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Project Summary:  Numerical simulation is the best hydrologic method to quantify water budgets and to forecast future conditions. Numerical software must continually evolve to keep up with (1) the simulation needs associated with the hydrologic processes that drive current water-availability questions (such as conjunctive use of groundwater and surface water, ecological flows, and land subsidence) and (2) advances in computer hardware and numerical methods. Without new development, critical USGS software will stagnate, become less able to answer critical hydrologic questions, and, ultimately, become obsolete. 
The objectives of the work proposed here are to (1) translate advances in hydrologic research and computational sciences into operation by developing state-of-the-science modeling software and ancillary tools to support research and applied programs and projects throughout the USGS; (2) provide technical support and training to Water Science Center staff and others in the use of USGS modeling software; (3) develop procedures to create operational models that can be efficiently maintained and updated and that meet USGS Fundamental Science Practices and Open Data requirements; and (4) enhance WMA capability to provide public display and decision support systems for use of our models by cooperators and the public.
Model development within the USGS Water Mission Area contributes to many aspects of the USGS Water Science Strategy, particularly the Strategy’s focus on water availability and the National Water Census. The work directly supports many USGS, Water Mission Area, and Water Science Center programs and activities, including the Water Availability and Use Science Program, the National Water Quality Program, local projects funded through the USGS Cooperative Matching Funds, USGS International Programs, and other USGS Mission Areas (Core Science, Energy and Minerals) and Programs (National Cooperative Geologic Mapping).
The products of the proposed work include software releases, publications describing the theory and use of the software, formal and informal training and direct support to WSC (and other) hydrologists, model-archiving assistance to WSC hydrologists, and presentations at professional conferences and meetings with USGS federal partners and cooperators.
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Background
Numerical simulation is the best hydrologic method to quantify water budgets and to forecast future conditions. Numerical software must continually evolve to keep up with (1) the simulation needs associated with the hydrologic processes that drive current water-availability questions (such as conjunctive use of groundwater and surface water, ecological flows, and land subsidence) and (2) advances in computer hardware and numerical methods. Without new development, critical USGS software will stagnate, become less able to answer critical hydrologic questions, and, ultimately, become obsolete.
The USGS Water Mission Area (WMA) has a long history of translating advances in hydrologic research and computational sciences into operation by developing modeling software and ancillary tools to support both research and applied programs and projects throughout the Bureau, particularly in the Water Science Centers (WSCs). Moreover, although WMA scientists typically lead and coordinate software development, much of the work is done collaboratively among WMA and WSC staff, and, to a lesser extent, with scientists from academia and the private sector. This collaboration continues with the work proposed here; specifically, all but one of the proposed model-development tasks are collaborations among headquarters, field, and private-sector scientists.
Numerical simulation software is critical to the groundwater-availability studies of the USGS Water Availability and Use Science Program (WAUSP). Software developed and maintained by the USGS such as the Soil-Water Balance, MODFLOW, GSFLOW, PEST++, and Groundwater Toolbox are integral to WAUSP studies and are required to effectively forecast future conditions. Moreover, this software is used in studies across the USGS. In 2016, more than 160 Water projects used groundwater simulation models to address project objectives, including 140 projects using MODFLOW, 53 projects using SWB, and 95 projects using PEST or PEST++. 
This software is used even more extensively outside the USGS. MODFLOW is the most widely used groundwater simulation software in the U.S, and likely the world (Furman, 2008; Fitts, 2013; Anderson and others, 2015). In 2016, MODFLOW software was downloaded more than 40,000 times from the USGS website, and nearly all of those downloads were from outside the USGS. These statistics do not include the software sold by several commercial enterprises that download our software, re-package it with a graphical user interface, and market it to the hydrologic community.

USGS cooperators at the local and regional level typically are not willing or not able to support the development of software that serves a national scope. Because of this, it is critical that WMA national programs continue to support the development and maintenance of hydrologic-simulation software to ensure that our codes are able to address evolving issues in water science and water management, and that our workforce maintains a leadership position in the quantitative analysis of hydrologic systems at local, regional, and National scales.
[bookmark: h.ur4yhp58to75]Objectives
The overall goals of integrated hydrologic model development are to:
· Translate advances in hydrologic research and computational sciences into operation by developing state-of-the-science modeling software and ancillary tools to support research and applied programs and projects throughout the USGS
· Provide technical support to Water Science Center (WSC) staff
· Provide training to WSC and other WMA staff, as well as to USGS Federal partners and other cooperators in the use of USGS modeling software
· Develop procedures to create operational models that can be efficiently maintained and updated and that meet USGS Fundamental Science Practices and Open Data requirements
· Enhance WMA capability to provide public display and decision support systems for use of our models by cooperators and the public
[bookmark: h.f1k3n5n9rxjg]Workplan Scope
The USGS Water Mission Area is restructuring. As part of that restructuring, several of the personnel currently involved with software development will be reassigned from the Office of Groundwater (OGW) and National Research Program (NRP) to the Earth Systems Modeling Branch within the Integrated Modeling and Prediction Division and the Hydrogeophysics Branch within the Earth System Processes Division. Because of this, the vision for software development within WMA may need to be reassessed within the long-term goals and objectives of the ESM Branch. That vision is likely to encompass the goals of the Branch as outlined in the “WMA Organizational Restructuring” presented to WMA staff on January 26, 2017:
· Development and application of integrated/coupled, predictive, physical and stochastic models of water and water-related phenomena in the earth system
· Integration of WMA/USGS local-to-national understanding of earth processes within a unified, comprehensive and contemporary national modeling framework
· Collaboration with federal partners towards goals of U.S. National Earth System Prediction Capability
Staff in OGW, NRP, and the Water Science Centers currently working on WMA software development are well positioned to meet these new goals. The software we produce is widely used both within and outside the USGS. We have a long history of meeting the software needs of both our internal and external customers. We anticipate that the goals that have been defined for the ESM Branch will necessitate renewed and strengthened interactions with our federal partners, including the Bureau of Reclamation and the National Oceanic and Atmospheric Administration. 
Because of this restructuring and the need to redefine our model-development vision within the context of the ESM Branch and Integrated Modeling and Prediction Division, this workplan primarily focuses on specific goals, products, and funding requests for fiscal year 2018, while also describing some of the specific longer-term goals for software development that are anticipated to be essential components of WMA enterprise software in the future. 
Relevance and Benefits 
Model development within the USGS Water Mission Area contributes to many aspects of the USGS Water Science Strategy (Evenson and others, 2013), particularly the Strategy’s focus on water availability and the National Water Census (Alley and others, 2013; Michelsen and others, 2016). Specifically, the activities proposed in this workplan contribute to several Priority Actions outlined in the Science Strategy, including the following: 
· Characterize the water cycle through development of state-of-the-art 3-D/4-D hydrogeologic framework models at multiple scales;
· Clarify the linkage between human water use (engineered hydrology) and the water cycle (natural hydrology);
· Advance ecological flow science;
· Conduct integrated watershed assessment, research, and modeling; and 
· Deliver water data and analyses to the Nation. 
“The USGS produces, maintains, and freely distributes numerous computer programs that are used for research and predictions in hydrology and geochemistry. Examples include…MODFLOW, considered the international standard for simulating and predicting groundwater conditions and groundwater/surface-water interactions; …and GSFLOW, a rapidly developing integrated tool for understanding and predicting transient stream responses to precipitation and complex watershed processes…” (USGS Water Science Strategy, 2013, p. 7-8)

Moreover, each of the proposed activities contributes to one or more of the following Goals and Strategic Actions of the Science Strategy:
· Goal 2.1. Comprehensive understanding of geological controls of water availability, and improved integration of geologic and hydrologic multidimensional models.
· Strategic Action 9: Produce new 3-D and 4-D hydrogeological framework models and property databases that are integrated with flow and transport models and data to effectively trace water movement and water-quality changes in complex systems under varying hydrologic conditions.
· Goal 2.2. Comprehensive understanding of the effects of climate variation on water availability at multiple spatial and temporal scales.
· Strategic Action 10: Use data and studies of hydrological variability on historic and prehistoric (geologic) time scales, along with data and models of human effects on watersheds, to improve understanding and anticipation of climate effects on water availability.
· Goal 2.3. Comprehensive understanding of the interactions among aquatic ecosystems, hydrology, and hydrochemistry. 
· Strategic Action 11: Conduct integrated research relating water availability to sustainable aquatic ecosystems, including the timing of streamflow variations, hydrodynamics of groundwater/surface-water interactions, water quality and biogeochemistry, competing human demands, and relations to ecosystem structure and health.
· Goal 2.4. Comprehensive understanding of human interactions with water availability.
· Strategic Action 12: Conduct monitoring, research, and modeling activities, in coordination with various water-related management actions, to improve understanding of benefits, limitations, and adaptive strategies.
· Strategic Action 13: Through internal and external collaboration, incorporate socioeconomic drivers such as competing uses, values, and costs into water-availability research, assessments, and models.
· Goal 3.1. Development and application of models to predict the potential effects of changes in population, land-use, climate, and management practices upon future water availability considering human and ecological needs.
· Strategic Action 14: Develop and apply predictive models for coupled systems integrating geology, hydrology, water quality, and ecosystems, including potential effects of nonlinear behavior and feedback.
· Strategic Action 15: Develop and apply 3-D and 4-D (transient) hydrologic prediction models at a range of spatial scales (local to regional) and temporal scales (short to long timeframes), including methods to bridge these scales.
· Strategic Action 16: Develop and apply improved methods to estimate uncertainty in model simulations, and routinely assess and communicate uncertainty to end users.
· Goal 3.2. Prediction of the availability of alternative (impaired) water resources, and the effects of using these water sources on the environment.
· Strategic Action 18: Develop and apply methods to quantify the potential for expanded future use of alternative water sources (saline water, marginal water, and reused water, among others). 
· Goal 4.3. Through an understanding of the conditions leading to water shortages that result in conflicts, provide assistance to communities in finding science-based solutions when conflicts occur.
· Strategic Action 22: Provide resources such as observations, analyses of hydroclimatic processes, and analyses of vulnerabilities in wwater-supply systems that allow resource managers to develop preparedness and response plans for water shortages because of imbalances between groundwater recharge and pumping, drought, and infrastructure damage from flooding or geological hazards.
· Goal 5.1. Development of new, integrated information dissemination in formats appropriate for the 21st century to aid scientists and decisionmakers.
· Strategic Action 25: Ensure that a wide variety of hydrologic information is obtainable through map interfaces available on the Web that allow the user to geospatially search, locate, and link hydrologic parameters, access historical information, and conduct trend analyses, and construct water-availability analysis tools, such as water budgets. 
· Strategic Action 26: Provide timely hydrologic data and develop dynamic integrated models and visualization products in formats appropriate for the 21st century that enhance water science, educate the public, and communicate to policymakers.
· Strategic Action 27: Develop decision-support systems to aid resource managers and policymakers.
The relevant Goals and Strategic Actions listed above are identified with each of the individual tasks described in the “Approach” section of this workplan. 
[bookmark: h.4p3l4qq428sr]Fiscal Year 2017 Highlights
Highlight Summaries:
· MODFLOW 6: Version 1.0 of MODFLOW 6 was released on August 11, 2017. This new object-oriented program and underlying framework for MODFLOW was developed to provide a platform for supporting multiple models and multiple types of models within the same simulation. This version of MODFLOW is labeled with a "6" because it is the sixth core version of MODFLOW to be released by the USGS. In the new design, any number of models can be included in a simulation. These models can be independent of one another with no interaction, they can exchange information with one another, or they can be tightly coupled at the matrix level by adding them to the same numerical solution. Transfer of information between models is isolated to exchange objects, which allow models to be developed and used independently of one another. Within this new framework, a regional-scale groundwater model may be coupled with multiple local-scale groundwater models. Or, a surface-water flow model could be coupled to multiple groundwater-flow models. The framework naturally allows for future extensions to include the simulation of solute transport.
· GSFLOW: MODSIM-GSFLOW: The integration and publication of MODSIM and MODFLOW was completed in FY2016. During FY17, an application of the linked MODSIM-MODFLOW software to managed aquifer recharge was published in Water Resources Research (Niswonger and others, 2017a). To build upon this effort, the USGS's GSFLOW software is now being integrated with MODSIM, resulting in a more complete modeling tool for estimating supply (GSFLOW) and distributing it among a competing and prioritized set of demands (MODSIM). MODSIM-GSFLOW seeks to move beyond specifying water use in hydrologic models and instead offers a path forward whereby legal frameworks governing the distribution of water dictate the distribution of water within a hydrology model. AgOptions for MODFLOW-NWT and GSFLOW: A new package that supports SFR, UZF, and WEL has been developed to calculate (1) demand driven surface-water diversions automatically applied as irrigation in UZF; (2) pumping that is automatically calculated by the model to supplement surface-water diversions and applied as irrigation in UZF; and (3) irrigation demands (SW+GW) automatically calculated by the model using the difference between reference and actual evapotranspiration calculated by UZF. GSFLOW-ArcPy scripts: Several updates to the scripts have been made to support new options in PRMS. Also, a draft journal article documenting the scripts has been prepared, and will be submitted to Environmental Modelling and Software. PRMS enhancements: Several enhancements have been made to PRMS, most of which are included in the MODSIM-GSFLOW alpha version; others are in the PRMS releases that are soon to be made public (Regan and LaFontaine, 2017; Sanders and others, in review). These include: dynamic parameter input, water use and transfer input, stream temperature simulation, streamflow and lake routing, and summary output of results by HRUs, subbasins, and watersheds. 
· PEST++ and pyEMU: In FY17, the PEST++ and pyEMU software suites saw significant enhancements and revisions, as well as targeted training on the theory and application of parameter estimation and uncertainty quantification. A new tool for environmental resource management optimization, pestpp-opt, has been developed and documented in a peer-reviewed journal publication (White and others, accepted). This new tool facilitates optimization-under-uncertainty within the familiar PEST model independent interface. An advanced prototype iterative Ensemble Smoother solver has been added to pyEMU—this new solver shows great potential to speed the parameter estimation and uncertainty quantification process for a wide range of environmental models. A higher-performance implementation is underway in PEST++.
· Hydrogeophysical Software: (1) Completion and publication of SEER as a journal article, release of the SEER software through the USGS web site and a data release, technology transfer through an Office of Groundwater monthly highlight and training video, and a presentation to the AZ WSC. (2) Planning and initial work for the Groundwater/Surface-Water Method Selection Tool (GW/SW-MST), including coordination with the US Naval Facilities Engineering Command, which is interested in this topic. (3) Planning and development of the software package DTSGUI; (4) technology transfer and training for the Fractured Rock Geophysical Method Selection Tool (FRGT-MST) published in FY2016 in a workshop for the Environmental Protection Agency, and a USGS training video. 
· Soil-Water Balance Model: Version 2.0 of the SWB code has been completed and documentation for the software (Westenbroek and others, in review) is nearing final approval. Use of SWB is extensive, and assistance was provided by project staff to the New England, MD-DE-DC, Arizona, Oklahoma, Minnesota, Caribbean-Florida, New York, and Lower Mississippi-Gulf Water Science Centers.
· Groundwater Toolbox: (1) Release of two new digital-filtering techniques for hydrograph separation—the ‘BFLOW’ and ‘Eckhardt’ methods—including implementation of two approaches to estimate parameters for the ‘Eckhardt’ method. These techniques were added to the GW Toolbox primarily in response to a request from NAWQA program staff. (2) Release of improved functionality for the RECESS groundwater-recession analysis method, in response to a request from staff of the Northwest Volcanic Aquifer System (NVAS) WAUSP study.
· Open Data: Model Archiving: Assistance was provided by Martha Watt, a hydrologist in the New Jersey Water Science Center, to approximately 50 modelers in 23 Water Science Centers. Twenty-six model-archive data releases have been made on Water Node and an additional 25 releases are in progress; Martha reviewed and provided input to 32 of these releases. Martha is also in the process of converting previously archived models for WAUSP Groundwater Availability (GWA) studies to the online format; 7 archives have been released or are in preparation during FY17.
· Open Data: LogArchiver: WAUSP funding supported the development and initial release (July 2017) of new public-facing borehole geophysical log web interface “GeoLog Locator” which serves approved geophysical logs to the public for the first time. OGW worked with the Texas WSC Data-Spatial Studies (DSS) group to develop the interface and new database from the existing WMA Log Archiver system. Several WSCs participated in the testing of the public-facing application. More than 7,000 logs of the 17,000 are currently being served by the application. GeoLog Locator serves as a data-release outlet for borehole geophysical logs as required by the USGS Open Access Plan. WAUSP funding supported OGW assistance from the Idaho and Pennsylvania Water Science Centers toward WSC legacy log approval during January through June, which was the first subset of logs released. As part of the new approval process, an internal QA/QC review tool was developed to ensure metadata quality (geophysical log header review – information required by OGW policies).
Publications (published, accepted, or in review) 
Complete citations are given in the References section of this workplan.
· MODFLOW 6: Hughes and others (2017), Langevin and others (2017), Provost and others (2017)
· GSFLOW and related software: Niswonger and others (2017a), Regan and LaFontaine (2017), Gardner and others (in review)
· PEST++ and pyEMU: White (2017), White and Barlow (2017), White and others (accepted).
· SWB: Westenbroek and others (in review).
· Hydrogeophysical Analysis: Terry and others (2017).
Software and Web Application Releases
· MODFLOW 6:
Langevin, C.D., Hughes, J.D., Banta, E.R., Provost, A.M., Niswonger, R.G., and Panday, Sorab, 2017, MODFLOW 6 Modular Hydrologic Model version 6.0.0: U.S. Geological Survey Software Release, 11 August 2017, https://doi.org/10.5066/F76Q1VQV
Bakker, M., Post, V., Langevin, C.D., Hughes, J.D., White, J.T., Starn, J.J., and Fienen, M.N., 2017, FloPy v3.2.6: U.S. Geological Survey Software Release, 19 March 2017, http://dx.doi.org/10.5066/F7BK19FH
· GSFLOW/CRT/NWT/PRMS:
Henson, W.R. and Niswonger, R.G., 2017, CRT version 1.3.1 -- Cascade Routing Tool to define and visualize flow paths for grid-based watershed models: U.S. Geological Survey Software Release, 30 March 2017, http://dx.doi.org/10.5066/F7HT2MG1
Niswonger, R.G., 2017, NWT version 1.1.3 – Source code for MODFLOW-NWT: U.S. Geological Survey Software Release, 1 Aug. 2017, https://water.usgs.gov/ogw/modflow-nwt/
Regan, R.S, and others, 2017, PRMS version 4.0.3: U.S. Geological Survey Software Release, 19 June 2017, https://wwwbrr.cr.usgs.gov/projects/SW_MoWS/PRMS.html
· pyEMU:
White, J.T., 2017, pyEMU version 0.2—Python modules for model-independent uncertainty analyses, data-worth analyses, and interfacing with PEST(++): U.S. Geological Survey Software Release, 7 April 2017, https://github.com/jtwhite79/pyemu
· Groundwater Toolbox:
Barlow, P.M., Cunningham, W.L., Zhai, Tong, and Gray, Mark, 2017, U.S. Geological Survey Groundwater Toolbox version 1.3.0, a graphical and mapping interface for analysis of hydrologic data: U.S. Geological Survey Software Release, 15 April 2017, http://dx.doi.org/10.5066/F7R78C9G
· Hydrogeophysical Analysis:
Terry, Neil, Day-Lewis, F.D., Robinson, J.L., Slater, L.D., Halford, K., Binley, A., Lane, J.W. Jr., and Werkema, D., 2017, The Scenario Evaluator for Electrical Resistivity (SEER) Survey Design Tool v1.0: U.S. Geological Survey Provisional Software Release, 01 May 2017, https://doi.org/10.5066/F7028PQ1
· GeoLog Locator:
U.S. Geological Survey Web Application, initial release July 2017: https://webapps.usgs.gov/GeoLogLocator/#!/
Technology Transfer and Training
· MODFLOW 6: 
MODFLOW and More 2017 Conference presentations and seminar: (1) “MODFLOW 6: An object-oriented version of the U.S. Geological Survey’s MODFLOW Model,” (2) “Use of the advanced packages and demand-based boundary flows in the MODFLOW 6 Groundwater Flow Model,” (3) “The XT3D option for simulating fully three-dimensional anisotropy on regular and irregular MODFLOW 6 grids,” (4) “Upgrading your model to MODFLOW 6,” and (5)  “Introduction to Groundwater Modeling with MODFLOW 6” 1-day seminar.
OGW Webinar: “New Groundwater Modeling Tools: MODFLOW 6 and More,” August 16, 2017.
Training Class: Modeling Groundwater Flow with MODFLOW, September 11-15, 2017, Portland, OR
· GSFLOW/CRT: 
MODSIM-MODFLOW Stream-Aquifer Interaction Modeling: Training given to Sonoma County Water Agency, Santa Rosa, CA, May 2-4, 2017.
MODFLOW and More 2017 Conference presentations and seminar: (1) “Modeling water supply effects on the distribution and consumption of water in developed river basins” (2) “Improving simulation and understanding of third-party impacts resulting from water-right transfers.”
· PEST++ and pyEMU: 
The PEST++ and pyEMU software suites continue to see use across WMA, including CAWSC, WAWSC, NCWSC, AZWSC, TXWSC, OKWSC, CFWSC, LMGWSC, WIWSC, and NEWSC.
Well-received, week-long training on the theory and application of parameter estimation and uncertainty analysis in the context of groundwater modeling.  Led by Mike Fienen, Jeremy White, and Randy Hunt. Second training class September 2017 at the NTC.
· Groundwater Toolbox:
Continued assistance and training to WSC users of the GW Toolbox, including assistance to staff working on WAUSP studies in the Mississippi Delta and NVAS, a 2-part training webinar to Oklahoma WSC staff, and an OGW webinar on recent enhancements to the software for hydrograph separation and time-series data analysis.
· Hydrogeophysical Analysis:
Web pages and technology transfer videos for SEER and the Fractured Rock Geophysical Toolbox, https://water.usgs.gov/ogw/bgas/seer/ and https://water.usgs.gov/ogw/bgas/frgt/
Brownbag presentation "Overview of New Tools and Software Available from the Branch of Geophysics" delivered to the AZ WSC, 3/30/17.
Presentation delivered at the USGS Continuous Monitoring Workshop "Evaluating Emerging Technologies for Groundwater and Surface-Water Applications" given August 2017.
· Open Data: Model Archiving: See “Highlight Summaries” section above.
Approach
[bookmark: h.a3ifyeh0x8rj]This project has seven primary tasks: (1) Software and Ancillary Tools Development, Maintenance, and Support; (2) Training; (3) Model Archiving; (4) Public Display of Models; (5) LogArchiver; (6) Software Releases and Maintenance of Web Pages; and (7) Oversight and Coordination of Model Development. Each of these tasks is described in detail below. A summary of budget costs for each task is provided in the ‘Budget Table’ section of the workplan.
[bookmark: h.atv2i36893qb]Task 1 – Software and Ancillary Tools Development, Maintenance, and Support
The development, maintenance, and support of integrated hydrologic modeling software and ancillary tools is the primary task of this project. The specific software and tools that will be pursued in FY18 are described in the following subtasks.
1.1 MODFLOW 
Background: MODFLOW is the USGS flagship groundwater simulator. It is considered an international standard for simulating and predicting groundwater conditions and groundwater/surface-water interactions. Originally developed and released solely as a groundwater-flow simulation code when first published in 1984, MODFLOW's modular structure has provided a robust framework for integration of additional simulation capabilities that build on and enhance its original scope. The family of MODFLOW-related programs (https://water.usgs.gov/ogw/modflow/index.html) now includes capabilities to simulate coupled groundwater/surface-water systems, solute transport, variable-density flow (including saltwater), aquifer-system compaction and land subsidence, parameter estimation, and groundwater management. “The MODFLOW suite of codes is the most widely used set of groundwater codes in the world and the standard for litigation purposes in the Unites States. MODFLOW has been applied to numerous and diverse field problems and is the focus of a series of international professional conferences (http://igwmc.mines.edu/Conference.html).” (Anderson and others, 2015, p. 100-101)

“MODFLOW gained broad acceptance because it is versatile, well tested, well documented, and in the public domain.” (Fitts, 2013, p. 360)

This task includes several subcomponents:
· Development, maintenance, and support of existing MODFLOW variants and support programs, which include MODFLOW-2005, MODFLOW-NWT, MODFLOW-LGR, SEAWAT, MODFLOW-GWM, MODFLOW-CFP, MODPATH, MT3D-USGS, and ZONEBUDGET.
· Development and support of the next generation of MODFLOW, called MODFLOW 6 (Langevin and others, 2017; Hughes and others, 2017; Provost and others, 2017). The program has been redesigned using an object-oriented structure to allow other types of models to be tightly coupled with the groundwater-flow model. MODFLOW 6 also contains most of the capabilities of MODFLOW-2005, MODFLOW-NWT, MODFLOW-USG, and MODFLOW-LGR, thereby synthesizing capabilities into a single program. 
Plans and Products for FY18: Enhancements to MODFLOW 6 will continue in the new fiscal year. Enhancements planned to be started during FY17 that will be continued in FY18 are the solute and heat transport model, coupled variable-density flow and transport capabilities, subsidence package, and the demand package and related landscape-hydrology process model. Work also will continue on the USGS Python package, called FloPy, for constructing, running, and analyzing models results (described further in Task 1.2 below). These modeling capabilities and support products consist of software releases, publications, technical transfer (training classes, webinars, direct user support to WSC staff and others), and presentations at professional conferences and cooperator/federal partner meetings.
In particular, during FY18 a U.S. Geologic Survey Open File Report that documents the numerical approach implemented in the parallel iterative solver for MODFLOW-USG and example problems will be published. Input instructions will be published in a separate document that will be provided with the source code. 
Longer-Term Vision for MODFLOW 6: MODFLOW 6 is the newest version of the core MODFLOW program. Its underlying design is a flexible object-oriented framework intended to support multiple types of hydrologic models (such as groundwater flow, surface-water flow, flow in pipe networks, transport, and so forth). Within the framework, these different types of models can run by themselves, or they can be tightly coupled with other types of hydrologic models.  The long-term vision for MODFLOW 6 is to develop a unified hydrologic modeling software package with consistent formats for input and output that can evolve to incorporate new technologies and capabilities to meet USGS, cooperator, and Federal partner needs. Select capabilities from the numerous MODFLOW variants that have been developed over the past decade will continue to be incorporated into this new MODFLOW 6 structure. Included in this vision is transition to more modern software development and release practices that include extensive automated testing, strict version control, and preliminary release of beta capabilities prior to official release.  
Relevance and Benefits: MODFLOW is being used in nearly all USGS projects that involve groundwater modeling. It is used for WAUSP Groundwater Availability Studies, for numerous modeling projects by Water Science Centers, and it is often used as part of fundamental research to investigate and understand complex groundwater processes and their interaction.  Moreover, MODFLOW has been widely accepted as the trusted groundwater simulator by local municipalities, state agencies, private consultants, and academic scientists. Through a continued commitment to the development and support of MODFLOW, the USGS has demonstrated the ability to sustain highly successful hydrologic software development. The thirty years of successful MODFLOW development highlight the unique capability of the USGS to produce relevant hydrologic software with high impact. The proposed MODFLOW work supports the following goals and strategic actions of the Water Science Strategy: Goal 2.2, Strategic Action 10; Goal 2.3, Strategic Action 11; Goal 2.4, Strategic Actions 12 and 13; Goal 3.1, Strategic Actions 14 and 15; Goal 3.2, Strategic Action 18; Goal 5.1, Strategic Action 26.
Personnel: The core MODFLOW versions have historically been maintained by the USGS Office of Groundwater with contributions from NRP and the Water Science Centers. With the WMA reorganization, WMA support for MODFLOW will transition to the ESM Branch with Chris Langevin and Joe Hughes as the primary maintainers and the lead developers, Dave Pollock the lead developer of MODPATH, Alden Provost leading development of the XT3D option for MODFLOW 6, and Paul Barlow contributing to the development of the landscape-hydrology process model. In addition to these OGW staff members, many aspects of the software are developed by colleagues in other WMA and USGS organizational units. In FY18, team members will include: 
· Rich Niswonger, ESM Branch: Rich will continue to support MODFLOW-NWT, and its UZF, LAK, and SFR Packages. Rich will also support the Unsaturated Zone Flow (UZF) Package in MODFLOW 6, and will be part of a team to implement landscape-hydrology processes in new MODFLOW versions.
· Eric Morway, Nevada WSC, will continue to support and maintain MT3D-USGS.  Eric will also become part of the MODFLOW 6 development team to help implement and test transport capabilities and to research possible approaches to integrate both solute and heat transport simulation capabilities into the landscape-hydrology process model.
· Deltares: Code development for MODFLOW-USG parallel iterative solver.
Budget: The estimated FY18 costs for MODFLOW activities is $926,885.
1.2 FloPy 
Background:  FloPy is a Python package for creating, running, and post-processing MODFLOW-based models (Bakker and others, 2016). The software is distributed from GitHub (https://github.com/modflowpy/flopy) and from a corresponding USGS website (https://water.usgs.gov/ogw/flopy/). 
Plans and Products for FY18: During FY18, work on FloPy will continue so that it is up-to-date with the latest MODFLOW 6 developments. (The updated version of the software is referred to as FloPy6.) This will ensure that users can get up-and-running with the latest developments. In addition, FloPy will be upgraded so that MODFLOW 6 models can be converted into the NetCDF format. These new FloPy capabilities will be released from the USGS FloPy website.
Longer-Term Vision for FloPy: Scripting model development and analyses with Python is rapidly growing among USGS scientists and other MODFLOW users. Sophisticated and customized analyses can be run quickly and efficiently. FloPy will continue to be enhanced and improved to support all steps of the modeling process. FloPy also is becoming a foundational package for other tools being developed both within and outside the USGS. For example, FloPy is part of a new plugin for the open-source QGIS software. It is also used with parameter estimation and uncertainty analysis software, such as PEST++ and pyEMU, as part of model calibration and predictive analyses.
Relevance and Benefits: FloPy was first published as a Methods Note in 2016 in the journal Groundwater. Since then it has generated much interest within the scientific community and the Methods Note was the most accessed Groundwater article from January through June 2016. It has become a valuable tool for many USGS scientists, including those working on WAUSP Groundwater Availability Studies. Users can rapidly develop groundwater-model datasets, make publication-quality plots, and run sophisticated analyses such as streamflow-capture analyses that require numerous model runs. The capability to translate MODFLOW-2005 and MODFLOW-NWT models into the NetCDF format has also been added to FloPy. This capability is fundamental to the online viewing of MODFLOW models and ultimately to the online running of MODFLOW models. The proposed FloPy work supports the following goal and strategic actions of the Water Science Strategy: Goal 5.1, Strategic Actions 25 and 26.
Personnel:  In FY18, team members will include: 
· Joe Hughes, ESM Branch: Joe is a lead architect for FloPy and will continue to develop new FloPy capabilities and work with Scott Paulinski on support for MODFLOW 6.
· Chris Langevin, ESM Branch: Chris is a lead architect for FloPy and will continue to develop new FloPy capabilities and work with Scott Paulinski on support for MODFLOW 6. 
· Scott Paulinski, California WSC, San Diego: Scott is the lead developer of the new FloPy6 capabilities. During FY18 Scott will continue to develop FloPy 6 by adding support for new MODFLOW 6 capabilities.
· Andy Leaf, Wisconsin WSC: Andy will contribute to FloPy6 development, particularly the NetCDF format functionality. 
Budget: The estimated FY18 costs for FloPy activities is $155,250.
1.3 GSFLOW 
Background: Increased demands on our Nation’s water availability have led to a need to manage groundwater and surface water together as a single resource. The USGS has been a leader in the development and application of modeling tools to better understand groundwater and surface-water interactions, to simulate the effects of current and projected future climate conditions and land and water uses on these resources, and to support evaluations of conjunctive management of groundwater/surface-water systems. 
GSFLOW is a fully integrated groundwater/surface-water model developed by the USGS to advance our understanding of connections and feedbacks among all water-cycle components, water availability at scales ranging from tens to thousands of square miles, hydrologic and ecosystem interactions, and water-management impacts and options. GSFLOW is built on the USGS MODFLOW-NWT and Precipitation Runoff Modeling System (PRMS) software and simulates water flow and storage throughout a watershed on a daily time step (Markstrom and others, 2008; Regan and others, 2015; https://water.usgs.gov/ogw/gsflow/index.html).“Substantial progress in developing accurate predictions about water availability will be aided by focused effort on integrated models that combine different parts of the water cycle that traditionally have been modeled separately. These integrated models allow for more comprehensive study of the factors controlling water availability and improved prediction by including coupled and often nonlinear processes. … Integrated modeling is also important for relating water quantity and movement with water quality and ecosystem health.” (USGS Water Science Strategy, 2013, p. 32)

Since its initial release in 2008, GSFLOW has been applied to several types of hydrologic-process and water-management issues in a wide range of climate and hydrogeologic settings. These applications include several related to the complex feedbacks between hydrologic processes and ecosystem health, such as a study of the effects of stream-channel incision on montane meadows in the Sierra Nevada (Huntington and Niswonger, 2012; Essaid and Hill, 2014); the introduction of non-native Pinyon Juniper on groundwater levels in a Great Basin watershed (Carroll and others, 2016); streamflow-temperature responses to future climate conditions in the northern Midwest (by linking GSFLOW results with a one-dimensional stream-temperature model; Hunt and others, 2013); and lake-stage decline and lake salinization (with resulting total loss of lake fisheries) in response to agricultural diversions for a terminal lake in a semi-arid desert basin of west-central Nevada (Niswonger and others, 2014). Applications to agricultural settings include those in Washington (Ely and Kahle, 2012), California (Woolfenden and Nishikawa, 2014), Nevada (Niswonger and others, 2014), and northwest China (Wu and others 2014, 2015; Tian and others, 2015a,b).
During fiscal year 2016, the GSFLOW development team greatly expanded the capabilities of MODFLOW to simulate conjunctive management of groundwater and surface-water systems by linking the code with the MODSIM reservoir and river-operations model developed at Colorado State University. The combined MODFLOW-MODSIM software has been applied to conjunctive-management problems concerning groundwater overdraft in agricultural systems by Morway and others (2016) and to managed aquifer recharge in agricultural settings by Niswonger and others (2017). This work was extended during FY17 to begin to develop a link between GSFLOW and MODSIM. The combined GSFLOW-MODSIM software will allow evaluation of reservoir releases, river diversions, instream-flow requirements, and groundwater-pumping impacts on conjunctively managed systems. Initial applications of the linked GSFLOW-MODSIM software are planned for the Russian River Watershed, California, in collaboration with the Sonoma County Water Agency and California State Water Resources Control Board and for the Deschutes River Basin, Oregon, in collaboration with the U.S. Bureau of Reclamation.
Plans and Products for FY18: The following activities are proposed for FY18:
· Agricultural water demand/irrigation supply package for MODFLOW and GSFLOW: An irrigation supply and demand package is being developed by Rich Niswonger and Steve Regan to simulate supplemental pumping and demand-based irrigation water application in systems that conjunctively use surface water and groundwater. Development of the package is being done in collaboration with Claudia Faunt and Jon Traum of the California WSC in support of the Russian River Basin GSFLOW model development. Plans for FY18 for this package will be to extend coding to include PRMS component of GSFLOW to include linkages to the soil-zone module for applying irrigation and calculating demands. A first draft documentation report will be written during FY18. 
· GSFLOW-MODSIM link: The MODSIM and GSFLOW codes are being coupled by Eric Morway, Rich Niswonger, and Steve Regan to provide reservoir and river operations/planning capabilities to GSFLOW. This work requires changes to both codes and the development of an interface module that allows data sharing, consistent time stepping, and nonlinear iteration and convergence checking. This work is leveraging the agricultural water demand/irrigation supply package being developed by Rich. Similar to the current GSFLOW design, development of GSFLOW-MODSIM will allow users to run in PRMS-MODSIM, MODFLOW-MODSIM, and GSFLOW-MODSIM modes. A beta version of GSFLOW-MODSIM with a working example application and draft journal article will be completed during FY18. A meeting with staff from the Bureau of Reclamation in Denver has been proposed to discuss ongoing work by the GSFLOW team on coupled operations-hydrologic models.
· Continued development and enhancement to GSFLOW pre- and post-processors. A number of activities are planned for this specific work element:
· GSFLOW Arc-Python Scripts for model development: Murphy Gardner and Rich Niswonger are documenting and updating Arc-python scripts originally developed in collaboration with scientists from the Desert Research Institute that automate the GSFLOW input-development process using geospatial datasets and GIS. Murphy and Rich will continue to work on the scripts, as well as a user guide and journal article describing the scripts. Completion of the journal article and initial release of the software are planned for late FY18.
· Rich is collaborating with Josh Larsen, Tracy Nishikawa, and Claudia Faunt, California WSC, on the development of a graphical user interface for GSFLOW that expands upon FloPy and PRMS-Py to create GSFLOW-Py for post-processing of model results. Future plans include adding compatibility between GSFLOW-Py and GWWebFlow in collaboration with Jeremy White to provide web-based graphical display of GSFLOW model results. During FY18, Rich will continue to coordinate with Josh Larsen on the development of GSFLOW-Py for GUI support for the Russian River GSFLOW-MODSIM project.
· Rich and Eric will continue to work with Wes Kitlasten on Python-based tools used to convert GSFLOW stream networks into MODSIM network models. These codes are necessary for developing input files for the GSFLOW-MODSIM code.
· CRT: The Cascade Routing Tool is an important component of the Arc-Python scripts for developing GSFLOW models, and is used to define surface-water flowpaths for watershed models, including PRMS and GSFLOW (Henson and others, 2013; https://water.usgs.gov/ogw/CRT/). During FY18, the improved cut/fill algorithms for conditioning of digital-elevation models will be completed and released. 
· Technical transfer and user support: The GSFLOW development team will continue to provide technical support to USGS users of the software as needed; only limited support to non-USGS users of the software is possible. Because the use of GSFLOW is increasing within the WSCs, the amount of time spent on this task continues to grow each year.
Longer-Term Vision for Software: Integrated hydrologic-economic-water management modeling has been proposed as the way forward to meet present and future resource-scarcity issues (Sergeldin, 1995; Cai and others, 2003). However, despite general agreement in the literature that these codes will be highly beneficial to society, they have not been broadly adopted by practitioners. Our philosophy in hydrologic model development has been to leverage proven and effective modeling codes that have been broadly adopted, and to expand their capabilities through integration of multiple codes. For example, the legacy of MODFLOW and PRMS led us to develop GSFLOW, which integrates the two codes. Our most recent efforts toward integrating process-based hydrologic models with rule-based operations/planning models was a major step forward in simulating supply-demand-consumption feedbacks in developed river basins (Morway and others, 2016). We see our past and present development efforts as providing a basis for integrating other system components in the future, such as climate, optimization, economics, policy, and ecosystems in order to holistically address supply vulnerability and long-term sustainability of our nation’s natural resources (Gorelick and Zheng, 2015) at the variety of scales that are relevant to USGS customers. These models will serve what Fatichi and others (2016) refer to as a “virtual laboratory” for which multidisciplinary teams of scientists can work together to evaluate scenarios pertinent to future social, political, and environmental problems impacting communities in the United States and elsewhere. Because our goal is to achieve broad application of these codes by practitioners, we continue to commit significant efforts toward the development of graphical user interfaces that streamline development of necessary datasets required for model application and analysis of results.
Additional, specific long-term goals include the following:
· Greater communication and collaborations with USGS and external scientists and managers working on ecological flow issues and hydrologic-ecosystem links in general: Mining, industrial, and agricultural consumptive use of available water resources have historically been referred to as “beneficial uses” of water. However, new and/or shifting social values now recognize instream flows for ecosystem services and aesthetics, water quality, and recreation as competing beneficial uses of water (Wilds, 2012). As these competing demands for water continue to apply increasing pressure on finite water supplies, increasingly sophisticated tools will be needed to assess trade-offs among current and emerging demands for water.
· Bring heat- and solute-transport capabilities into PRMS and GSFLOW: Solute and thermal transport simulation capabilities are supported in MODFLOW through the recently published MT3D-USGS software (Bedekar and others, 2016); stream-temperature modeling is supported in PRMS with the Stream Temperature Module (Sanders and others, in review). In order to better position the USGS suite of software to confront future challenges, solute transport inside PRMS, and by extension, GSFLOW, will need to be developed. An important issue to which such a code could be applied across the Nation is the simulation of stream temperatures to support aquatic ecosystems. Solute and thermal transport capabilities in GSFLOW would further benefit the GSFLOW-MODSIM integration, enabling analyses similar to Dai and Labadie (2002). For example, analyses attempting to meet water-quality objectives (such as stream temperatures) in the context of water priorities, including storage water, would benefit from GSFLOW-MT3DUSGS-MODSIM.   
· Development of “multi-model mode” that allows the user to select different models (that is, MODFLOW only, PRMS only, or fully coupled GSFLOW) to run in different parts of the model domain. This would allow applications to become much more efficient.
· Development of a variable time stepping control scheme: Currently, all of GSFLOW runs on a daily time step. For some applications, it may be more efficient to run MODFLOW at a longer time step than PRMS.
· Update PRMS to a single language: The control structures in PRMS are currently written in a mix of Fortran 90 and C programming languages. These codes should be updated to a single language, Fortran 2008.
· Enhance the functionality that transfers water within GSFLOW, which would allow more control over how PRMS puts water into reaches, moves groundwater to the soil zone, and so forth.
Relevance and Benefits: The proposed GSFLOW work supports the following goals and strategic actions of the Water Science Strategy: Goal 2.2, Strategic Action 10; Goal 2.3, Strategic Action 11; Goal 2.4, Strategic Actions 12 and 13; Goal 3.1, Strategic Actions 14 and 15; Goal 3.2, Strategic Action 18; Goal 5.1, Strategic Action 26.
As with all of our software, GSFLOW development strengthens our National and local programs. GSFLOW is currently being used by WMA and WSC staff to address many state- and national-level water-availability and water-management issues. Most of these applications are done in cooperation with State, Tribal, and Federal partners. The following is a partial list of the GSFLOW applications currently underway:
· Water Availability and Use Science Program: San Juan River Basin, Upper Colorado River Basin; AZ and NM WSCs: Pilot study to evaluate best approaches to simulate groundwater/surface-water interactions with GSFLOW in a very large (33,000 mi2) basin.
· California Water Science Center:
· Russian River Watershed, in cooperation with Sonoma County Water Agency and California State Water Resources Control Board: Develop a fully coupled model of the watershed to facilitate improved management of the region’s water resources.
· Yucaipa Subbasin, in cooperation with the San Bernardino Valley Municipal Water District: Develop a model to evaluate how selected water-use (including artificial recharge) and climate scenarios might affect water availability in this predominantly urban basin. 
· San Antonio Creek Valley, in cooperation with the Santa Barbara County Water Agency and Vandenberg Air Force Base: Develop a model to evaluate how selected water-use and climate scenarios might affect groundwater availability in the basin, where demands for water for irrigation have led to lowered groundwater levels, reduced base flow, and reduced evapotranspiration of native vegetation.
· New Mexico Water Science Center: Rio San Jose Basin, in cooperation with the Pueblos of Acoma and Laguna, New Mexico: Provide tools, including an integrated hydrologic model, to assist with the adjudication of water rights for the Pueblos of Acoma and Laguna; in particular, to plan for potential effects of increased (or shifting) water demands and climate change.
· Wisconsin Water Science Center: Bad River Watershed, in cooperation with the Bad River Band of Lake Superior Chippewa and US Bureau of Indian Affairs: Provide information to help the Tribe evaluate potential mining impacts in the headwaters of the Bad River watershed and to manage water resources with respect to water supply and wild rice resources in the face of climate and land-use changes.
In contrast to integrated hydrologic models that rely on three-dimensional (3D) Richards’ equation to simulate saturated and unsaturated flow, GSFLOW integrates a watershed runoff model to simulate near-surface laterally dominated flows, a one-dimensional unsaturated-flow model to simulate vertically dominated flows in the deeper unsaturated zone, and a 3D groundwater flow model to simulate flow and storage in aquifers. This approach of compartmentalizing the dominant hydrologic flow directions provides a more robust and efficient regional-scale hydrologic simulator relative to models that rely on 3D Richards’ equation. Enhanced model efficiency improves model calibration and uncertainty estimation, which enhances the model’s ability to reproduce historical datasets over a broader range of hydrologic conditions. Furthermore, application of codes that rely on 3D Richards’ equation are restricted to users with access to high-performance computing systems, whereas GSFLOW can be run on conventional computers, making it accessible to a broader user group.
MODFLOW-MODSIM (and more recently GSFLOW-MODSIM) is a seminal code development that implicitly integrates hydrologic and water-operations capabilities. All previous attempts have used an explicit approach (that is, run one model to completion, then run the other model to completion, and then repeat the process). At least two new examples of the explicit approach have been published recently (Dogrul and others, 2016; Brookfield and others, 2016), both approximately currently with the MODFLOW-MODSIM paper by Morway and others (2016). The USGS is currently at the fore-front of this software development.
Water agencies in California that are using GSFLOW or GSFLOW-MODSIM to address pressing water resources issues include California Monterey Public Water Management District, Sonoma County Water Agency, San Francisco Water Management District, Soquel Creek Water District, and the California State Water Control Board. These agencies are leaders and innovators in managing California’s water supplies, and other agencies are likely to follow their lead and adopt GSFLOW and MODSIM to meet new standards being set by the newly enacted Sustainable Groundwater Management Act. As populations continue to grow, and climate conditions become more uncertain, GSFLOW-MODSIM increasingly will become a sought-after tool for addressing water and water-dependent resources in the United States. 
Personnel:
· Paul Barlow, ESM Branch: Model-development oversight; participation in design of new functionality, testing functionality, and preparation and review of release documents and technical reports
· Rich Niswonger, NRP, Menlo Park: All aspects of GSFLOW development, as well as components of MODFLOW 6
· Steve Regan, NRP, Lakewood: Development of PRMS and GSFLOW modules; GSFLOW-MODSIM link
· Steve Markstrom, NRP, Lakewood: Development of PRMS and GSFLOW modules
· Eric Morway, Nevada WSC: Development of GSFLOW-MODSIM link and agriculture/irrigation package for GSFLOW
· Wes Kitlasten, Nevada WSC: Development of Python codes for creating MODSIM linked network models that are consistent with SFR2 stream network models used in GSFLOW-MODSIM models. 
· Murphy Gardner, Nevada WSC: Development and release of Arc-Python scripts (version 1) to support development of GSFLOW models
· Wes Henson, California WSC: CRT development.
· Jacob LaFontaine, South Atlantic WSC: GSFLOW and PRMS support to users.
Budget: The estimated FY18 costs for GSFLOW activities is $488,916.
1.4 PEST++ and pyEMU Development
Background: Modern environmental modeling analyses make use of sophisticated simulation codes that embody our understanding of the complex physics of natural systems. Equally important are analysis codes that allow scientists and decision makers to apply the scientific method in the context of a complex environmental model and to extract critical understanding to support the management of limited water resources. PEST++ (Model-Independent Parameter Estimation and Uncertainty Analysis; Welter and others, 2015; http://wi.water.usgs.gov/models/pestplusplus/) and pyEMU (a python framework for Environmental Modeling Uncertainty; White and others, 2016; White, 2017; https://github.com/jtwhite79/pyemu) software suites are collections of sophisticated and modern modeling analysis codes for parameter estimation and uncertainty analysis that are gaining acceptance across the USGS groundwater-modeling community and are currently being used in several ongoing WAUSP regional groundwater-modeling studies. 

“Understanding uncertainty in water science is essential for resource managers and others who use water data and information in decision making. Uncertainty is an inherent factor in hydrologic data collection, estimation techniques, and simulation modeling. … Uncertainty also is present in simulation models because it is impossible to thoroughly reproduce a natural hydrologic system in a model.”

“An additional USGS objective is to reduce uncertainty in the highest priority water data and information. … Additionally, the USGS will make a strategic effort in the future to estimate or quantify uncertainty associated with its information products.” (USGS Water Science Strategy, 2013, p. 8)

The most recent addition to the PEST++ software suite is a model-independent management optimization tool (White and Barlow, 2017; White and others, accepted). This software tool allows practitioners and decision makers to use sophisticated environmental models in a formal optimization framework, in which an optimal solution to resource management is sought by using the model to evaluate the system response to specified management goals and constraints. Because uncertainty quantification is becoming a more widely recognized component of modeling analyses, the newly developed optimization tool supports a form of optimization-under-uncertainty, in which imperfect knowledge of system properties or boundary conditions can be propagated to the simulated response to management goals so that the optimal solution includes an explicit recognition and accounting of uncertainty. Furthermore, the model-independent nature of PEST++ allows optimization using more flexible combinations of decision variables and constraints than previous optimization codes. With this flexibility comes the need to test nonlinear solvers in the PEST++-opt framework. There is also a pressing need for efficient methods for managers to evaluate optimization scenarios in near real time for planning and negotiations. This makes use of surrogate modeling and alternative optimization schema (such as mixed-integer programming, etc) and builds on the response-matrix approach (Barlow and Dickerman, 2001). Priority Action: Conduct Integrated Watershed Assessment, Research, and Modeling
“A long-range goal of such studies would be to have integrated models for predicting water availability and optimizing water management at the scale of large watersheds or river basins. (USGS Water Science Strategy, 2013, p. 17)

Plans and Products for FY18: During FY18, a new suite of tools will be added to the PEST++ suite to support the use of ensemble-based model usage. Ensemble-based approaches have been a mainstay in numerical weather simulation for several years and have recently grown in popularity in petroleum reservoir simulation. However, to date, there are no model-independent, high-performance implementations of these sophisticated modeling-analysis codes, which prevents widespread adoption of these approaches within the environmental modeling community. To fill this need, we propose the development of two ensemble tools: an iterative ensemble smoother (iES) and an ensemble Kalman filter (EnKF). These two tools will be used in at least two ongoing WAUSP regional studies (the Coastal Lowland Aquifer System and Mississippi Alluvial Plain System), with additional on-demand support to be provided for other studies. These ensemble tools will substantially lower the computational requirements for uncertainty quantification in large, integrated and regional modeling studies; these tools, by design, yield uncertainty estimates for both model inputs (parameters) and outputs (forecasts).
The ensemble tools will be documented in a journal publication and will be actively supported via GitHub: White, J.T. and others, 2018 (anticipated), A model-independent iterative ensemble smoother and ensemble Kalman filter:  Environmental Modelling and Software.
Furthermore, training on the use of these new tools will be available on-demand and also during the advanced parameter estimation and uncertainty analysis course. 
We will also release the PEST++ software with management optimization and document the new capability in a journal article (White and others, accepted) and an online user guide. 
Building on the new management optimization tools, we will leverage recent work in Wisconsin (Bradbury et al, 2017, Fienen et al 2017) to evaluate new capabilities including (1) the use of uncertainty-based chance constraints, (2) nonlinearity due to incorporating land-use change in addition to groundwater extraction as decision variables, (3) more flexible parallel run management, and (4) the use of surrogate modeling for transient optimization. This research-to-operations work will be documented in a journal article in either Groundwater or Water Resources Research: Fienen, M.N., White, J.T., and Barlow, P.M. 2018 (anticipated). Title to be determined. 
We will also continue to support pyEMU and PEST++ (and PEST) users across the USGS.  
Longer-Term Vision for Software: As model simulation codes become more sophisticated and these codes implement new approaches to simulating natural systems, models of environmental systems become more complex, with increased computational burden. This is especially true for regional-scale models, where a diverse group of stakeholders and interests drive the need for detailed simulation implementations across a large model domain. Analysis codes also must grow in sophistication and approaches to continue to allow these valuable models to be used to answer critical questions related to resource availability and management.
Relevance and Benefits: PEST++ and pyEMU are being used in several WSCs and by several on-going WAUSP groundwater-availability studies – Ozark, MAP, Floridan, and CLAS, among others. Additionally, the project chief has been in talks with LMGWSC staff about applying the optimization tool to the existing MERAS and the upcoming MAP models. The 2016 WMA survey of groundwater-model use indicated that 95 active projects in USGS WSCs are using the PEST or PEST++ software. The proposed work supports the following goals and strategic actions of the Water Science Strategy: Goal 2.4, Strategic Actions 12 and 13; Goal 3.1, Strategic Action 16.
As with many USGS software tools, PEST++ and pyEMU benefit not only USGS practitioners, but the entire environmental modeling community, giving the USGS WMA in particular credibility and leadership in the field. The wide-spread use of USGS open-source tools places the USGS in a unique position as few entities (academic or otherwise) translate research into production-level software tools.   
The development of model-independent ensemble tools will be a large contribution to the environmental modeling community and will move us closer to the concept of “living” models that stay “in sync” with current system conditions so that the model remains a relevant decision-making tool after publication. This will have immediate benefit to the MERAS and MAP models and a new State-legislature-mandated model in the Central Sands of Wisconsin that will likely have broad impacts on future groundwater law in the State.
Personnel:
· Jeremy White, TX WSC: Lead developer of PEST++ and pyEMU
· Mike Fienen, WI WSC: Optimization developer, product testing, training, and documentation
· Dave Welter, Computational Water Resources Engineering: Original developer of PEST++
· Paul Barlow, ESM Branch: Paul assists with the groundwater-management (optimization) aspects of the software development
Budget: The estimated FY18 costs for PEST++ and pyEMU activities is $101,510.
1.5 Soil-Water Balance Model 
Background and Problem Addressed: The Soil-Water Balance (SWB) software has been developed to estimate spatially distributed values of potential recharge relatively quickly and easily (Westenbroek and others, 2010; https://www.usgs.gov/software/swb-modified-thornthwaite-mather-soil-water-balance-code-estimating-groundwater-recharge). In 2016, more than fifty projects within the Water Mission Area were using SWB version 1.0 as part of their work. SWB version 2.0 will be released officially by the end of FY17 (Westenbroek and others, in review).
SWB calculates net infiltration (“recharge”), a primary input to a MODFLOW model. Its output of spatially and temporally distributed net infiltration has been shown to offer marked improvements over simple zoned recharge, particularly regarding the temporal patterns of simulated base flows and groundwater elevations (Stanton and others, 2013). 
From its inception, SWB handling of evapotranspiration (ET) has been overly simplified. For example, water intercepted by the vegetation canopy is simply removed from the model domain using values input by the user without consideration of reasonableness and representativeness.  SWB version 2.0 represents an improvement over the original SWB code in that it tracks canopy interception and evaporation separately from soil evapotranspiration and impervious surface evaporation. However, unlike most hydrologic models, SWB version 2.0 still allows each of these to occur independently from one another. In order to make comparisons of SWB-estimated actual ET to satellite estimates of actual ET, SWB must do a better job of accounting for actual ET itself.
Because SWB is a water-balance code, it is only natural that users have begun to rely on water-budget components such as runoff that are calculated by SWB in addition to net infiltration. Actual runoff amounts within a watershed may be inferred from streamflow measurements and used as a way to constrain SWB parameters during calibration of an SWB model using an automated calibration method such as PEST++. However, currently there is no easy way to allocate the SWB calculated runoff amounts to specific stream reaches or segments within a watershed. Adding the ability to extract this information from SWB will make it easier to include surface runoff in PEST++ calibrations of SWB models, as well as to allow surface-runoff calculations made by SWB to be supplied to underlying MODFLOW SFR networks.
SWB generates large amounts of spatial and temporal data. SWB version 2.0’s NetCDF file outputs are a huge improvement over SWB version 1.0’s custom binary format, but it still may be difficult for some users to manipulate and extract useful information from NetCDF files. Providing users with examples showing the manipulation of NetCDF output would facilitate proper and efficient use of SWB 2.0 results. 
Plans and Products for FY18: The overall goals of the proposed work for FY18 are (1) to improve our ability to estimate actual evapotranspiration by improving SWB’s treatment of interception and actual ET, (2) incorporate remotely sensed actual ET into calibration schemes, (3) track surface runoff within SWB to facilitate improved calibration of SWB and to provide runoff values to SFR input files, and (4) provide users examples of how to manipulate NetCDF files. 
Specific plans are to:
· Include intercepted (and subsequently evaporated) water as SWB calculated ET, reducing soil evapotranspiration and impervious surface evaporation correspondingly. This work will result in a new version release of SWB2 (version 2.1).
· Add a tracking module to collect surface runoff volumes by a generic stream-reach identifier.
· Create tests targeting the changes noted in items 1 and 2, with observation data sets including remotely sensed ET (SSEBop), crop irrigation records, lysimeter observations, along with total streamflow observations.
· Develop a set of FAO-56 irrigation examples as Jupyter notebooks, with demand calculated by means of an external irrigation scheduling tool for comparison, to use in training and in automated testing. 
· Develop Jupyter notebooks demonstrating how to manipulate NetCDF output and extract and display SWB version 2.0 results.
· Complete overhaul of all existing USGS SWB landing and software pages.
· Participate in ongoing discussions of the MODFLOW 6 landscape-hydrology process.
· Technical transfer will include direct user support to WSCs, updates to the README.TXT file and GitHub Wiki pages, establish a GitHub repository containing Jupyter notebooks demonstrating PEST++ and NetCDF workflows, and establish a GitHub repository containing crop water demand Jupyter notebooks.
Longer-Term Vision for Software: SWB continues to improve, offering more insight into multiple components of the hydrologic cycle while occupying the sweet spot between extremely simple models and the full-blown fully distributed physics-based models. SWB will continue to be a tool that is tuned for integration with MODFLOW models and is relatively simple to set up while offering a variety of process representations that make it appropriate to a wide range of climate and geographic areas. Future development will continue to emphasize code clarity, error reporting, and ease of application. Additional process modules will be added as needed for project work.
Relevance and Benefits: More than fifty projects within the Water Mission Area have used SWB version 1.0 as part of their work. SWB’s output of spatially and temporally distributed net infiltration has been shown to offer marked improvements over simple zoned recharge, particularly regarding the temporal patterns of simulated base flows and groundwater elevations (Stanton and others, 2013). 
WMA projects are currently using SWB for water availability and crop water demand estimation. The software was recently used in three WAUSP Groundwater Availability studies—the Glacial aquifer system, Upper Colorado River Basin, and Floridan aquifer system. Hydrologists in the northeastern US are applying SWB with the goal of estimating crop water use over a wide range of crop and land-use types. The use of SWB 2.0’s new irrigation modules represent a relatively quick way to generate defensible crop water use estimates over a large region. 
In FY18, SWB will be applied to Wisconsin’s Central Sands region as crop irrigation demand and high capacity pumping wells continue to capture much public interest and attention. California WSC is considering use of SWB version 2.0 on several projects including the Northwest Volcanic Study Area. Several other known SWB applications are under way in Oklahoma and Nebraska.
The work proposed here is important in that it continues to move SWB toward the generation of more defensible and responsible estimates of net infiltration, irrigation amounts, and other hydrologic budget components. The proposed work also supports the following goals and strategic actions of the Water Science Strategy: Goal 2.2, Strategic Action 10; Goal 3.1, Strategic Action 15.
Personnel:
· Steve Westenbroek, Wisconsin WSC: Lead developer of SWB.
· Andrew Leaf, Wisconsin WSC, to provide assistance with NetCDF processing, general runoff tracking, and irrigation example development. 
· Jen Bruce, Wisconsin WSC: update SWB landing page and official USGS software pages for SWB 2.0.
Budget: The estimated FY18 costs for SWB activities is $82,100.
1.6 Software for Hydrogeophysical Analysis 
Background: The Water Mission Area, Water Science Centers, and broader hydrogeophysical community need a variety of software tools for analysis of hydrogeophysical data for groundwater and integrated groundwater/surface-water investigations. The Branch of Geophysics develops, maintains, and provides training for a suite of codes for hydrogeophysical data analysis including (1) analysis of vertical temperature profile data, (2) analysis of borehole flowmeter data, (3) decision support for geophysical method selection, (4) analysis of electromagnetic induction data, and (5) forward modeling and design of electrical resistivity surveys. This task includes several subcomponents:
· Development, maintenance, and support of existing codes for hydrogeophysical data analysis programs including:
· 1DTempPro: A computer program for the analysis of one-dimensional vertical temperature profiles to determine groundwater/surface-water exchange rates and hydraulic conductivity under saturated flow conditions (Koch and others, 2015; https://water.usgs.gov/ogw/bgas/1dtemppro/)
· FLASH: A computer program for Flow-Log Analysis of Single Holes (FLASH) for the analysis of borehole vertical flow logs, to estimate fracture or aquifer-layer transmissivities and far-field hydraulic heads (Day-Lewis and others, 2011; https://water.usgs.gov/ogw/flash/)
· FEMIC: A frequency-domain electromagnetic inversion code (FEMIC) with graphical user interface for analysis of two-dimensional and three-dimensional EM data (Elwaseif and others, 2017; http://dx.doi.org/10.1016/j.cageo.2016.08.016)
· FRGT-MST: The Fractured Rock Geophysical Toolbox Method Selection Tool (FRGT-MST) is an Excel-based tool for identification of geophysical methods most likely to be appropriate for project goals and site conditions (Day-Lewis and others, 2016; https://water.usgs.gov/ogw/bgas/frgt/)
· SEER: The Scenario Evaluator for Electrical Resistivity (SEER) Excel-based program is a pre-survey design tool used to determine whether or not electrical resistivity imaging is likely to be successful at a particular field site with a specific target to be identified (Terry and others, in publication)
· Development, documentation and publication of new codes for hydrogeophysical data analysis including (1) the Groundwater/Surface-Water Method Selection Tool (GW/SW-MST), (2) an unsaturated-zone extension to 1DTempPro (1DTempUnsat), (3) a cross-borehole flow log analysis tool (FLOW-X), and (4) a software package for visualization and analysis of distributed temperature sensing data (DTSGUI).
Plans and Products for FY18: During FY18, work will continue on code development, documentation, publication, and training. Anticipated products for FY18 include journal articles and software releases for GW/SW-MST and FLOW-X. Work will continue toward publication of 1DTempUnsat and DTSGUI. In addition, training videos will be developed and disseminated online for SEER and GW/SW-MST, similar to the training video produced in FY17 for FRGT-MST (e.g.,https://www.usgs.gov/media/videos/usgs-fractured-rock-geophysical-toolbox-method-selection-tool). Branch of Geophysics training courses offered in FY18 will introduce participants to SEER, FRGT-MST, GW/SW-MST, 1DTempPro, FEMIC, and FLASH. Branch staff involved in technical reviews of WSC’s (Day-Lewis and Briggs) also offer ‘brown bags’ seminars on new software products.
Longer-Term Vision for Software: Although the codes described above are for analysis of diverse data types and are written in different languages, the longer-term vision for software development includes linking a number of products together within an umbrella package for geophysics method-selection and survey design. One of the major issues limiting adoption of geophysical software is lack software tools to support non-geophysicists in the selection, design, and interpretation of geophysical data. Indeed, much of the Branch of Geophysics’ support for WSCs involves assistance in selecting and designing geophysical surveys for different problems, in different geologic settings. The FRGT-MST, GW/SW-MST, and SEER help enable WSC staff (and others) to integrate geophysical methods into their studies, but longer-term software development will work toward an umbrella framework to support a large suite of methods, geologic settings, and targets. 
Relevance and Benefits: Hydrogeophysics is a growing area of research within USGS, academia, and industry. USGS is a recognized leader in developing and demonstrating the application of geophysical methods to hydrologic problems, and new software tools are needed to support and advance this work. The WMA Branch of Geophysics focuses software development efforts on codes needed for new research initiatives, to support program development of WSCs, and to support cooperators including EPA, DOE and DOD. Indeed, hydrogeophysical codes developed by the WMA Branch of Geophysics are used increasingly by WSCs and the broader hydrologic community. In FY16-17, 1DTempPro, for example, has been used in three USGS training courses and in projects in the CA, MA, NC, PA, UT, MT/WY, and CO WSCs, and possibly others. Beyond USGS, the FRGT-MST has been presented in workshops on fractured rock run by USGS at the request of EPA Regions I and IV. The U.S. Navy has funded a FY17 six-site lecture series (Remediation Innovative Technology Seminars) aimed at technology transfer, in which SEER and the FRGT-MST will be presented. FLASH is in use by USGS, academia, and industry and is used in Branch training courses on borehole geophysics and flowmeter logging. DOD and DOE have funded external grants to USGS for demonstration, evaluation and technology transfer of geophysical methods and new software products. The proposed work supports the following goals and strategic actions of the Water Science Strategy: Goal 2.1, Strategic Action 9; Goal 2.3, Strategic Action 11, Goal 5.1, Strategic Actions 26 and 27.
Personnel:
· Fred Day-Lewis, OGW, Branch of Geophysics, Storrs, CT: Lead and support developer of several codes
· Marty Briggs, OGW, Branch of Geophysics, Storrs, CT: Lead and support developer of several codes
· Neil Terry, OGW, Branch of Geophysics, Storrs, CT: Support developer of several codes
· John Lane, OGW, Branch of Geophysics, Storrs, CT: Branch Chief and contributor to several codes and training
· Paul Barlow, ESM Branch: Support developer for the GW/SW-MST software.
Budget: The estimated FY18 costs for Hydrogeophysical-Analysis software development is $105,034.
1.7 Groundwater Toolbox
Background: The Groundwater (GW) Toolbox is a graphical and mapping interface for analysis of hydrologic data (Barlow and others, 2014; https://water.usgs.gov/ogw/gwtoolbox/). The GW Toolbox allows for retrieval of hydrologic time-series data (streamflow, groundwater levels, and precipitation) from the USGS National Water Information System, as well as preprocessed meteorological data from NOAA’s National Climatic Data Center. In addition to core graphing and statistics capabilities, the GW Toolbox has several widely used methods for the analysis of streamflow data, including the BFI, PART, HYSEP, and digital-filtering methods for hydrograph (base-flow) separation and the RORA and RECESS methods for estimation of groundwater recharge. 
Highlights of FY17 GW Toolbox activities include: 
· Release of two new digital-filtering techniques for hydrograph separation—the ‘BFLOW’ and ‘Eckhardt’ methods—including implementation of two approaches to estimate parameters for the ‘Eckhardt’ method. These techniques were added to the GW Toolbox primarily in response to a request from NAWQA program staff.
· Release of improved functionality for the RECESS groundwater-recession analysis method, in response to a request from staff of the Northwest Volcanic Aquifer System (NVAS) WAUSP study.
· Continued development of a Water-Table Fluctuation method to estimate groundwater recharge using groundwater-level data.
· Continued assistance and training to WSC users of the GW Toolbox, including assistance to staff working on WAUSP studies in the Mississippi Delta and NVAS, a 2-part training webinar to Oklahoma WSC staff, and an OGW webinar on recent enhancements to the software for hydrograph separation and time-series data analysis.
Plans and Products for FY18: During FY18, work will continue on the following GW Toolbox activities:
· Completion, testing, and release of a Water-Table Fluctuation method to estimate groundwater recharge using groundwater-level data (version 1.4 or 2.0).
· Work with the WMA Extreme Hydrologic Event Coordinator and Earth System Processes Division Director to identify a national network of streamgages for which base flow could be determined automatically on a regular basis with the GW Toolbox, with the goal of the work to make those estimates available in Groundwater Watch (https://groundwaterwatch.usgs.gov/) and to the U.S. Drought Monitor (http://droughtmonitor.unl.edu/). To enhance the analysis, the streamgages selected might to the extent possible be collocated with the 200 federally-funded real-time groundwater-level observation wells that are part of the Climate Response Network.
· Complete and release miscellaneous smaller enhancements such as improvements to the online Help document and updated graphing and data-retrieval functionality.
· Continue to provide assistance and short training webinars to Groundwater Toolbox uses as needed. 
· Continue to coordinate with Julie Kiang, Chief of the Analysis and Prediction Branch and lead USGS developer of the Surface-Water (SW) Toolbox, on the co-development of the two Toolboxes and possible eventual merging of the codes into a single USGS Hydrologic Toolbox.
Longer-Term Vision: Although the initial goal for developing the GW Toolbox was to provide a comprehensive set of widely-used time-series analysis tools within a map-based graphical user interface to support groundwater studies, the longer-term vision for the software is to combine these tools with those available in the SW Toolbox to provide a comprehensive software package for USGS scientists and the general public. Such a combined package will be easier to maintain and more cost-effective to WMA programs. In addition, we will continue to support WSC hydrologists in their use of the software and propose future enhancements to meet their needs.
Relevance and Benefits: One of the key benefits of the GW Toolbox is that it provides a simple and user-friendly approach to estimate several water-budget components for a watershed at a daily time interval, particularly base flow, runoff, and groundwater recharge. These estimates also are frequently used for calibration of SWB and MODFLOW models. More broadly, the GW Toolbox provides several methods to support studies of low streamflow conditions within a watershed and to correlate streamflow and groundwater-level conditions. Specifically, the software provides functionality for (1) hydrograph separation to determine the base-flow component to streamflow, (2) flow-duration curves, (3) n-day annual frequency statistics such as the 7Q10 with log-Pearson Type III distribution analysis, and (4) streamflow/base-flow recession analysis through the RECESS program. The GW Toolbox is widely used in the Water Science Centers as part of projects supported by WMA National programs and the Cooperative Matching Fund program. The proposed GW Toolbox work supports the following goals and strategic actions of the Water Science Strategy: Goal 2.2, Strategic Action 10; Goal 4.3, Strategic Action 22, Goal 5.1, Strategic Action 25.
Personnel:
· Paul Barlow, ESM Branch; Bill Cunningham, Director, Earth Systems Processes Division: Setting goals and directions for code, oversight of code development and releases, testing new functionality, training and assistance to users
· RESPEC consultants: Code development, assistance to users
Budget: The estimated FY18 costs for Groundwater Toolbox activities is $92,123.

Task 2 – Training
Training in the theory and use of the software that is developed as part of this project is an important component of the overall work. Training by the developers to primarily USGS scientists provides an excellent forum to exchange ideas among USGS staff—including identifying new software capabilities to meet WSC needs—and to maintain a high level of modeling excellence within the WMA and WSCs. In addition to the many informal training sessions that are provided by the model-development team to USGS staff on an as-needed basis, the following formal training classes will be offered during FY18: 
· Task 2.1: Groundwater Modeling using MODFLOW: This introductory class will focus on modeling groundwater flow using MODFLOW. The latest version of MODFLOW (Version 6) will be used for the class. The instructors will be Dave Pollock, Chris Langevin, and Joe Hughes, all members of the ESM Branch. Course fees will cover the cost of instructors and travel.
· Task 2.2: Advanced Parameter Estimation and Uncertainty Analysis: This class will build on the recently offered (February 2017) new model-calibration and uncertainty-analysis class (GW1876) using the PEST++ software. Topics to be covered in the class are anticipated to include null-space Monte Carlo, ensemble smoothers, ensemble Kalman filter, and management optimization. The instructors are Jeremy White, TX WSC; Mike Fienen and Randy Hunt, WI WSC; and Chris Langevin, ESM Branch. Costs for the training are provided mostly by student tuitions, but because this would be a new class, the WSC instructors have requested $20,000 for time to develop class presentations.
· Task 2.3: Python Programming Language and Groundwater Modeling: This course focuses on the use of the Python programming language and FloPy to facilitate many of the tasks required for the development of groundwater models, including formatting hydrologic data, constructing model input files, and post-processing and plotting model results. The instructors will be Joe Hughes and Chris Langevin of the ESM Branch, Mike Fienen of the Wisconsin WSC, and Jeff Starn of the New England WSC. Course fees will cover the cost of instructors and travel.




Tasks 3 – 5: Open Data
In 2015, Congress provided a $500,000 increase in Water Mission Area funds to address groundwater sustainability through open access of groundwater information, based on work proposed through the White House Office of Science and Technology Policy. Tasks 3, 4, and 5 were designed to address a portion of that proposed work.
Task 3 – Open Data: Model Archiving
Background: The USGS develops groundwater flow and transport models as part of many water-resources investigations. It has been a long-standing Office of Groundwater policy for these models to be archived and made available to the public upon request (see USGS Office of Groundwater Technical Memorandum 2016.02). Adherence to the OGW policies ensures numerical data and related information that compose these models remain available to (1) support and validate the results in published reports, (2) assure that working versions of all models are available for future scientific use, and (3) assure that the data are available to the public.
Implementation of a consistent and standardized approach to archiving and public release of USGS groundwater flow and transport models makes these important and valuable data products more accessible, discoverable, and usable by USGS scientists, cooperators, and the public, and reflects current scientific data common practice. The OGW policy 2016.02 also supports USGS compliance with the 2013 Federal Open Data Policy, which requires newly-generated government data to be made available in open, machine-readable formats, while continuing to ensure privacy and security. While USGS groundwater flow and transport model archives have long been available at public request, it is expected that download and public use of the model archives will increase significantly once they are easily available online as required by the USGS public access plan. 
OGW has developed an approach and webpage to assist WSCs in the public release of groundwater flow and transport models. A detailed quality assurance/quality control check of the model archive is important prior to public release in order to minimize public inquiries and (or) the need for revised releases due to omissions or errors in the publicly available archive.
During FY17, funding was provided by WAUSP to support Martha Watt, a hydrologist in the New Jersey Water Science Center, to assist WSC staff in the preparation and release of their model archives. Martha is also in the process of converting previously archived models for WAUSP Groundwater Availability (GWA) studies to the online format. All groundwater models from new USGS publications released since October 1, 2016, are now available online for easy access and downloading; currently (May 2017), 15 model archives are available through the DATA.GOV cataloging site.
Priority Action: Deliver Water Data and Analyses to the Nation
“By setting up clearinghouses of information and models, scientists can find and apply the best information in understanding real-world issues. In turn, these models can be used for decision support throughout society (USGS Water Science Strategy, 2013, p. 17)

Plans and Products for FY18: During FY18, work will continue on the following three model-archiving activities:
· Continue to assist WSCs with new model-archiving procedures as the USGS transitions to an approach that will address the new requirements imposed by the USGS public access plan.
· Complete the conversion of archived WAUSP regional GWA models. Approximately 7 to 9 GWA models will be archived by the end of FY17, leaving approximately 2 to 4 models to archive in FY18.
· Maintain the WMA webpage on documenting, archiving, and releasing numerical groundwater-flow and transport models to the public; keep the online instructions up to date.
Longer-Term Vision: As the USGS moves to a bureau-wide model-archiving process, this effort will wind down. However, project staff (Martha Watt) will be available to provide expertise gained through this work to WSCs and others needing assistance and training in the model-archiving procedures. Moreover, WSCs who have gone through the model-archiving process also will be available in the future to provide assistance. Consequently, in the future, assistance for model archiving is envisioned to be funded directly by those who need it, outside of this project.
Relevance and Benefits: Making all USGS groundwater models available online: 
· Supports USGS's obligation to fully share our data and interpretive products as part of the USGS public access plan and U.S. federal government open science and open data efforts.
· Serves model data sets from one location in a consistent format that can be easily located and downloaded by anyone with a computer, including State and Federal agencies, hydrology students, and consultants.
· Allows anyone with groundwater modeling experience to download the files, run the model, and make adjustments to evaluate possible future conditions.
· Provides a starting point to build upon for future model development by USGS, our Cooperators, and the public.
The proposed work supports the following goal and strategic action of the Water Science Strategy: Goal 5.1, Strategic Action 25.
Personnel:
· Martha Watt, USGS NJ WSC: Martha provides assistance to WSC staff with model archiving. She also archives the WAUSP Groundwater Availability Regional models. 
Budget: Total FY18 budget request is $104,350.
Task 4 – Open Data: Public Display of Models
Background: The recent push by the USGS to require that all data (including models) be made available online is resulting in a growing online database of numerical models. Progress was made in FY17 on the display of these models through an online web application called GWWebFlow. The purpose of this task is to continue development of the software, infrastructure, and policies for making USGS models more accessible through online viewing.
In FY17, the Texas WSC, in cooperation with OGW and OWI, developed a model-independent, generic, groundwater-model viewer for MODFLOW-2005 models. The viewer relies on a thematic real-time environmental distributed data service (THREDDS) server to render grid-based network common data format (netCDF) files of model inputs and outputs as georeferenced images. The client-side (browser-based) viewer uses light-weight javascript and relies only on open-source components. The viewer automatically refreshes available models based on querying the THREDDS server. The construction of the MODFLOW input and output netCDF files is a critical step in preparing a model for the viewer. These netCDF files must be spatially and temporally referenced and include attributes defining the model input and output properties as well as some global attributes describing the model. Fortunately, the requisite netCDF files can be easily and nearly-automatically created with python using the Flopy package described earlier in this proposal. 
Plans and Products for FY18: During FY18, work will continue on the following open data activities:
· Develop and maintain the Flopy capabilities required to convert MODFLOW models into the netCDF file format
· Design and implement the process by which Water Science Centers can submit models for online public display
Longer-Term Vision: The capability to easily display USGS hydrologic models through a web browser will make our modeling products more visible. When combined with USGS groundwater models served from a THREDDS server, the GWWebFlow software makes it easy for the public to display simulation results and forecasts. In addition, serving our model results through THREDDS makes it possible for others to access our model results remotely and use them to provide boundary conditions for inset models, for example. Our vision is create and maintain a usable database of USGS models that can serve as learning tools for the public, as resources for water managers, and as a starting point for consultants. GWWebFlow and THREDDS are an important first step in achieving this vision.
Relevance and Benefits: Making all USGS groundwater models available online: 
· This task goes beyond the USGS's obligation to fully share our data and interpretive products as part of the USGS public access plan and U.S. federal government open science and open data efforts.
The proposed GWWebFlow work supports the following goal and strategic action of the Water Science Strategy: Goal 5.1, Strategic Action 26.
Personnel:
· Andrew Leaf, Wisconsin WSC, to provide assistance with the Flopy capabilities for constructing compliant netCDF files of published models.
Budget: Total FY18 budget request is $16,000.
Task 5 – Open Data: LogArchiver 
Background:  In 2000, a national policy to archive borehole-geophysical logs was established by OGW Technical Memorandum 00.03. This policy was updated in 2010 (OGW 2010.03) and an internal, online “Log Archiver” tool was provided to Centers to facilitate creation of their archives. Log Archiver processes geophysical logs, and returns them to a Center in the proper format for the required Center archives. Behind the scenes and in preparation for a future public system, Log Archiver also stores a complete copy of every USGS log.
During FY15-16, funds were provided (first by the Hydrologic Networks and Analysis Program, and then by WAUSP) to develop and pilot an internal version of a map-driven, national system to serve borehole geophysical logs using the ~17,000 logs available behind the scenes from the OGW Log Archiver system. The vision of this effort was to facilitate compliance with the 2013 Federal Open Data Policy. The system design also would meet the public data release requirement of recent USGS Fundamental Science Practices and Instructional Memoranda. Thus, the system was designed to provide approved borehole geophysical logs to the public—a function not yet achieved through the National Water Information System (NWIS) for these data. The geophysical log system work is done in collaboration with the Texas Water Science Center. The internal system was successfully piloted in 2016.
During the pilot process, several issues were identified, including the need for a BAO decision on approval requirements, workflow documentation, and missing metadata in the historic LogArchiver data. In 2017, the first two issues were resolved, and about one-third of the logs now have the needed metadata for public release. A public-facing version of the system, now described as the “USGS GeoLog Locator,” was released in July 2017.
Plans and Products for FY18: During FY18, work will continue on the public-facing USGS GeoLog Locator under the following three subtasks:
· Operation and maintenance of the system.  The system will be well tested, but with a public release in late FY17, we expect bugs to be identified. This is approximately 45% of the proposed expenditures.
· Enhancements to the USGS GeoLog Locator system. Several enhancements have been identified during the FY17 development and testing. This is approximately 20% of the proposed expenditures.
· Support “clean up” of the borehole geophysical logs in the underlying database, but not yet approved. These funds will be distributed to Centers with a large backlog, or Center staff we have used previously to do this task for others during FY17.  This is approximately 25% of the proposed expenditures.
Longer-Term Vision:  This system will be a “trusted repository” for USGS data. As such, it will be approved as a tool for public release of data—similar to NWIS for groundwater-level data.  Thus the GeoLog Locator will require ongoing funds for operation and maintenance. Over the intermediate term, we envision only limited development. If the WMA migrates to a more comprehensive NWIS, this tool will evolve into it.
Relevance and Benefits: Making USGS borehole geophysical logs available online: 
· Supports USGS's obligation to fully share our data and interpretive products as part of the USGS public access plan and U.S. federal government open science and open data efforts.
· Serves all borehole geophysical logs from one location in a consistent format that can be easily located and downloaded by anyone with a computer, including other Mission Areas (Core Science, Energy and Minerals) and Programs (National Cooperative Geologic Mapping), State and Federal agencies, hydrology students, and consultants.
· Relieves Water Science Centers from the burden of re-inventing a data release each time a geophysical log is collected and used in an information product.
The proposed work supports the following goal and strategic action of the Water Science Strategy: Goal 5.1, Strategic Action 25.
Personnel:  Total FY18 budget request is $104,900. Of this total amount, $63,000 is proposed for the computer unit at the Texas Water Science Center (various staff), and $20,000 is set aside to support cleanup of WSC data already in the system.
Task 6 – Software Releases and Maintenance of Web Pages 
One of the primary vehicles for both internal and external dissemination of our software, user documentation, and online videos has been through publically available USGS webpages, including the Water Resources Applications Software pages (https://water.usgs.gov/software/) and MODFLOW and Related Programs webpage (https://water.usgs.gov/ogw/modflow/index.html). As the WMA restructures organizationally and the USGS moves to a new web structure, it is imperative that the software we produce continues to be highly visible and readily accessible. 
During FY18, Cian Dawson (Hydrogeophysics Branch) will be responsible for releasing our software on WMA webpages and maintenance of our software pages, working closely with staff of the Web Communications Branch. Cost for this activity is $36,600.
Task 7 – Oversight and Coordination of Model Development 
[bookmark: h.qgq6lygknbdi]Oversight and coordination of model development is provided by Paul Barlow, Chris Langevin, and Joe Hughes in the Earth Systems Modeling Branch. This oversight and coordination is needed to ensure that (1) the several model-development tasks are being completed as planned; (2) the scope of the software continues to meet national and local USGS Mission needs and reflects a unified and cost-efficient suite of enterprise software for the USGS and wider scientific community; (3) existing software is well maintained, archived, and available to the public; and (4) USGS staff are receiving appropriate training in the theory and use of the software. The importance of this task will increase as the WMA transitions to a new structure, with new goals and new modes of communication and collaboration across organizational boundaries. Total budget request for model-development oversight and coordination is $126,451.
Expected Products
As indicated by the extensive number of citations in this workplan to published reports, journal articles, and online software releases, the Integrated Hydrologic Model Development team has a strong track record of producing results with funding received from WMA programs. This record will be extended during FY18 by (1) software releases and associated users’ documentation for initial and updated versions of nearly all of the software identified in Tasks 1, 5, and 6; (2) publications describing the theory and use of the software in USGS reports and journal articles described in Task 1; (3) formal and informal training and direct support in the use of the software to WSC and other hydrologists identified in Tasks 1 and 2; (4) model-archiving assistance to WSC hydrologists identified in Task 3; (5) a publically available display of our models described in Task 4; and (5) presentations at professional conferences and meetings with federal partners and other USGS cooperators on the theory and use of the software.
Relation to other USGS, Water Mission Area, and Water Science Center Programs and Activities
The work proposed here directly supports many USGS, WMA, and WSC programs and activities. These include (1) the Water Availability and Use Science Program, the National Water Quality Program, and the Groundwater and Streamflow Information Program; (2) Water Science Center projects, including those supported by USGS Cooperative Matching Funds; and (3) USGS International Programs, other Mission Areas (Core Science, Energy and Minerals), and other Programs (National Cooperative Geologic Mapping).
Communications Plan
Many internal and external customers benefit from the software-development and related activities described in this workplan. Our approach for communicating the products and other activities associated with this work includes the following:
· Software releases and actively maintained web pages, as described in Task 6.
· Internal Groundwater Technical Notes announcing product releases.
· Internal USGS webinars to inform WMA/WSC staff about new software developments.
· USGS training classes at the National Training Center and local Science Centers.
· External communication at professional conferences such as the “MODFLOW and More Conference” held approximately every two years in Golden, Colorado; National Ground Water Association “Groundwater Week,” and annual Geological Society of America and American Geophysical Union conferences.
· [bookmark: h.49smdiuwmgrm][bookmark: h.t8rf5za7by8w]Internal and external communication through USGS publications and journal articles describing new and updated software. These include “Method Notes” in the journal Groundwater and contributions to the journal Environmental Modelling and Software.
During FY18, under the direction of Paul Barlow, members of the model-development team will review the current communication approaches and develop a strategy to ensure that those approaches are effective in reaching our intended stakeholders. 
Budget Table
The total estimated costs for the work proposed here are $2,360,119. This total includes an overhead rate of 18.264% for WMA-OCOO staff (as provided to Paul Barlow by Nate Wenger on August 25, 2017) for appropriated funds (from WAUSP), and all overhead rates for WSC staff (as provided by each WSC). FY18 salary and benefit costs for WMA staff were provided to WMA managers in an Excel workbook ("2018 WMA Budget Details 6.6.17 for Rate Workbooks v7 OCOO") on August 10.

Table 1. Budget Request for each Project Task.

	Task
	Employee budget request
	Task/Subtask Total

	Task 1.1: MODFLOW
	
	

	Chris Langevin, ESM Branch
	$191,337
	

	Joe Hughes, ESM Branch
	$163,220
	

	Rich Niswonger, ESM Branch
	$37,500
	

	Alden Provost, ESM Branch
	$149,100
	

	Dave Pollock, ESM Branch
	$205,328
	

	Paul Barlow, ESM Branch
	$9,010
	

	Eric Morway, Nevada WSC
	$83,650
	

	Deltares
	$70,000
	

	Travel for user support and external communication
	$17,740
	

	Task total
	
	$926,885

	
	
	

	Task 1.2: FloPy
	
	

	Joe Hughes, ESM Branch
	$32,650
	

	Chris Langevin, ESM Branch
	$38,270
	

	Scott Paulinski, California WSC
	$50,000
	

	Andy Leaf, Wisconsin WSC 
	$34,330
	

	Task total
	
	$155,250

	
	
	

	Task 1.3: GSFLOW
	
	

	Paul Barlow, ESM Branch
	$40,546
	

	Rich Niswonger, ESM Branch
	$217,500
	

	Steve Regan, ESM Branch
	$40,000
	

	Steve Markstrom, ESM Branch
	$25,000
	

	Eric Morway, Nevada WSC 
	$72,000
	

	Wes Henson, California WSC
	$15,000
	

	Murphy Gardner, Nevada WSC
	$40,000
	

	Wes Kitlasten, Nevada WSC
	$30,000
	

	Travel for user support and external communication
	$8,870
	

	Task total
	
	$488,916

	
	
	

	Task 1.4: PEST++ and pyEMU
	
	

	Jeremy White, Texas WSC
	$55,000
	

	Paul Barlow, ESM Branch
	$9,010
	

	Mike Fienen, Wisconsin WSC
	$30,000
	

	Dave Welter, Computational Water Resources
	$7,500
	

	Task total
	
	$101,510

	
	
	

	Task 1.5: Soil-Water Balance Model
	
	

	Steve Westenbroek, Wisconsin WSC
	$56,000
	

	Andrew Leaf, Wisconsin WSC
	$20,100
	

	Jen Bruce, Wisconsin WSC
	$6,000
	

	Task total
	
	$82,100

	
	
	

	
	
	

	
	
	

	Task 1.6: Software for Hydrogeophysical Analysis
	
	

	Fred Day-Lewis, Geophysics Branch
	$29,600
	

	Marty Briggs, Geophysics Branch
	$27,200
	

	Neil Terry, Geophysics Branch
	$29,600
	

	John Lane, Geophysics Branch
	$5,920
	

	Paul Barlow, ESM Branch
	$3,604
	

	Other
	$9,110
	

	Task total
	
	$105,034

	
	
	

	Task 1.7: Groundwater Toolbox
	
	

	Paul Barlow, ESM Branch
	$42,123
	

	RESPEC Consultants
	$50,000
	

	Task total
	
	$92,123

	
	
	

	Task 2.1: Training: MODFLOW
	
	

	Covered through course tuition and MODFLOW development salaries
	
	

	Task total
	
	$0

	
	
	

	Task 2.2: Training: Advanced Parameter Estimation
	
	$20,000

	
	
	

	Task 2.3: Training: Python
	
	

	Covered through course tuition and MODFLOW development salaries
	
	

	Task total
	
	$0

	
	
	

	Task 3: Model Archiving, Assistance to WSCs and Completion of GWA Regional Models
	
	

	Martha Watts, New Jersey WSC
	$104,350
	

	Task total
	
	$104,350

	
	
	

	Task 4: Public Display of Models
	
	

	Andy Leaf, Wisconsin WSC
	$16,000
	

	Task total
	
	$16,000

	
	
	

	Task 5: LogArchiver
	
	

	Melinda Chapman
	$21,900
	

	Texas WSC
	$63,000
	

	Water Science Centers
	$20,000
	

	Task total
	
	$104,900

	
	
	

	Task 6: Software Releases and Maintenance of Web Pages
	
	

	Cian Dawson, Hydrogeophysics
	$36,600
	

	Task total
	
	$36,600

	
	
	

	Task 7: Model-Development Oversight
	
	

	Harry Jenter, IMPD Director
	$0
	

	Paul Barlow, ESM Branch
	$72,081
	

	Chris Langevin, ESM Branch
	$25,520
	

	Joe Hughes, ESM Branch
	$21,750
	

	Travel 
	$7,100
	

	Task total
	
	$126,451

	
	
	

	Total Budget
	
	$2,360,119
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[bookmark: h.78mqahju8pfx]Paul Barlow, USGS, ESM Branch, Northborough, MA, (508) 490-5070, pbarlow@usgs.gov: Paul participates in oversight of all model-development activities, particularly GSFLOW and Groundwater Toolbox. He is also a member of the MODFLOW, Hydrogeophysics Software, and PEST++ optimization development teams.
Marty Briggs, USGS Office of Groundwater, Branch of Geophysics, Storrs, CT, (860) 487-7402, mbriggs@usgs.gov: Marty is a lead and support developer for hydrogeophysics software.
Melinda Chapman, USGS Office of Groundwater, Reston, (703) 648-5003, mjchap@usgs.gov: Melinda oversees the LogArchiver effort.
Cian Dawson, USGS Office of Groundwater, Menlo Park, CA, (860) 377-7081, cbdawson@usgs.gov: Cian provides support for software releases and maintenance of model web pages.
Fred Day-Lewis, USGS Office of Groundwater, Branch of Geophysics, Storrs, CT, (860) 487-7402x21, daylewis@usgs.gov: Fred is a lead and support developer for hydrogeophysics software.
Deltares, Silver Spring, MD, and Netherlands, (240) 338-6526: Staff at Deltares is assisting with the development of a parallel iterative solver for MODFLOW-USG. Lead developer at Deltares is Jarno Verkaik (jarno.verkaik@deltares.nl), with oversight by Karel Heijnert (karel.heynert@deltares-usa.us). 
Mike Fienen, USGS WI WSC, Middleton, WI, (608) 821-3894, mnfienen@usgs.gov: Mike participates in the development of the PEST++ and pyEMU software and is an instructor in the parameter-estimation training classes.
Murphy Gardner, USGS NVWSC, Carson City, (775) 887-7600, mgardner@usgs.gov: Murphy assists with the development of the Arc-Python scripts to support development of GSFLOW models.
Wes Henson, USGS CA WSC, San Diego, (619) 222-2243, whenson@usgs.gov: Wes is the lead developer of the Cascade Routing Tool used in the development of GSFLOW models.
Joe Hughes, USGS ESM Branch, Reston, (703) 648-5805, jdhughes@usgs.gov: Joe is a lead developer of MODFLOW 6 and FloPy.
Randy Hunt, USGS WI WSC, Middleton, WI, (608) 821-3847, rjhunt@usgs.gov: Randy is an instructor in the parameter-estimation training classes.
Harry Jenter, USGS, Chief, Integrated Modeling and Prediction Division, Reston, (703) 646-5916, hjenter@usgs.gov: Harry participates in oversight of all model-development activities as Chief of the IMPD.
Wes Kitlasten, USGS NVWSC, (775) 887-58057711, wkitlasten@usgs.gov: Wes develops Python software to create MODSIM linked network models for use in GSFLOW-MODSIM models.
Jacob LaFontaine, USGS South Atlantic WSC, (678) 924-6664, jlafonta@usgs.gov: Jacob provides support to PRMS and GSFLOW users, and coordinates PRMS and GSFLOW Help responses.
John Lane, USGS Office of Groundwater, Branch of Geophysics, Storrs, CT, (860) 487-7402, jwlane@usgs.gov: John leads the Geophysics Branch and is a support developer for hydrogeophysics software.
Chris Langevin, USGS, ESM Branch, Reston, (703) 648-4169, langevin@usgs.gov: Chris is the lead developer of MODFLOW 6, is a developer of FloPy, and oversees the Modeling Applications and Support Group within the Office of Groundwater.
Andy Leaf, USGS WI WSC, Middleton, WI, (608) 821-3817, aleaf@usgs.gov: Andy participates in the development of FloPy, with SW, and with the public display of our models.
Steve Markstrom, USGS, ESM Branch, Lakewood, (303) 236-3330, markstro@usgs.gov: Steve participates in the development of GSFLOW, particularly the PRMS aspects of the software.
Eric Morway, USGS NV WSC, Carson City, (775) 887-7668, emorway@usgs.gov: Eric participates in the development of the MODFLOW-MODSIM and MODFLOW-GSFLOW codes; he is also the USGS lead developer of the MT3D-USGS software.
Rich Niswonger, USGS, ESM Branch, Menlo Park, (650) 329-4534, rniswon@usgs.gov: Rich is the lead developer of the groundwater components of the GSFLOW code (MODFLOW-NWT and MODFLOW-2005). Rich also participates in the development of MODFLOW 6, specifically the UZF aspects of the new code, and the MODSIM-MODFLOW and MODSIM-GSFLOW integrated models.
Scott Paulinski, USGS CA WSC, San Diego, (619) 225-6100, spaulinski@usgs.gov: Scott participates in the development of FloPy.
Dave Pollock, USGS, ESM Branch, Reston, (703) 648-5007, dwpolloc@usgs.gov: Dave is the lead developer of MODPATH. Dave also coordinates the USGS MODFLOW class.
Alden Provost, USGS, ESM Branch, Reston, (703) 648-5883, aprovost@usgs.gov: Alden participates in the development of MODFLOW 6.
Steve Regan, USGS, ESM Branch, Lakewood, (303) 236-5008, rsregan@usgs.gov: Steve participates in the development of GSFLOW, particularly the PRMS and MODSIM aspects of the software.
RESPEC consultants, Decatur, GA, (404) 378-8337: Staff at RESPEC consulting firm do the actual coding for the Groundwater Toolbox. Lead developer at RESPEC is Tong Zhai (Tong.Zhai@respec.com), with oversight by Paul Hummel (Paul.Hummel@respec.com). 
Neil Terry, USGS Office of Groundwater, Branch of Geophysics, Storrs, CT, (860) 487-7402, nterry@usgs.gov: Neil is a lead and support developer for hydrogeophysics software.
Martha Watt, USGS NJ WSC, Middleton, (609) 771-3908, mwatt@usgs.gov: Martha provides assistance to WSC staff with model archiving. She also archives the WAUSP Groundwater Availability Regional models.
Dave Welter, Computational Water Resources, dave@inversemodeler.com: Dave contributes to the development of the PEST++ and pyEMU software.
Steve Westenbroek, USGS WI WSC, Middleton, (608) 821-3888, smwesten@usgs.gov: Steve is the lead developer of the Soil-Water Balance Model.
Jeremy White, USGS TX WSC, Austin, (512) 927-3585, jwhite@usgs.gov: Jeremy is the lead developer of the PEST++ and pyEMU software, and is leading the integration of groundwater-management optimization under uncertainty into the PEST++ software. Jeremy also leads the development of the GWWebFlow display tool and Model Decision Support Software. He is also an instructor in the parameter-estimation training classes.
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