Recommendations of the Participants of the 2015 Workshop on Evapotranspiration Mapping for Water Security

[bookmark: _GoBack]Recommendations of the Participants of 
the 2015 Workshop on Evapotranspiration Mapping for Water Security
Washington, D.C., September 15-17, 2015


I.  Introduction
Water for irrigated agriculture is by far the largest component of water diverted and consumed in the United States. Water resource managers are tasked with using available water efficiently, which requires that they know both the maximum amount of water that crops could potentially use and the amount of water actually being used. 
Evapotranspiration (ET) is water evaporated from soil and transpired by growing vegetation. ET data provide an important measure of the water that is used in food and crop production. ET data are essential components of weather forecasting and hydrologic models and are used to support forecasts of drought and associated crop yields. Differences between actual and potential ET are needed at the scale of individual fields to assess shortages in water availability for crops and the potential for reductions in food production. Water consumption maps are also essential to the efficient establishment and operation of water markets for transfer of water among users.
Within the last several decades, there have been great advances in our ability to compute and map ET over large areas through the use of satellite-based remote sensing and geospatial models. However, further advances and operational use in some regions have been hampered by a shortage of cloud-free, high spatial resolution, thermal infrared satellite images that provide the surface temperature at the field scale. This limitation can be resolved by increasing the number of satellite observations of surface temperature at the field scale. 

II.  Recommendations
The Workshop participants make the following recommendations, which are not in any order of priority: 
1. The U.S. Government should increase its support for Earth Observation satellites that collect measurements of land surface temperature at the field scale.
2. Future satellites to support water resources management should provide visible and near infrared data with pixel sizes of ~ 30m x 30m, and thermal infrared pixel sizes of ~100m x 100m.
3. Future satellites or satellite constellations producing imagery at the field scale should provide weekly cloud-free coverage for most regions of the globe.
4. The U.S. Government should continue its open-data policy, which provides free access to all NASA, USGS, and NOAA satellite data.
5. All countries with thermal or short-wave infrared satellite imaging capabilities should share their Earth observation data freely via web interfaces that meet international standards for exchange of scientific data.
6. The Federal Aviation Administration should establish rules on unmanned aerial systems (UAS) technology and operation that enable applications for ET mapping in support of precision agriculture. 
7. The participants commend USGS for working to minimize data latency for Landsat and other data, and recommend that US agencies continue to target data availability within 24 hours of data acquisition. 
8. A free-flying satellite having at least the standards of the Landsat 8 thermal infrared sensor should be placed in orbit to fly in close proximity to the present and future European Sentinel 2-type satellites, which do not have thermal sensing capabilities. In addition, a thermal free-flying satellite should be launched in close proximity to the orbit of Landsat 8 as a backup for potential failure of its TIRS thermal imager.  These activities should be viewed as a complement to Landsat 8, and should not delay the launch of Landsat 9.
9. The International Space Station (ISS) should be considered as a key platform to host a thermal instrument for extended duration monitoring, also providing a valuable complement to Landsat that can sample the diurnal cycle of land surface temperature and ET.

III.  Justification 
A. Administrative
Federal, state, and local agencies, as well as commercial entities, are making significant investments in operational use of remotely-sensed ET data to address a range of water resources management challenges.  Field-scale ET maps derived from Landsat are used operationally by water management agencies and private companies at the local, state and federal levels.  As of 2015, there are twenty-two US states where Landsat-based ET data are used for water resources monitoring and management.  Use of ET data for a range of international water resources management applications is also rapidly increasing. 
Landsat ET data have supported judicial decisions that were upheld in reviews by state Supreme Courts, as well as by the U.S. Supreme Court.
The accuracy of ET maps at the field-scale is crucial for their use in water rights management and in water market systems.  Accuracy requires frequent repeat coverage (ideally every two to four days) because ET conditions can change quickly.  
The Landsat program has a deep archive that enables documentation of historic water consumption. That archive must continuously incorporate Landsat-like optical and thermal measurements into the future.

B. Physical
1. Production of Water Consumption (ET) Maps
Energy balance models are the most reliable means for computing and mapping ET over large areas. These models are also able to identify areas of reduced ET caused by shortage of water.
Applications of energy balance models for water resources management require remote sensing systems that collect visible, near infrared, short-wave infrared, and thermal data, similar to the sensor suite onboard Landsat and other remote sensing platforms, as well as weather data inputs.

2. Temporal Resolution
Time integration of ET into maps representing ET over daily, weekly, monthly and longer time periods is based on ET obtained as ‘snap shots’ determined on the day of a satellite overpass.  Daily, weekly, monthly and growing season ET maps are essential inputs to water resources management, water rights management, irrigation management, and hydrologic process modeling.  The ET ‘snap shots’ require cloud-free image pixels.
Increasing the frequency of acquisition of cloud-free ET data in time at the field-scale leads to direct improvements in the definition of field-scale ET over time; ET evolves substantially with time and throughout the day due to evolution of the vegetation canopy and variation in water supply by rain and irrigation. Missions such as ECOSTRESS, which provides field-scale ET data at different times of day from the International Space Station, provide the observations required to enhance our understanding of the evolution of ET throughout the day.
The probability of obtaining cloud-free pixels within a relevant time period, such as during each one month period of the growing season, increases twice as fast as the corresponding imaging frequency of a satellite.  In other words, if a satellite imaging frequency is doubled and the repeat-imaging period is halved (e.g., from 8 days to 4 days), the probability of obtaining a cloud-free image of a location will increase by four times (Morton et al., 2015).
Short data latency is critical to many operational applications of remotely-sensed ET data products. The USGS, for example, has a target of making 95% of all Landsat data available within 24 hours after data acquisition by a satellite.  In practice, most images are available within a few hours of data acquisition. Maintaining this short data latency is critical to many operational applications of remotely-sensed ET data products.

3. Spatial Resolution
Imagery collected in the visible and near-infrared wavelengths at 30m or finer spatial resolution, coupled with ~100m or finer thermal imagery, is required to produce ET information for individual fields and parcels because water rights are defined at the field or parcel level, and water is managed at the field level.  Also, impacts of human activity that affect ET vary at the field and parcel level.
ET measurements derived from satellite data at spatial resolutions greater than 100m are valuable for regional drought monitoring, hydrologic modeling and other applications.  However, the accuracy and fidelity of field- and parcel-scale ET required for water resources management applications is greatly diminished when, due to an insufficient supply of cloud-free Landsat images, users must turn to coarser resolution satellite data during the time integration process.

4. Aerial Coverage
UAS is a promising technology for precision agriculture where mapping of row-to-row variation in high-value crops can identify within-field plant stress caused by lack of water, pest infestation or nutrient deficits. However, future spatial and temporal coverage by UAS is unlikely to be broad enough to produce, at a minimum, new information once per month over large areas, such as the Central Valley of California, or the High Plains Aquifer region of the central United States. Broad-area ET mapping and information coverage used in water resources management will continue to require broad-area satellite coverage. However, UAS will be valuable for precision agriculture applications and assessment of riparian and ecosystem conditions where higher image resolution will supplement 30-100m resolution satellite imagery.
Aerial imagery has been collected since the 1940’s and is very useful for producing high-resolution imagery that shows crop architecture and other characteristics.  For example, National Agriculture Image Program (NAIP) imagery is collected at 1 meter resolution for most agricultural areas of the United States, but only once per year, due to time and cost constraints. Aerial images need to be map-registered, which can require weeks of effort for high accuracy over large areas. As with UAS, aerial imagery can supplement satellite-based imagery by providing row-scale information on crop architecture and condition. However, aerial and UAS data will not have sufficient temporal and spatial extent to monitor the entire and continuously changing ET landscape.
In comparison, one Landsat scene (including thermal data), covers approximately 30,000 square kilometers, is available in a map-registered form that supports rapid processing through ET models, and provides a 16-day revisit time per Landsat satellite.
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V. Summary of the 2015 Workshop on Evapotranspiration Mapping for Water Security, Washington, D.C., September 15-17, 2015.
The 2015 Workshop on Evapotranspiration Mapping for Water Security was a two-and-one-half day event organized to showcase successes in using remote sensing for water resources management, and in particular for mapping evapotranspiration.  The Workshop also described needs and challenges for future applications in water resources management.  The Workshop was hosted by the World Bank and NASA, and was held at the World Bank in Washington, D.C..

Approximately 130 participants registered for the workshop.  In addition, 40 participants joined via remote WebEx connections across the United States and internationally.

The Workshop was convened to:
1. Understand advances in decision-making systems used in water management, including market-driven decision-making processes.

2. Identify operational information needs and data requirements for decision-making from the water resources and ET user communities to better inform planning for future satellite missions, including requirements for accuracy, spatial resolution, and repeat-imaging frequency.  

3. Identify opportunities to increase the use of satellite-based ET mapping to enhance water resources security and sustainability in the U.S. and internationally. 

4. Identify constraints on expanded use of remote sensing of ET, for example due to relatively low numbers and revisit frequencies of current field-scale satellite systems. 

5. Identify current challenges and existing barriers to the use of remotely sensed ET internationally.
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