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Abstract 19 
Geographic Information Systems (GIS) are available as stand-alone desktop applications as well as web 20 
platforms for vector- and raster-based geospatial data processing and visualization. While each approach 21 
offers certain advantages, limitations exist that motivate the development of hybrid systems that will 22 
increase the productivity of users for performing interactive data analytics using multidimensional 23 
gridded data. Web-based applications are platform-independent, however, require the internet to 24 
communicate with servers for data management and processing which raises issues for performance, data 25 
integrity, handling, and transfer of massive multidimensional raster data. On the other hand, stand-alone 26 
desktop applications can usually function without relying on the internet, however, they are platform-27 
dependent, making distribution and maintenance of these systems difficult. This paper presents RasterJS, 28 
a hybrid client-side web library for geospatial data processing that is built on the Progressive Web 29 
Application (PWA) architecture to operate seamlessly in both Online and Offline modes. A packaged 30 
version of this system is also presented with the help of Web Bundles API for offline access and 31 
distribution. RasterJS entails the use of latest web technologies that are supported by modern web 32 
browsers, including Service Workers API, Cache API, IndexedDB API, Notifications API, Push API, and 33 
Web Workers API, in order to bring geospatial analytics capabilities to large-scale raster data for client-34 
side processing. Each of these technologies acts as a component in the RasterJS to collectively provide a 35 
similar experience to users in both Online and Offline modes in terms of performing geospatial analysis 36 
activities such as flow direction calculation with hydro-conditioning, raindrop flow tracking, and 37 
watershed delineation. A large-scale case study is included in the study for watershed analysis to 38 
demonstrate the capabilities and limitations of the library. The framework further presents the potential to 39 
be utilized for other use cases that rely on raster processing, including land use, agriculture, soil erosion, 40 
transportation, and population studies.  41 
 42 
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Bundles  45 
1. Introduction 46 
Geographic Information Systems (GIS) are widely used for environmental modeling and geospatial 47 
analysis. Since the size of raster layers keeps growing by orders of magnitude, it's difficult for 48 
applications to store, serve, and process large amounts of raster data. Traditionally, stand-alone desktop 49 
applications have been used to analyze raster data in-place as well as to access powerful workstations and 50 
high-performance computing (HPC) clusters with parallel processing capabilities (Netzel and Slopek, 51 
2021). Such applications are costly to develop, operate, and maintain as they rely on platform-dependent 52 
software (Gkatzoflias et al., 2013). Likewise, these applications present several difficulties from the 53 
perspective of the users, including a steep learning curve and the requirement of sophisticated procedures 54 
for installation to local machines (Agliamzanov et al., 2020). Thus, such GIS applications makes 55 
geospatial analysis rather costly in terms of the time, skill, and financial resources it requires from a 56 
practical standpoint (Zhang et al., 2017). Furthermore, these, usually black-box, systems often erect 57 
barriers to the integration and sharing of geospatial data resources (Zhao et al., 2012).  58 
 59 
As an alternative option, web-based systems enable accessibility and interoperability of geospatial 60 
resources across various domains (Zhao et al., 2012). The evolution of the web has made real-time 61 
geospatial data integration, analysis (Hu et al., 2021) and transmission easy for GIS applications, hence, 62 
functionalities like streamflow routing and surface water object tracking became feasible (Agrawal & 63 
Gupta, 2017). In comparison to desktop applications, web systems are developed according to common 64 
established standards, and thus, substantially decreasing the learning curve for the users (Xu et al., 2020). 65 
They provide rich user interfaces and intuitive design elements that minimize the need for users to go 66 
through a time-consuming learning process (Simâo et al., 2009). Such web-based systems encourage 67 
users to focus on the tasks at hand without getting overwhelmed by the system complexity, although 68 
desktop GIS applications remain more comprehensive in terms of their capabilities (Yildirim and Demir, 69 
2021). 70 
 71 
Web-based systems have proved their merit in many disciplines of geosciences as demonstrated by the 72 
following examples. An urban flood tool (i.e., Integrated Flood Assessment Model), that is capable of 73 
raster based flood model simulation, was merged with a WebGIS server for the analysis of flooding in 74 
coastal urban watersheds that are caused by rain and tide (Kulkarni et al., 2014). Similarly, a levee project 75 
information management system was developed (Zhang et al., 2018) based on WebGIS for flood 76 
prevention and decision management in levee projects. Furthermore, a general WebGIS framework was 77 
proposed (Nakayama et al., 2017) for the collection and management of spatial data. In the field of 78 
environmental sciences, modern web technologies, cloud and storage systems was presented (Vitolo et 79 
al., 2015; Seo et al., 2019) to address the issues in the modeling and handling multidimensional raster 80 
images. However, all of these systems rely heavily on the server-side for performing integral activities 81 
and do not utilize client-side functionalities extensively for a better user experience. Hence, the challenges 82 
of licensing and management costs of servers as well as the communication overhead between clients and 83 
the server remain unaddressed, especially considering the multidimensional nature of raster data. 84 
 85 
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Most web-based geographic information systems are traditionally developed with the client-server model 86 
(Oluwatosin, 2014). Often, client-side code focus on user interface and interaction whereas the server-side 87 
application encapsulates the geospatial data resources and functionality like preprocessing, transforming, 88 
resampling and analysis of the datasets (Sermet et al., 2020; Xu at al., 2019a). The communication 89 
between the clients and the server does not only raise performance issues but also may lead to server-side 90 
conflicts or limitations in case of concurrent access (Yang et al., 2005). Additionally, the influx of 91 
massive raster data from numerous concurrent users threatens the viability and affordability of utilizing 92 
server memory and resources for geospatial processing (Kilsedar, 2020). Unavailability of large-scale 93 
benchmark datasets (Ebert-Uphoff et al., 2017) or inconsistency in the data sources may hinder the 94 
generation of the desired response effectively and on time. These challenges can impede the progress of 95 
mission-critical operations that relies on the timely analysis of gridded geospatial data, such as creating 96 
plans for disaster response (Yildirim & Demir, 2021) and may consequently result in economic losses and 97 
population casualties (Kawasaki et al., 2012). 98 
 99 
Web-based geospatial analytics have recently faced with the need to bring the software to raster data 100 
(Kilsedar, 2020; Xu et al., 2019b). Advancements in client-side web technologies and the evolution of 101 
web standards (e.g., optimization of JS interpreters in the browsers, ES6 features, browser-based 102 
hardware acceleration) have propelled the migration of application logic and GIS functionality from 103 
server to client-side (Kulawiak et al., 2017; Farkas, 2019). Such client-oriented and browser-based raster 104 
processing approaches showcased their values in various areas of geosciences including watershed 105 
delineation (Sit et al., 2019), water quality simulation (Walker & Chapra, 2014), well forecasting (Sit et 106 
al., 2021), marine cadastre data analysis (Kulawiak et al., 2017), immersive flood monitoring (Sermet and 107 
Demir, 2020), and the visualization of satellite imagery (Dufour, 2018). With this approach, the web 108 
application content can be updated from within the browser with minimal communication overhead. 109 
Availability of local storage APIs (Application Program Interface) in the web browsers reduces the need 110 
for clients from making unnecessary requests to the server, hence, increases the response time of the 111 
application and reducing the computational load on the server-side (Laine, 2012). Decreased centralized 112 
computational load ultimately leads towards the reduced financial cost as fewer resources will be used. 113 
Additionally, JavaScript engines in modern web browsers are optimized to handle the much greater 114 
computational load on the client-side than before (Ryza & Wall, 2010) and client-side applications are 115 
easier to manage because the team of developers does not need to switch back and forth between the 116 
client-side and server-side programming languages (Walker & Chapra, 2014). 117 
 118 
Modern web browsers allow developers to use a certain set of technologies (e.g., Service Workers API, 119 
Cache API, IndexedDB API, Notifications API, and Push API) to make a web application progressive 120 
(Kimak & Ellman, 2015; Lee et al., 2018). Progressive Web Applications (PWA) combine certain 121 
features of web and native mobile applications to serve a single codebase on any platform in an engaging, 122 
reliable, efficient way (Pande et al., 2018), an approach that recently has gained traction for GIS. PWAs 123 
can be considered as a middle ground between native applications and web-based applications to combine 124 
both approaches and minimize the disadvantages (Tandel and Jamadar, 2018). The main characteristics of 125 
a PWA include, but are not limited to, being compatible with one-click installation on smartphones, 126 
offline usage, progressive and responsive (e.g., coherent performance regardless of device and browser), 127 
and substantially leveraging service workers in tasks such as synchronization, caching, and push 128 
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notifications (Sheppard, 2017). PWAs have demonstrated their worth through case studies in disaster 129 
management and agriculture. 130 
 131 
Mody et al. (2020) and Paul et al. (2019) have taken advantage of the PWA approach to address the issues 132 
pertaining to disaster response and relief with an overall focus on preparedness, response, and recovery by 133 
prioritizing factors like better connectivity of users with resources. As another application area, weather 134 
forecasting and air quality index reporting are two of the common applications in environmental science. 135 
To provide these functionalities in a single application, Maheshwari et al. (2018) have proposed a solution 136 
based on PWA concepts. Other than the dissemination of information, information collection, 137 
management, and visualization are essential processes for analyzing environmental data, which can help 138 
discover additional meaningful insights. To achieve these objectives, Mena et al. (2019) have proposed a 139 
PWA with a component-based approach for integrating geospatial data with IoT information. 140 
 141 
In the field of agriculture, a significant portion of the professional and research activities take place in the 142 
fields, where internet connectivity is unstable. To make the information easily accessible to farmers in the 143 
field for monitoring and decision making, Nugroho et al. (2017) and Yu et al. (2019) worked on the 144 
development of information systems with the PWA approach. Regarding mitigation of droughts in 145 
agricultural areas, Opiña Jr (2020) has developed a PWA using Soil and Water Assessment Tool (SWAT) 146 
for identifying suitable locations for the development of Small Farm Reservoir. To support intelligent 147 
agriculture with information service platforms, Shi (2020) has utilized PWA technology to encourage a 148 
new way of thinking for constructing agricultural network service platforms. Literature shows the 149 
viability and the need for mobile-supported geospatial analytics tools equipped with efficient handling of 150 
composite geodata (i.e., vector and raster), powered by modern web technologies (e.g., IndexedDB) for 151 
on-site processing Park et al. (2016). Furthermore, the potential benefits of utilizing such web standards in 152 
the context of geospatial systems have not been fully explored with respect to storage, security, and 153 
offline usage (Chen, 2021). 154 
 155 
In this paper, we present RasterJS, a web-based library developed as a PWA to provide interactive 156 
geospatial analytics functionality entirely on the client-side. It provides a framework to give users the 157 
ability to perform tasks related to hydroinformatics effectively with an intuitive user experience. As a 158 
proof-of-concept, RasterJS is released with flow direction calculation, watershed delineation, and 159 
raindrop flow tracking functions in addition to real-time raster resampling methods to adjust spatial 160 
resolution, however, it can be extended to include more functionalities that will help in geospatial 161 
analysis. This framework takes advantage of client-side web technologies to calculate and render the 162 
results of geospatial tasks efficiently. It deviates from conventional client-server architecture and 163 
delegates the data storage and processing responsibility to the client-side. Case in point, raster files are 164 
stored in the client device via IndexedDB upon their initial retrieval. This approach simplifies the 165 
complexities that occur due to frequent interactions between the clients and the server. With this 166 
framework, the users can perform their activities without relying heavily on a stable internet connection 167 
as the users can continue analytical activities within the platform even when the internet connection is 168 
unstable or absent. Furthermore, the application can be downloaded by the users in a compact file which 169 
can be used in any device that supports modern web browsers. Via this file, the application can be 170 
distributed offline using technologies like Bluetooth. 171 
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 172 
The remainder of this paper is organized as follows. Section 2 presents the methods, scope, and purpose 173 
of the RasterJS framework followed by an explanation of its architecture, components, data setup, and 174 
workflow. Section 3 discusses the potential use cases, capabilities, and useful aspects of the system. 175 
Finally, the paper concludes with a summary and future perspectives in Section 4. 176 
 177 
2. Methods 178 
RasterJS is a proof-of-concept web-based geospatial processing library that can function both online and 179 
offline. Providing a rich user experience using emerging web technologies and PWA concepts along with 180 
minimizing the communication with an external server are two of the main objectives of this application. 181 
It relies solely on client-side web technologies (Walker & Chapra, 2014) with JavaScript as its primary 182 
programming language. For seamless execution of tasks in both modes, APIs and libraries are utilized 183 
accordingly. RasterJS is designed to be used via browsers with three modes of use (i.e., Online, Offline, 184 
web bundle) suitable for different scenarios. As a case study, the scope/region of interest of RasterJS is 185 
limited to five counties (i.e., Linn, Jones, Johnson, Cedar, Muscatine) within the State of Iowa in the 186 
USA. 187 
 188 

 189 
Figure 1: System architecture and three-layer modular structure 190 

2.1. System Architecture 191 
The architecture of RasterJS is a hybrid of 3-layer architecture (Sermet et al., 2020) and component-based 192 
architecture (Yacoub et al., 2004). RasterJS is composed of different logical and reusable components that 193 
collaborate upon a consistent workflow. Interactions between the components of RasterJS take place in 194 
the form of method invocations, broadcasting, and asynchronous invocations. This modular workflow 195 
helps RasterJS to be suitable for future upgrades and added functionality with little effort. RasterJS 196 
components are distributed into three layers (i.e., Presentation, Application, and Data) according to their 197 
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functions (Figure 1). This grouping of components in three layers makes the application modular, which 198 
leads to robust, readable, and scalable implementation (Teague et al., 2021). 199 
 200 
The presentation layer consists of the components (e.g., Google Maps API, Open Layers library) which 201 
are responsible for geospatial visualization in the form of maps. This layer is also responsible for drawing 202 
the user interface over the maps which give users the ability to interact with the system, resulting in the 203 
projection of the georeferenced image. The core logic of the application resides in the application layer 204 
that is semantically grouped under three contexts (i.e., service worker, web worker, and main application). 205 
All the processing that is independent of the sequential flow of application logic is done in the 206 
background within the service worker and web worker contexts, while the rest is handled in the main 207 
application context. Finally, the data layer consists of the components (i.e., Cache API, IndexedDB API) 208 
that deal with functionalities to retrieve and manage the data in respective client-side data stores. 209 
 210 
2.2. Integration of JavaScript APIs 211 
RasterJS utilizes several contemporary JavaScript APIs to support Online and Offline modes as listed in 212 
Table A1 in the appendix. The JavaScript API details, and implementation is detailed below. 213 
 214 
Fetch API: Fetch API is used by client-side applications for fetching resources from external servers. 215 
This requires an internet connection, hence, it can only be used in Online mode (Pande et al., 2018). 216 
RasterJS uses this API in the service worker context by retrieving resources from external repositories 217 
only when the requested resource is not available in internal components (Cache, IndexedDB). 218 
 219 
Service Workers API: The service worker is a JavaScript API that runs in the background and sits 220 
between the client-side applications and external components. Whenever the request is made by the client 221 
to fetch resources from the external component it is intercepted by the service worker (Pande et al., 2018). 222 
RasterJS registers the service worker in the browser when it is loaded for the very first time in the Online 223 
mode. When the service worker is registered, it is then invoked by the browser by broadcasting events 224 
(e.g., install, activate, fetch, notification close, notification click, and push). In RasterJS, handler functions 225 
for each of these events are defined. The goal of these handler functions is to enable RasterJS to perform 226 
analytical activities in Offline mode and Online mode. 227 
 228 
Cache API: RasterJS benefits from Cache API to cache the requested static resources in the browser. 229 
Cache API is used in the service worker context to cache CSS (Cascading Style Sheets) files, JavaScript 230 
files, HTML (Hypertext Markup Language) files, application images, and OpenStreetMap raster tiles. All 231 
of these resources are cached during the install event of the service worker which is triggered when it is 232 
registered in the browser. Cached resources are retrieved by the Cache API when the fetch event of the 233 
service worker gets triggered by the browser (Behl & Raj, 2018). Since the resources are stored locally in 234 
the browser the storage capacity for caching is limited. Due to this limitation, it is not recommended to 235 
cache every resource in the browser. Considering this recommendation, georeferenced images are 236 
downloaded in indexedDB for Offline mode (Al-Shaikh & Sleit, 2017). 237 
 238 
IndexedDB API: IndexedDB is a client-side Object-Oriented Database in which any structured data 239 
including files/blobs can be stored. IndexedDB API is used to communicate with IndexedDB to perform 240 

https://doi.org/10.1007/s12145-023-00993-x
https://eartharxiv.org/7gxq4/


Shahid, M., Sermet, Y., Mount, J., & Demir, I. (2023). Towards progressive geospatial information processing on 
web systems: a case study for watershed analysis in Iowa. Earth Science Informatics, 16(2), 1597-1610. 

https://doi.org/10.1007/s12145-023-00993-x 
 

data-related functionalities (Al-Shaikh & Sleit, 2017). With the help of this API, RasterJS creates an 241 
IndexedDB to store georeferenced images in the form of blobs for Offline mode and lazy loading. 242 
IndexedDB API is used in the main application context when the request for the georeferenced image is 243 
made. In this case, the application first looks for that image in IndexedDB. If the image is found then it is 244 
retrieved from IndexedDB otherwise, it fetches the image from the external component and stores the 245 
image. IndexedDB is capable of storing a great number of files of considerable size and that is why 246 
RasterJS uses it for storing georeferenced images (Al-Shaikh & Sleit, 2017; Kimak & Ellman, 2015). 247 
Nevertheless, storage capacity for IndexedDB is still limited as it stores data on the client-side. The 248 
storage capacity depends on the available disk space on the client-side. Browsers allocate a certain 249 
percentage of disk space to IndexedDB and this percentage is browser-specific (Naseem & Majeed, 2013) 250 
changing between 5 GB to entire available space on the harddisk. 251 
 252 
Notifications API: The purpose of the Notification API is to display the notifications to the end-user. 253 
These notifications are related to updates made in the RasterJS application resources. According to the 254 
response given by the user to these notifications, the application will update its resources that were stored 255 
on the client-side (Cache, IndexedDB). Notifications will only be displayed when the user has given 256 
application permission to do so and the application asks for permission when it is loaded in the browser 257 
for the very first time. For this purpose, the RasterJS uses this API in the application context and for the 258 
rest of the lifecycle of the application, it is used in the registered service worker context (MDN Web 259 
Docs, 2021). 260 
 261 
Push API: Push API is used to alert the user when the application is closed. It takes advantage of the 262 
browser’s push messaging system to receive notifications from the server outside the context of the web 263 
page or application. RasterJS uses this API for the same reasons. RasterJS uses it in the main application 264 
context to subscribe to push messaging service on the client-side and to send that subscription information 265 
to the server. In the Service Worker context, RasterJS listens for the push event and handles the received 266 
messages and notifications to display them to the user via Notifications API (Beverloo & Thomson, 267 
2021). 268 
 269 
Web Workers API: Web Workers API helps in improving the performance of client-side data processing 270 
for web applications. Browsers have a single thread that is used for executing JavaScript code and as well 271 
as for rendering the user interface. If JavaScript code takes a long time to execute then the user interface 272 
gets blocked until that code is executed. To solve this problem, the Web Workers API enables web 273 
content to run JavaScript code in background threads without blocking the user interface. JavaScript is a 274 
single-threaded language and without web workers, it cannot perform multiple tasks simultaneously. 275 
RasterJS uses this API to perform geospatial analysis calculations. It uses web workers for the calculation 276 
of the flow direction, raindrop tracking and another for watershed delineation. Web Workers API is used 277 
to provide rich user-experience and native applications like performance as these calculations cannot be 278 
done in real-time (Wang et al., 2018). 279 
 280 
Web Bundles API: Web Bundles is the technology that packages entire website in a single file. This file 281 
can be shared like any other file and a whole website can be accessed by opening this file in the browser. 282 
Web Bundles is a CBOR file with a .wbn extension in which all of the resources which are necessary for 283 
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the website to perform its functionalities are bundled. Since the purpose of using this technology was to 284 
make the RasterJS application accessible and portable in Offline mode, only those resources are bundled 285 
that are essential for the application to function in this mode. To keep the size of the bundled file suitable 286 
for distribution, large georeferenced images were not bundled in it. Currently, web bundles are only 287 
supported in the Chrome browser and it is an experimental technology that is a part of the web packaging 288 
proposal (Yasskin, 2021). 289 
 290 
 291 
2.3. Geospatial Libraries and Functionality 292 
2.3.1. Mapping Libraries 293 
Google Maps API and OpenLayers JavaScript library are used as map engines to render and interact with 294 
maps, drawing a selection window over maps, calculating coordinates of the selected area of interest, 295 
projecting georeferenced images, and displaying watersheds. Google Maps API is used in Online mode 296 
whereas OpenLayers JavaScript library powers the map in Offline mode. In the Online mode, all the 297 
functionalities and data related to maps are managed and provided by Google Maps API. In the Offline 298 
Mode, RasterJS provides static map tiles, the extent of these tiles, and a range of zoom levels supported 299 
for these tiles to the OpenLayers library. OpenLayers library then renders these tiles according to the 300 
specified parameters (Faienza, 2019). If all of the map tiles and georeferenced images are stored on the 301 
client-side, then the user of RasterJS can perform geospatial analysis in the Offline mode with only 302 
restrictions for specified zoom levels and extent, in comparison to Online mode. 303 
 304 
When the application is loaded in the browser it creates a map instance. In this instance, it specifies map 305 
specific properties which include map type, starting zoom level, control options, features, and map center 306 
coordinates. Map tiles location and range of zoom levels are two extra properties that are set in Offline 307 
mode. Since the scope of this application was limited to five counties of Iowa so the value of these 308 
properties is set accordingly. To draw the selection window for selecting an area of interest, the 309 
application computes the offset with the help of the area of selection window, map center, and direction 310 
(North, East, South, and West) parameters. Then it extracts longitude and latitude coordinates from these 311 
offsets of each direction and draws a selection window accordingly in the previously created map 312 
instance. The selection window can be moved around by the user to select an area of interest. For the 313 
projection of the georeferenced image, the application gets longitude and latitude coordinates for each 314 
direction from the selection window and retrieves the image respectively. This image is then projected 315 
over the selected area in the map's instance. After georeferencing, upon request, the watershed delineation 316 
or raindrop flow for the requested location is determined and displayed using flow direction. 317 
 318 
2.3.2. Geospatial Algorithms 319 
Georeferencing is the fundamental feature of this application which lays the foundation for the analysis of 320 
the georeferenced image. The three important features that can be determined by the analysis of the 321 
georeferenced image are the flow directions, watershed boundaries, and rainwater drainage path. 322 
 323 
Georeferencing: For georeferencing (Eugenio & Marques, 2003), first, RasterJS gets the bounds of the 324 
area of interest in geographic (longitude and latitude) coordinates. These coordinates are then transformed 325 
from coordinate pairs (EPSG:4326) to projected coordinates in the Pseudo-Mercator coordinate system 326 
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(EPSG:3857). After the bounding coordinates are transformed to Pseudo-Mercator coordinates, the tile 327 
server responds with image tiles at the requested zoom level that also cover the requested bounds. 328 
RasterJS then fetches these images either from IndexedDB (offline mode) or from the server (online 329 
mode). All of these rasters are mosaicked to form a single image according to previously calculated 330 
dimensions. The merged raster is then cropped from the starting point. The width of the final cropped 331 
raster is determined according to the selected area and resolution. The cropped raster is then sent for 332 
display over the map. 333 
 334 
Flow Direction Calculation: Flow direction is a watershed characteristic that needs to be determined 335 
before watershed delineation. It is determined in a step-by-step process (Zhang et al., 2017). First, the 336 
georeferenced image is conditioned by using the Priority Flood algorithm. This algorithm fills 337 
depressions that are surrounded by higher terrains and have no outlet to lower areas (Barnes et al., 2014) 338 
After this preprocessing step, the D8 algorithm (Tarboton, 1997) is employed for calculating flow 339 
direction for non-flat areas only as it is difficult to use it for flat areas (Zhang et al., 2017). Flat areas need 340 
to be resolved first before determining their flow direction. For this purpose, flat areas are identified, and 341 
then they are divided into two categories according to their adjacency. Some flat areas are adjacent to 342 
higher terrains and some are adjacent to lower terrains. After this categorization, gradients away from 343 
higher terrain and gradients towards lower terrain are constructed respectively. Using these gradients final 344 
flow direction is calculated again using D8 (Barnes et al., 2014). RasterJS makes this flow direction data 345 
available for download for future reference. 346 
 347 
Watershed Delineation: Watershed delineation is a procedure for identifying and marking a boundary of 348 
an area in which any rainfall will flow towards the same outlet. Watershed visualizations assist 349 
stakeholders in characterization and analysis, which leads to the identification of surface water features. 350 
The analysis is done for the planning and implementation of actions to protect from the harmful effects 351 
related to water quality and quantity (Sit et al., 2019). RasterJS first determines the flow directions of the 352 
georeferenced image and supplies that as an input to the watershed delineation process resulting in the 353 
visualization of the watershed. 354 
 355 
Raindrop Flow Tracker: Raindrop flow tracker is a tool that allows users to select a point location on the 356 
map and assesses the route a raindrop would follow through the rivers and creeks if it were to fall at that 357 
point of interest (Shea et al., 2021). Similar to watershed delineation, flow directions that results from the 358 
georeferenced image are used as the basis in assessment of the raindrop flow path. The ability to identify 359 
the drainage pathways in the river network and to localize rain movement can help communities to 360 
evaluate the areas that are subject to increased risk of being affected by heavy rainfalls. In addition to map 361 
visualization, the tool may also be utilized with quantitative parameters, such as travel time and distance 362 
the rain movement would take until reaching to the outlet of selected geographical region. 363 
 364 
2.4. System Workflow 365 
This section describes the interaction between components and low-level implementation details of 366 
Online and Offline mapping services (Figure 2). Each component in the RasterJS plays an important role 367 
in ensuring that the application works seamlessly in both Online and Offline modes. To achieve this 368 
objective, these components interact with each other to carry out certain tasks. The sequence of these 369 
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interactions is designed to ensure a uniform transition from one mode to another in case of an unstable 370 
internet connection. These interactions are for the transfer of knowledge between the components. In 371 
addition to the Offline and Online modes, Web Bundle Mode is introduced as a way for Offline 372 
distribution of the application. 373 
 374 

 375 
Figure 2: Component-based architecture diagram 376 

 377 
2.4.1. Online Mode 378 
When the RasterJS is first loaded in the browser, it asks the user for permission of notifications through 379 
Notifications API, registers service worker, caches static assets and OpenStreetMap data with the help of 380 
Service Workers API and Cache API, and subscribes user for notifications through Push API (if 381 
permission was granted). Then, it sets map specific properties to initializes Google Maps accordingly and 382 
renders with RasterJS’s user interface. To request a georeferenced image, the user then selects elevation 383 
resolution, area dimension, elevation dataset, and navigates to the area of interest. Upon receiving the 384 
request, the application calculates georeferencing to get the constituent georeferenced images according 385 
to user-selected parameters. If available in indexedDB cache, it gets the georeferenced images from cache 386 
via indexedDB API otherwise it fetches images from the server using Fetch API and stores them in 387 
indexedDB for future access. After retrieving the images, it merges the images into one georeferenced 388 
image according to indexes and requests Google Maps API to georeference this image over the map. 389 
Finally, it renders the updated map. The user can view the georeferenced image on the selected area of 390 
interest. After georeferencing, RasterJS then invokes a web worker for determining the flow direction of 391 
the georeferenced image. To calculate and visualize a watershed, the user needs to click on any location 392 
inside the georeferenced image then RasterJS invokes the web worker for the watershed delineation for 393 
the requested location, and when boundaries are calculated it displays the watershed over the 394 
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georeferenced image. A similar procedure needs to be followed for visualizing raindrop flow tracker after 395 
selecting the raindrop flow option. 396 
 397 
Notifications are configured to make updates in the client-side cache and storage whenever there is a data 398 
update on the server-side. Notification is sent from the server whenever there is an update on the server-399 
side. When the notification is received on the client-side, the push event is triggered via Push API. Push 400 
event is handled by the Service Worker API and it displays the notification to the user by using 401 
Notifications API (Behl & Raj, 2018) If the user response is affirmative then Service Worker API clears 402 
the cache, recaches the data. 403 
 404 
2.4.2. Offline Mode 405 
Similar to Online mode, in Offline mode, the application first sets map specific properties. Extent, range 406 
of zoom levels, and location of map tiles are extra properties that are set in Offline mode only. All of 407 
these properties are then fed to the OpenLayers library. This library gets the map tiles from the cache with 408 
the help of Cache API which is used in the service worker context. OpenLayers library then constructs the 409 
map according to given properties and returns the map to the application. The application then renders the 410 
map along with the user interface for interaction. To request a georeferenced image, the user then selects 411 
elevation resolution, area dimension, elevation dataset, and navigates to the area of interest. Upon 412 
receiving the request, the application does calculations for georeferencing according to user-selected 413 
parameters. If available in IndexedDB, it gets the georeferenced images from cache via IndexedDB API 414 
otherwise it displays an image not found error to the user. After retrieving the images, it merges the 415 
images into one georeferenced image according to indexes and sends this image to Open Layers Library. 416 
Open Layers Library georeferences the given image over the map and sends it back to the application. 417 
The application renders the updated map, and the user can view the georeferenced image on the selected 418 
area of interest. Regarding geospatial analysis, a similar workflow is followed in Offline mode as in 419 
Online mode. 420 
 421 
2.4.3. Web Bundle Mode  422 
This mode allows users to download the RasterJS as a stand-alone application on demand. All the 423 
resources that are needed for the application to work in Offline mode are packaged in a single file. The 424 
size of the packaged file is around 300 MB for the five counties, therefore, it is practical to store the file 425 
in any device. This file can be distributed to other devices using any Offline data transfer technology (i.e., 426 
Bluetooth). To use the application, the user simply needs to run the bundle via a web browser, which then 427 
grants access to all the functionalities that are available in the Offline mode. As of 2021, Web Bundles are 428 
supported in Google Chrome as an experimental proposed feature (Utsunomiya and Baheux, 2019). 429 
 430 
3. Results and Discussions 431 
A case study is defined to demonstrate the capability offered by RasterJS as well as its flexibility to 432 
function with different data resources and circumstances. The use case serves as a proof of concept with 433 
selected geospatial analytics tools for showcasing its utility in research and operational capacities and 434 
does not intend to be a comprehensive web GIS. As the case study location, a 5-county extent within the 435 
State of Iowa was selected, encompassing an area of 2,956 mi2 (i.e., 7,656 km2). The region of interest 436 
was defined by ranges of latitude (41.30, 42.33) and longitude (-92.31, -90.23). 437 
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 438 
3.1. Case Study Design 439 
RasterJS relies on several raw data resources to function. Georeferenced images and map tiles are needed 440 
to fulfill all the requirements of the application. Georeferenced images are needed for georeferencing 441 
functionality whereas Map tiles are needed for managing maps in Offline mode. The original 442 
georeferenced images or digital elevation model (DEM) data was obtained from the Iowa Department of 443 
Natural Resources as a series of 142 arbitrary sections. These data were created from the Iowa LiDAR 444 
Mapping Project (UNI, 2021). The DEM sections were provided as 1-meter ESRI GRIDs projected into 445 
the UTM Zone 15N coordinate system (EPSG:26915) with floating-point elevations in meters. Although 446 
the data represents mostly bare-earth elevations, some built features are seen in the data (e.g., buildings 447 
and bridges). Altogether, the file size for the entire dataset is about 570 GB. For this project, we 448 
determined that a subset of the entire DEM encompassing the selected case study area. 449 
 450 
The DEMs were mosaicked into one large DEM for all of Iowa although the elevation values were 451 
converted into US feet as integers (i.e., integerized). All the other coordinate parameters were maintained. 452 
The DEM was clipped to this extent and converted to GeoTIFF. At this stage, the clipped DEM was a 1-453 
band 16-bit unsigned value GeoTIFF. An advantage of this format is that it is easily read by GIS and 454 
other imaging systems. Although this format is versatile, we decided that the portable network graphics 455 
(PNG) was better suited for a web project due to its lossless compression and smaller file size (Sit et al., 456 
2019). We developed a method (Eq. 1) to encode the elevation in the Red and Green bands of the PNG so 457 
that the entire range of elevations can be stored within those two bands and still be easily readable from a 458 
webpage canvas. This method is as follows: 459 
 460 

 Integerized elevation (ft) = R-band value x 256 + G-band value Eq. 1 

 R-band = quotient, G-band = remainder, B-band = 0  

Using this method, we produced a 24-bit, 3-channel RGB with the elevation stored in the R and G bands. 461 
As we are working in a web-based mapping application, we reprojected the raster to the Spherical 462 
Mercator projection (EPSG:3857) to display more easily in a web format. We then created a tiling schema 463 
to create tile caches at a variety of scales (Table 1). Tiles were structured in terms of zoom level, row, and 464 
column so the cached images can be selected based on the bounding box of the view. Using this tiling 465 
schema, over 13,000 image tiles were created for the selected region of interest consisting of five Iowa 466 
counties. 467 

Table 1: Cell resolution (meter) of tiles and resampling with respect to scale. 468 

Scale Resolution Resampling 
1:188,976 50m Yes 
1:94,488 25m Yes 
1:37,795 10m Yes 
1:18,897 5m Yes 
1:3,779 1m No 

 469 
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Extraction of map tiles for Offline mode: RasterJS provides map functions Offline due to its client-side 470 
tile caching mechanism. However, in the Offline mode, storage capacity is limited with the hard disk size 471 
and browser specification, which encourages restricting the cached tiles to a certain area and zoom levels. 472 
Thus, in the case study tiles were selected for 5 counties as part of the case study along with their 473 
vicinities for three different zoom levels (i.e., 10, 11, 12). All of these tiles were downloaded from 474 
OpenStreetMap data (Singh et al., 2013) with the help of the JTileDownloader application. Retrieved tiles 475 
were categorized into folders identified by the corresponding zoom level (OSM, 2021). 476 
 477 
3.2. System Evaluation 478 
RasterJS’s unique architecture and methodology distinguishes itself from existing geospatial web 479 
applications by combining the advantages of both desktop and web-based geoprocessing capabilities 480 
regarding performance, accessibility, and convenience. Its functionalities are available in Offline mode 481 
and can be used in any browser-equipped device (e.g., mobile, desktop, and tablet). To make the 482 
geospatial analysis feature available in Offline mode and to improve the response time of the application, 483 
a lazy loading strategy has been adopted. Requested georeferenced images will be cached in indexedDB 484 
once received. The application caches map tiles so that the user can navigate the map in Offline mode. In 485 
the case study, if all the data (e.g., georeferenced images, map tiles, other static resources) is downloaded 486 
on the client-side, then it takes a total space of 3,286 MB, out of which a large chunk of size (i.e., ~3,274 487 
MB) is occupied by IndexedDB where georeferenced images are stored. Other than that, static resources 488 
along with the map tiles take 11.9 MB of space in the cache, and Service Workers take only 33.3 KB of 489 
space.  490 
 491 
Push notifications make the application more engaging as the user is informed about the updates made to 492 
the resources of the application and the user then opens the application to incorporate those updates on the 493 
client-side. Since the library is designed as a PWA, mobile users can use this application with a native-494 
like experience. It is readily available from the browser and users can add it to the home screen. This 495 
saves the storage space in mobile devices as native applications are larger in size than PWA. However, 496 
there are some limitations in iOS devices regarding native-like experience as such devices do not support 497 
Push notifications and web manifest files. 498 
 499 
The system does not require external software framework knowledge to maintain as it relies on vanilla 500 
JavaScript and default JS Web APIs. From a user standpoint, the user interface is responsive and intuitive 501 
to enable associates of any technical proficiency level to use the system to its full potential without 502 
requiring training and previous expertise. The interface shown in the following figures summarizes the 503 
map view and user control panel (Figure 3, Figure 4a-d, Figure 5). The user can navigate on the map with 504 
the help of panning and zooming. The control panel gives the user the ability to select the values for 505 
resolution, area, and elevation for georeferencing. Based on the selected values for these parameters, the 506 
selection window appears on the interface which can be moved around for the selection of the area of 507 
interest. The georeferenced image will be placed inside this selected area with the watershed boundary or 508 
raindrop flow overlaid on top. In Online mode, Google Maps view is displayed whereas in Offline mode 509 
OpenStreetMaps tiles are used to construct the map with a reduced extent and restricted zoom levels. 510 
 511 
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 512 
Figure 3: Default view in Online mode 513 

 514 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 515 
Figure 4. (a) Selection Window, (b) Projected georeferenced image, (c) Watershed in the georeferenced 516 

image, (d) Watershed in the map context 517 
 518 

RasterJS provides a cost-effective solution as traditional GIS systems rely on powerful servers and 519 
workstations, which may be costly to acquire and maintain for educational and non-profit institutions. The 520 
presented approach reduces the dependability on the server-side, hence reducing the licensing costs. 521 
Students can use the system via everyday computers as RasterJS leverages the advanced features of web 522 
technologies to function on browsers. RasterJS makes real-time data analysis and tracking possible by 523 
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collecting and integrating data from remote servers on the client-side as needed. It minimizes the requests 524 
between client and server, hence displaying results to the user in real-time without any lag that occurs due 525 
to communication overhead. Furthermore, the RasterJS can be packaged in a single stand-alone 526 
application along with its resources and dependencies. This file can be distributed via Bluetooth, Wi-Fi 527 
Direct, AirDrop, and USB without requiring an internet connection. This functionality is essential for 528 
ensuring and increasing the productivity of the users who work in non-conventional settings (e.g., 529 
outdoors). Specifically, stakeholders, researchers, and staff can utilize RasterJS for in-situ geospatial 530 
analysis and reference while performing duties on the field with limited or missing signal for internet 531 
connectivity.  532 

 533 

 534 
Figure 5: Raindrop flow tracker in the georeferenced image 535 

4. Conclusions 536 
This paper presents RasterJS, a web-based geospatial processing library that is built using client-side web 537 
technologies and concepts of Progressive Web Application. It provides a framework to perform geospatial 538 
analytical activities in real-time and with an engaging user experience. It transfers data storage, 539 
management and processing responsibility to the web-client as opposed to the conventional server-based 540 
architecture. RasterJS proposes to solve the problems that occur with web GIS such as the high cost of 541 
development and maintenance, performance issues, and inconsistency of data in case of concurrent 542 
access. The use of modern web technologies like Service Workers API, Fetch API, Cache API, 543 
IndexedDB API, Notifications API, Push API, and Web Workers API gives RasterJS the capability to 544 
function like both web and native applications. It provides three modes to suit different use cases: Online, 545 
Offline, and Web Bundle modes. Online and Offline modes offer similar functionality while allowing the 546 
user to coherently switch between them in case of an unstable connection. Other than these two modes, a 547 
bundled version of this application can also be created for offline access and distribution. 548 
  549 
The architecture of RasterJS is inspired by 3-layer architecture and component-based architecture. 550 
RasterJS consists of components that are distributed in 3-layers with respect to their functionality and 551 
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these components collaborate to achieve a common objective. To perform map-related tasks, RasterJS is 552 
dependent on Google Maps API in Online mode and OpenLayers library in Offline mode. Capabilities of 553 
the library is demonstrated with a watershed analysis case study for five counties (Linn, Jones, Johnson, 554 
Cedar, Muscatine) in the State of Iowa, USA. Three geospatial analysis functions are demonstrated in the 555 
system for flow direction calculation from elevation data with hydro-conditioning, raindrop flow tracking, 556 
and watershed delineation. RasterJS gives the user the ability to interact with the system in an intuitive 557 
and interoperable manner to visualize and analyze georeferenced images for the area of interest. 558 
 559 
The vision behind the proposed framework can lead to research institutions providing training to their 560 
students without having to worry about setting up expensive systems. On-site workers in remote areas 561 
where internet connection is limited can access GIS functionality in a productive manner. They can save 562 
the results of their tasks in a packaged file and share it with their peers. The RasterJS makes it easier to 563 
ensure data integrity as all the major responsibilities related to data processing and its storage are 564 
transferred to the client-side. This methodology also reduces the complexities that arise due to frequent 565 
round trips between client and server, which consequently makes real-time data analysis and tracking 566 
feasible. Additionally, push notifications and an easy-to-use interface makes the application more 567 
engaging and gives a seamless user experience. 568 
 569 
The RasterJS will be updated as new web libraries and technologies emerge and existing ones improve. 570 
Open-source JavaScript libraries that provide hydrological and GIS-related functions can be readily 571 
integrated in the framework to enrich its features and use cases (Ramirez et al., 2022). Web Assembly is a 572 
technology that can be incorporated to improve the performance of the system. The development of the 573 
RasterJS has opened the door for exploring peer to peer geospatial data distribution using WebRTC. For 574 
advanced data visualization approaches, technologies like WebGL can play an important role. WebCL is 575 
another technology that can be used for improving the performance of the application especially when the 576 
scope of the application will be extended beyond Iowa case study which would require the processing of a 577 
large number of images for georeferencing. Other than hydrological analysis, the application can be 578 
extended to other areas (e.g., urban planning, transportation, population studies, agriculture) by 579 
introducing more analytical abilities (Sermet et al., 2018). Furthermore, several other raster data formats 580 
(e.g., GeoPackage, ArcGrid, ImageMosaic) can be supported to encompass a wide array of use cases 581 
(Kilsedar, 2020). In summary, the overarching vision of this research is the modernization of GIS services 582 
by leveraging and adopting progressive approaches in web development to democratize computational 583 
solutions for spatiotemporal data to assist the stakeholders of environmental sciences. 584 
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Appendix 779 
 780 
Table A1: Modern browser support for JavaScript APIs utilized in RasterJS. 781 
 Chrome Firefox Edge Opera Safari 
Service Workers API >= 45 >= 44 >= 17 >= 32 >= 11.1 
Cache API >= 43 >= 39 >= 18 >= 30 >= 11 
Indexed DB API 2.0 >= 58 >= 51 >= 79 >= 45 >= 10.1 
Notifications Permission API >= 43 >= 46 >= 79 >= 30 Not Supported 
Push API >= 50 >= 44 >= 17 >= 42 Not Supported 
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