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Abstract

:

This study introduces a new automated system that blends multi-satellite information and citizen science data for reliable and timely observations of lake and river ice in under-observed northern regions. The system leverages the Google Earth Engine resources to facilitate the analysis and visualization of ice conditions. The adopted approach utilizes a combination of moderate and high-resolution optical data, along with radar observations. The results demonstrate the system’s capability to accurately detect and monitor river ice, particularly during key periods, such as the freeze-up and the breakup. The integration citizen science data showed added values in the validation of remote sensing products, as well as filling gaps whenever satellite observations cannot be collected due to cloud obstruction. Moreover, it was shown that citizen science data can be converted to valuable quantitative information, such as the case of ice thickness, which is very useful when combined with ice extent derived from remote sensing. In this study, citizen science data were employed for the quantitative assessment of the remote sensing product. Obtained results showed a good agreement between the product and observed river status, with a Critical Success Index of 0.82. Notably, the system has shown effectiveness in capturing the spatial and temporal evolution of snow and ice conditions, as evidenced by its application in analyzing specific ice jam events in 2023. The study concludes that the developed system marks a significant advancement in river ice monitoring, combining technological innovation with community engagement.
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1. Introduction


The monitoring of river ice conditions, particularly in northern regions like Alaska, is of paramount importance due to the direct impact of ice dynamics on local ecosystems, transportation, and safety [1,2,3,4,5,6]. Alaska’s expansive and remote landscapes present unique challenges in acquiring consistent and reliable observational data. In situ measurements of ice conditions are often spatially and temporarily limited by geographical inaccessibility and logistical constraints, emphasizing the need for alternative monitoring strategies [4,7].



Emerging cloud-based solutions have revolutionized the monitoring of weather and climate hazards, offering robust platforms for data processing and analysis. The Google Earth Engine (GEE), launched in 2010, epitomizes this advancement by providing a web-based platform that facilitates the manipulation and analysis of large-scale geographical datasets [8]. GEE’s cloud computing infrastructure enables real-time access to a vast catalogue of satellite imagery and geographic data, significantly enhancing the capacity for environmental monitoring and research. The platform’s ability to provide high-resolution satellite images without the need for local downloading streamlines the process of studying and comparing different temporal scenarios, thereby offering valuable insights into environmental transformations [9]. For instance, applying the GEE for the detection of the transformation of open water into ice and vice versa in lakes and rivers could provide substantial benefits to northern communities. This specific application illustrates the practical utility of the GEE in addressing vital ice conditions that have direct implications on the livelihood and safety of these communities.



Recent studies have further demonstrated the efficacy of the GEE in addressing various environmental challenges. The extensive data repository and computational power of the GEE have been pivotal in developing applications for the monitoring and analyzing of weather and climate-related hazards [10]. Notably, studies have effectively utilized the GEE’s capabilities to address and manage natural disasters such as agricultural disasters, floods, droughts, and wildfires [11,12,13,14,15,16,17,18,19]. For instance, the real-time monitoring of flood extents has been significantly advanced through the employment of the GEE’s high-resolution satellite datasets and rapid processing capabilities. Similarly, drought analysis has benefited from the GEE’s abilities to process large-scale temporal datasets, thus enabling researchers to discern patterns and trends which are critical for drought prediction and management. Additionally, the monitoring of wildfire dynamics has been revolutionized by the GEE’s capacity to deliver near real-time satellite data, aiding in the prompt assessment of fire spread and severity. These applications underscore the versatility and robustness of the GEE as a tool for environmental monitoring, offering a comprehensive platform for researchers and decision makers to tackle complex climatic and ecological issues [10].



Furthermore, the incorporation of supervised classification methods, such as classification and regression trees [20], random forest [21], naive bayes [22], and support vector machine [23], in the GEE has facilitated the efficient and accurate analysis of remote sensing data. This integration is crucial for developing adaptable and user-friendly applications for monitoring climate and weather hazards.



The importance of making data accessible cannot be overstated, particularly in bridging the gap between research and operational applications in the context of ice-induced hazard monitoring. Accessible data promote a more comprehensive understanding of these hazards, enabling timely and effective decision-making processes [24,25,26,27]. Moreover, the integration of citizen science data plays a pivotal role in complementing remote sensing research. Citizen science is defined in this paper as a collaboration between public environmental observers and professional scientists to address a public or scientific concern [28], and we focus here on contributory citizen science where public participants primarily collect, submit observations, and access data products, but play a limited role in data analysis [29]. Citizen science programs, through large scale initiatives like the NASA-supported Global Learning and Observations to Benefit the Environment (GLOBE) program in over 140 countries around the world, and regional initiatives like the Fresh Eyes on Ice project in Alaska, offer valuable ground-truthing and observational data that enhance model validation and provide a more nuanced understanding of local environmental conditions [9,30,31]. The inclusion of such data not only enriches scientific research, but also fosters a stronger connection between science and the community, encouraging public engagement, placing science in context of community life and mutual learning of both scientists and public participants [32].



In this study, we introduce an automated framework that supports FAIR (Findable, Accessible, Interoperable, and Reusable) science principles, facilitating remote sensing and citizen science data sharing for both research and operational purposes. This study delves into various aspects of river ice monitoring, including the multi-source satellite observation approach for detection, the processing and analysis methods, and the integration of multi-source data in the Google Earth Engine. We explore the capabilities of the near real-time monitoring system, along with a spatial and temporal analysis of ice conditions. Lastly, we assess the impact of this system on the community, highlighting the practical implications of this integrative approach to monitoring river ice conditions in Alaska.




2. Materials and Methods


2.1. Study Area


The study area for this research encompasses the vast and diverse landscapes of Alaska, a region characterized by a range of physiographic and hydro-climatic regions [33,34]. This area, integral for our analysis of river ice conditions, is depicted in Figure 1a, showcasing the geographical area and river network of the region. In Alaska, most municipalities are not connected to the road system, with 86% of communities depending on rivers and coastal waterways as the primary means of transportation and access to resources. This reliance on waterways for connectivity underscores the critical role of rivers in the daily lives of Alaskans, particularly in remote and rural areas where traditional road infrastructure is minimal or non-existent. Thus, the transformation of river ice cover significantly impacts the accessibility and safety of transportation routes, making the monitoring and understanding of river ice conditions vital for these communities [35,36].



Alaska’s terrestrial environment includes tundra, boreal forests, and coastal rainforests, each presenting unique climatic and environmental characteristics. The boreal forest region, spanning central Alaska, is particularly notable for its long, cold winters with low precipitation, predominantly as snow and extensive areas of discontinuous permafrost. Mirroring this, the Tundra region, from central Yukon to Alaska’s northern coast, endures similarly harsh winters under a continuous permafrost, making it an integral part of the study’s scope. The permafrost significantly influences hydrological connectivity within basins, with surface runoff confined to the seasonally thawed active layer, leading to high runoff response rates and surface ponding during the spring melt period [37]. This dynamic interplay, compounded by the decay of river ice cover driven by various energy inputs, sets the stage for spring flooding. The gradual weakening and eventual fragmentation of the ice cover, especially under conditions of an early spring freshet, amplify the risk of ice jamming, thus intensifying the severity of flood events [37,38].



An essential component of our methodology involves monitoring ice jams and related hazards. We utilize data from the Cold Regions Research and Engineering Laboratory (CRREL) Ice Jam Database, spanning the water years from 2000 to 2023, to enhance our understanding regarding these critical ice-related phenomena. This database, as shown in Figure 1c, documents a total of 649 ice jam events, with a significant number of these occurrences reported at ungauged sites. These data provide a broader perspective regarding the ice jam phenomena beyond the limitations of traditional hydrometric gauging stations. The rivers experiencing the most ice jams during the past 23 water years include the Yukon, Kuskokwim, Tanana, Buckland, and Kobuk, as illustrated in Figure 1b.



This study area’s distinct characteristics significantly impact various Alaskan communities, with Fairbanks, Anchor Point, Buckland, Circle, Crooked Creek, Eagle, Fairbanks, Iliamna, Kivalina, Kobuk, Nome, Prospect Camp, and Stevens Village being notably affected by ice-induced hazards. Our analysis aims to provide a multifaceted understanding of ice conditions in these regions, aiding in the development of more efficient monitoring and management strategies for river ice phenomena in Alaska.




2.2. Multisatellite Approach for River Ice Detection


The accurate detection of river ice conditions poses significant challenges, one of which is the scarcity of in situ observations in the remote and often inaccessible regions of Alaska. Such limitations underscore the necessity of robust and reliable alternative methods of monitoring. Remote sensing offers a viable solution to this predicament, harnessing the capability of Earth observation systems to capture the expansive and systematic data pertinent to ice dynamics [39,40,41,42,43,44,45,46].



In this study, we leverage multisatellite imagery that integrates various sources of remote sensing observations, detailed in Table 1, to surmount common limitations in river ice monitoring caused mainly by cloud blockage and revisit cycle. This integrated method combines the strengths of both optical sensors and Synthetic Aperture Radar (SAR) sensors. The strategic use of these diverse sensing modalities allows for the mitigation of certain limitations associated with remote sensing observations. For instance, the issue of cloud cover, which often obscures optical sensor data, can be bypassed by the all-weather, day-and-night imaging capability of SAR. Furthermore, the variability in spatial resolution and the temporal constraints imposed by satellite revisit times are addressed through the suggested approach, ensuring a more continuous and precise monitoring system.



The cornerstone of our methodological framework is the Stevens River Ice Mapping System, derived from the Visible Infrared Imaging Radiometer Suite (VIIRS) observations [44]. The merits of the VIIRS, including its advanced imaging capabilities and frequent revisit cycle, make it an invaluable tool for the surveillance of ice conditions. This product utilizes an automated deep learning technique for the near real-time satellite monitoring of river ice conditions in northern watersheds of the United States and Canada. This method capitalizes on moderate-resolution imagery from the VIIRS bands aboard the NOAA-20 and NPP satellites. A U-Net deep learning algorithm is employed for the semantic segmentation of images, effectively handling varying cloud and land surface conditions [44].



The automated system generates detailed maps, delineating classes such as water, land, vegetation, snow, river ice, cloud, and cloud shadow. This segmentation enables a nuanced understanding of the river ice conditions, crucial for monitoring hydraulic and hydrological processes in these regions. The verification of this system’s outputs has been quantitatively affirmed by comparing it with existing ice extent maps in the northeastern US and New Brunswick, Canada. This comparison yielded a probability of detection of 0.77 and a false alarm rate of 0.12, suggesting commendable accuracy [44].



While the VIIRS River Ice product forms the core of the presented system, additional remote sensing products are also integrated, as outlined in Table 1, including Sentinel-1, Sentinel-2, Sentinel-3, and Landsat 8 and 9 datasets, each contributing unique capabilities for ice conditions monitoring. The other remote sensing data are sourced directly from the GEE data catalog [47]. It is worth noting that the time latency for data from Landsat 9, Sentinel-1, Sentinel-2, and Sentinel-3 to be available in the GEE catalog is 24 h. However, for Landsat 8, the latency extends to 3 days. Sentinel-1 data play a crucial role, leveraging the single co-polarization (VV) band. Following this processing, the emphasis is on differentiating between open water and ice cover conditions across rivers and lakes, providing a clear distinction, which is essential for accurate monitoring.



Sentinel-2 data integrated in the system represent the Harmonized Sentinel-2 MultiSpectral Instrument’s Level-2A product, more specifically, the atmospherically corrected surface reflectance. This dataset utilizes the Red (B4), Green (B3), and Blue (B2) bands, each pixel measuring 10 m, thus enabling the high-resolution analysis of ice and water bodies. Similarly, Landsat 8 and Landsat 9 data are integral to our system, employing atmospherically corrected surface reflectance images. The Red (SR_B4), Green (SR_B3), and Blue (SR_B2) bands from both satellites are used to construct detailed images that are critical for our system. For Sentinel-3, RGB bands were selected, and band-specific scale factors were applied based on recommended conversion values within the dataset image collection webpage [48]. Further specifics on the wavelength, offset, and scale of these utilized bands can be found on the respective GEE image collection webpages, offering users and researchers detailed insight into the data’s properties and application.




2.3. Integration of Citizen Science Data


In the realm of contemporary environmental monitoring, the integration of citizen science data plays a pivotal role, enhancing the scope and accuracy of observational datasets [29]. The suggested monitoring system utilized data acquired from the Fresh Eyes on Ice project. The Fresh Eyes on Ice project is a community-based river and lake ice monitoring and citizen science program based in Alaska, operated by University of Alaska Fairbanks in collaboration with a number of local, state, Tribal, and federal partners. Interested individuals, youth groups, schools, families, and local scientists collect photo observations and ice and snow thickness data. Data are submitted through the program’s website or the GLOBE Observer app, a collaborative platform engaging public participation in scientific research [49,50]. All citizen science photo observations were submitted to the Fresh Eyes on Ice project with free, prior, and informed consent. The protocol for data collection was reviewed by the University of Alaska Fairbanks Institutional Review Board, and was determined an exempt activity under 45 CFR 46 (IRB Review reference number 1841855–1).



A notable feature of the GLOBE Observer App’s Land Cover Module is its proficiency in facilitating the collection of photo observations of landscapes, proving particularly effective in capturing the nuances of ice conditions. The data collated through this app is transmitted to NASA and the GLOBE Program, contributing to a global understanding of land cover changes [30]. Specifically, in the context of Alaska, the data collected during the frozen seasons are integrated into the Fresh Eyes on Ice research database. These photographic contributions flow in near-real time to the National Weather Service Alaska-Pacific River Forecast Center (APRFC), serving as a crucial resource for spring flood forecasting and disseminating winter travel safety warnings.



In addition to these individual observations, the project is augmented by ground-based photographic data from fixed river ice cameras [51]. These cameras are strategically deployed across various regions of Alaska, including reaches along the Yukon River, Innoko River, Colville River, Kuskokwim River, Noatak River, Teedriinjik River, Tanana River, Copper River, and Kantishna River. The integration of these fixed camera feeds offers a continuous and comprehensive view of the evolving ice conditions, thereby enriching the dataset and enhancing the reliability of the monitoring efforts. This combination of citizen-contributed data and fixed camera observations stands as a testament to the power of collaborative science in understanding and responding to environmental changes, particularly in the challenging and dynamic landscapes of Alaska.




2.4. Data Processing and Analysis Framework


In this study, data processing and analysis is instrumental in synthesizing a comprehensive understanding of river ice conditions in Alaska. This method relies on a combination of multi-source data, incorporating remote sensing imagery, ground-based observations from cameras, and citizen science data.



The automated system operates through a series of methodical steps, presented in Figure 2. The segmented river ice product, a primary output of this system, is generated from VIIRS imagery. Following this, the data undergo projection and cropping which are specific to our region of interest. A pre-trained U-Net model then processes these data, producing segmented images that categorize various features such as River Ice, Snow, Water, Vegetation, and Land. Subsequent to this segmentation, the data is uploaded and displayed on a publicly available website through a GEE application. Another notable advantage of this system is the reduced latency in posting segmented VIIRS images on the platform. While the latency for VIIRS products available in the GEE can range from 3 to 15 days, depending on the product, the images posted in our system are available with a significantly reduced delay, which we have quantified to be just 1 day. This reduction in latency enhances the timeliness and relevance of the data for users and decision makers.



One of the challenges encountered in this endeavor is the limitations of the GEE in hosting high computational algorithms and a limited suite of machine learning algorithms. This poses a challenge in real-time or near-real-time data posting. Our methodological framework addresses this gap by providing a robust method that enables researchers to publish data effectively, positioning the GEE as a viable platform for transitioning research findings to operational applications. The system is fully automated. The process initiates with the downloading and processing of VIIRS images to generate the River Ice product. This is followed by uploading these images to a cloud environment and subsequently posting them on the GEE platform for user access.



This focus on an automated system underscores its significance in an environment, where manual data handling and processing are impractical. By predefining all tasks, the system not only ensures efficiency and accuracy, but also facilitates continuous monitoring and analysis, which are critical for understanding and responding to the dynamic and challenging ice conditions prevalent in Alaska.




2.5. System Development Process


In the advancement of the user interface for river ice monitoring on the Google Earth Engine, the incorporation of FAIR science principles was prioritized. The initiation of the development process was marked by the identification of diverse stakeholders who could benefit from a river ice monitoring system. A paramount design criterion was the accessibility of the system through an online platform, catering to the broad spectrum of potential users.



Subsequent to the determination of stakeholder needs, the design emphasis was placed on user friendliness and the integration of multi-source ice condition data. This integrated approach was intended to furnish users with a comprehensive system for river ice monitoring. The target audience was delineated to include members from the academic sector, public service agencies, private sector companies, and the general public, with special attention paid to riverside community members in Alaska (Table 2). We collaboratively determined the target audience, with input from Fresh Eyes on Ice partners and insights derived from ongoing discussions within the cold regions hydrology community [52].



The system’s architecture was tailored to support information dissemination across this wide span of users. The utility of river ice information was recognized as critical during the key seasonal periods. During the freeze-up period, the system was designed to support transportation planning and the continuity of daily activities which can potentially be impacted by ice formation. Conversely, in the breakup period, the system was aimed at aiding in the anticipation and mitigation of ice-induced hazards.



A key element in the development of the user interface on the GEE is the data integration and posting workflow, as depicted in Figure 3. This process employs an automated script, pivotal for the efficient and effective transition of segmented images to Google Storage. The procedure entails uploading both ice concentration images and their segmented counterparts into separate, designated buckets in Google Storage. This differentiation in storage buckets facilitates streamlined data management and retrieval.



Furthermore, data procured from the Fresh Eyes on Ice Portal are fetched via an Application Programming Interface (API), specifically using a Web Feature Service (WFS). WFS is a standard protocol recognized by the Open Geospatial Consortium (OGC) for querying and retrieving geospatial features. After retrieval, the data is uploaded to Google Storage into a distinct bucket dedicated to this dataset. This separation of data sources into different buckets is instrumental in maintaining an organized and coherent data structure. The data from the portal are available in various table formats [53]. The entire process of requesting and receiving this data is handled in the cloud, utilizing the Google Compute Engine.



An automated code, specifically developed and deployed on a Google Cloud Service—namely, the Compute Engine—plays a crucial role in this workflow. This code is responsible for transferring the data from the Google Storage buckets directly to the GEE. Within the GEE, this data is then systematically placed into pre-created image collections, designated for the river ice product, and tables, formatted as Shapefiles, for the citizen science data information. A crucial aspect of this process is ensuring that all these image collections and tables are set for public access. This measure is essential for integrating the data into the web-based application hosted on GEE, ensuring accessibility to a broad spectrum of users.



The workflow heavily relies on Google Storage as the intermediary between the local machine and the GEE cloud environment. This service is crucial for the migration of images and data to the cloud, serving as a pivotal link in the chain of data processing and dissemination. By utilizing Google Storage, the workflow achieves a seamless transfer of data from its source to the cloud, thereby enhancing the efficiency and reliability of the data integration and posting process on GEE. This approach not only streamlines the data management process, but also significantly contributes to the advancement of remote sensing applications in river ice monitoring, ensuring that data are readily available and accessible for analysis.



In summary, the user interface on the Google Earth Engine was developed with the intention of providing an accessible, user-friendly platform that adheres to FAIR principles. It serves as an essential tool for various stakeholders who rely on timely and accurate river ice information for decision-making and operational purposes.





3. Results


3.1. User Interface for the River Ice Monitoring System


The development of a user-friendly application was central to enhancing the capabilities of near real-time monitoring system for river ice conditions. As depicted in Figure 4, the interface design focused on creating interactive tools which are accessible to a broad range of users. This approach was instrumental in addressing the varying needs of different user groups, from researchers and local communities to government agencies and private sector entities.



One of the key features of the interface is the ability for users to activate or deactivate layers of remote sensing and citizen science data. This flexibility allows users to tailor the information displayed according to their specific requirements. The comprehensive legend provided for the segmented VIIRS River Ice product includes detailed classifications of land and varying levels of ice concentration, thus enhancing the interpretability of the data.



Users have the capability to select specific dates for visualizing available remote sensing observations. This feature is particularly useful for conducting the comparative analyses of ice conditions, either within the same period or for retrospective analysis. It enables users to visualize the inter-annual variability of ice conditions in a selected region by comparing current and historical data. The interface splitter further augments this capability, allowing users to simultaneously view ice conditions from different selected dates in separate panels.



It is important to highlight that, within our interface, users have the flexibility to individually display remote sensing products by activating the desired product (Figure 4). High-resolution optical products like Sentinel-2, Landsat 8, and Landsat 9 provide detailed imagery of land cover, enabling the detection of ice in both large and narrow channels. Conversely, moderate resolution optical products, such as the VIIRS river ice (375 m) product and Sentinel-3 (300 m), are more suited for monitoring ice conditions over mid-sized and large rivers only. During the development of our system, the use of low-Earth orbit sensors, like VIIRS onboard the NOAA-20 spacecraft and SLSTR onboard Sentinel-3, was instrumental. Despite their moderate resolution, these sensors can rapidly acquire data on a global scale. Furthermore, the inclusion of Sentinel-3, akin to VIIRS observations, significantly enhances our system with its daily temporal- and continental-scale spatial coverage.



The availability of a wide range of satellite images in the system mitigates the limitations posed by cloud cover in observing ice conditions. This not only enhances the reliability of the observations, but also opens new opportunities for inferring additional information, such as ice movement dynamics. Another significant feature is the drawing mode toolbox, which includes options for rectangle, polygon, or point selection. This tool allows users to conduct time series analysis within a defined area of interest. Once an area is selected, users can observe changes in water, ice, and snow extents over time. This function is invaluable for efficiently retrieving temporal evolution data of the landscape concerning ice, water, and snow dynamics.



To further facilitate GIS analysis, the system allows users to select an area of interest and download a GeoTiff file using the “Get Download URL” button. This feature, however, is limited to files up to 30 MB in size. Additionally, users can activate layers displaying ground-based observations. The first layer shows recent citizen science data collected over the past 15 days, allowing users to view the locations and details of recent image contributions. This is particularly valuable for local communities to stay updated on the current ice conditions in various Alaskan regions. The second layer features historical citizen science data, which are crucial for retrospective analysis and research activities. This data serves as ground truths for validating, assessing, and improving both modeling and remote sensing products related to ice conditions and ice-induced hazards, such as ice jams and flooding.



Lastly, the interface includes a layer displaying near real-time images from eight strategically deployed cameras across Alaska. During periods of prevalent cloud cover, when satellite-based observations are hindered, these cameras provide a reliable alternative for localized, reach-based observations. Users can access the latest camera observations through the “Link to Fresh Eyes on Ice” panel, enhancing the system’s utility in monitoring river ice conditions during critical freeze-up and breakup periods. The developed interface of the near real-time monitoring system represents a significant advancement in river ice monitoring. Its comprehensive, user-friendly design, coupled with interactive features and data integration, significantly enhances the capability of stakeholders to monitor, analyze, and respond to river ice conditions in Alaska.




3.2. Evaluating VIIRS River Ice Product with Citizen Science Data


In this study, citizen science data were leveraged for the assessment of the VIIRS River Ice product, focusing on images collected during the water year 2023. A total of 1027 images, showing varied river conditions across different dates of the water year, were initially available for analysis. A GIS-based process was then employed to refine this dataset, focusing only on the mid-size and large rivers likely to be captured in VIIRS observations, in accordance with the river presentations in Figure 1. Subsequent to this selection, a temporal and spatial matchup between the citizen science data and VIIRS pixels was conducted. This process involved the exclusion of pixels classified as cloud or snow, limiting the assessment to those indicating water or ice. As a result of this geospatial filtering and pixel class restriction, a total of 165 citizen science observations were identified as corresponding to VIIRS pixels depicting water or ice.



The evaluation of the accuracy of the VIIRS River Ice product was conducted through the generation of a confusion matrix and the calculation of various assessment metrics. These included the F1-score (F1), the proportion correct (PC), the bias ratio (B), and the critical success index (CSI) (Figure 5). For more details regarding these metrics and their calculation methods, readers are referred to [44].



This approach underlines the utility of integrating citizen science data in validating remote sensing products, providing a methodological framework for assessing the accuracy and applicability of the VIIRS River Ice product in monitoring river conditions.



In the conducted analysis, a comprehensive evaluation of the VIIRS River Ice product against the observed data was carried out, focusing on the detection of ice presence. The results manifested a commendable alignment between the observed and predicted datasets, as evidenced by the calculated metrics. The F1 score, standing at 0.90, signifies a high degree of accuracy and precision in the classification process, reflecting the model’s effectiveness in correctly identifying ice occurrences. Similarly, the proportion correct metric, at 0.88, further corroborates the high level of overall accuracy in the predictions, indicating a substantial proportion of correct classifications relative to the total number of observations.



The critical success index value of 0.82 provides additional insight into the model’s performance, particularly in its ability to successfully predict “true ice” events. This metric, emphasizing the correct predictions of the target class, underscores the model’s robustness in distinguishing ice cover effectively. However, the bias ratio of 1.14 reveals a slight tendency towards overestimation in ice pixel predictions. This minor skewness towards ice detection can be primarily attributed to the challenging conditions during the breakup period. During this phase, the presence of a mix of open water and ice cover on the rivers introduces complexity to the classification task, thereby leading to some water pixels being classified as ice. It is important to mention that the false positive detections were further investigated and found to be occurring predominantly in April and May, reflecting the breakup period.



Furthermore, this study highlights the instrumental role of citizen science data in validating remote sensing products, especially in the absence of comprehensive benchmark datasets. The synergistic use of ground-based observations and remote sensing data paves the way for more refined and accurate environmental monitoring and analysis. Such integrations are pivotal in enhancing our understanding of dynamic natural processes and in the development of reliable remote sensing products that can effectively inform and support various environmental and climatic studies.




3.3. Spatial and Temporal Analysis of Ice Conditions


In order to comprehensively understand the seasonal dynamics of ice conditions in Alaska, the system presented in this study could be leveraged by users to conduct this analysis. It enables the enhanced visualization and analysis of ice conditions through the integration of various landscape and river ice classes, including cloud coverage information. This functionality is a vital component of the system, particularly in discerning the spatiotemporal evolution of ice, snow, and water cover, as demonstrated in Figure 6.



A crucial capability of the system is its proficiency in detecting the seasonal changes in snow and ice cover across Alaska, leveraging the VIIRS River Ice product. Figure 6 exemplifies this by presenting the seasonal transition in ice cover in the selected section of the Yukon River for the water year 2023. The onset of snow cover, marking the beginning of the river freeze-up, was observed to begin in October 2022. Throughout the winter season, ice cover remains prevalent, as evident in the imagery from March 2023. A significant shift is observed in May, where open water conditions become predominant, accompanied by a notable reduction in snow cover.



The system offers a wide range of users the ability to explore these seasonal changes in ice conditions. Moreover, it facilitates the detection of precursors to ice freeze-up and breakup events. For example, the start of snow accumulation provides valuable insights into the freeze-up period. Conversely, the inference of snowmelt, discernible from the reduction in snow cover, serves as an indicator of the onset of snowmelt-generated runoff, which contributes to ice breakup.



While the VIIRS River Ice product provides guidance regarding the broad spatial and temporal changes in ice conditions, delving into more localized processes necessitates additional data, particularly from high-resolution satellite sources. One notable observation from Figure 6 is the impact of cloud cover, which significantly hinders the clarity of ice condition monitoring over the entirety of Alaska. Moreover, the moderate resolution of sensors limits the effective monitoring of smaller rivers.



Therefore, a multi-source satellite data approach is essential, with high-resolution products offering near real-time information to overcome these limitations. The integration of various data sources enhances the system’s capability to provide a more detailed and accurate representation of ice conditions, thereby supporting a wide array of applications, from environmental monitoring to hazard prediction and mitigation. This multifaceted approach underscores the importance of leveraging diverse remote sensing technologies to achieve a comprehensive understanding of river ice dynamics in Alaska.




3.4. Monitoring Ice-Induced Hazards


In the context of enhancing our understanding of ice conditions, the application of multi-source remote sensing data becomes particularly evident in the analysis of an ice jam-induced flooding event along the Yukon River in Fort Yukon on 14 May 2023. This event exemplifies the synergy achieved through the integration of various remote sensing observations (Figure 7).



The segmented images from the VIIRS River Ice product, as illustrated in Figure 7c, effectively demonstrate the extent of ice and the associated water over land, indicative of flooding due to the ice jam. The moderate resolution of VIIRS imagery provides a broad scale perspective, but does have limitations in capturing finer details in narrower river sections. This limitation is addressed by the high-resolution imagery from Sentinel-2, as depicted in Figure 7a. Sentinel-2 imagery offers a clearer and more detailed view of ice and water extents, especially in narrower rivers where the VIIRS product may not be as effective. The ability of Sentinel-2 to distinguish between ice and open water during breakup periods significantly enriches the spatial analysis of ice conditions.



Further supporting this analysis is the integration of citizen science data, as showcased in Figure 7b. Images from the Fresh Eyes on Ice portal offer ground-level insights into the severity and consequences of ice-induced flooding, providing a perspective that cannot be offered through satellite-based observations alone. This comprehensive approach is vital for thoroughly addressing various aspects of ice-induced hazards, from mapping ice breakup in both wide and narrow rivers to assessing flood damage.



The information collated thus far is invaluable for subsequent studies, particularly in integrating remote sensing data into hydrodynamic models for operational forecasting. The acquisition of satellite images before the event also plays a crucial role in assessing the triggers of ice jams, thus contributing to the development of models that predict ice-induced hazards both in terms of occurrence and impact.



The geolocation of citizen science data is critically important for accurately assessing ice-induced hazards. Accurate location data increase the utility and relevance of these observations, linking them directly to specific geographical areas of interest or concern. However, these observations have a major limitation: they do not provide detailed information regarding ice type and thickness. While citizen science and satellite observations offer valuable spatial and temporal insights, understanding the specifics of ice characteristics during ice jams events remains a challenge, highlighting the necessity for more in situ measurements. This analysis underscores the importance of capturing changes in water levels during breakup and ice jam events to complement this integrated approach to river ice monitoring.



In the continuous exploration of leveraging multi-source remote sensing data for river ice monitoring, a notable case occurred along the Forty-Mile River near Chicken on 11 May 2023, as depicted in Figure 8. This incident of ice jamming presents a scenario where the integration of various data sources proves indispensable.



For this particular event, the VIIRS River Ice product encountered limitations due to the narrow width of the river, failing to capture the ice jam event effectively. However, the Sentinel-2 observation played a crucial role in this scenario. The high-resolution imagery from Sentinel-2 successfully captured sections where ice was accumulated, as well as areas of open water. This level of detail is critical for identifying the length of the ice jams and assessing the potential damage in the upstream areas of the jam.



Moreover, the citizen science data collected in the region provided invaluable insights. The visual information from these ground-level observations helped in identifying the nature of the jam as a breakup jam and offered a clearer perspective on the ice characteristics—aspects that could not be discerned using the satellite images alone.



This case exemplifies the importance of having multi-source data for monitoring ice-induced hazards. The combination of high-resolution satellite imagery and citizen science data creates a more comprehensive monitoring system. While remote sensing observations provide a broad and continuous view of the ice conditions, citizen science data can contribute ground-truth insights, particularly regarding the physical characteristics and types of ice jams. Such an integrated approach enhances the accuracy and depth of river ice monitoring, allowing for more effective hazard assessment and management.



Again, this case highlights the synergy between remote sensing and citizen science data, demonstrating how the latter can significantly complement and enrich remote sensing observations, particularly in instances where satellite imagery alone may not provide the complete picture. This integrated methodology underscores the value of diverse data sources in enriching our understanding and response to ice-induced hazards.



Through leveraging the multi-source remote sensing data, we examined a significant post-ice jam event that occurred on 16 May 2023, as illustrated in Figure 9. This event was marked by near-record flooding at Circle, affecting most structures, including the airport access road, and underscored the value of multi-source data in evaluating ice-induced hazards.



The VIIRS River Ice product revealed that the channels were predominantly open water, but this did not capture much of the floating ice, as shown in Figure 9a. However, a more nuanced understanding of the channel conditions was obtained from the VIIRS ice concentration product (Figure 9b). This product indicated a high ice concentration level within the channels, with concentrations exceeding 60%.



Further clarity was provided by RGB images from Sentinel-3 observations, which effectively captured the accumulated ice near the river banks and in the meandering channels (Figure 9c). On the contrary, available Sentinel-2 images were largely obscured by cloud cover, limiting their utility in visualizing the floating ice (Figure 9d).



A key addition to the observational capabilities was the high-resolution SAR data, though its geographical coverage was limited. The sections captured by this data source clearly depicted the floating ice (Figure 9e,f). Advanced raster visualization tools were employed to better visualize the floating ice, using an ice color palette that was stretched to backscatter amplitude values [55]. Once again, the value of multi-source remote sensing data was demonstrated in mapping and monitoring ice-induced hazards. The comprehensive nature of these data allowed for a detailed assessment of the event’s impact, particularly in terms of the extent and characteristics of the floating ice.



Additionally, the event’s effects were captured through photographic images, providing a ground-level perspective on the flood’s impact near Circle. These images, accessible through the Fresh Eyes on Ice portal, are saved under the historical data layer (Figure 9g,h). They offer a clear visualization of the event’s consequences, complementing the satellite data and providing a holistic view of the situation. This integration of various data sources, from satellite imagery to ground-based photographs, underscores the importance of a multi-faceted approach in understanding and responding to environmental hazards, particularly those which are as dynamic and impactful as ice jams and their effects.





4. Discussion


The research conducted in this study has provided key insights into the capabilities of the near real-time monitoring system and the spatial and temporal analysis of ice conditions. The results derived from these sections highlight several critical aspects of river ice monitoring using an automated system.



The automated system, as evidenced by our qualitative assessments, has proven to be highly reliable in monitoring the dynamics of river ice, particularly during crucial periods such as ice formation and breakup. Its ability to capture the phenology of river ice with accuracy underscores its utility as an invaluable tool in river ice monitoring. By leveraging an existing automated framework, the system enhances the monitoring capabilities across Alaska, offering detailed and timely insights into river ice conditions with minimal human intervention. This represents a significant stride in the field, especially in providing an efficient solution for monitoring in regions that typically receive less observational coverage.



While the utilization of the Google Earth Engine (GEE) image collections offers numerous advantages, it does pose some limitations in terms of advanced image processing capabilities like image filtering, segmentation, and classification. The framework developed in this study addresses these limitations by guiding users on how to create and publicly share their own image collections within the GEE. This approach not only expands the utility of the GEE, but also empowers users to tailor the data processing to their specific needs, thereby enhancing the overall efficacy of the monitoring system.



The system presented in this study exemplifies an advanced approach to automated ice monitoring. By integrating various remote sensing datasets and leveraging machine learning algorithms, the system facilitates a comprehensive analysis of ice conditions. This integration is pivotal for understanding the complex and dynamic nature of ice phenomena and for providing actionable insights for stakeholders.



Despite its numerous strengths, the tool does have limitations that need to be acknowledged. For instance, the image download capability is currently confined to the river ice product. Additionally, while the system imports Sentinel and Landsat observations directly from the GEE cloud server, these images are provided in a pre-processed format. This limits the users’ ability to further preprocess or calibrate the raw images according to their specific requirements, such as thermal noise removal or radiometric calibration. Acknowledging and addressing these limitations is crucial for the continuous improvement and adaptation of the system in order to meet diverse user needs.



An intriguing prospect for the further development of multi-source remote sensing system is its application in operational hydrology, specifically in enhancing real-time response and predictive capabilities for river ice phenomena. To augment the practical utility of the system, particularly for operational purposes in hydrology, the implementation of advanced features such as ice jam prediction and user alert communication is highly recommended for future advancements.



The envisaged expansion includes the integration of advanced machine learning models leveraging the wealth of data generated by the system. These models can be trained to predict potential ice jams, thereby enabling the system to issue timely alerts to users, particularly in vulnerable or high-risk areas [56]. This proactive approach would not only enhance the system’s utility for monitoring, but would also elevate its role in disaster preparedness and response.



Furthermore, collaborative efforts with existing operational programs, such as the NWS River Watch program [57], are significantly enriched through the integration of citizen science data. Notably, the APRFC actively utilizes citizen science data for their monitoring endeavors. This synergy originated during the pandemic when traditional aerial surveys were limited, sparking the Fresh Eyes on Ice initiative. This program encouraged local communities to contribute their observations, reinforcing the longstanding tradition of community engagement in the River Watch program. Locals, recognizing the pivotal role of river forecasts in their daily lives, readily participate by providing valuable, ground-level insights. The remote sensing product and the associated portal have been fine-tuned through this interaction, ensuring validation and relevance. Features, such as the ability to download river ice data directly from the app, were introduced in response to specific requests from a weather agency, exemplifying the user-driven evolution of our system. Engaging with these programs led by weather agencies could facilitate a more targeted approach to data collection and dissemination, ensuring that the information gathered is both relevant and actionable. Additionally, such collaboration would aid in communicating specific data collection needs to users and communities in Alaska, thereby fostering a culture of active participation and data sharing.



Enhanced communication strategies could lead to the collection of larger datasets, which are crucial for tracking the movement of ice across different locations. This expanded dataset would not only improve the accuracy of predictive models, but also provide valuable insights for long-term hydrological studies and environmental management. In essence, by integrating predictive capabilities and strengthening ties with operational hydrology programs, the system can evolve from a purely monitoring tool to an active participant in disaster prevention and response. This transition would mark a significant leap forward in leveraging remote sensing and citizen science for operational hydrology, particularly in the context of river ice monitoring.



Feedback from the community and users of the river ice monitoring system underscores the critical role of engagement and iterative improvement in developing effective environmental tools. A webinar held in January 2024 was particularly effective in highlighting the system’s intuitive design and educational potential, alongside constructive suggestions for incorporating more personalized visualization options and local knowledge. The wide range of attendees, from scientists and students to educators and community members, reflects the system’s broad appeal and the importance of engaging a diverse audience to gather comprehensive feedback and foster a collaborative environment for environmental monitoring and education. This approach not only fosters community involvement, but also ensures that the system remains adaptable and responsive to the evolving needs of users, thereby enhancing its effectiveness in monitoring and responding to river ice dynamics and related hazards.



In summary, this study underscores the significance of an automated, multi-source remote sensing system in enhancing the monitoring of river ice conditions. The integration of advanced image processing techniques and the usability of the system represent substantial advancements in the field. Equally important is the inclusion of citizen science data, which provides invaluable ground-truth observations that complement remote sensing datasets. This synergistic approach, combining technological innovation with community engagement, enriches the analysis and interpretation of ice conditions. Recognizing and addressing the system’s limitations, including the need for broader image processing capabilities and the constraints in data pre-processing, is crucial for extending its applicability and effectiveness in river ice monitoring. Emphasizing the collaborative use of remote sensing and citizen science data not only improves the accuracy of our observations, but also fosters a more comprehensive understanding of river ice dynamics.




5. Conclusions


This study represents a significant advancement in the field of remote sensing applied to river ice monitoring, particularly in the challenging and under-observed regions of Alaska. By integrating a range of technologies, including the Google Earth Engine, cloud computing, and deep learning, alongside traditional remote sensing methods and citizen science data, the research offers a comprehensive FAIR approach to environmental monitoring and hazard assessment.



The development of an automated, multi-source remote sensing system has demonstrated its efficacy in providing near real-time, accurate, and detailed insights into river ice conditions. This system successfully harnesses the power of big data to enhance our understanding and responsiveness to the dynamic nature of river ice and related hazards. We have also illustrated possible applications and usages of the system, such as validating remote sensing data, conducting temporal and spatial analyses of land cover, and monitoring ice-induced hazards, showcasing its versatility.



The inclusion of citizen science data is particularly noteworthy, as it provides ground-truth observations that greatly complement satellite imagery, thereby enriching the analysis. Despite these advancements, the study also acknowledges the limitations of the current system, such as the need for broader image processing capabilities within the GEE and constraints in data pre-processing. These limitations highlight areas for future improvement and underline the ongoing need for innovation and development in the field.



In summary, this research contributes significantly to environmental management and hazard assessment in Alaska, offering a robust and accessible tool for river ice monitoring. It lays the foundation for future work that can further refine and expand the capabilities of remote sensing in understanding and managing the complexities of river ice dynamics and their broader environmental and societal impacts.
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Figure 1. Geographical location of the study area and main rivers network (a), pie chart of rivers with the highest ice jam frequencies (2000–2023) (b), histogram of temporal changes in ice jam numbers (2000–2023) (c). 
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Figure 2. Methodological framework for monitoring ice conditions. 
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Figure 3. Data integration and posting workflow in the Google Earth Engine. 
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Figure 4. User interface of the river ice monitoring system [54]. The interface showcases the most recent citizen science data as red dots, historical citizen science data in blue, and live cameras in turquoise blue. The date selection tool is highlighted within the green box, data download options are enclosed in the red box, and the screen split feature is outlined in the orange box. A comprehensive legend detailing the displayed river ice maps and ice concentration levels is available in the portal. 
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Figure 5. Confusion matrix and assessment metrics for the VIIRS River Ice product versus the Fresh Eyes on Ice dataset (Water Year 2023). 
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Figure 6. Spatiotemporal evolution of ice, snow, and water cover over sections of the Yukon River, water year 2022. 
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Figure 7. Monitoring ice-induced flooding over the Yukon River in Fort Yukon using multi-source data. Sentinel-2 observation (a), citizen science images (b), and VIIRS River Ice product images (c). 
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Figure 8. Monitoring of the ice jam along the Forty Mile River near Chicken using Sentinel-2 and citizen science data. 
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Figure 9. Monitoring the impact of near-record ice-induced flooding at Circle on 16 May 2023. VIIRS River Ice product (a), VIIRS ice concentration (b), Sentinel-3 image (c), Sentinel-2 image (d), Sentinel-1 image (e), Sentinel-1 image (a detailed zoom-in of image subfigure (e)) (f), citizen science data (g), and citizen science data description (h). The location of the citizen science data is indicated by a red dot. 
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Table 1. Overview of integrated satellite data sources.
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	Satellite
	Sensor(s)
	Sensor Type
	Spatial Resolution





	Landsat 8
	OLI/TIRS
	Optical
	30 m



	Landsat 9
	OLI-2/TIRS-2
	Optical
	30 m



	Sentinel-1
	C- SAR
	Radar
	10 m



	Sentinel-2
	MSI
	Optical
	10 m



	Sentinel-3
	SLSTR
	Optical
	300 m



	NOAA-20
	VIIRS
	Optical
	375 m










 





Table 2. User needs analysis for river ice monitoring system development in Alaska [52].
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	Target User
	Needs





	Transportation Agencies
	
	-

	
Predicting and managing ice-related disruptions in transport routes.




	-

	
Ensuring the safety of the road and bridge infrastructure.









	General Public
	
	-

	
Accessing near real-time ice condition information for daily activities.




	-

	
Safety information for the recreational use of water bodies.









	Indigenous Communities
	
	-

	
Maintaining traditional activities that depend on river conditions.




	-

	
Preserving cultural practices linked to river ecosystems.









	Scientific Researchers
	
	-

	
Data for studying climatic patterns and ice dynamics.




	-

	
Validation of models for ice cover prediction.









	Weather Agencies
	
	-

	
Enhancing weather forecasts with real-time ice coverage data.




	-

	
Integrating ice conditions in emergency weather alerts.









	Military
	
	-

	
Supporting winter training and operations in the far north through reliable ice condition data.




	-

	
Utilizing long records of ice data for strategic planning and operational safety.









	Oil and Gas Companies
	
	-

	
Monitoring ice conditions for safe drilling and transportation.




	-

	
Planning and executing seasonal logistics.









	Emergency Management Services
	
	-

	
Preparing for and responding to ice-related emergencies.




	-

	
Coordinating with other agencies for disaster relief efforts.









	Marine Navigation Services
	
	-

	
Navigational safety for boats and shipping vessels.




	-

	
Ice movement forecasts for route planning.









	Environmental Conservation Groups
	
	-

	
Tracking the impact of climate change on river ecosystems.




	-

	
Monitoring ice breakup patterns affecting wildlife.









	Outdoor Recreation and Tourism Businesses
	
	-

	
Providing clients with safe excursion planning.




	-

	
Assessing ice conditions for sports and tourist activities.









	Local Fishermen
	
	-

	
Ensuring the safety and sustainability of fisheries.




	-

	
Accessing updated information for fishing activities and safety measures.






















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg





media/file4.png
Sensing

Data Acquisition: Multisource Remote

N

_

Retrieval: Downloading VIIRS Level 1
Observations

Preprocessing: VIIRS Data Projection
and Cropping

Segmentation: U-Net Deep Learning
Application

Integration: Sourcing Citizen Science
Data from Fresh Eyes on Ice

Platform Development: Assembling
GEE-Based Ice Condition Interface

111

-

-

L
L






media/file18.png
Date: 2023-05-16

Description: Circle, flood impacts

Image Link:

Clear Text





media/file3.jpg
Data Acquisition: Multisource Remote —
Sensing A

Retrieval: Downloading VIIRS Level 1
Observations

||

Preprocessing: VIIRS Data Projection )
and Cropping

Segmentation: U-Net Deep Learning
Application

Integration: Sourcing Citizen Science
Data from Fresh Eyes on Ice

-

Platform Development: Assembling -
GEE-Based Ice Condition Interface






media/file7.jpg





media/file10.png
Predicted values

Water

lce

True values
Ice Water

87 16

Performance Metrics

0.8

0.6

0.4

0.2

F1-Score

Proportion Correct

1.14

Bias Ratio

Critical Success Index





media/file19.png





media/file14.png
m m“m

A\

i N g v oo

I@I-ll I]l”l " . X
Ao ..,., B ‘-, h.&
= I'P. u ,Q.v.,,l\

o I A
S\ WY Y |
e P
= < ()
= : ” -n.-lu %

--n » " P

o> AR -
fme i f - — g
lull,..« |”- i )
= 3 o yi - - Lt
i S g ST
s S I, ll.
¢ LN ¢
‘?-l ) { = @iy iy -






media/file11.jpg





media/file6.png
Ice concentration

L™
Cal

Segmented landscape

Citizen science data

Image collection






media/file15.jpg





nav.xhtml


  remotesensing-16-01368


  
    		
      remotesensing-16-01368
    


  




  





media/file16.png
Get Download URL Reset Download Link

May 11, 2023
05/11/2023 0|

Link to Fresh Eyes on lee

Date: 2023-05-11
Description: Mosquito Fork Bridge- Taylor HWY Thurs 5-11-23 Pictures show downstream from bridge and view of river from wayside. Pictures taken by David and Meg Helmer.

Image Link:

Gotolmage

Clear Text






media/file2.png
Yukon River

Buckland River

Kuskokwim River

IThe state of Alaska Boundaries
River network k\
Stream order

* Ice jams locations

——

.\Kobuk River

1500

‘Tanana River

Kilometers 2
2000 %

(a)

Kuskokwim River: 68

Number of