variability in crops grown and irrigation methods employed throughout the area covered by 

the Plan. The locations are identified on Attachment B, Figure 1. 

o Purposes of the comparison sites: 

▪ To provide comparative information regarding the volume and timing of diverted 

surface water, observed by other approved MM other than TFT’s MM. 

o Field data requirements: 

▪ Crop type, planting date, harvest date, irrigation method, irrigation frequency, diverted 

irrigation volume, irrigation start date, irrigation end date, acreage, collected on a 

monthly basis. 

▪ Existing flow meter, flow counter, or electricity meter to compare modelled diverted 

irrigation volumes. 

▪ Weather data from Spatial CIMIS.  

 

2. Pilot new geospatial analytics for demonstrative purposes 

o Using available LiDAR data, assess the ability to delineate drainage patterns within the Plan 

area to determine the portion of the field where runoff is likely to leave the field (typically the 

lowest elevation point on the field). 

o If available, review photography (orthoimagery), LiDAR drainage patterns, and additional 

infrastructure data to delineate the irrigation systems within the Plan area. Delineating the 
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irrigation systems will allow TFT to understand the delivery and movement of water from each 

surface water diversion.  

 

3. Calculate consumptive use 

o For each field served by a surface water diversion, reported agricultural practices (including 

crop type, planting date, harvest date, irrigation frequency, irrigation start date, irrigation end 

date, acreage, meteorological data) will be collected and used as model inputs to estimate ETc 

and ETaw for each field. 

o These analyses will support and be informed by the Delta Watermaster’s ongoing Comparative 

Study for Estimating Crop Evapotranspiration in the Delta. 

 

4. Estimate diverted water volumes, aggregate agricultural fields to diversions, and report to eWRIMS 

o Based on the analysis of water use in areas served by the control sites, assess the potential for 

an estimation factor that includes carriage water or the additional water necessary to 

facilitate the delivery of irrigation water19 and application efficiencies for each irrigation type 

will be used to produce estimated diversion volume. This additional water is not captured 

through the ET modeling. 

o To facilitate reporting, the modeled consumptive use for each field served by a water right will 

be summed. Following the Delta Watermaster’s approach, consolidation of reporting will be 

used where applicable with the consent of the reporters. 

o For each Plan participant, the total monthly diversion calculation will be reported to eWRIMS. 

 

5. Compare remote sensing model results and metered data results with TFT’s MM results 

o TFT used published, spatially explicit ET data generated by three additional remote sensing ET 

models (dis-ALEXI, Cal-SIMETAW, and METRIC-ITRC) for 25 agricultural fields in the Northern 

Delta in 2015. TFT compared the consumptive use results for each field and across all fields in 

the area covered by the Plan to determine whether there are consistent trends that results 

from each model. 

o Compare results of the ET models to assess relative accuracy and precision.  

  

                                                           
19 Carriage water is needed for the transit of water from the diversion to the field, or from the drainage from one field to another. 
This water is typically consumptively lost to shallow groundwater, evaporation, or to weeds along the ditches (if not piped). That 
approach is typical to convey water from the diversion to the field, and in the case or sprinklers and drip irrigation are the main 
losses. However, carriage water serves to provide field drainage for flood irrigation to ensure the entire field is covered and that 
sufficient water exists to support the next field(s) downgradient in the irrigation system. 
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ATTACHMENT D: IMPLEMENTATION SCHEDULE  

The implementation schedule⎯including date-specific, objective milestones of Plan implementation from 

date of filing through final implementation, as well as the estimated milestones for acquiring permits 

required for Plan implementation.  

The start date of the Plan was January 1, 2017. The MMs will be developed, tested, and rolled out 

iteratively to ensure consistent and accurate reporting and to adapt using the latest information and 

technologies. 

2017-2019: Coordinate with each of the Water Agencies and/or Reclamation Districts (RD) to enroll 

water rights claimants in this Plan. The specific water users participating in the Plan are identified by 

their Statement of Diversion and Use or License number and location. 

2017 (Year 1): Collect agricultural field-level data from participants, project partners, and publicly 

available sources for inputs into consumptive use models (e.g., CUP+) and additional water use 

calculation refinement. Research calculations and procedures employed by these models to inform 

automation and database design. Design and build database to store collected data and facilitate 

automated ET calculations and reporting. Understand SB-88 water use reporting needs and methods 

through discussions with SWRCB and the Delta Watermaster; establish method control locations; 

establish partnerships or agreements with Consortium participants.  

2018-2019 (Years 2-3): Automate consumptive use models, including data validation and quality 

assurance calculations. Collect and aggregate control-site water use data. Regionally within the Delta, 

compare model outputs to control site data and among the multiple consumptive use models. Refine 

water use estimates beyond consumptive use with participant-supplied or remotely sensed data on field-

specific irrigation, cropping, and conveyance practices. Annually report monthly water use and other 

required data to SWRCB.  

EOY 2019 (Year 3): Summary and synthesis of results from years 1-3 provided in an updated Appendix G.  

2020-21 (Years 4-5): Reporting will continue, and an assessment will be made of next steps of the 

program, including submittal formally as a MM in coordination with Delta Watermaster staff as 

appropriate.  
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ATTACHMENT E: BUDGET  

Budget for implementation of the Plan and the source(s) of financing for the Plan.  

Estimated Program Costs 

Program Development and Administration 

 $15,000 (ongoing, annual) 

Plan Development 

 $20,000 (ongoing, annual) 

Annual Analysis and Reporting  

 $90,000 (ongoing, until 2020) 

Final Program Analysis Report 

 $20,000 (in 2021) 

Estimated Annual Revenue 

Estimated Annual Participation Fee  

  165 water reports at nominal $775/year fee* = $127,875 

*tiered discounted fees provided to participants enrolling more than five diversions and no fee 

charged for enrolled control points. 

The program is funded through the participant contributions. The program budget is based on the 

estimated costs to develop and implement a program that uses an intensive geospatial analytical 

framework and a complex database structure.  
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ATTACHMENT F: AFFIRMATION 

An affirmation, signed by all diverters covered by the Plan, that the Plan will be implemented in 

accordance with the schedule contained therein, and that all claimed water rights covered by the Plan will 

not be exercised outside the scope of the Plan. 

See below contract for participation in the Plan. 
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California Water Code § 1840 – Senate Bill 88  
Alternative Measurement Method and Alternative Compliance Plan  

Landowner Participation Agreement (2018 Version) 

 THIS AGREEMENT (“Agreement”) is made this ______ day of ____________________ 2018, between 

____________________________ (“Landowner”) and The Freshwater Trust (“TFT”), a non -profit corporation.  

  

1. Measurement Method & Alternative Compliance Plan. 

Landowner is the owner of real property with a place of water diversion(s) at the following location. 
Landowner wishes to participate in the development of TFT’s Measurement Method and Alternative 
Compliance Plan (“Plan”), attached as Exhibit A, in lieu of Landowner’s obligation to measure annual individual 
water rights water use that meets or exceeds 10 acre-feet per year. Each covered diversion will be reflected in 
a statement and or license number provided below. 

Statement Number 1:  _______________________________ 

Associated Point of Use  
Assessor Parcel Number(s):  _______________________________  

Password/Reporting Identifier: _______________________________ 

 
Statement Number 2:  _______________________________ 

Associated Point of Use 
Assessor Parcel Number(s):   _______________________________  

Password/Reporting Identifier: _______________________________ 

 For additional statement numbers, please include attachments at the end of this Agreement . 

License Number (if applicable): _______________________________ 

2. Term and Termination. 

2.1. This Agreement is effective as of the date last signed by the parties (“Effective Date”), and unless mutually 
earlier terminated by the parties in writing, shall expire on December 31, 2021.  

2.2. This Agreement may be terminated by either party without cause upon thirty (30) days’ prior written 
notice to the other party. In the event of termination by Landowner, Landowner will pay TFT for the 
portion of the Annual Per-Diversion Fee (as defined in Section 3) earned up and until the date of 
termination. 

3. Annual Per-Diversion Fee. 

3.1. Landowner agrees to pay TFT an annual payment of $775.00 per diversion (“Annual Per-Diversion Fee”). 
In exchange for this Annual Per-Diversion Fee, TFT will provide the Landowner’s required annual surface 
water diversion reporting to the State Water Resources Control Board as required by California Water 
Code § 1840.  

3.2. Landowner will pay the Annual Per-Diversion Fee to TFT within thirty (30) days of execution of this 
Agreement via online payment or check. Pay online at https://www.thefreshwatertrust.org/get-
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involved/process-payment-sb88/. Check shall be sent to: The Freshwater Trust, Attn: Heather Jones, 700 
SW Taylor Street, Suite 200, Portland, OR 97205. TFT shall have no obligation to provide reporting for 
Landowner under this Agreement until payment is received. Each year thereafter, the Annual Per -
Diversion Fee shall be due to TFT on or before the first of the year.  

4. Diversion Information. 

4.1. Landowner must provide TFT with the information required in the attached Exhibit B. Using the submitted 
information, TFT will use remotely sensed data and modeling to characterize water use within the Delta in 
order to report calculated water diversion at each participating surface water diversion on Landowner’s 
behalf. At Landowner’s option, TFT will also submit Landowner’s annual Statement of Water Diversion and 
Use. If applicable, Landowner shall complete, sign, and scan or fax a copy of the applicable Initial 
Statement or Supplemental Statement form to TFT for inclusion in annual reporting. Exhibit B and other 
forms can be emailed to TFT at sb88@thefreshwatertrust.org. 

4.2. In the event that the Measurement Methodology and a subsequent Alternative Compliance Plan is 
rejected by the relevant staff of the State Water Resources Control Board, or is otherwise determined to 
be inadequate to satisfy the applicable legal requirements at any time during the term of this Agreement, 
TFT will notify Landowner within five (5) business days. 

4.3. Landowner represents and warrants to TFT that the information provided to TFT at all times during this 
Agreement will be true and correct to the best of Landowner’s knowledge. Landowner acknowledges and 
agrees that should s/he misrepresent or otherwise provides inaccurate information to TFT, that TFT 
assumes no responsibility or liability for Landowner’s inaccurate information. Landowner agrees to 
indemnify TFT, without limitation, against any and all claims, costs, or damages resulting from such 
inaccurate misrepresentations.  

4.4. Landowner will provide monthly water use, method and period of irrigation, crop type, acres per crop, 
and associated information in the attached Exhibit C to the following TFT website: 
http://www.thefreshwatertrust.org/sb-88-monthly-reporting. 

4.5. Landowner must provide all the information identified in this Agreement. Failure to provide complete 
information will result in additional TFT staff research time that is otherwise not included within the cost 
of the Annual Per-Diversion Fee. TFT will notify Landowner of incomplete information and provide 
Landowner with an opportunity to respond with the omitted information. In the event that Landowner 
fails to supply complete information within seven (7) business days of TFT’s notice, Landowner 
acknowledges and agrees that TFT will invoice Landowner on an hourly basis at a rate of $80.00 per hour 
for staff time and resources spent pursuing incomplete information. Landowner shall pay any such 
additional costs within 30 days of receiving TFT’s invoice.   

5. Miscellaneous. 

5.1. This Agreement constitutes the entire agreement between the parties and supersedes all oral or written 
prior or contemporaneous communications and proposals of every kind on the subject. No course of 
dealing between the parties and no usage of trade shall be relevant to supplement any term used in this 
Agreement. This Agreement shall be binding upon the parties and their respective heirs, successors, and 
assigns.   

5.2. This Agreement may be executed by facsimile and in multiple counterparts, each of which shall constitute 
an original and all of which together shall constitute one Agreement. The terms of this Agreement may 
not be waived, altered, modified, supplemented or amended in any manner except by mutual written 
agreement by the parties.   

5.3. If any provisions contained in this Agreement are held illegal, invalid or unenforceable, the remaining 
provisions are to survive and remain in full force and effect.   

5.4. All notices related to this Agreement shall be sent either electronically via email  or physically via 
registered or certified mail, postage pre-paid, to the addresses provided below: 
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Landowner Mailing Address: 

___________________________ 

___________________________ 

___________________________ 

The Freshwater Trust: 

Attn: SB88 Alternative Compliance Plan 

700 SW Taylor St., Ste. 200 

Portland, OR 97205 

 

Landowner or Authorized Representative Contact Information: 

Primary Phone: _____________________________ 

Secondary Phone: ___________________________ 

Email: _____________________________________ 

 

6. Signatures. 
Landowner (or Authorized Representative): 

 

Name 

 

Title 

The Freshwater Trust, an Oregon non-profit 
corporation 
 

Name 

 

Title 

 

Date 

 

Date 
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Additional statement numbers, if applicable: 
 

Statement Number 3:   __________________________________ 

Associated Point of Use APN(s):   __________________________________ 

Password/Reporting Identifier:  __________________________________ 

 

Statement Number 4:   __________________________________ 

Associated Point of Use APN(s):   __________________________________ 

Password/Reporting Identifier:  __________________________________ 

 

Statement Number 5:   __________________________________ 

Associated Point of Use APN(s):   __________________________________ 

Password/Reporting Identifier:  __________________________________ 

. 

Statement Number 6:   __________________________________ 

Associated Point of Use APN(s):   __________________________________ 

Password/Reporting Identifier:  __________________________________ 

 

Statement Number 7:   __________________________________ 

Associated Point of Use APN(s):   __________________________________ 

Password/Reporting Identifier:  __________________________________ 

 

Statement Number 8:   __________________________________ 

Associated Point of Use APN(s):   __________________________________ 

Password/Reporting Identifier:  __________________________________ 

 

Statement Number 9:   __________________________________ 

Associated Point of Use APN(s):   __________________________________ 

Password/Reporting Identifier:  __________________________________ 
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Exhibit A – SB-88 Measurement Method for Measuring and Reporting on the Diversion of Water  
in the Sacramento-San Joaquin Delta 

 

 

 

 

See Plan at https://www.thefreshwatertrust.org/sb-88-alternative-compliance-plan/. 
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Exhibit B – Diversion and Point of Use Information (2019 Version) 

Growers can submit information online at http://www.thefreshwatertrust.org/sb-88-monthly-reporting/ 

or email to sb88@thefreshwatertrust.org. Please attach an aerial map/photograph (e.g., USDA crop map, 

Google Earth image, or drawn) of the area (a.k.a., place of use) served by the claimed water right, 

showing the diversion location. Indicate all the management units (agricultural fields, stock watering 

ponds, recreational duck ponds, etc.) on the map. 

SB88 Data Entry Form 

 

 

Project Name: 

Date Entered into Fulcrum: 

Entered By: 

In Fulcrum, add the following data for each Project.  Record additional notes in spaces provided below: 

 

A. Project Information: 

 
1. Project location (lat./long.): _________________________________________________ 

• Added to Fulcrum?  Yes  No 

2. Project name: ____________________________________________________________ 

• Added to Fulcrum?  Yes  No 

3. Total no. of Project MUs recorded: ___________________________________________ 

4. Additional Project notes: 

______________________________________________________________________________________

______________________________________________________________________________________

______________________________________________________________________________________ 

Check if there are available photos and list where files are stored. 

B. Project Photos: 

Tier 1: General Project Data 
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Crop(s) – File Location: ________________________________________________________ 

Added to Fulcrum?  Yes    No 

 

Diversion Pump(s) – File Location: _______________________________________________ 

Added to Fulcrum?  Yes    No 

 

Filtration System(s) – File Location: ______________________________________________ 

Added to Fulcrum?  Yes    No 

 

Flow Meter(s) – File Location: __________________________________________________ 

Added to Fulcrum?  Yes   No 

 

Weir(s) – File Location: ________________________________________________________ 

Added to Fulcrum?  Yes    No 

 

Gate(s) – File Location: ________________________________________________________ 

Added to Fulcrum?  Yes    No 

 

Other – File Location: _________________________________________________________ 

Added to Fulcrum?  Yes    No 
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For each MU, add the following data to Fulcrum and check-in with landowner (via phone, email, in 

person) to validate information as needed. Record additional notes in spaces provided. 

MU1 Attributes 

I. Background Data 

1. MU location (lat./long.): ____________________________________________________ 

• Added to Fulcrum?  Yes  No 

2. Ranch Name: ____________________________________________________________ 

 
3. MU APN(s): ______________________________________________________________ 

1  

4. MU Boundary Maps: 

• Added to Fulcrum? Yes  No 

• Hard copies available?  Yes  No 

 
5. MU Photos: 

• Added to Fulcrum? Yes  No 

 
6. Total MU Acreage: ________________________________________________________ 

 
7. Farmable MU Acreage: _____________________________________________________ 

 

II. Operation Questions 

 
1. Crop Type: _______________________________________________________________ 

 
2. Irrigation Type: ___________________________________________________________ 

 
3. Planting/Leaf Out Date: ____________________________________________________ 

Tier 2: MU Data 



 

 

The Freshwater Trust SB 88 Measurement Method for the Sacramento-San Joaquin Delta (Version 2.0)   32 

   

 

4. First day of Harvest Date: ___________________________________________________ 
 

5. Pre-irrigation Start Date: ___________________________________________________ 
 

III. Water Questions 

 
1. Water Right(s) for this MU: _________________________________________________ 

 
2. Date of First Use: _________________________________________________________ 

 
3. Method of Diversion: ______________________________________________________ 

 

IV. Management Questions 

 
1. Cover Crop: ______________________________________________________________ 

 
2. Conveyance Lining: ________________________________________________________ 
 

3. Deficit irrigation: __________________________________________________________ 
 

4. Deficit Start: _____________________________________________________________ 
 

5. Deficit End: ______________________________________________________________ 
 

6. Percent reduced: _________________________________________________________ 

 

V. General Notes 

______________________________________________________________________________________

______________________________________________________________________________________

___________________________________________________________________________________ 
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ATTACHMENT G: TECHNICAL APPENDIX 

 
 

SB-88 Measurement Method for Measuring and Reporting on 

the Diversion of Water in the Sacramento-San Joaquin Delta: 

A Comparative Validation Study  

 

 

 

 

 

 

 

 

 

9 December 2019 
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INTRODUCTION 

Goals & Objectives of this Analysis 

This document describes a proposed Measurement Method (MM) for estimating diverted surface 

water volumes on cropland in the Sacramento-San Joaquin Delta (Delta). The first purpose of this 

document is to give an overview of the data flow, data sources, scientific methods, and assumptions 

made throughout this process.  The second purpose of this document is to describe the analytical 

effort which was undertaken to compare the results of the proposed MM to results from other 

methods. 

SB 88 History, Context, & Legal Requirements  

On Jan. 1, 2016, the California State legislature passed Senate Bill 88 (SB 88). Accordingly, the 

California State Water Resources Control Board (SWRCB) adopted SB 88 regulations that outline 

procedures for measuring and reporting diversions, and established deadlines for installing 

measuring devices for diversion rates at various thresholds. The SWRCB regulations under SB 88 

apply to all water right holders diverting 10 acre-feet (AF) or more of surface water annually. Under 

SB 88, right holders diverting over 10 AF of water per year are required to employ diversion 

measurement methods capable of measuring the rates of direct diversion, collection to storage, and 

withdrawal or release from storage, and report it to the state20. SWRCB’s Electronic Water Rights 

Information Management System (eWRIMS) is a database that stores information on water rights 

permits and licenses, registrations, certificates, and other records, which is how the State tracks SB 

88 compliance.  

These requirements for measuring, monitoring and reporting water diversions required purchase 

and installation of measurement devices appropriate for the quantity of water and diversion type.21 

In lieu of installing these measurement devices by January 1, 2017, surface water diverters can 

choose to request an extension of time to subscribe to an approved Alternate Compliance Plan (ACP) 

or Measurement Method (MM) to comply with measurement and accuracy requirements under the 

regulation. According to the SWRCB website, “A measurement method is a method capable of 

accounting for the rate of diversion where the method is likely to achieve accuracy standards 

comparable to those of individual measuring devices. The regulation is flexible in the types of 

measurement methods water users may submit as long as the measurement method meets the 

regulation’s accuracy standards for measurement.”22  (Accessed December 12, 2019) 

  

                                                           
20 Wat. Code § 1840(a)(1); see also C.C.R. tit. 23, § 932(a). 
21 Examples on the SWRCB website include Propeller Meters, Acoustic Meters, Flow Totalizers, Slide/Sluice Gates, and Weirs. From 

https://www.waterboards.ca.gov/waterrights/water_issues/programs/diversion_use/wm_devices.html 
22https://www.waterboards.ca.gov/waterrights/water_issues/programs/diversion_use/water_measurement.html#me
as_methods 
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Figure 1. Schedule and requirements for SB 88 compliance based on diversion volume, from SWRCB website 23. 

 

 

The Freshwater Trust (TFT) began an MM-ACP development process in 2017, which should be 

completed no later than the end of 2021. The region of interest for TFT’s MM-ACP is the Delta, whose 

unique regional climate characteristics and farming systems are well-researched but challenging to 

understand and meter. Many farms are on tracts of land below sea level known as “islands,” 

surrounded by rivers and tributaries above the farms. The Delta is a unique agricultural setting that 

makes use of siphons and passive techniques such as sub-irrigation (water flowing laterally 

underground). A system of levees keeps watercourses from overflowing onto farmland. 

 

                                                           
23https://www.waterboards.ca.gov/waterrights/water_issues/programs/diversion_use/water_measurement.html#me
as_freq_tbl 
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EVAPOTRANSPIRATION, CONSUMPTIVE USE, AND DIVERSION VOLUMES 

Crop evapotranspiration (ET) is an important component of an agricultural region’s water balance. 

ET is comprised of soil evaporation from soil and transpiration from plants. Consumptive use in 

water systems is the quantity of water not returned for reuse elsewhere via surface runoff or deep 

percolation into groundwater. ET and consumptive use are often used interchangeably, since ET is  

the predominant determinant of consumptive use24. ET and consumptive use are measured in linear 

units over time (often millimeters per day, mm/d), which can be multiplied by land area and time to 

calculate a volume of water (acre-feet, or AF). 

Methods to estimate ET have been developed based on both a robust scientific understanding of its 

physics, as well as data collected in the field or remotely by aircraft or satellites. Precision irrigation 

decisions often incorporate approximations of ET rates or volumes to help meet crop water 

demands, aided by field data or from a state-supported network of weather stations.  

Important ET Terms  

Some important ET definitions common in evapotranspiration literature25 are: 

1. ET0: Reference evapotranspiration, based on ET of a well-watered short-height 

reference crop. In this report, ET0 refers to ET from a grass reference crop, but alfalfa 

(ETr) or pan evaporation can also be used. 

2. ETc: Potential crop evapotranspiration, the amount of water evaporated from the soil 

and transpired from the plant assuming ideal or standard conditions and no lack of 

water. 

3. ETa: Actual crop evapotranspiration, which can be obtained by adjusting ETc based on 

environmental factors such as soil condition that reflect actual water available to the 

plant. ETa is typically less than or equal to ETc, but can exceed it depending on 

irrigation practices and canopy cover.  

4. ETaw: Evapotranspiration of applied water, the net amount of irrigation water needed 

to produce a crop (not including irrigation application efficiency). Soil, crop, 

precipitation, and ETc data are used to determine ETaw. 

Approaches to Estimate Diversion Volumes 

Four common approaches for estimating diversion volumes in California are evaluated: crop 

coefficient approaches, remote sensing approaches, direct ET measurements, and flow measurement 

devices. The first three methods are ET estimations, while the fourth is an estimation of diversion 

flows. 

                                                           
24 Jankowski, J. R. (2012). Consumptive Water Use in California’s Sacramento-San Joaquin Delta: A Comparison of Estimation 
Methods and Field Data, with Implications for Water Right Diversion Reporting. 
25 Medellín-Azuara, J., Paw U, K. T., Jin, Y., Jankowski, J., Bell, A. M., Kent, E., … Viers, J. H. (2018). A Comparative Study for 
Estimating Crop Evapotranspiration in the Sacramento-San Joaquin Delta. Center for Watershed Sciences, University of 

California, Davis. https://doi.org/10.1002/j.1681-4835.2014.tb00468.x 
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1. Crop-coefficient estimation methods, such as Consumptive Use Program (CUP+), 

involve measured inputs and empirical approximations. ET from a vegetated surface is 

estimated as a function of the crop coefficient, (a factor derived for each plant), and 

ET0 (the reference evapotranspiration). 

2. Remote sensing methods including the Surface Energy Balance for Land (SEBAL), 

Mapping of EvapoTranspiration with Internal Calibration at high resolution (METRIC), 

Satellite Irrigation Management Support (SIMS), and others use satellite data to 

estimate ET. 

3. Direct field ET measurement methods include field-based instruments such as 

lysimeters and eddy covariance, while field-based estimates can be made using surface 

renewal, pan evaporation, or a multitude of micrometeorological techniques.  

4. Finally, the current approved MM devices mentioned above (e.g., weirs, acoustic 

meters, flow totalizers, etc.) do not actually measure ET; instead, they estimate total 

amount diverted. The amount diverted, in the Delta, is believed to be a function of ET 

because the water table is too high to store or percolate excess diversion volume. 
 

Figure 2. Advantages and disadvantages of the three major crop ET estimation approaches (number 1-3 in the 

list above), compared to each other26. 

 

                                                           
26 Medellín-Azuara, J., Paw U, K. T., Jin, Y., Jankowski, J., Bell, A. M., Kent, E., … Viers, J. H. (2018). A Comparative Study for 
Estimating Crop Evapotranspiration in the Sacramento-San Joaquin Delta. Center for Watershed Sciences, University of 
California, Davis. https://doi.org/10.1002/j.1681-4835.2014.tb00468.x 
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DESCRIPTION OF TFT’S PROPOSED MM 

TFT has implemented a modified version of the Consumptive Use Program Plus (CUP+ version 6.1), 

developed by the California Department of Water Resources (DWR)27,. The original CUP+ model was 

developed as a spreadsheet-style calculation to “help growers and water agencies determine 

reference evapotranspiration (ET0), crop coefficient (Kc) values, and evapotranspiration of applied 

water (ETaw), which provides an estimate of the net irrigation water diversion needed to produce a 

crop.” TFT continues to refine the model through consultation with CUP+ developer Dr. Orang. The 

three primary steps in the workflow of this MM are: 

(1) collecting, processing, and validating the data needed for ETc, ETaw, and Amount Diverted 

estimation, including coordinates for point of diversion (POD) and place of use (POU); 

(2) estimating ETc, ETaw, and Amount Diverted at the agricultural field level, through 

consumptive use modeling and additional water use calculations; and, 

(3) aggregating and/or allocating field-level water volume estimations from step 2 to the 

legal water reports required for SB 88 compliance, and submission of these to eWRIMS. 

Figure 3. Overview of the workflow, data inputs, and data outputs for TFT’s measurement and reporting process. 

 

                                                           
27 Orang, M.N, Snyder, R.L., and J.S. Matyac. 2005. CUP (Consumptive Use Program) Model. DWR and UC Davis. California 
Water Plan Update 2005. 
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Input Parameters Summary 

Table 1. Data inputs* for TFT’s measurement and reporting method. 

Input Parameter Units Output Parameter Source 

ET0 Mm ETc CIMIS API 

Kc curves for each crop Unitless ETc CUP+ 

Planting & Harvesting Dates Date ETc Grower 

Crop Type Categorical  ETc Grower (however, LandIQ land use 
data was used for portions of this 
validation effort for consistent 
comparison) 

Soil Evaporation Kc curve Unitless ETaw CUP+ 

Precipitation mm/day ETaw CIMIS API  

Irrigation Type Categorical Amount Diverted Grower 

Irrigation Efficiency Factor Unitless Amount Diverted Literature Review 

Water Right ID Categorical  Amount Diverted Grower/eWRIMS 

Water Right Type Categorical Amount Diverted Grower/eWRIMS 

*Additional data are collected for reporting purposes (e.g., contact information, diversion type, reclamation district) but 

these data are not used for the determination of ETc, ETaw, or Amount Diverted. See Appendix C for all data collection 

questions. 

Parameters for Estimating ETc  

ET0 

The ET0 values for the MM are derived from the California Irrigation Management Information 

Service (CIMIS) operated by the Department of Water Resources (DWR). ET0 is not affected by crop 

or soil conditions, so it is considered a climatic parameter that can be computed from weather data 

to represent the evaporative demand of the atmosphere at a specific location and time of the year.  It 

is typically representative of well-watered Kentucky bluegrass (ETr is representative of alfalfa).  

By combining data layers from CIMIS stations and the Geostationary Operation Environmental 

Satellite (GOES), spatially explicit CIMIS ET0 values are estimated at a 2 km x 2 km resolution, using 

the American Society of Civil Engineers version of the Penman Monteith equation28. Early every 

morning, the spatial CIMIS model calculates and creates layers of solar radiation and estimated ET0. 

Air temperature, relative humidity, wind speed, and other data are spatially interpolated between 

CIMIS stations using a Spline model. Daily ET0 values for each management unit29 (MU) are 

automatically extracted from CIMIS in batches using an application programming interface (API). 

The API requires a spatial coordinate and a date. 

                                                           
28 https://cimis.water.ca.gov/SpatialData.aspx 
29 A management unit (MU) is a farmed plot of land with one crop type, one irrigation type, and associated with the same water 
right or water rights. Essentially, it is a field in a farm operation. 
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Crop Type 

Growers report the dominant crop type for each MU to TFT.  

Crop Coefficient (Kc) Curves 

The crop type determines which crop coefficient curve to use for the modelling. A crop coefficient 

(Kc) curve represents the change in biological demand for a crop when compared to a reference crop 

(ET0 or ETr). It is a curve because it is adjusted for the different maturity stages that each specific 

crop type undergoes. The “growing season” (the period between leaf-out/planting date and 

harvesting date) is separated into four maturity stages of the crop: the initial period (dates A-B), 

rapid growth period (dates B-C), midseason period (date C-D), and late season period (date D-E) 

growth periods. Kc values are denoted KcA, KcB, KcC, KcD and KcE on the A, B, C, D, and E growth 

dates, respectively. Typical growth periods are shown in the figure below. 

Figure 4. Hypothetical crop coefficient curve for field and row crops using percentage of season to delineate 

growth dates. 

 

Kc curves are adjusted to incorporate the planting and harvest dates supplied by the growers, using 

the methods described by Orang et al30. Functions defining the default curves for each crop type 

                                                           
30 Orang, M.N, Matyac, J.S., and R. L. Snyder. 2011. CUP+ (Daily Soil Water Balance Program). ICID 21st International Congress 
on Irrigation and Drainage. 15-23 October 2011. Tehran, Iran. 



 

 

The Freshwater Trust SB 88 Measurement Method for the Sacramento-San Joaquin Delta (Version 2.0)   8 

   

sourced from CUP+. Deciduous tree and vine crops, without a cover crop, have Kc curves that are 

similar to field and row crops but without the initial A-B growth period. Kc curves for each MU are 

used to determine their daily Kc.  

Many Kc curves, dates, and values currently in use in California were developed during the 1950s 

and 1960s. Revised Kc values are needed because changes have occurred in the equation for ET0, 

crop varietal improvements, planting densities, farming practices, irrigation methods, and general 

irrigation strategies. As a result, recent and on-going research efforts to update Kc values continue in 

California and worldwide; however, this information is not readily available or organized in an easy-

access repository. 

Soil Evaporation Curves 

As mentioned above, ET is a combination of soil evaporation and plant transpiration. Therefore, a 

soil evaporation curve (based on ET0 and rainfall frequency) is needed as a baseline for estimating 

ETc. It is also useful to determine this soil evaporation value during initial growth of field and row 

crops (Initial Kc = KcA= KcB) based on irrigation frequency, and to use as the starting Kc for 

deciduous tree and vine crops (Kc1 = KcB). The values used to estimate soil evaporation are based on 

a two-stage soil evaporation method reported by Stroosnjider31 and refined by Snyder et al.32 and 

others. The method provides Kc values as a function of ET0 and wetting frequency that are similar to 

those published in Doorenbos and Pruitt33 (1977). The bare soil curve provides a floor value for 

estimated ETaw during the period when annual crops are in early growth stages (germination 

included). 

Planting and Harvest Dates  

Planting and harvest dates are typically reported by the grower. However, for this effort, the 

proposed MM was run using CUP+ defaults or other signals (e.g., siphons starting and ending). To 

increase modelling accuracy further, TFT collects data from growers regarding any pre- and post-

irrigation outside of the crop growing season (for salinity control, fertigation, fungicides, etc.), and 

amends the dates accordingly. 

Parameters for Estimating ETaw and Amount Diverted 

Precipitation 

Like ET0, precipitation values are sourced from the CIMIS API. Hourly precipitation (in inches) is 

provided for each weather station location. TFT interpolates rainfall for each agricultural field using an 

inverse distance weighted average of data from the three nearest reporting stations to each field for 

                                                           
31 Stroosnijder, L., 1987. “Soil evaporation: test of a practical approach under semi-arid conditions,” Netherlands Journal of 
Agricultural Science, 35:417-426. 
32 Snyder, R.L., Bali, K., Ventura, F, and Gomez-MacPherson, H. 2000. “Estimating evaporation from bare or nearly bare soil,” 
Journal of Irrigation and Drainage Division, American Society of Civil Engineers, 126(6):399-403. 
33 Doorenbos J., Pruitt WO 1977. Rev. “Crop water requirements.” FAO Irrigation and Drainage Paper 24, FAO of the United 
Nations, Rome, p. 144. 
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the total precipitation each day. The spatial centroid of each field is used to determine the three 

nearest stations and the distance to them. Using an inverse distance weighted average is a scientifically 

accepted approach that avoids extreme values that may otherwise be observed by simply taking data 

from a single nearby station, yet preserves the influence of distance-from-measurement overall. The 

equation is as follows: 

Equation 1. Inverse distance weighted average used to extrapolate field specific precipitation 

from weather station data. 

�̂� =∑

𝟏
𝒅𝒊

∑𝟏/𝒅𝒊
∗ 𝒑𝒊 

 
�̂� = the estimated precipitation at the location. 
di = the distance from the location to reporting station i. 
pi = the observed precipitation at station i. 

 

Irrigation Type 

Growers report the irrigation type for each management unit (MU). The proposed MM currently 

models five irrigation types: flood, furrow, sprinkler, drip/microsprinkler, and sub-irrigation.  

Irrigation Efficiency Factors 

A literature review (see Appendix A) was produced in February 2019 to assess the various 

definitions of irrigation efficiency34 to better understand how to model different irrigation methods 

in the Delta.  

Table 2: Irrigation efficiency estimates for five types of irrigation in the Delta, based on a literature review. 

Irrigation Type Application Efficiency (AE) 
Irrigation Efficiency Factor 

(1/AE) 
Flood 55% 1.82 

Furrow 67% 1.49 

Sprinkler 68% 1.47 

Drip/microsprinkler 88% 1.13 

Sub irrigation 100% 1.00 

 

                                                           
34 The Literature Review examines Irrigation Efficiency, Application Efficiency, Conveyance Efficiency, Storage Efficiency, 
Distribution Uniformity, Irrigation Sagacity, Water Use Efficiency, and Irrigation Consumptive Use Coefficient. 
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eWRIMS Reporting 

TFT staff extracts any license limitations and/or restrictions from water reports or statements in 

eWRIMS in order to allocate Amount Diverted to each individual water report and/or statement. 

Once these reports are generated, TFT submits them to eWRIMS on behalf of the participants. 

Potential Future Refinements 

Factors for further improving ETc estimates include deficit irrigation dates and percentage of 

irrigation volume reduced, rooting depth of crop, maximum allowable soil water depletion, soil type, 

and presence of cover crop. Factors to refine for improving Amount Diverted estimates are related to 

conveyance loss: accounting for the type of conveyance ditch and quantifying the surface area of 

conveyance ditches exposed to evaporative losses. 

DATA COLLECTION AND QUALITY ASSURANCE (QA) 

Participants enrolled in TFT’s SB-88 MM-ACP are required to provide TFT with contact information, 

as well as detailed information about their water rights and the cropping, planting, harvest, 

irrigation, and other management practices on each of their agricultural fields. Data are collected, 

analyzed, and reported at multiple levels in order to reflect the complicated relationships between 

modeled biophysical ecosystem processes on properties owned by individuals and entities which 

are associated with legal water rights.  

TFT collects farm operation data at the MU level, which is a spatially explicit irrigated crop area (not 

including outbuildings, homes, ditches, pumps, etc.). An MU is often synonymous with a tax lot, but 

not always. A MU is defined as being a single crop type, single irrigation type, and having a single 

relationship with a water right or rights. It is then aggregated to the water right level for allocations 

to the various water rights for that MU.  Irrigation type, like crop type, is a defining characteristic of 

a MU, meaning no MUs may have more than one irrigation type.   

Protocols 

The MM data collection protocol is as follows: 

1. Growers enroll in TFT’s SB 88 MM/ACP, and then sign a contract for each water report 
in the program. 

2. Growers provide their eWRIMS passwords so TFT can report on their behalf to meet 
SB 88 regulations. TFT extracts eWRIMS water right information. 

3. Annually, growers provide TFT a map of each grower’s operations to spatially define 
MUs. 

4. TFT uses the Fulcrum App to input data for modelling parameters (e.g., crop type and 
irrigation type) for each MU reported through phone, email, or in-person farm visit. 
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An automated QA/QC script flags questionable data (e.g., statistical outliers, unlikely combinations 

of crop and irrigation type) for further review. TFT then manually reviews flagged data. 

Figure 5. Hypothetical example of three distinct MUs of a single landowner, and the attributes collected.  

 

Fulcrum App: A Way to Standardize Input Parameters 

Data are collected from growers at least annually by a combination of in-person visits, phone calls, 

and emails from TFT outreach staff. TFT inputs data to an internal relational modelling database 

using the Fulcrum App, which can be used on mobile devices such as iPads and cell phones, with or 

without internet connection. All photos and records are geo-tagged with their latitude and longitude. 

All SB 88 participants are encouraged to submit maps of their operation so TFT staff can determine 

the spatial boundaries of that participant’s MU(s). Through Fulcrum App’s pre-programmed drop-

down lists and multiple-choice options, input parameters for TFT’s MM are streamlined and 

standardized to increase efficiency and reduce data entry errors. 
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Figure 6. Screenshot of Fulcrum data collection app. 

 

 

Data Quality Assurance Process 

Quality Assurance (QA) checks are currently performed manually throughout the MM 

workflow to ensure model inputs and outputs meet data quality objectives. For example, 

during the data collection and MU definition period, manual QA checks for each diversion are 

performed by cross-checking eWRIMS location with County APN info for Sacramento County, 

San Joaquin County, and Yolo County Assessor websites. eWRIMS supplies each water right’s 
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temporal and spatial restrictions used in the allocation of modeled water use to the 

appropriate diversion and associated water right(s). 

During analysis, outliers for field size, incompatible crop types and irrigation types, abnormal 

planting and harvest dates, etc. are detected and flagged using an automated script, then 

manually researched further. A similar process is being designed for MM’s outputs this year to 

flag modeled water use values which are outside of statistically and typical reasonable ranges. 

These flagged modeled water use values are then manually checked for reasonableness and 

compared to previous years’ reports before submitting to eWRIMS.  

COMPARISON OF TFT’S MM VERSUS REMOTE SENSING  

The first part of this study compares ETa and ETc, and the second part compares Amount 

Diverted to metered volumes. As discussed above, approaches to estimate ETa are typically 

based on direct measurements by instruments such as lysimeters, eddy covariance systems, 

or Bowen ratios (energy fluxes and latent heat loss/gain). In applying these approaches, 

researchers must take painstaking care to meet each of the underlying assumptions and 

overcome remaining technical issues35 and high costs.  

However, new methods to estimate ETa have been developed combining remote sensing data 

with physical measurements. A major restriction for the estimation of ETa using remote 

sensing is the need of an absolute surface temperature for calibration. One of the first 

methods to be developed and applied worldwide was the Surface Energy Balance Algorithms 

for Land (SEBAL) model, which calculates ETa from a land surface energy balance equation 

and uses a near-surface temperature gradient (dT) for calibration. dT is computed by taking 

two pixels with extreme water condition (anchor pixels) selected in the scene to generate a 

linear relationship between surface temperature and the difference between surface and air 

temperatures.  

Based on this relationship, Allen et al.36 developed the Mapping EvapoTranspiration at High 

Resolution with Internalized Calibration (METRIC) model. The main difference between 

SEBAL and METRIC is that the latter uses the ETr (alfalfa reference ET) from a weather 

station, incorporating climatic conditions, while SEBAL uses the potential evaporation from a 

water body in the scene assuming that sensible heat and soil heat fluxes are zero. Daily ETa 

(known as ET24 in some academic literature describing METRIC) is computed using Landsat 

raster aerial imagery, and computed pixel-by-pixel using the following formula: 

                                                           
35 In the Bowen ratio, the assumption of adequate fetch can be challenging because farms may not be large enough to meet 
the fetch requirement over uniform vegetation; fetch is also sometimes an issue for eddy covariance. 

36 R. G. Allen, M. Tasumi, and R. Trezza (2007). Satellite-based energy balance for mapping evapotranspiration with 
internalized calibration (METRIC)—model. Journal of Irrigation and Drainage Engineering, 133:380. 
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Equation 2. METRIC formula for computing Daily ETa (also known as ET24). 

 

ETinst = the instantaneous ETa estimated during the satellite overpass (mm/hour);  
ETr = the standardized 0.5 m tall alfalfa reference ET at the image time 
ETr_24 = the cumulative 24-hour ETr for the image day.  

 

UC Davis Remote Sensing Study 

In 2018, a UC Davis study37 (henceforth, remote sensing study), in partnership with the Office 

of the Delta Watermaster, investigated crop consumptive use in the Delta using a comparative 

approach with several prominent methods for estimating crop ETa, including estimates based 

on energy balance using remote sensing and field measurements. Crop ET estimates were 

provided for two water years (2015 and 2016) by seven remote sensing methods38. The 

participating modeling groups in the remote sensing study were required to estimate average 

daily ET, in millimeters per day (mm/d), for each month, produced in raster format (digital 

grid at a 30 m x 30 m resolution). The monthly rasters are for October 2014-September 2015, 

but only the 2015 months are used for consistency in this comparison since the LandIQ 2015 

shapefile only provided crop types for 2015.  

Using this study, TFT compared estimated ETc produced from our MM to ETa produced from 

three remote sensing models for 25 representative farm fields in the Delta Service Area in 

2015.  

Why METRIC-ITRC, dis-ALEXI, and CalSIMETAW Were Selected to Compare 

METRIC-ITRC (“METRIC”) was chosen because it draws from spatial CIMIS, just like TFT’s 

proposed MM (a small difference being METRIC’s use of ETr and MM’s use of ET0).   

Conversely, dis-ALEXI (the Atmosphere-Land Exchange Inverse flux disaggregation 

approach) was deemed an interesting comparison because its surface energy balance method 

generates its own ET0 raster using remotely sensed landsurface temperature (LST) as a 

                                                           
37 Medellín-Azuara, J., Paw U, K. T., Jin, Y., Jankowski, J., Bell, A. M., Kent, E., … Viers, J. H. (2018). A Comparative Study for 
Estimating Crop Evapotranspiration in the Sacramento-San Joaquin Delta. Center for Watershed Sciences, University of 

California, Davis. https://doi.org/10.1002/j.1681-4835.2014.tb00468.x  
38 The seven models are: METRIC-ITRC, METRIC-UCD, SIMS, dis-ALEXI, DETAW, CalSIMETAW, & UCD-PT.  
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primary input39. Its results were interesting to TFT because it is based on an entirely different 

algorithm (Two-Source Energy Balance, or TSEB algorithm) than CUP+ (Penman-Montieth).  

CalSIMETAW (the California Simulation of EvapoTranspiration of Applied Water) was 

chosen partially because it also outputs ETc and ETaw, and was developed with the support of 

the authors of CUP+, some of whom have consulted with TFT during the development of the 

proposed MM. Notable differences between the proposed MM and Cal-SIMETAW are the 

source of weather data (CIMIS vs PRISM, respectively), equation (Penman-Monteith and 

Hargreaves-Samani, respectively), and Cal-SIMETAW’s inclusion of additional parameters 

(such as soil types, rooting depths, cover crops, and seepage rates) that can influence crop 

water balance. Because crop-coefficient methods such as Cal-SIMETAW, CUP+, and the 

proposed MM are highly dependent on the accuracy of CalSIMETAW on agricultural water use 

estimates is largely dependent on the accuracy and limitations of the input data, TFT is 

interested in examining the differences in ET outputs generated by the MM and Cal-SIMETAW, 

using TFT’s validated grower input data and remotely sensed input data, if more recent spatial 

data become available.  

Methods 

First, 25 nominal fields within a three-mile radius were chosen from the LandIQ 2015 shapefile 

described above. TFT did not have access to the growers associated with these 25 fields in 2015, so 

crop type and MU delineation were determined from the Land IQ 2015 Land Use shapefile40. The 25 

fields were chosen because of their location in the Northern Delta, which is TFT’s predominant 

region of interest. The 25 fields represent five fields each of the five major crops by area: alfalfa, 

pears, corn, pasture, and vineyards. These five crops were chosen because they represent 75.7% of 

the crop area within TFT’s participants’ crop area for 2019 (see table below). TFT consulted with 

multiple researchers who published the remote sensing study in developing these comparative data. 

All these ET data are linear, not volumetric; in other words, these ET values are independent of the 

areas of the fields41.  

  

                                                           
39 Cammalleri, C., Anderson, M. C., Gao, F., Hain, C. R., & Kustas, W. P. (2014). Mapping daily evapotranspiration at field scales 
over rainfed and irrigated agricultural areas using remote sensing data fusion. Agricultural and Forest Meteorology, 186, 1-11. 

https://doi.org/10.1016/j.agrformet.2013.11.001 
40 The shapefile was found here: https://map.dfg.ca.gov/metadata/ds2791.html  
41 To convert to volume, we could simply multiply all daily ET values by the acreage of the fields to get daily acre-mm, and re-
divide by the acreage again to get normalized daily acre-mm/acre units. These linear-to-volume-to-linear unit conversions 
would not affect accuracy quantification equations, so they were not done. 
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Table 3. Acreages and percentages of top five crops planted by TFT’s SB 88 participants in 2018.  

Crop 
Acres planted                                 

by TFT participants 

Percentage of total acres              

of TFT participants 

Wine 8,971 28.6% 

Alfalfa 5,129 16.3% 

Pasture 3,818 12.2% 

Pears 2,997 9.6% 

Corn 2,847 9.1% 

TOTAL AREA of these five crops: 23,230 acres 

 

The workflow for deriving ET from the remote sensing models was as follows: 

1. Find the centroid of each 30x30 meter pixel for all raster bands during the months of 

January to September 2015. 

2. Determine if the centroids lie within the field polygon boundaries of the 25 fields; 

mask the rest of the pixels. 

3. Compute the average ET value of all pixels within each field boundary, producing an 

average ET value for each field for each month. Since pixel values represent ET in 0.1-

mm units, multiply by 10 for comparison with the ETc output of the proposed MM. 
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Figure 7. Map of the locations and crop types of the 25 fields examined. 
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Results: Remote Sensing ET Estimates Compared to Proposed MM ETc 

Table 4. The chart below presents average daily ET for each month. It represents five crops and four ET 

models over the growing season (9 months) in 2015. Each value is an average of the five fields examined for 

that crop type and model. 

 Average Daily ET, in mm   

Crop Jan Feb Mar Apr May Jun Jul Aug Sep Model 
Annual 

ET 
(mm) 

Alfalfa 0.3 1.2 3.3 4.1 5.0 6.1 5.7 5.2 3.8 

METRIC 

34.6 

Corn 0.4 0.9 2.0 2.4 2.7 5.3 7.3 5.6 3.0 29.6 

Pasture 0.2 0.9 3.3 5.1 5.7 6.6 6.1 5.8 4.7 38.4 

Pears 0.0 0.2 1.2 3.4 4.7 6.7 6.2 5.4 4.0 31.8 

Vineyards 0.2 0.3 1.4 2.3 2.7 4.1 3.4 3.2 2.2 19.7 

Alfalfa 0.9 1.4 2.1 3.3 4.3 4.9 4.3 3.9 2.6 

dis-ALEXI 

27.9 

Corn 0.9 1.3 1.9 2.7 2.9 4.7 5.5 4.0 2.3 26.3 

Pasture 0.5 0.9 1.5 4.1 4.7 5.5 4.8 4.2 3.0 29.2 

Pears 1.0 1.4 1.9 3.0 4.5 5.4 5.1 4.1 2.7 29.1 

Vineyards 0.9 1.4 1.7 2.5 3.3 3.4 3.4 3.2 2.2 22.0 

Alfalfa 0.8 1.7 2.7 4.0 4.4 6.3 6.3 5.7 4.5 

CalSIMETAW 

36.4 

Corn 0.5 1.3 1.7 2.3 1.4 5.4 7.2 5.1 0.5 25.4 

Pasture 0.9 1.9 3.2 4.4 4.8 6.4 6.4 5.8 4.6 38.5 

Pears 0.5 1.3 1.7 2.7 4.1 7.0 7.3 6.6 4.9 36.0 

Vineyards 0.5 1.3 1.7 2.9 3.7 5.5 5.5 4.9 3.6 29.6 

Alfalfa NA 1.8 3.0 4.2 4.5 6.1 6.1 5.5 4.4 

TFT MM 

35.6 

Corn NA NA 1.4 2.0 3.8 7.2 7.2 6.0 3.6 31.1 

Pasture NA NA 3.2 4.4 4.8 6.4 6.4 5.8 4.6 35.4 

Pears NA NA 2.3 4.1 5.2 7.3 7.3 6.5 4.7 37.4 

Vineyards NA NA 2.0 3.3 4.1 5.5 5.5 5.0 3.9 29.3 
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Figure 8. Comparison of TFT’s proposed MM and three other remote sensing methods for alfalfa (nine months in 
2015). 

 

Figure 9. Comparison of TFT’s proposed MM and three other remote sensing methods for corn (nine months in 
2015). 
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Figure 10. Comparison of TFT’s proposed MM and three other remote sensing methods for pasture (9 months in 
2015). 

 

Figure 11. Comparison of TFT’s proposed MM & three other remote sensing methods for vineyards (9 months in 
2015). 
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Figure 12. Comparison of TFT’s proposed MM and three other remote sensing methods for pears (9 months in 
2015). 

 

Accuracy Quantification 

Qualitatively, the visuals above show that the models all exhibit high precision relative to each other 

and that TFT’s MM is not biased high or low for any crop or growth phase. This is seen in the 

following precision figures, in which TFT’s MM ETc values were placed on the x-axis, and the other 

models’ ET values were placed on the y-axis (for visualization purposes, TFT’s MM values were also 

plotted on the y-axis to show a 1:1 correlation). Lines of best fit were regressed to each models’ 

values and show good agreement. 
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To quantify the MM’s accuracy, these linear outputs were converted to volumetric outputs by 

multiplying the ET rates by the area of the fields. Then, the values of three remote sensing models 

were averaged for each crop, by month and annually. Finally, a percentage accuracy was computed 

by dividing the difference between TFT’s MM’s value and the three-model average by the three-

model average, as defined in Chapter 2.7 of the Adopted Text of Emergency Regulation in the 

California Code of Regulations, Title 23 (page 13)42: 

Equation 3. Accuracy quantification equation, expressed as a percent.  

100 * (Measured value – Actual value) 

Actual value 

When:  

Measured value = TFT MM ETc expressed in acre-feet/acre 

Actual value = average ET of the three other models, expressed in acre-feet/acre  

 

                                                           
42https://www.waterboards.ca.gov/waterrights/water_issues/programs/measurement_regulation/docs/measure_reg
_oal_approve.pdf  
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As seen in equation 3, the statute requires volumetric comparison. Therefore, they were converted 

from mm to feet, and multiplied by the areal acreages, and days in each month to get a totalized 

volume of acre-feet for each month43. Then the results were normalized by acre for ease of universal 

comparisons. 

Table 5. Total ET for five crops and four ET models over 9 months in 2015. Each value is an average of the five 

fields examined for that crop type and model. 

  Total monthly ET, in acre-feet/acre   
  

Annual 
ET, 

AF/acr
e 

Crop Jan Feb Mar Apr May Jun Jul Aug Sep Model 

Alfalfa 
0.03

1 
0.110 0.336 0.404 0.509 0.600 0.580 0.529 0.374 

METRIC  

3.47 

Corn 
0.04

1 
0.083 0.203 0.236 0.275 0.522 0.742 0.570 0.295 2.97 

Pasture 
0.02

0 
0.083 0.336 0.502 0.580 0.650 0.620 0.590 0.463 3.84 

Pears 
0.00

0 
0.018 0.122 0.335 0.478 0.659 0.631 0.549 0.394 3.19 

Vineyards 
0.02

0 
0.028 0.142 0.226 0.275 0.404 0.346 0.325 0.217 1.98 

Alfalfa 
0.09

2 
0.129 0.214 0.325 0.437 0.482 0.437 0.397 0.256 

dis-ALEXI 

2.77 

Corn 
0.09

2 
0.119 0.193 0.266 0.295 0.463 0.559 0.407 0.226 2.62 

Pasture 
0.05

1 
0.083 0.153 0.404 0.478 0.541 0.488 0.427 0.295 2.92 

Pears 
0.10

2 
0.129 0.193 0.295 0.458 0.531 0.519 0.417 0.266 2.91 

Vineyards 
0.09

2 
0.129 0.173 0.246 0.336 0.335 0.346 0.325 0.217 2.20 

Alfalfa 
0.08

1 
0.156 0.275 0.394 0.448 0.620 0.641 0.580 0.443 

CalSIMETAW 

3.64 

Corn 
0.05

1 
0.119 0.173 0.226 0.142 0.531 0.732 0.519 0.049 2.54 

Pasture 
0.09

2 
0.175 0.325 0.433 0.488 0.630 0.651 0.590 0.453 3.84 

Pears 
0.05

1 
0.119 0.173 0.266 0.417 0.689 0.742 0.671 0.482 3.61 

Vineyards 
0.05

1 
0.119 0.173 0.285 0.376 0.541 0.559 0.498 0.354 2.96 

Alfalfa NA 0.165 0.305 0.413 0.458 0.600 0.620 0.559 0.433 

TFT MM 

3.55 

Corn NA NA 0.142 0.197 0.386 0.709 0.732 0.610 0.354 3.13 

Pasture NA NA 0.325 0.433 0.488 0.630 0.651 0.590 0.453 3.57 

Pears NA NA 0.234 0.404 0.529 0.719 0.742 0.661 0.463 3.75 

Vineyards NA NA 0.203 0.325 0.417 0.541 0.559 0.509 0.384 2.94 

                                                           
43 Jankowski, personal correspondence 19 November 2019. 
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The accuracy results presented in Table 6 are color coded by accuracy. The green cells represent 

accuracy better than 15% (+/-), yellow are 15.01 – 25% accurate, and red are worse than 25% 

accurate. From this assessment, all crops’ annual ET values derived  by the proposed MM are within 

24%, and four out of the five crops are within 16% accuracy to the remotely sensed models. In 

January and February, the MM did not model any ETc, which is to be expected because the crop is not 

yet planted.  

This validation exercise shows that TFT’s proposed MM is accurate to 15% for alfalfa and pasture, 

and 15-25% accurate for corn and pears. The wine grape crop coefficients in TFT’s model from CUP+ 

may not be effectively calibrated for this geography and will be reexamined. Another trend is that 

the extreme ends of the season (early growth and senescence/harvest) are the months with the 

largest differences from the mean of the three remote sensing models, but the greatest water use 

months (June-August) are more accurate. 

Table 6. Quantification of accuracy of TFT MM’s ETc using equation 3: green < 15%, 15% < yellow < 25%, and 

red > 25%. NA values represent months where no ETc value was generated in the proposed MM due to this 

month being outside the growing season of that crop. 

  Jan Feb Mar Apr May Jun Jul Aug Sep Annual 

Alfalfa NA 25.6% 11.1% 10.5% -1.5% 5.8% 12.3% 11.5% 21.1% 12.05% 

Corn NA NA -25.0% -18.9% 62.9% 40.3% 8.0% 22.4% 86.2% 24.12% 

Pasture NA NA 20.0% -2.9% -5.3% 3.8% 11.0% 10.1% 12.2% 6.98% 

Pears NA NA 43.8% 35.2% 17.3% 14.7% 17.7% 21.1% 21.6% 24.47% 

Vineyards NA NA 25.0% 28.6% 26.8% 26.9% 34.1% 32.7% 46.3% 31.49% 

 

Challenges and Limitations 

There are several caveats to comparing these remotely sensed ETa values to TFT’s proposed 

MM-ACP ETc values: 

1. In the executive summary of the remote sensing study, the authors point out that non-

agricultural ET rates skew comparisons to crop-only ET. They write, “the aggregate 

contribution of natural vegetation to consumptive water use in the Delta is non-trivial 

and deserves further investigation” (page iii) Non-agricultural vegetative transpiration 

could include floating or riparian vegetation, native vegetation, cover crops, etc. 

2. The remote sensing study further concludes (page iv), “This report presents some clear 

discrepancies between the field campaign ET and the modeled ET estimates… All ET 

model estimates were generally biased higher than field-based estimates for all three 

crops [that were examined in depth (corn, pasture, & alfalfa)].” 

3. ETc assumes ideal conditions, purely based on reference ET and a given crop and 

growth stage. ETa accounts for real crop conditions based on remote observations, 
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which can account for deficit irrigation or water stresses (ETc > ETa) or excessive 

irrigation or low canopy growth (ETc < ETa). 

4. ETc is the simply potential biological crop demand, and does not consider any 

evapotranspiration occurring from ponding from pre- or post-irrigation for salinity 

control, etc.  

Additionally, challenging aspects of using remote sensing ET models are: 

1. Clouds and other atmospheric interference 

2. Infrequent passes, requiring temporal interpolation of missing data 

3. Spatial resolution of satellites is not small enough to resolve individual growers’ fields 

4. Inability to distinguish non-agricultural vegetation from crops 

 

The remote sensing study concludes: “Remote sensing-based ET estimation methods appear 

to be a cost-effective way to help reduce self-reporting burdens and increase transparency, 

accuracy, timeliness, and consistency in ET quantification, especially for spatial heterogeneity 

and inter-annual variation. However, extrapolating ET estimates to quantify diversions 

requires additional data acquisition on localized conditions such as irrigation infrastructure, 

soils and drainage, and periodic comparison with field-based ET measurements.” TFT’s 

proposed MM addresses that recommendation by building on ETc to get ETaw and Amount 

Diverted volumetric estimations which are closer to metered volumes. The MM improves upon 

remotely sensed ETa by incorporating precipitation, application efficiencies, and streamlined 

eWRIMS reporting. 

COMPARISONS TO CONSORTIUM PARTNER METERED VOLUMES 

Goals and Context 

The Nature Conservancy (TNC) is another member of the Delta Measurement 

Experimentation Consortium collaborating with TFT. TFT compared MM modeled data to data 

from four metered siphons that TNC used to irrigate known crops. 

The metered data used for comparison is from surface water diverted during the 2018 and 

2019 irrigation seasons to irrigate crops on Staten Island. This Delta island is managed by TNC 

for wildlife species habitat, but it has also been the test location for a research effort by TNC to 

determine the feasibility of use and the accuracy of various flow meter models for SB 88 

compliance. Flow data was converted from gallons per five minutes to total acre-feet (AF) per 

siphon per day for comparison with TFT’s MM outputs, whose units are in acre-feet/day.  
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InnovaSonic 203 Description 

TNC reported44 (see Appendix D) in 2018 their efforts to test seven different water flow meters to 

measure flow in an agricultural siphon located on Staten Island. Considering cost, accuracy, ease of 

installation, and other factors, the Sierra Instruments InnovaSonic 203 Ultrasonic Meter was chosen 

by TNC for further testing. Several such meters were attached to multiple siphons to measure flow 

rate at 5-minute intervals. 

 

Goals 

Having described the comparisons of the foundational parameters ETa and ETc, now the output 

parameters ETaw and Amount Diverted need to be compared. The two goals for this comparison are 

to: 

1. Compare TFT’s MM’s estimated ETaw and Amount Diverted volumes to TNC’s Metered 

Irrigation Volumes on Staten Island  

2. Develop understanding of metering realities in the Delta Using Innovasonic 203 by 

measuring flow at five participant sites 

Comparison to Staten Island Metered Data in 2019 

Methods & Results of Staten Island Siphons 37 & 38 

TNC provided metered flow data for 2019’s irrigation season for two siphons on Staten Island 

which they refer to as Siphon 37 and Siphon 38. Dr. Klausmeyer informed TFT that all fields 

from these siphons are sprinkler irrigated potatoes and provided the area and coordinates of 

both MUs watered by both siphons. TFT used the dates siphons were active to identify the 

planting and harvesting dates. The MU irrigated by Siphon 37 was 212 acres and the MU 

irrigated by Siphon 38 was 268 acres. 

In 2019, there were some unfortunate cases of missing data for both siphons, although siphon 

37 was a much more complete dataset, and siphon 38 had substantial data gaps. Specifically, 

siphon 37 was missing less than 1% of the entries, but siphon 38 was missing 12%. Missing 

data were interpolated in order to capture a linear change between the recorded readings. For 

missing data, the average of the preceding and the subsequent reading was taken. This is not 

the most sophisticated probabilistic method, but only having one year of data, the sample size 

for typical irrigation patterns was too small to infer.  

TFT’s experience using the Innovasonic 203 meter is described in the following section, but 

one important aspect of meter accuracy involves accurate placement of the transducers, no 

                                                           
44 Klausmeyer, K. (2018). Measuring Water Flow in Agricultural Siphons. The Nature Conservancy. 



 

 

The Freshwater Trust SB 88 Measurement Method for the Sacramento-San Joaquin Delta (Version 2.0)   29 

   

cavitation, laminar flow, known pipe thickness and materials, and other specifications. In 

TFT’s experience, these meter conditions and specifications are rarely observed in the Delta, 

and the meter set up and transducer placement was not ever seen by TFT. 

Through discussions with TNC both in and out of the Consortium, we believe there are 

possible instances in which the metered data is underestimating the actual flow due to issues 

with installation and telemetry; in other words, the meter shows 0 gallons per minute, or the 

data logger logs 0 gallons per minute, during periods water is actually being diverted. An 

example of this can be seen below for siphon 37, where the meter reads 0 flow for 10 

consecutive days (an unlikely scenario). 
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Figure 13. Daily volumetric comparison of ETaw, Amount Diverted, and metered flow for siphon 37. 

 

Figure 14. Cumulative volumetric comparison of ETaw, Amount Diverted, and metered flow for siphon 37. 
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Figure 15. Daily volumetric comparison of ETaw, Amount Diverted, and metered flow for siphon 38. 

 

Figure 16. Cumulative volumetric comparison of ETaw, Amount Diverted, and metered flow for siphon 38. 
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Comparison to Staten Island Metered Data in 2017 

Methods & Results of Staten Island Siphons 11, 15, 30, & 7 

The results of the first comparison between metered volumes and modeled volumes using 

TFT’s proposed MM are presented below.  

TNC was not able to confirm when and if meters were ever inoperative during the 2018 

irrigation season (as opposed to reading zero flow); therefore, it is unknown whether the 

meters were capturing all surface water diverted. This preliminary analysis was meant to 

guide future metered data collection efforts (e.g., sample size, variability in sample set) and 

help TFT understand what additional farm management data are needed to fully contextualize 

metered data for future comparisons. 

Each of the four metered siphons was used to divert surface water to irrigate a different 

combination of crop fields of varying acreages. Table 6 below shows the total water diverted 

according to the meter over the course of the irrigation season (May through September), as 

well as the total water use modeled via TFT’s proposed MM.   

The sprinkler IEF was applied for all fields, according to the irrigation methods provided to TFT by 

TNC. Potatoes on Staten Island are sprinkler irrigated, while corn is irrigated through sub-surface 

ditches (presumed to be similar to furrow irrigation). Because this method of irrigating corn seems 

more efficient than flood irrigation, the sprinkler IEF was chosen. Finally, the irrigation method of 

triticale was not provided, and the sprinkler efficiency factor was used as a default efficiency value, 

for consistency. Lack of certainty in irrigation methods and the lack of diversity of efficiency factors 

to represent all irrigation methods were challenge being addressed in the MM that year. 

The totals for siphons 11 and 15, which primarily irrigated corn, were similar between MMs. 

For siphon 15, the ETaw almost exactly equaled the metered water use over the season 

(meaning the IEF was not needed). For siphon 11, the metered value fell between the TFT MM 

values with and without irrigation efficiency, but the seasonal timing of water use varied 

significantly between MMs (Figure 17, top right).  

TFT’s modeled water used to irrigate potatoes via siphon 7 greatly over-estimated the 

metered water diverted. Further information about how sprinklers were turned on so 

infrequently and at relatively low flows (Figure 17, bottom right) is needed from TNC farm 

managers to better understand the discrepancy between water used according to the MMs. It 

seems that crop water demand could not have been met with the metered water diverted, but 

this may be attributable to high water tables on Staten Island leading to passive sub-irrigation. 

If this result is repeated over multiple years, it could be key information for TFT to hone and 
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develop its MM parameters. Conversely, the water use modeled via TFT’s MM under-

estimated the water diverted via siphon 30, which was used to irrigate corn and potatoes.  

Again, since TFT did not collect the data and TNC referred to many difficulties with installation, 

telemetry, and data collection, it is hypothesized that these discrepancies are related to the 

meter’s inaccuracy, not TFT’s proposed MM. As seen in Figure 17, TFT believes there is an error 

in the metering because it is unlikely water was continuously diverted for an entire month. 

Alternately, this siphon was open for an entire month pumping water, but the water was being 

used for a wildlife habitat management practice not related to crop production, which is not 

the current purpose of TFT’s MM. In June, on the other hand, TFT’s modeled water use (with 

IEF applied) was equal to that of water use measured via the meter (229AF and 230AF, 

respectively). 
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Figure 17. Seasonal variability of water use, measured through metering and modeled via TFT’s MM, for multiple 
metered siphons in 2018. The ETaw and Modeled Diverted Water represent TFT’s MM results with and without 
the IEF applied, respectively. 
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Results: ETaw and Amount Diverted Compared to Metered Data 
Table 7. Preliminary seasonal totals of water use, measured through metering and modeled via TFT’s MM, for 
multiple metered siphons in two different water years. The ETaw and Modeled Diverted Water represent TFT’s 
MM results with and without the IEF applied, respectively. 

  
Siphon 

Crop 
Type 

Acres ETaw Amount Diverted  Metered Siphon Flow 

2018 

11 
Corn, 

Triticale 
358 436 AF 

1.2 
AF/acre 

581 AF 
1.6 

AF/acre 
512 AF 

1.4 
AF/acre 

15 Corn 228 428 AF 
1.9 

AF/acre 
570 AF 

2.5 
AF/acre 

425 AF 
1.9 

AF/acre 

30 
Corn, 

Potatoes 
254 602 AF 

2.4 
AF/acre 

802 AF 
3.2 

AF/acre 
986 AF 

3.9 
AF/acre 

7 Potatoes 165 411 AF 
2.5 

AF/acre 
548 AF 

3.3 
AF/acre 

273 AF 
1.7 

AF/acre 

2019 

37 Potatoes 212 350 AF 
1.6 

AF/acre 
514 AF 

2.4 
AF/acre 

200 AF 
0.9 

AF/acre 

38 Potatoes 268 494 AF 
1.8 

AF/acre 
726 AF 

2.7 
AF/acre 

487 AF 
1.8 

AF/acre 

 

When comparing the acre-feet/acre values to standard acre-feet/acre irrigation volumes throughout 

California, these metered values in Staten Island appear significantly lower than the state’s average for that 

crop. Referring to Table 8 below, potatoes typically require 2.4 acre-feet/acre and corn typically requires 2.8 

acre-feet/acre (no value was recorded for triticale in the Congressional report). These water use values are 

averages for the entire state of California, and thus they are neither regionally specific nor useful for 

comparing drought years to wet years, but they do provide a relevant yardstick for general comparison. 

Clearly, TNC’s metered data for potatoes and corn on Staten Island show much lower numbers than the ty pical 

values in the report, especially in the case of siphon 37’s potatoes (63% lower). This discrepancy may indicate 

an issue with the meter accuracy, combined with the high water table in the Delta.  
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Table 8. Net water use for selected California Crops, from a 2015 Congressional Research Service report45. 

 

  

                                                           
45 Johson, R; Cody, B (2015). California Agricultural Production and Irrigated Water Use. Congressional Research 
Service. 7-5700. https://fas.org/sgp/crs/misc/R44093.pdf 
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Table 9. Quantification of accuracy of TFT MM’s ETc using equation 3: green < 15%, 15% < yellow < 25%, and 

red > 25%. For quantifying accuracy, equation 3 was used again, with the following parameters: 

 

Measured values = TFT MM ETaw and Amount Diverted, expressed in volumetric acre-feet/acre 

Actual value = Staten Island Metered Flow Volume, expressed in volumetric acre-feet/acre  

 
General takeaways from this analysis show the proposed MM has improved its accuracy between the 

years of 2018 and 2019. These findings are expected, since TNC’s data collection in 2019 was more 

precise, TNC’s meter installation and telemetry had fewer issues, and TFT’s MM was more refined. 

Additionally, throughout both years, ETaw volumes are more similar to metered data volumes, and 

Amount Diverted volumes are slightly higher than metered data volumes.  

These results are under review by TNC as of December 12, 2019. TFT will continue to work with 

TNC to address irrigation method uncertainties, meter operation uncertainties, and other potential 

issues. However, this preliminary analysis points to the importance of understanding the actual 

general irrigation schedules and methods of participants, and improving irrigation efficiency factors. 

It has also highlighted the potential practical importance of reduced irrigation demand due to the 

high water table in the Delta. 

 

Challenges 

Some challenges were experienced with this portion of the comparative validation analysis.  

1. First and foremost, data was not collected with TFT’s MM input parameters in mind. 

The rigorous and specific data collection and MU definition process requires 

communication with the TNC growers, which was not available to TFT.  

2. Secondly, TNC had significant practical issues with meter installation and telemetry, 

along with virtually all the members of the Delta SB 88 Consortium.  

3. Finally, there are continuing issues with data gaps from the metered data, unexplained 

meter malfunctions, and technical difficulties that remain difficult to resolve. 

  Siphon ETaw Amount Diverted 

2018 

11 -39% -19% 

15 51% 101% 

30 70% 150% 

7 17% 72% 

2019 
37 75% 157% 

38 5% 54% 
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2019 TFT’s Internal Comparison Sites Study 

Research Design & Methods  

In spring 2019, TFT procured an Innovasonic 203 ultrasonic meter and chose six comparison sites 

from among its ACP participants. The workflow tasks to test the meter were to:  

1. Ask grower material and thickness of irrigation pipe, then enter this information into 
the meter to derive transducer spacing for V method. 

2. Choose location on pipe to attach transducers based on manufacturing specifications 
from Innovasonic 203 Instruction Manual (below). Record length to upstream and 
downstream pipe bends, valves, tees, diffusers, and/or pumps. 

3. Prepare pipe: clean, scrape, or polish until smooth contact between pipe and 
transducers can be made.  

4. Apply gel couplant (no air bubbles) and affix transducers using the steel cables at the 
distance specified by the meter in step 1 on the side of the pipe (never top dead 
center!). 

5. Turn on irrigation system. 
6. Follow instructions on inside of flow meter, adjust transducers until system “settles” 

and flow readings and accuracy indicators (TOM/TOS, strength, quality, status, etc.) 
are constant. 

7. If carbon or mild steel pipe > 10”, assume 0.375” pipe wall thickness. 
8. Take measurements every 60 seconds for 15 minutes, and record on data logger and in 

notebook. Record readings on any existing flow meter device simultaneously, if it 
exists.  

9. If drip irrigation system, ask grower to flush, and record when the readings reflect 
flushing event. 

10. Record any sources of data limitations, flags, & noise.  

 

One intent of this aspect of the study was to familiarize researchers with the existing farm and 

irrigation systems in this region of the Delta, and how growers currently estimate their irrigation 

volumes. To test the Innovasonic 203 meter, we compared 10-minute irrigation periods with 

existing installed flow meters (e.g., Micrometer, Seametrics) to understand accuracy. A MM 

refinement derived from this exercise was to ask growers about pre and post-irrigation events (for 

salinity control, flushing of sediments inside pipes, fungicide application, etc.) which would not be 

related to crop ETc but would still affect Amount Diverted. 
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Figure 18: Examples of existing flow meter devices present at TFT’s comparison sites. 

 

Challenges 
There were many challenges with using this meter in the 2019 irrigation season by TFT and other 

Consortium members, partners, and participants.  

1. The inordinately wet spring made growers delay their irrigation until June, delaying data collection, 

meter testing, and data analysis.  

2. Chapter 2.8 of the statute referenced earlier defines a “Qualified Individual” as a California-

registered Professional Engineer, a California-licensed contractor authorized for C-57 well drilling or 

C-61 Limited Specialty/D-21 Machinery and Pumps, or a person under the supervision of a 

California-registered Professional Engineer, or a person trained and experienced in water 

measurement and reporting. It would be useful to have some form of visual indication of 

calibration for existing systems. 

3. For most of the metering events in the study, the meter was incorrectly calibrated to the data 

logger’s milliamps, which meant that this season’s flow tests were recorded manually instead of 

continuously and digitally.  

4. TFT’s meter, and all MM devices, are intended for highly optimized and well-defined conditions. 

After visiting the sites, TFT determined that most sites did not have optimal conditions, and some 

were even excluded because of these challenges. There was evidence of turbulence and cavitation 

in two of the metered pipes. 

5. The placement of the meter ahead of the pump or after the pump continues to be debated. Often, 

suitable lengths of pipe are only found before the pump; however, TFT learned that the back-

flushing process severely distorted the pressure and flow rate of the pipes before the pumps, 

sometimes in unexpected ways. 

6. The placement of the transducers continues to be debated: Z method versus V method? The Z 

method identified by some Consortium practitioners as preferable to V method, but manual says 

otherwise for the pipes and siphons in the most common size range. 

7. Growers often did not know age of pipes, material, or thickness, so TFT staff had to estimate. We 

assumed 0.375 inches for mild steel or carbon steel pipes of all diameters based on email 

correspondence with the meter engineers. 
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8. There are many complicating mechanical aspects of diversion and irrigation that make meters an 

unreliable way to measure. Flushing sand filters, discharge water returning to the watercourse, 

seepage through levees, sub-irrigation from other operations, routing pipes to fertigation tanks, 

filling conveyance ditches or tailwater return areas, multiple lift pumps from the same water report 

irrigating multiple MUs, are all confounding aspects of modern irrigation in the Delta which require 

explicit definitions and direction for precision metering. 

9. A significant source of inaccuracy from metered data measurements comes from the observed lack 

of irrigation pipe up to manufacturer's specifications for meter installation, as depicted below in 

the Innovasonic 203 Instruction Manual46. None of the comparison sites had suitable pipe with the 

meter method required lengths before and after the existing meters for accurate measurement 

after the pump. Some non-electrified siphon sites had suitable lengths of siphon pipe, but they 

were not ultimately included in TFT’s comparison site study because they were not electrified or 

metered in any way for comparisons. 

                                                           
46 https://www.sierrainstruments.com/userfiles/file/manuals/203-instruction-manual.pdf 
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Figure 19. Proper placement of the transducers for accurate flow measurement using the Innovasonic 203 
Ultrasonic Meter. Image lifted from page 17 of the official Sierra Instruments Innovasonic 203 Instruction 
Manual. 

 

CONCLUSIONS AND NEXT STEPS 

After examining these results, TFT concludes that the proposed MM bridges the gap between 

remotely sensed ET data and metered flow data. It takes the strengths of both measures and 

combines them to mitigate against the weaknesses of both measures. The additional benefit of 

allocation to individual water reports based on defined MUs is a true innovation that strikes the 

balance between high accuracy and ability to scale. 
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Any measurement system is considered valid if it is both accurate and precise. As seen in the remote 

sensing comparison, TFT’s MM is precise relative to the other models, and accurate relative to the 

reference point of the remote sensing model average values, and therefore valid. Additionally, there 

were multiple examples in the Delta Measurement Consortium with decades of technical experience 

with meters who faced numerous challenges preventing them from successful SB 88 compliance 

with various existing approved measurement devices (such as the Innovasonic 203). 

When compared to metered data, any sources of mathematical inaccuracy or low precision are more 

likely due to the poor meter accuracy, even though there are certainly areas where TFT can refine 

and hone its MM based on continued research (e.g., effects of varying head pressure in different 

areas of the Delta, effects and distribution of sub-irrigation, etc.). 

Strengths:  

• updatable 
• transparent 
• validated inputs 
• based on a peer-reviewed ET model  
• repeatable and reproducible (agnostic to different operators or instruments) 
• not subject to mechanical malfunctions or theft 
• does not impose unreasonable cost and labor burden on growers to install, maintain, 

or calibrate a meter and/or telemetry system 
• streamlined eWRIMS reporting 

Weaknesses:  

• reliant on input data from growers and experts 

 

Accurate Kc curves and planting/harvest dates increase the accuracy of ET modelling, and small 

refinements in accuracy can add up to large diversion volumes at the landscape scale. Recent 

research47 on Kc curves in the Delta found that ET rates were high compared with other marshes 

with similar vegetation, due to the windy, semi-arid Mediterranean climate and high temperature of 

the standing water in wetlands.  

To ensure the proposed MM is incorporating the most accurate values available, TFT corresponds 

with the California Crop Coefficient (3C) Science Collaborative48 to monitor new releases of 

information. DWR and University of California Agriculture and Natural Resources (UC ANR) co-

convened the 3C Science Collaborative in 2018 to evaluate, develop and disseminate accurate 

science-based Kc information with broad industry-wide participation and consensus. The objective 

of the Collaborative is to coordinate work to evaluate and update existing crop coefficients used to 

                                                           
47 Drexler, J. Z., Anderson, F. E., & Snyder, R. L. (2007). Water repellency under different plant species in a calcareous forest 
soil in a semiarid Mediterranean environment. Hydrological Processes, 22, 725–735. https://doi.org/10.1002/hyp.6650  
48 More information on the 3C Science Collaborative found here: https://ucanr.edu/sites/3CCommittee/ 

https://doi.org/10.1002/hyp.6650
https://ucanr.edu/sites/3CCommittee/
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estimate crop water use under well-watered conditions in California, and advise and disseminate 

updated Kc information to users. 

TFT’s MM is an adequate method for “measuring” diversions. It’s based on an existing model (CUP+) 

developed by a state agency (DWR) & applied for many years (now on version 6.1). It combines 

spatially explicit, validated inputs (field crops, irrigation type, precipitation, ET0) and applies 

published factors for efficiency losses. Therefore, this study concludes the strengths of the MM over 

alternative remote-sensing models and meters outweigh its weaknesses, and is at least as accurate 

as existing measurement methods. 
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APPENDIX A: IEF LITERATURE REVIEW  

 
 

Irrigation Efficiency Factors in ET Water Modelling: 

A Literature Review 

 

 

 

 

 

 

 

 

 

25 February 2019 

 



 

The Freshwater Trust SB 88 Measurement Method for the Sacramento-San Joaquin Delta (Version 2.0)   45 

 

 

OVERVIEW  

The Freshwater Trust (TFT) has developed this Literature Review to support the technical basis for 

compliance with Senate Bill 88 (SB-88) surface water diversion reporting requirements. TFT proposes to 

fulfill reporting requirements through the development and validation of a new measurement method 

for determining water diversion in the Delta. This method currently employs participant-supplied crop, 

irrigation, and management data; local weather data; and remotely sensed spatial data, and applies 

multiple analyses for the calculation of water diversion for each program participant. Further, the 

method advances the science of consumptive use estimations through automation, refinement, and 

comparison of existing methodologies. Ultimately this method can use entirely remotely sensed or 

remotely collected data for all variables.  

The approach to water diversion and use calculations has been iterative, and is currently being refined to 

increase accuracy. This process includes the modeling of monthly evapotranspiration (ET) of applied 

water calculated at the field level, multiplied by an irrigation efficiency factor (IEF). Finally, the output is 

then aggregated to the level of the water right that irrigates groups of fields, and submitted to the State. 

This literature review attempts to answer these research questions regarding IEFs in water modelling: 

1. Which equations of irrigation efficiency and conveyance efficiency are most appropriate for SB-

88 water modelling?  

2. What irrigation methods do SB-88 growers use? If this method is scaled statewide, are there 

trends which can prepare TFT for which irrigation methods might those growers use in future? 

3. What data exist (academic and public) on AE and CE for these irrigation methods? 

4. How can we rank these results?  

BACKGROUND 

The method consists of a program of developing, refining through documented studies, and 

implementing the water modelling, focused on the subscribing diverters within the Northern “legal 

Delta,” currently totaling 160 water rights held by 78 landowners. Participation is voluntary, and 

participants are required to provide TFT with detailed information about their water rights and the 

cropping, planting, harvest, irrigation, and other management practices on each of their agricultural 

fields.  

Growers in the program have identified their irrigation systems as flood, sprinkler, micro sprinkler, sub 

irrigation, furrow (AKA moveable pipe, or spud ditch), and drip. Because the project’s location is the 

Sacramento-San Joaquin Delta, many farms are on tracts of land known as “islands,” surrounded by rivers 

and tributaries above the farms. The Delta is a unique agricultural setting which makes use of siphons 

and passive techniques such as sub-irrigation (water flowing laterally underground). The seepage rate 

depends on the head difference between water elevations in the channels and water elevations in 
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drainage ditches in the islands. Seepage rates are approximately constant throughout the year as 

drainage pumps maintain groundwater levels within the islands relatively constant (Mahadevan, 1995). 

TFT currently uses three classes of SB-88 irrigation: flood/furrow, sprinkler, and drip/micro sprinkler. For 

a previous analysis, TFT assumed irrigation application efficiencies for flood/furrow, sprinkler, and 

drip/micro irrigation as 65%, 75%, and 90%, respectively. These are multiplied to a blanket conveyance 

efficiency factor of 75% to create a single IEF. The reciprocal of the IEF is then applied to modelled 

outputs49 based on the identified irrigation system used on each field to get an estimate for total applied 

water.  This relationship between applied water and IEFs are shown in the following equation: 

Total Applied Water for a field = 

 
Crop water demand met through irrigation 

Estimated IEF 

IEF estimates can vary because of field size and slope, age of irrigation systems, management decisions, 

and other factors. Given the lack of data on most factors, estimates are based on the identified irrigation 

system. When analyzing irrigation efficiency with these growers, it is important that spatial scale be 

taken into consideration. That is, while the irrigation efficiency on an individual field may be poor, the 

irrigation efficiency of a farm, irrigation district, or the basin may be high because the inefficiencies of 

one field (also known as the recoverable fractions) are able to be used by others in a larger area by 

surface or subsurface drainage flow (Canessa, 2011). For example, furrow irrigation might report lower 

efficiency scores than micro irrigation, but switching a water basin to micro from furrow is not likely to 

actually provide more water. The reason for this is that “inefficiencies” from any irrigation system - 

surface runoff or deep percolation - may be reused by another farm, by municipal/industrial entities, or 

for environmental uses. Thus, it is important to precisely define “efficiency.” 

DEFINITIONS 

Definitions are required for Irrigation Efficiency (IE), Application Efficiency (AE), and Conveyance 

Efficiency (CE) as potential IEFs. For TFT’s modelling approach, we hope to develop a total system 

efficiency as the ultimate IEF, which would include both one mechanical measure (AE or IE) and a CE. 

Irrigation performance has historically been a difficult concept to use because its definition is not 

consistent, and depends on how the various performance measures are prioritized. The most common 

performance measures of an irrigation system are: 

• Adequacy of meeting crop needs (root zone infiltration depth at the proper time) 

• Distribution uniformity across the irrigated space 

• Recoverability of non-consumptive uses (run-off, wind drift, evaporation from puddles) 

• Whether non-consumptive uses are beneficial (aquifer recharge, salt removal, tailwater)  

                                                           
49 Using the CUP+ model which estimates consumptive use and the evapotranspiration of applied water. 
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• Reasonable/sagacious uses (these are usually legal50 value judgements; not scientific)  

In the literature, irrigation efficiency, several application efficiencies, irrigation sagacity, distribution 

uniformity, and adequacy are defined as distinct and useful numerical measures of performance, 

applicable to all irrigation methods (Burt, 1997). Irrigation sagacity is not considered here because 

California laws do not explicitly clearly define uses that are is “reasonable” or “beneficial.”51 

Sagacious Use 

Consumptive Use Non-consumptive Use 

• Crop ET 

• Evaporation for climate 
control (heat/frost) 

• Deep percolation for 
salt removal 

Non-sagacious Use 

• Phreatophyte, beneficial 
non-crop ET 

• Wind drift 

• Reservoir evaporation 

• Excess deep 
percolation 

• Excess runoff 

• Spills 
Table 1: Some possible examples of consumptive and sagacious/beneficial water uses (not legal examples) 

Irrigation Efficiency (IE) =  

 
                       Volume irrigated water beneficially used               

Volume irrigated water applied – change in storage of irrigated water 

This definition requires accurate assessment of what portion of irrigation water was beneficially used, 

but does not assume uniform water requirement or use across the field. The values depend on the start 

and end times chosen. On the other hand, Application Efficiency (AE) AE does not differentiate between 

beneficial and non-beneficial uses. It is based on the concept of a target irrigation depth (usually the root 

zone) for one particular irrigation event, and thus an argument can be made that AE be used for SB-88. 

Application Efficiency (AE) = 

 
Avg. depth of irrigated water stored in rootzone 

Avg. depth of irrigation water applied 

AE will typically be lower than IE since there is often unavoidable, nonbeneficial evaporation (e.g., 

sprinkler droplet drift). Furthermore, water applied with a high AE may not be beneficially used if the 

                                                           
50ARTICLE X WATER [SECTION 1 - SEC. 7] (June 8, 1976, by Prop. 14). It is hereby declared that because of the conditions prevailing 
in this State the general welfare requires that the water resources of the State be put to beneficial use to the fullest extent of which 
they are capable, and that the waste or unreasonable use or unreasonable method of use of water be prevented, and that the 
conservation of such waters is to be exercised with a view to the reasonable and beneficial use thereof in the interest of the people 
and for the public welfare. The right to water… from any natural stream…is limited to such water as shall be reasonably required for 
the beneficial use to be served, and such right does not and shall not extend to the waste…or unreasonable method of diversion of 
water. 

51 The California water-related legislation is complex: some legal definitions of beneficial and reasonable are here: 

https://www.waterboards.ca.gov/sanfranciscobay/water_issues/programs/planningtmdls/basinplan/web/bp_ch2.
html 
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timing is poor (e.g., at the end of the growing season when crop ET drops to 0). The presence of cover 

crops will also affect AE.   

 

Conveyance Efficiency (CE) = 

 
          Volume of irrigation water that reaches the field   
Volume of irrigation water diverted from the water source 

Irrigation water is normally conveyed from a water source to the farm or field through natural drainage 

ways, constructed earthen or lined canals, or pipelines.  Water losses in the conveyance system include 

canal/pipeline/ditch seepage, canal spills (operational or accidental), evaporation losses from canals, and 

leaks around headgates and other structures. The National Engineering Handbook on Irrigation (1997) 

counts consumptive use by phreatophytes as a conveyance loss. Since there is minimal water loss in 

closed or pressurized conveyance systems, the conveyance efficiency can be as high as 100%. There is no 

current mathematical provision yet in TFT’s modelling to incorporate CEF, but it will necessarily involve 

the length of the conveyance structure (or an approximation of it).   

Within CE, there more precise areas to further disaggregate CE: 

• Inlet efficiency is the ratio of the water received at the inlet of a block of fields to the water 

released at the headwork 

• Field canal efficiency is the ratio between water received at the field inlet and that received at 

the inlet of the block of fields 

• Field application efficiency is the ratio between water directly available to the crop and that 

received at the field inlet 

• Project efficiency is the ratio between water made directly available to the crop and that 

released from the headwork (this is what is meant in this literature review for CE). 

Storage Efficiency (SE) =  

 
Water volume stored in the root zone during irrigation event 

Water volume needed in root zone prior to irrigation 

Storage efficiency is the ability to retain water in root zone during irrigation. A high SE means that the 

irrigation brings the soil root zone to field capacity, but does not lead to deep percolation (Imrak 2011). 

Soil type (bulk density), tillage practices, soil amendments, organic matter (residues), or cover crops can 

affect storage efficiency. In TFT’s analysis thus far, we have chosen not to include any SE coefficients. We 

have also chosen not to include any distribution uniformity coefficients, such as Low-quarter, 

Christiansen’s, Emission Uniformity, etc. These can be cost-prohibitive to collect data for, since they are 

reliant on field and operation-specific data, but TFT may choose to further investigate or include them at 

later date.  
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RESULTS 

All the literature and public data uses the caveat that AE data are considered maximum values. 

Additionally, the results are only representative of well-adapted, well-designed, well-maintained, and 

well-managed systems, and some form of irrigation scheduling is being utilized. The studies are sorted by 

date published, and averaged in the final row with an equal weighting (first the given range was 

averaged, then these values were averaged by column). 

Study and year 
 Wild 
Flood 

% 

Furrow 
% 

Furrow 
Tailwater 

% 

Periodic 
sprinkler 

% 

Continuous 
sprinkler % 

Microspray 
% 

Subsurface 
Drip % 

FAO (1989)  60     90 

Tanji (1990)  60-90  65-80 75-85   

SJVDP (1990)  70-85  70-80 80-90   

Martin (1993)    50-60 75-85   

Sterling (1994)  35-60  50-60 80-87 85-90 90-95 

Rogers (1997)  50-90  65-80 70-95  70-95 

Hanson (1999)  80-85  70-80 80-95   

Howell (2003)  50-80 60-90 60-85 70-98 70-95 75-95 

Ley (2003) 45-60       

Morris (2006)  60-80  60-75  85-90 85-95 

Irmak et al 
(2011) 

 45-65 60-80 65-75 65-88 85-90 >95 

Shaikh (2015) 52-61 74-84  84 87 84-92  

Evans (unknown)  50-65 75-90 55-70 60-70 80-90 80-98 

        

AVERAGE 54.5 66.7 75.8 67.8 80.4 86 89 

        
Table 2: Summary of AE values from literature reviewed.  

 

California Seasonal AE Program 

The Department of Water Resources (DWR) and UC Davis have developed the California Seasonal 

Application Efficiency Program which estimates seasonal AE of 20 crop categories and 16 irrigation 

methods (furrow, sprinklers, drip, etc.), analyzed geographically by Hydrologic Region and county over a 

temporal range of 2001 through 2010. The authors52 created a user friendly excel spreadsheet53 shown 

below in Figure 1. The accompanying report (Sandoval-Solis, 2013) could further inform TFT’s overall 

                                                           
52 One of these authors is Dr. M. Oranj, who developed the CUP+ model TFT uses to estimate ETaw and ETc. 
53 https://water.ca.gov/-/media/DWR-Website/Web-Pages/Programs/Water-Use-And-Efficiency/Land-And-Water-
Use/Seasonal-Application-Efficiency/Files/California-Seasonal-Application-Efficiency-
Program.xls?la=en&hash=16C0BEEE19F7CBCE4F50B85816F5918795E0FF1A  
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methods.  These IEFs are much more precise figures than the above estimates because they incorporate 

irrigation method, crop, and location, and are based on 10 years of survey data.  

 

Figure 1: Screenshot of the California Seasonal AE Program (DWR, UC Davis) 

Conveyance Efficiency 

Regarding CE, The USDA National Engineering Handbook for Irrigation (Ross, 1997) describes four 

commonly used methods to predict CE54; unfortunately, the Handbook considers none of the methods a 

standard that is accurate. A Texas A&M review (Fipps, 2000) does provide these CE rates: 

 

 

                                                           
54 The four methods are ponding tests, inflow-outflow tests, seepage metering, and hydraulic simulation. 

Clay 0.37 – 2.99 gal/ft2/day 

Loam  4.49 – 7.48  gal/ft2/day 

Sand 4 - 19.45  gal/ft2/day 

Table 3: Canal seepage rates in published studies (Fipps, 2000) 
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Additionally, the FAO Irrigation Manual (Brouwer, 1989) provides insight on estimating CE: 

 

 

 

Table 4: Indicative CE values from FAO Irrigation Manual (1989) 

DISCUSSION 

When considering single field AE, the over-arching takeaway is that impact sprinkler systems are 

generally more efficient than furrows and that micro systems are generally the most efficient. This is 

largely because both impact sprinklers and micro systems allow easier control of total application, 

relative to flood and furrow. Additionally, even though this analysis didn’t take distribution uniformity 

into account, micro systems have better distribution uniformities than sprinklers, mainly due to the wind 

effects on overlap of sprinkler wetting patterns. That said, linear sprinklers and center pivots will have 

generally higher AE ranges then standard field impact sprinklers and more resemble micro systems, since 

one dimension of the overlap problem is negated by the continuously moving system. However, 

pressurized systems such as these are rare in the program area.  Lastly, sprinkler and micro systems tend 

to minimize deep percolation inefficiencies, since application rates are dependent on the system design 

and not the soil's infiltration rate.  

Depending on the discipline, many more ways to measure irrigation performance emerge. Agronomists 

often measure biomass production in the numerator of irrigation efficiency equations, economists focus 

on social costs and private costs, and plant physiologists examine crop transpiration water use 

efficiencies (CO2 assimilation per mole of water transpired thought stomata), among others (Nair 2013). 

According to Howell (2001), four ways of improving AE are (1) agronomic – e.g., crop residues or tillage 

practices to enhance precipitation capture or reduce evaporation; (2) engineering – e.g., dammer diker 

pitting, furrow diking, drip filters; (3) management – e.g., demand-based irrigation scheduling, deficit 

irrigation, or (4) institutional – e.g., participation in an irrigation district, water pricing, training, legal 

incentives to reduce inefficient water use. 

California Trends 

When anticipating a scaling of SB-88 reporting methods, it is useful to consider California’s other 

geographies and temporal variation, or trends.  According to Sandoval-Solis (2013), AE rates improved for 

all crops from 2001 to 2010, with highest AE values occurring in vineyards, subtropical trees, pistachio 

 Earthen Canals 

Lined Canals Soil Type 
Sand Loam Clay 

Canal Length 

Long (>2000m) 60 % 70 % 80 % 95 % 

Med (200-2000m) 70 % 75 % 85 % 95 % 

Short (<200m) 80 % 85 % 90 % 95 % 
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and almond and tomato. The Sacramento River basin, the South Coast and San Francisco Bay are the 

hydrologic regions with highest increase in AE, 4.8%, 4.3% and 3.9% respectively.  

 

Year 
Total Acreage 

Reported 
Gravity 
Acreage 

Sprinkler 
Acreage 

Drip Acreage Sub Acreage 

1994 8,023,965 5,185,667 1,848,679 933,696 55,895 

1998 8,424,207 5,819,660 1,528,038 1,021,720 54,789 

2003 8,749684 5,261,073 1,723,040 1,06,916 58,655 

2008 7,959,443 4,189,852 1,367,179 2,336,130 66,282 

% change 
1994-2008 

 -19.2% -26.0% +150.2% +18.6% 

Table 5: Irrigation trends across California from 1994-2008 (Canessa, 2011) 

Often, these irrigation trends follow cropping system trends. These trends are likely to continue as 

Californian agriculture continues to adapt to commodity and labor market forces, as well as a dynamically 

changing regulatory landscape55.   

Conveyance Efficiency 

Because TFT has not yet collected conveyance data, it assumes a 75% CE based on the predominant clay 

loam soil type of excavated conveyance structures between 200-2000 meters (Brouwer, 1989). 

Numerous factors can affect CE:  

• Length of conveyance structure 

• Soil type, structure, texture (to estimate permeability, capillary forces, hydraulic properties) 

• Depth of the water table (to estimate subsurface lateral movement of water) 

• Temperature of the water and soil (weather data, shade/vegetative canopy) 

• Salt concentration in water and soil 

• Amount of turbidity and sediment in canal water 

• Relative humidity level (potentially within Spatial CIMIS or weather stations) 

• Biomass of phreatophytes near or in the delivery system 

Other data which may not be relevant for Delta growers, but may be relevant if scaled to more 

geographies: 

• Age of canals, pipelines, headgates, or other structures (as a proxy for cracks/disrepair) 

• Conveyance structure properties (whether structure is covered and/or pressurized) 

                                                           
55 Adoption of efficient irrigation technologies is widely believed to make more water available for cities and the 
environment. However, little integrated analysis has been conducted to test this hypothesis (Ward, 2017). In fact, 
more efficient irrigation technologies reduced valuable return flows and limited aquifer recharge in the Upper Rio 
Grande Basin, while increasing water depletion.  
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• Canal lining material (e.g., polyurethane, cement) 

• Discharge rates (automated water, electric, or pneumatic self-actuating control valves or 

headgates)  

 

 

Rankings and Next Steps 

In future analyses both for the duration of this project’s life and especially if it is scaled, any of the above 

data can be collected to better estimate CE, if publicly available. Potential for observable data collection 

for this project include:  

• soil type (SSURGO geospatial overlay) 

• length of canal (measured, or Euclidean approximation) 

• humidity (based on weather data already being collected) 

• approximate temperature of water and soil (based on weather data already being collected) 

• whether or not the conveyance structure is covered (aerial imagery potential) 

Alternatively, growers can self-report some of this data (distribution uniformity, for example) in future 

reporting iterations as well.  

In this analysis, the AE from all studies were averaged with equal weights (excluding the DWR/UCD 

Seasonal AE Program values, since they are crop-specific). SB-88 water modelling accuracy will be best 

served by AE values ranked by reputation, appropriateness to California crop systems, and modernity. 

For this reason, the DWR/UCD Seasonal AE Program values are the obvious front runners for AE values.  

SB-88 Participant Profile Assumptions 

For this reporting season, growers report five possible irrigation methods: sub irrigation, flood, furrow, 

sprinkler, and drip/micro-sprinkler. To refine these factors, we consider the specific characteristics of our 

program participants.   

• Of the proportion of growers who use furrow irrigation, most do not have tailwater return 

systems.  

• Of the proportion of growers using sprinkler, most are periodic sprinkler systems.   

• The average distance from POD to its APN centroid was 2,785 feet.   

• The most common conveyance structure soil type is clay loam ditch, and these are not covered. 

Sub-irrigation 

Since sub-irrigation systems do not usually make use of mechanical pipes or pressurization, AE might not 

be the best metric. This irrigation type makes use of the shallow water table in the California Delta, and 

the mechanism of upward capillary action to irrigate the root zone. Since the water never touches air, 



 

 

The Freshwater Trust SB 88 Measurement Method for the Sacramento-San Joaquin Delta (Version 2.0)   54 

   

there is no evaporative component of efficiency; however, it is almost impossible to generally estimate 

due to the site-specific nature of the irrigation. For these reasons and others, sub-irrigation AE is not 

commonly studied; therefore, seepage loss efficiency is the next best estimate of irrigation efficiency. 

Seepage loss rates displayed in Figure 2 below are not efficiency percentages, but rather fixed volumetric 

amounts based on the distance of conveyance structure and soil type.  

 

Figure 2: The effects of canal or ditch liner on seepage loss. From the USDA National Engineering Handbook 
(1997) 

A California DWR report, Estimation of Delta Island Diversions and Return Flows (Mahadevan, 1995) 

estimates sub-irrigation losses in the Delta as zero. Therefore, AE can be assumed to be 100%. 
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Final Recommendations 

Based on these assumptions, as well as the appropriate averages from the literature, the following are 

the efficiency recommendations for SB 88 Delta grower’s irrigation methods: 

 AE CE IEF (1/AE*CE) 

Flood 55% 75% 2.42 

Furrow 67% 75% 1.99 

Sprinkler 68% 75% 1.96 

Drip/micro-sprinkler 88% 75% 1.52 

Sub irrigation 100% 75% 1.33 

Other mechanisms of measuring irrigation efficiency include irrigation sagacity, distribution uniformity, 

storage efficiency, water use efficiency (yield per unit of irrigated water), and irrigation consumptive use 

coefficient, which can be further researched in future iterations. 
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APPENDIX B: MM METHODOLOGY DATA VISUALIZATIONS FOR WATERMELONS 

Step 1: Calculate Watermelon Kc and bare soil Kc curves using the planting, leaf out, or pre-irrigation and 

harvest dates provided by the grower. 

 

Step 2: Composite the watermelon and bare soil Kc curves by taking the greater Kc. 

 

  



 

 

The Freshwater Trust SB 88 Measurement Method for the Sacramento-San Joaquin Delta (Version 2.0)   59 

   

Step 3: Multiply composite curve by the corresponding daily ET0 value derived from CIMIS. 

 

Step 4: Look up daily estimated rainfall from Spatial CIMIS, then subtract this value from the ETaw. Then 

extrapolate ETaw to reflect the area of that field, and use this value for subsequent irrigation efficiency 

calculations. 
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APPENDIX D: TNC METER ACCURACY REPORT
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