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Tethys Platform is an open source framework for developing web-based applications for Earth Observation data. Our experience shows that Tethys significantly lowers the barrier for cloud-based app development, simplifies the process of accessing scalable distributed cloud computing resources and leverages additional software for data and computationally intensive modeling. The Tethys software development kit allows users to create web apps for visualizing, analyzing, and modeling Earth Observation data. Tethys platform provides a collaborative environment for scientists to develop and deploy several Earth Observation web applications across multiple Tethys portals. We work in partnership with leading regional organizations world-wide to help developing countries use information provided by earth-observing satellites and geospatial technologies for managing climate risks and land use. This paper highlights the several Tethys portals and web applications that were developed as part of this effort. Implementation of the Tethys framework has significantly improved the Application Readiness Level metric for several NASA projects and the potential impact of Tethys to replicate and scale other applied science programs.
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INTRODUCTION

SERVIR is a joint initiative of the National Aeronautics and Space Administration (NASA) and the United States Agency for International Development (USAID) that seeks to build the capacity of local decision-makers dealing with a wide range of climate-related problems by making global earth observation data and associated tools available. The SERVIR model brings together regional hubs supported by USAID grants with scientific experts in the areas of Agriculture and Food Security, Water Resources and Hydroclimatic Disasters, Land Cover and Land Use Change and Ecosystems, and Weather and Climate. For example, the NASA Applied Sciences Program funds scientists from United States (US) institutions with the expectation that technology transfer to the hubs and local stakeholders in their regions occurs by the end of the 3-year grant period. The NASA Applied Sciences Program measures research becoming integrated into stakeholder and end-user decision-making using a 9-point Application Readiness Level (ARL) scale where ARL 1 represents basic research and ideas in their infancy to ARL 9 where data, models, and tools are approved, and fully integrated by the stakeholders and have sustained use in making decisions (see Figure 1).


[image: Figure 1]
FIGURE 1. NASA application readiness level scale. Available online at: https://www.nasa.gov/sites/default/files/files/ExpandedARLDefinitions4813.pdf (accessed September 20, 2016).


The hydrologic cycle and other earth systems including the atmosphere and land surface processes are extremely complex integrated systems. Understanding and simulating the hydrologic cycle has been a scientific challenge for many decades, which is further complicated by the vast amount of data, computational horsepower, and human resources it requires (Sood and Smakhtin, 2015). In too many ways and places, our understanding of the hydrologic system is incomplete, and humanity suffers from a lack of information that leads to uninformed decisions. To address this challenge, the NASA/USAID SERVIR program is leveraging advances in earth observations, numerical weather prediction, supercomputing, hydrologic modeling, cloud services, big data visualization, and the collaboration of the scientists that make up the SERVIR Applied Science Team (AST).

The term “Big Data” has been used variously to describe the massive and growing quantity of data available for scientific research, as well as advanced machine learning methods for interpreting and deriving meaning from extremely large databases. When considering the massive datasets themselves—before attempting to automatically extract relationships and predictions from the data—it is critical but also challenging to achieve basic data management and visualization. This problem is exacerbated by the variety of often domain-specific file formats and software tools that have evolved to support these data.

For example, within the hydrologic modeling community, time-series oriented data is often stored in simple text files or Microsoft Excel files. The Consortium of Universities for the Advancement of Hydrologic Science (CUAHSI) has developed networked database systems using web services to advance data storage and sharing beyond these simple methods (Tarboton et al., 2009; Ames et al., 2012; Kadlec et al., 2015; Horsburgh et al., 2016). Additionally, the Open Geospatial Consortium (OGC) has promulgated data structure and storage standards such as WaterML and TimeseriesML (OGC, 2012). However, even with these developments over the past decade, much time series hydrology data continues to be stored and shared using less efficient and outdated methods. In the atmospheric sciences, multivariate flexible data and file format standards such as NetCDF (Rew and Davis, 1990) are commonly used. And, in the case of earth observations data, the Hierarchical Data Format (HDF) has been widely adopted (Folk et al., 1999). This distinction between time series and spatially-oriented data has been termed a “digital divide” and various efforts have been undertaken to integrate spatial and temporal data standards, thereby “crossing” this digital divide (Maidment et al., 2010; Salas et al., 2012).

While tight integration of spatial (e.g., earth observation) and temporal (e.g., hydrologic observations) data in a unified data model and associated file format would be a potentially optimal solution to this earth systems science big data problem, another point-of-view on the challenge is to maintain original datasets in their “native” file formats and rather, develop visualization and analysis tools that can work with these formats directly. This is the approach that has largely been adopted by SERVIR Hubs working to make earth science data actionable for decision-makers and stakeholders. Indeed, various web application technologies exist to support such decision-support tools that operate on spatial and temporal data. For example, Esri Story Maps technology has been used for community outreach in the SERVIR program (Adams et al., 2016) and Esri ArcGIS Online technology has been used to develop interactive flood inundation forecast and mapping tools (Souffront Alcantara, 2018). In addition to these well-established commercial tools for web application development, a number of custom tools built on open source web technologies have recently been presented in the literature for the analysis and visualization of large spatial and temporal data sets (Brendel et al., 2019; da Costa et al., 2019; González et al., 2019; Markert et al., 2019; Strömbäck et al., 2019). The remainder of this paper explores the use of a relatively new big data visualization web application development toolkit called Tethys Platform and its adoption and use within the SERVIR community. Tethys Platform was developed to help lower barriers to web application development in water and environmental modeling (Swain et al., 2016) and has been used successfully as an open source data portal in several applications (Ames et al., 2018; Jackson et al., 2018; Markert et al., 2018; Souffront Alcantara et al., 2018).



TETHYS PLATFORM

In the era of big data, desktop computing is not efficient or sustainable, which has the benefit of leveling the computational and decision-making landscape for stakeholders, especially in developing countries where the resources to maintain hardware, software, and technical capacity is limited. International development and relief agencies pour millions into strengthening capacity of water resources managers with often only a small return on investment, because while initial investment in cyberinfrastructure and training may yield working systems, the ability of the receiving countries/agencies to maintain the systems is limited. Figure 2 illustrates the cyberinfrastructure requirements for developing good hydrologic information from earth observation and modeling resources. At the center are computational resources that must have internet access and bandwidth to continually update both in situ and remotely sensed data along with numerical weather predictions that are used to drive hydrologic and hydraulic models.


[image: Figure 2]
FIGURE 2. Cyberinfrastructure requirements for hydrologic information development.


The challenge is that there remains a heavy burden to both stand up such systems as well as operate and maintain them in such a way that actionable information is sufficiently reliable to enable informed decision making for national hydrometeorological services. Even after making the investment of such systems, a large amount of the effort and resources are expended just to produce the information necessary to make good decisions. Cloud computing has become a powerful and affordable solution that can aid in shifting the decision-making responsibilities of local agencies from one of developing the reliable hydrologic information needed for informed decision-making to one of focusing on the application and decision-support tools that are populated with established hydrologic information services from reliable sources (see Figure 3).


[image: Figure 3]
FIGURE 3. Disruptive technologies for hydrologic information delivery.


Tethys Platform is a web-based app development framework for rapid deployment of end-user-focused tools that follow modern, consistent, scalable, cross-platform, reusable, web programming paradigms. Tethys is a relatively new software system built on commonly used web programming frameworks (e.g., Django, GeoServer, PostGIS, and OpenLayers). It is stable and supported by a growing user and developer community. Tethys Platform leverages recent advances in cloud computing to facilitate better use of large earth observation data sets and water resource models as decision-making tools. These modeling and visualization tools can be hosted on a server and used by multiple remote users via a web interface, which eliminates the need to procure and maintain high performance hardware typically required by models. Further, it deals with issues related to software installation and platform incompatibilities (Mac vs. PC vs. Linux, etc.), monitor and install software updates, or download large data sets; problems that are exacerbated in regions where financial and technical capacity can be limited. An internet connection and a web browser are all that is required to access the models and associated data, which means challenges associated with downloading data and updating software are not a barrier to sustainable use.

The Tethys Platform software architecture is illustrated in Figure 4. Tethys is built on the Django framework and Python programming language—significantly lowering the barrier for app development (Swain et al., 2016). Tethys Platform apps are hosted in a Tethys Portal and are intended to ease the burden of science information access by enabling web based interaction with spatial resources stored in repositories such as the commercial ArcGIS Online or open source approaches such as GeoServer and Openlayers (Swain et al., 2016). The base of the system is the Tethys Software Development Kit (SDK) which integrates a broad suite of open source tools for rapid development of web-based water resource data and modeling applications. The Tethys software suite includes components for distributed computing, spatial publishing, geoprocessing, spatial data management, and visualization. It includes external connections for cloud computing and dataset storage and supports integration of both open source components (GeoServer, OpenLayers, etc.) and proprietary systems (ArcGIS Online, ArcGIS Server, and ArcGIS JavaScript Mapping API) so that applications for stakeholders within collaborative organizations such as SERVIR can be custom-tailored to address a variety of needs and circumstances.


[image: Figure 4]
FIGURE 4. Tethys platform cloud-based app architecture for delivering SERVIR decision support tools.


App views, or web pages, use the Django templating language, but the Tethys framework provides a base template that includes a standard layout for app pages with areas for a header, navigation links, action buttons, and primary content rather than requiring developers to start from scratch with each template using Django. This reduces the amount of repetitive coding required for developing web apps and also leads to a familiar user interface experience.

Tethys Portal is the Tethys Platform component that provides the primary runtime environment for Tethys web apps. It is implemented as a Django website project and it extends Django capabilities to provide the core website functionality that is often taken for granted in modern web applications. It includes a user account system complete with user profiles and a password reset mechanism for forgotten passwords. It also provides a landing page that presents the associated Tethys Platform instance and an app library page that provides an access point for installed apps. It includes an administrator backend that can be used to manage user accounts, permissions, link to elements of the software suite, and customize the instance. This architecture and the associated apps have been developed at BYU and also now being used by the SERVIR Global science coordination office (Figure 5).


[image: Figure 5]
FIGURE 5. BYU Tethys portal (Left) and SERVIR global Tethys portal (Right).




SERVIR—HKH APPLIED SCIENCE TEAM

Tethys Platform, described above, has been used extensively to support SERVIR Hub data visualization and dissemination, and as the basis for several regional decision support tool. In particular, we have applied this technology to support the Hindu Kush Himalayan (HKH) SERVIR region. This region is often referred as a disaster hotspot due to increasing geophysical and hydro-meteorological events resulting in growing loss of lives and livelihood support systems. The region accounts for 36% (940 out of 2,564) of disaster events in Asia between 1900 and 2015 (Guha-Sapir, 2009). Flooding is the most prominent disaster that affects all the countries in the region (Shrestha and Pradhan, 2015). International Center for Integrated Mountain Development (ICIMOD) is a regional intergovernmental organization that aims to support sustainable development in the HKH region through information and knowledge generation and sharing and evidence-based decision making to reduce the impact of climate change. ICIMOD hosts the SERVIR HKH hub serving five countries including Afghanistan, Bangladesh, Myanmar, Nepal, and Pakistan. The aim is to enhance the capacity of relevant institutes and people to use earth observation and geospatial technology-based solutions in four service areas, including agriculture and food security, water resources and hydroclimatic disasters, land use landcover and ecosystem, and weather and climate.

To better serve the HKH countries, a series of consultation and assessments were conducted to understand their needs and capacities. Flood early warning was identified as one of the key priorities by all of the countries. However, the existing capacity and type of information needs varied by government agencies, community organizations, and countries. Early warning and transboundary flow were identified as key needs in Bangladesh for both riverine and flash flood. In Nepal, both riverine flood and flash flood warnings were identified as priorities. At present, all the countries are familiar with the Global Flood Awareness System (GLOFAS) to support their flood warning service (Alfieri et al., 2013). However, because of the coarse resolution of the GLOFAS-based forecasts, they are applicable to only a few major river systems. SERVIR promotes the use of earth observations and builds capacity in the region by linking projects of the NASA AST to the region's needs.

The SERVIR AST projects in the HKH region aim to enhance the capacity of ICIMOD to better serve the stakeholders flood early warning needs. In this context, the AST team brings the tools and models to address the modeling and information gaps and build capacity of ICIMOD to address the needs of its stakeholders. The ICIMOD team engages with users and stakeholders to develop customized dissemination tools, build capacity of stakeholders and validate the model results. The following sections describe the four primary AST projects and how each was able to leverage the Tethys Platform to provide a consistent and easy to use system for water management and forecasting of both floods and long-term storage and drought.


South Asia Streamflow Prediction From ECMWF Ensemble Forecasts

A high-density large-scale streamflow prediction system covering South Asia was developed using the GloFAS runoff, ERA Interim data, and the RAPID routing model with sufficient detail to provide local forecasts where decisions are made. The workflow to generate these forecasts was deployed completely on the cloud. Two principal Tethys web applications exist to interact with the results, while a REST application programmer interface (API) has also been developed to easily retrieve data without the need of a web interface. GloFAS is an ensemble hydrologic model that generates 51 different runoff forecasts for the major rivers of the world on a global grid with a resolution of 16 km2 on a continuous basis. A 52nd forecast is generated at a resolution of 8 km2. GloFAS was released in 2011 by ECMWF and the European Commission's Joint Research Center (JRC) as part of the Copernicus Emergency Management Services and has been operational since July 2011. The GloFAS system is composed of an integrated hydrometeorological forecasting chain and of a monitoring system that analyzes daily results and shows forecast flood events on a dedicated web platform (Alfieri et al., 2013). This model uses real-time and historical observations in combination with a Data Assimilation System (DAS) and a Global Circulation Model (GCM). The underlying framework used to create GloFAS is ECMWF's Integrated Forecasting System (IFS). GloFAS uses the HTESSEL for its land surface scheme. HTESSEL is a hydrologically revised version of the Tiled ECMWF Scheme for Surface Exchanges over Land (TESSEL) model (Balsamo et al., 2009). This new land surface scheme corrected the absence of a surface runoff component in its predecessor, among other minor improvements.

The ERA-Interim data is the result of a global atmospheric reanalysis produced also by ECMWF. This data covers from January 1980 to December 2014 (35 years) for the entire globe. One of the advantages of using reanalysis is that the data provides a global view that encompasses many essential climate variables in a physically consistent framework, with only a short time delay (Dee et al., 2011). This type of data becomes invaluable in areas where no actual observed data are available and provides a surrogate in regions where no historical observations are available. A runoff derivative of this atmospheric reanalysis was produced on a 40 km2 global grid using a land surface model simulation in HTESSEL.


Streamflow Prediction Tool Tethys App

The Streamflow Prediction Tool was created as part of the initial experiment to produce higher resolution results on stream networks in the United States (Snow, 2015). The application now provides support for global watersheds and is the primary web application used for visualization and dissemination through an Application Programming Interface (API) to develop customized solutions (see Figure 6).


[image: Figure 6]
FIGURE 6. Tethys streamflow prediction tool for visualization and dissemination of the 15-day ECMWF ensemble global forecasts.




Nepal Streamflow Prediction System Tethys App

As an alternate to accessing the entire South Asia stream networks, or any of the larger modeled regions, a custom viewer for a specific country or region can be developed through the API. In this case a national model for Nepal was created as a separate Tethys web application so that it could be customized for use by the Department of Hydrology and Meteorology (DHM). The streamflow network is derived from the subset of the larger South Asia network and then using the unique ID of each river the API to retrieve a streamflow forecast or retrospective historical simulation can be retrieved and displayed. In this instance in order to make the application more responsive a workflow updates a local database of all streams through the API each day as they are computed and then in real time the app accesses forecasts from the local database rather than through the API. Additional layers which indicate important geographic references to provinces and districts have been added as could any other layer's functionality as needed by the specific stakeholders (see Figure 7).


[image: Figure 7]
FIGURE 7. Nepal streamflow prediction system derived from the global streamflow prediction tool.




Bangladesh Transboundary Flow Tethys App

Bangladesh is a country that sits at the downstream of the Ganges and Brahmaputra rivers, while the country itself represents only about 8% of the entire drainage area belonging to those two major networks. Because of this there are repeated floods whose flows originate upstream and out of the country such that good information is difficult to obtain. Because of this the most important need was to have an application that provided the streamflow forecast at these two major transboundary locations along with other minor river networks that also originate outside the country. The ECMWF ensemble forecasts enabled through the streamflow prediction tool API along with a Tethys application that displays the forecasts at each of the transboundary rivers allows the Bangladesh Flood Forecast and Warning Center (FFWC) access to a probabilistic forecast with 15 days of lead time that can be used in downstream hydraulic and flood mapping applications (see Figure 8).


[image: Figure 8]
FIGURE 8. Bangladesh transboundary flows Tethys application.





The HKH Sub-seasonal-to-seasonal Hydrological Forecast System (HKH-S2S)

The HKH and downstream areas in South Asia experience some of the most significant sub-seasonal to seasonal (S2S) variability on earth. The South Asian monsoon is both the lifeblood of the region and a source of significant hazard. Its precipitation sustains agriculture, feeds mountain snowpack and glaciers, and replenishes surface and groundwater resources. But torrential monsoon rains triggers floods and landslides, sub-seasonal monsoon dry spells can cause crops to fail, and years of weak monsoon can endanger food and water security across the region. S2S prediction of HKH meteorology is a grand challenge for atmospheric research and modeling, but significant progress has been made in recent years. Forecasts like those produced by the NASA Global Modeling and Assimilation Office (GMAO) and the NOAA Climate Prediction Center (CPC) now offer meaningful skill that can be applied to disaster preparedness and water and agriculture management. This is particularly true when these atmospheric forecasts are applied to predict hydrological conditions, including drought outlooks and estimates of S2S flood risk. Hydrological forecasts derive skill both from the S2S meteorological prediction and from accurate estimates of initial hydrological conditions, including water storage in snow and soil moisture, so an S2S hydrological forecast can be more skillful than the meteorological forecast that drives it (see Figure 9).


[image: Figure 9]
FIGURE 9. Nepal drought watch—national Tethys application.


Recognizing this potential, HKH-S2S makes use of a land data assimilation system (LDAS)—in this case, the South Asia Land Data Assimilation System (Ghatak et al., 2018)—to provide near-real time hydrological monitoring. The LDAS consists of a suite of gridded land surface models, parameterized using satellite-derived estimates of vegetation, land use, and other parameters, that draw meteorological forcing from a combination of downscaled Global Data Assimilation System (GLDAS) atmospheric analysis fields and precipitation estimates from the Climate Hazards Group InfraRed Precipitation with Stations (Funk et al., 2014) product. The LDAS also has the capability to assimilate terrestrial water storage anomaly estimates from GRACE and snow-covered area estimates from MODIS. The LDAS provides automated near real-time monitoring, and these monitoring products are disseminated through a Tethys app (Figure 10). The LDAS is also used to provide initial conditions for ensemble S2S forecasts. These ensemble forecasts draw meteorological forcing fields from the NASA GEOS forecast system (other forecasts may be added in the future), downscaled using the Generalized Analog and Regression Downscaling (GARD) tool (Gutmann et al., 2018). The resulting forecasts are used to generate probabilistic forecasts of drought indicators defined in consultation with end users throughout the region. These drought indicators can be accessed as maps and timeseries products via two different Tethys apps that have been created. The national drought monitoring system uses five parameters (soil moisture, precipitation, air temperature, evapotranspiration, and standard precipitation index) from the SALDAS dataset as the drought indicators, which is further grouped in dekad (10 days), monthly and quarterly intervals, making it more relevant as a drought application. The system is highly interactive and can view a historical dataset in time-series, draw points or polygon and view the charts of the interested drought indices. During the SERVIR program, large amounts of climate data has been generated by scientific communities but the use of that data/information by decision makers at local and management levels remain low. In-order to fill the information gap, the drought monitoring system provides a good visualization platform for these drought parameters to meet the diverse needs of decision maker.


[image: Figure 10]
FIGURE 10. The SERVIR-HKH agricultural drought watch Tethys app.


A second high-level agricultural drought watch Tethys app was created to aggregate data over Nepal Districts (i.e., states) and provide a series of plots with statistics that can be helpful in assessing risk and making plans for agricultural productivity.



Grace

The Gravity Recovery and Climate Experiment (GRACE) mission (Tapley et al., 2004), a collaborative effort between NASA and the German Aerospace Center (DLR), measured monthly anomalies in the Earth's gravity field from 2002 to 2017. Because water has a high density−1,000 kg m−3–changes in terrestrial water storage can be inferred from the gravity anomalies measured by the two twin satellites of GRACE. Note that the total quantity of water integrated vertically at any given place of the Earth is not provided by GRACE, but rather its variations compared to a long-term mean. In other words, GRACE can tell us if there is more or less water than usual (i.e., Terrestrial Water Storage Anomalies: TWSA), but not how much water there actually is (i.e., Terrestrial Water Storage: TWS). GRACE has also proven to be a useful asset in estimating the otherwise unknown changes in groundwater storage. To do so, estimates of water storage anomalies—for snow, soil moisture, canopy interception, and surface water—are obtained from numerical models (e.g., GLDAS: Rodell et al., 2004 and removed from the TWSA estimates to extract Groundwater Storage Anomalies (GWSA). The value of such a methodology has been demonstrated in numerous studies (e.g., Rodell et al., 2009; Famiglietti et al., 2011; Castle et al., 2014) and is therefore mature for water management applications. Yet, the analysis involved in the combination of hydrological models and satellite observations is complex and has been a barrier for the broader use of GRACE-based estimates of Terrestrial Water Storage or Groundwater Storage Anomalies.

An open-source software specifically tailored for the joint analysis of GRACE and GLDAS data was therefore developed to ease the access to satellite-based water availability assessment. The software allows for the generation of on-the-fly estimates of storage anomalies for the various components of the hydrologic cycle and only requires the description of the study domain—in the form of a shapefile—as input. A specific Tethys Application was then developed to allow web-based servicing and exploration of the data (Figure 11). The app displays aggregate times series and raster animations of GRACE-derived water storage anomalies for selected subregions. It displays results derived using the JPL, CSR, and GFZ signal processing methods (Frappart et al., 2010, 2011). It also displays the surface water and soil moisture storage components obtained from the GLDAS model (Syed et al., 2008). The groundwater storage component is found by subtracting the surface water and soil moisture components from the total water storage obtained from the GRACE data.


[image: Figure 11]
FIGURE 11. GRACE Tethys app illustrating groundwater storage anomaly for the La Plata Basin in South America.




High Impact Weather Assessment Toolkit (HIWAT)

The High Impact Weather Assessment Toolkit (HIWAT) was designed for filling a gap in weather forecasting services across the HKH region. In particular, HIWAT provides high resolution, probabilistic-based forecasts of extreme weather hazards (e.g., damaging winds/tornadoes, hail, lightning and flash flooding). To do this, HIWAT utilizes the Weather Research and Forecasting (WRF) model (Skamarock et al., 2008) in the framework of the Unified Environmental Modeling System (UEMS) (NWS, 2018), which is a collection of scripts that facilitate a relatively simple means for managing the workflow of numerical weather prediction (NWP). HIWAT consists of a 12-member ensemble WRF configuration that includes several combinations of four microphysical and three planetary boundary layer parameterizations relevant to thunderstorm initiation and evolution. To further capture the range of possible forecast solutions, each ensemble member uses a different initial and boundary condition provided by the NCEP Global Ensemble Forecast System (Zhou et al., 2017). Each HIWAT HKH member uses a 12-km resolution outer domain over South Asia to downscale the GEFS initial/boundary conditions to a 4-km resolution convection-allowing model domain over Nepal and Bangladesh.

A demonstration of HIWAT over the HKH region was conducted during the pre-monsoon and monsoon seasons of 2018. The objective was to assess the capability and utility of HIWAT for enhancing early warning services in the region. A Tethys application was developed to facilitate efficient forecast product interpretation (Figure 12). One of the most useful features of this application is its data interrogation capabilities, thereby enabling decision-makers to readily assess where, what time and the probability of thunderstorm-related hazards during the forecast period. This interactive app enables the user to select a point (or draw a polygon) anywhere on the map to interrogate the hourly forecasts data. Hence a decision-maker (e.g., operational weather forecaster) can quickly assess where strong storms can be expected during the first 24-h in the region from eastern Nepal, across northern Bangladesh to northeast India and central Bangladesh. Going a step further, the user can also quickly ascertain frequent lightning, hail and damaging winds can be expected in northern Bangladesh.


[image: Figure 12]
FIGURE 12. Tethys-based application for HIWAT ensemble forecast weather hazards.





SERVIR SCIENCE COORDINATION

Given the low barrier to development as well as the replicability of current applications and the success amongst principal investigators assigned to the SERVIR-HKH hub, the SERVIR Science Coordination Office (SCO) has leveraged the Tethys platform to support existing applications, deployment of regional Tethys portals beyond the HKH, and application development for hubs and global services. The demand for web applications from other regions supporting SERVIR services has grown and the Tethys application enables quick prototyping and deployment of the applications within the portal framework leading to additional Tethys portals in all of SERVIR's hubs (Figure 13).


[image: Figure 13]
FIGURE 13. Tethys portals for SERVIR regional hubs. (top left) ICIMOD http://tethys.icimod.org/apps (top right) ADPC http://tethys-servir.adpc.net (bottom left) AGRHYMET (bottom right) http://tethys.rcmrd.org.


In the case of East and Southern Africa, RCMRD is running a complex coupled land surface crop model within an assimilation framework call the Regional Hydrologic Extremes Assessment System (RHEAS) (Andreadis et al., 2017). RHEAS was developed as part of an AST project and is used to support national ministries in East and Southern Africa in monitoring and forecasting drought and its impact on agriculture. The RHEAS system is run in a Linux environment in a command line interface, making it not ideal for end-users in the region. Tethys Platform is being used to efficiently access the RHEAS database (PostGIS) and visualize both the land surface components in a user-friendly geographical interface. Though still in development, Figure 14 shows both components of the RHEAS output visualization. The portal allows the user to inspect the land surface outputs, generate, plot and download time series data. On the crop model page, the app generates the ensemble spread of crop yield by county for the season at hand. Another case that the SERVIR SCO has supported with the hubs is the reimplementation of the EcoDash (Poortinga et al., 2018) and the Mekong Suspended Sediment application into Tethys Platform.


[image: Figure 14]
FIGURE 14. Tethys-based application for the visualization of RHEAS outputs. The portal allows for the display and inspection of land surface outputs such as drought onset, standardized precipitation, or soil moisture (Left) and crop yield trends and water stress (Right).


As a global application provided by the SERVIR SCO to the hubs and the Earth science community, the Altimetry Explorer (AltEx) (Markert et al., 2019) was developed using Tethys to make global water levels data derived from altimetry data available to stakeholders. The AltEx application automatically extracts Jason-2 and Jason-3 data from data sources and allows users to dynamically select overpass segments to display water level data. Figure 15 displays the AltEx user interface where a water layer is provided, users select a start and end point on the altimetry ground track that intersect with water, and the extracted water level time series is provided. This application is also API enabled allowing users programmatically query the application and use the returned water level data for other use. As future needs for global services and regional applications arise the SERVIR SCO will continue to support the development and use of Tethys within the SERVIR network.


[image: Figure 15]
FIGURE 15. AltEx web application user interface over Tonle Sap, Cambodia (Left) and water level chart as rendered in AltEx web application (Right). Figure taken from Markert et al. (2019).




CONCLUSIONS AND FUTURE DIRECTIONS

This paper presented and discussed a number of web applications developed by SERVIR AST members primarily using the open source Tethys Platform software development toolkit for accessing, visualizing, analyzing spatial and temporal earth observation data and providing stakeholder decision support. While many tools and technologies exist to support these types of applications, we found that the Tethys Platform did indeed lower many barriers to web app development allowing for team members with a variety of technical backgrounds to actively contribute to creating these apps. The developed tools meet our definition of a “web app” as essentially single function, self-describing, “easy” to use, web-based applications presented in a unified portal. As such, these web apps can be considered significantly distinct from “web pages” inasmuch as these apps are extremely modular and can be installed and uninstalled in different Tethys Portals as needed to support the needs of individual user communities. Some of the apps developed and presented here could be readily deployed and made useful in any of the SERVIR Hubs, however, regionally specific apps, or apps that are focused problems not present in certain hubs, can be installed or installed in specific portals. In all more than 20 Tethys apps were created in support of the applied science developed by all four of the principal investigators of the HKH hub and deployed across five different SERVIR portals as well as the BYU portal.

Because much of this work presented here has only recently been completed, we recognize the lack of extensive user statistics, usability analysis, and other metrics indicating exactly how successful these apps are in supporting on the ground decision making. We anticipate addressing a part of this deficiency in the near future by deploying new versions of the Tethys Portals that integrate web-based analytics code to gather usage statistics and user information. We also anticipate interesting use and usability results to naturally emerge in the form of white papers, and technical reports from the SERVIR Hubs. The wide-ranging use of Tethys within SERVIR in such a short time is evidence of its promise within SERVIR and perhaps across similar applied sciences groups, however it is still early and feedback is needed to further improve its usability for SERVIR and other organizations that which to join the growing community of this open-source project.

In terms of future technical work in this area, we are actively pursuing the development of an “App Warehouse” which will function much like an app store for a mobile device, allowing user communities to readily launch an empty decision support data portal and, through a few clicks and server commands, identify and install apps from a library of Tethys Apps. This work is currently underway as part of the NASA Water Science Team GeoGLOWS project and is expected to yield operational technology within the timeframe of this project. We expect that this new effort will open more doors for both stakeholder communities and also app developers in much the same way that the availability of an app store for mobile devices has resulted in an explosion of mobile apps and app developers. The Tethys App Warehouse will likely host a relatively small number of apps (in comparison to the Apple App Store, for example) but it is expected that this approach can help motivate both the development, deployment, and adoption of earth observation data visualization and decision support tools throughout the developing and developed world.



SOFTWARE AVAILABILITY

Tethys Platform:

• Purpose: Integrated package of open source web app development tools and app portal environment targeted toward water and environmental science and engineering.

• Source Code: https://github.com/tethysplatform/tethys.

• Developers: Brigham Young University, independent code contributors, and the Tethys Platform Steering Committee.

• License: Open Source under the BSD 2-Clause “Simplified” License.

• Initially Release Date: 2015.

• Current Release Version: 2.1.

Additional Software Tools:

• All of the apps presented in this paper are provided through open source licenses on the Brigham Young University Hydroinformatics Research Lab github.com repository located at: https://github.com/BYU-Hydroinformatics.
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