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ABSTRACT

Remote Sensing Technology (RST) has become an indispensable component of contemporary marine fisheries management, offering synoptic, repetitive, and near real-time observations of oceanographic processes across multiple spatial and temporal scales. Unlike conventional survey-based approaches, which are often constrained by limited coverage, high operational costs, and temporal delays, satellite remote sensing provides continuous and large-scale monitoring of critical marine environmental variables. This technological advancement has significantly strengthened scientific understanding and evidence-based decision-making in fisheries governance. Earth observation satellite missions such as MODIS, Sentinel-3, and Oceansat-2 facilitate the systematic assessment of key oceanographic parameters, including sea surface temperature (SST), chlorophyll-a concentration, ocean colour, wind fields, and primary productivity. These variables are fundamental drivers of marine ecosystem structure and function, directly influencing fish distribution, migration patterns, spawning behaviour, and trophic interactions. The integration of such parameters enables the identification of Potential Fishing Zones (PFZs), particularly in regions characterized by thermal fronts, upwelling systems, and productivity gradients. Furthermore, the integration of RST with Geographic Information Systems (GIS), artificial intelligence (AI), machine learning techniques, and ocean circulation models has substantially improved predictive analytics and spatial decision-support systems. Such interdisciplinary convergence enables scenario-based modelling, climate resilience assessment, and spatial planning for marine protected areas and fishing effort regulation. In addition, remote sensing-derived early warning systems for cyclones, storm surges, and extreme ocean events contribute to disaster risk reduction and operational safety for fishing communities. Overall, Remote Sensing Technology represents a paradigm shift toward data-driven, climate-resilient, and ecosystem-oriented marine fisheries management. By enhancing monitoring efficiency, strengthening predictive capabilities, and supporting sustainable resource utilization, RST plays a critical role in balancing economic productivity with ecological integrity in marine ecosystems.
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1. INTRODUCTION
Marine fisheries are vital for global food security, livelihoods, and economies, especially in developing coastal countries. Yet, escalating fishing pressure, climate change, habitat loss, and oceanographic fluctuations pose major challenges to sustainable resource management (FAO, 2022). Conventional approaches, which rely heavily on catch records and on-site surveys, suffer from limited spatial extent, steep costs, and lags in data delivery. In contrast, remote sensing offers broad-scale, near-real-time, and economical tracking of key ocean variables—like sea surface temperature, chlorophyll levels, and primary productivity—facilitating prompt fish stock evaluations, habitat delineation, and ecosystem-oriented management strategies (FAO, 2018; Plaganyi et al., 2014; Klemas, 2013).
Geospatial technologies encompass systems designed to capture, process, and analyze location-based data on Earth's surface. Key examples include remote sensing, the Global Positioning System (GPS), and Geographic Information Systems (GIS) (Goodchild, 2007). Remote sensing and GPS serve primarily as data acquisition methods for Earth's surface features, whereas GIS functions as a powerful framework for mapping, integrating, and interpreting such spatial information.
[bookmark: _GoBack]Remote sensing refers to the process of acquiring information about objects or phenomena without physical contact, typically by detecting and measuring electromagnetic radiation reflected or emitted from a distance (Lillesand, Kiefer, & Chipman, 2015; Campbell & Wynne, 2011; Mohapatra et al., 2025). This involves observing attributes such as color, shape, texture, or other characteristics from afar. In practice, platforms like satellites, aircraft, or drones enable non-invasive data collection over vast areas, including oceanic regions. Everyday analogies illustrate the concept: human vision, smartphone cameras, or orbiting satellites all exemplify remote sensing principles.
1.1 Satellite Remote Sensing Workflow
This flowchart illustrates the complete operational sequence of satellite remote sensing, from solar energy input to fisheries-ready products. It follows a linear top-to-bottom progression with decision branches for processing:


Fig.1: Flowchart of Satellite Remote Sensing Workflow
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2. Working of Remote Sensing
a. Electromagnetic Spectrum (EMS) in Remote Sensing
The electromagnetic spectrum (EMS) underpins remote sensing by enabling the detection of unique spectral signatures—distinct patterns of reflection, absorption, or emission across wavelengths—that materials exhibit (Jensen, 2015). Sensors primarily exploit the optical (0.4–2.5 µm), thermal infrared (8–14 µm), and microwave (1 mm–1 m) regions to capture these signatures (Schott, 2007). In oceanographic applications, remote sensing platforms measure radiation reflected or emitted from the sea surface. For instance, ocean color instruments such as SeaWiFS, MODIS, and OLCI quantify radiance in visible wavelengths, allowing estimation of chlorophyll-a concentrations as a key indicator of phytoplankton biomass.
b. Atmospheric Interaction and Atmospheric Windows
Atmospheric interactions significantly influence the efficacy of remote sensing by selectively transmitting solar electromagnetic radiation (EMR) to Earth's surface. Upon entering the atmosphere, EMR undergoes absorption and scattering primarily by gases such as water vapor, carbon dioxide, nitrogen, and ozone, which attenuate many wavelengths. The portions of the electromagnetic spectrum that penetrate these interactions—termed atmospheric windows—enable remote sensing observations. These transmissive bands include visible light (0.4–0.7 µm), select ultraviolet regions, near-infrared (NIR; ~0.7–1.3 µm), shortwave infrared (SWIR; ~1.3–3.0 µm), thermal infrared (TIR; ~8–14 µm), and microwave/radio wavelengths (>1 mm). Only energy within these windows reaches sensors effectively, forming the basis for diverse remote sensing applications.
Scattering occurs when electromagnetic radiation encounters atmospheric particles, resulting in redirection across multiple directions and potential alterations to its wavelength characteristics.
Types of Scattering
The primary mechanisms include Rayleigh scattering, Mie scattering, and non-selective scattering. Rayleigh scattering predominates with smaller particles like gas molecules, producing wavelength-dependent effects (e.g., blue skies). Mie scattering arises from larger aerosols such as dust, smoke, or pollen, while non-selective scattering involves even bigger particles like water droplets, dispersing all wavelengths more uniformly. These processes, driven by atmospheric constituents, significantly influence remote sensing signal quality. Raman scattering, first identified by Indian physicist C.V. Raman (Nobel laureate), represents an inelastic form of scattering where incident radiation exchanges energy with molecular vibrations, inducing wavelength shifts.
Wavelength Shift and Applications
This phenomenon yields two distinct spectral features: Stokes lines, arising from   energy loss in the scattered light, and anti-Stokes lines, from energy gain. These shifts encode molecular-specific signatures, enabling precise chemical characterization vital for atmospheric remote sensing. In techniques like LIDAR, upward-propagating laser pulses interact with gases, and the faint return signals (comprising ~0.001% of total scattering) reveal constituent concentrations despite their low intensity.
c. Interaction with objects
Electromagnetic radiation, upon reaching Earth's surface, undergoes critical interactions with terrestrial objects that underpin remote sensing capabilities. These interactions primarily encompass absorption, transmission, and reflection. Absorption occurs when energy is captured and converted into heat by the target material. Transmission involves partial passage of radiation through the object, while reflection redirects energy back toward the sensor, forming the basis for spectral signature analysis in remote sensing applications.
             Fig 2: Types of Interaction of Electromagnetic radiation with objects
         [image: ]                           
Visible wavelengths excel at delineating key terrestrial features such as vegetation, water bodies, soils, mountains, and built-up areas in remote sensing applications.
Limitations and Expanded optical spectrum
However, visible light alone proves inadequate for comprehensive analysis, as numerous surface properties evade detection within this narrow band. Optical remote sensing thus incorporates the broader spectrum encompassing ultraviolet (UV), visible (VIS; 0.4–0.7 µm), and near-infrared (NIR; 0.7–1.3 µm) regions, which satellites exploit to uncover subtle signatures invisible to the human eye. These bands reveal biophysical attributes like plant vigor and moisture content through differential reflectance patterns.
Thermal Infrared Insights
Extending beyond the optical domain, thermal infrared (TIR; ~8–14 µm) sensing captures emitted heat variations, rendering hot objects luminous and cool ones subdued—a capability beyond human vision. TIR systems thus enable nocturnal wildlife detection and the identification of subsurface anomalies, such as long-smoldering underground coal seam fires.
d. Data Acquisition            
Remote sensing data acquisition relies on diverse platforms that position sensors to capture electromagnetic energy reflected, emitted, or scattered from Earth's surface, including ocean features.
Platform Categories
Platforms span ground-based systems (e.g., tripod-mounted sensors, towers, ground radar), airborne vehicles (aircraft, helicopters, drones/UAVs), and spaceborne satellites in geostationary, polar, or sun-synchronous orbits. Each tier offers trade-offs in spatial resolution, coverage, and revisit frequency, with spaceborne platforms enabling global, synoptic ocean monitoring.
Oceanographic sensors
Dedicated satellite instruments excel in marine applications: MODIS retrieves sea surface temperature (SST) and chlorophyll-a; VIIRS and SeaWiFS assess ocean color and phytoplankton; Sentinel-3's OLCI and SLSTR quantify chlorophyll, SST, and suspended sediments; SAR detects winds, waves, and oil spills; altimeters measure sea surface height, currents, and eddies.
Remote sensing satellites are broadly classified into geostationary and polar orbiting systems, each optimized for distinct observational needs.
i. Geostationary satellites: Positioned at approximately 36,000 km altitude, these satellites match Earth's rotation speed, maintaining fixed views over one-third of the planet's surface—enabling continuous coverage with just three units globally. Primarily leveraged for real-time applications like television broadcasting, weather monitoring, telecommunications, and disaster warnings, India's contributions include the INSAT and GSAT series, alongside the weather-focused Kalpana-1. Deployment typically employs the GSLV, which incorporates advanced cryogenic propulsion technology.
ii. Polar orbiting satellites: Operating at 700–1,200 km (or lower, as in Starlink's ~550 km constellation), these platforms traverse pole-to-pole paths as Earth rotates beneath, achieving full global coverage across 14–16 daily orbits with superior spatial resolution. Prominent examples encompass India's IRS series, Landsat, Sentinel-2, and commercial arrays like Starlink. The PSLV serves as ISRO's workhorse launch vehicle, while sun-synchronous orbits (SSO)—passing equatorial regions at consistent local solar times—prove ideal for time-series environmental and remote sensing studies.
e. Pre-Processing — Cleaning and correcting the raw data
Pre-processing is essential for mitigating distortions in raw satellite imagery arising from atmospheric interference, clouds, surface waves, and sensor inaccuracies, ensuring reliable ocean data analysis. Key steps encompass radiometric correction to rectify sensor-specific errors; atmospheric correction to eliminate haze and water vapor influences; and geometric correction to register images accurately with geographic maps. Cloud masking further excludes obscured regions. Collectively, these yield pristine, geospatially precise datasets primed for downstream remote sensing applications.
f. Converting data into useful maps
Corrected remote sensing data are transformed into actionable geophysical maps via specialized algorithms, enabling fisheries management and ocean monitoring. These include sea surface temperature (SST) maps delineating thermal fronts that delineate habitats for species like tuna, sardines, and anchovies. Chlorophyll-a maps highlight productive plankton-rich zones correlating with elevated fish stocks. Potential Fishing Zone (PFZ) maps integrate SST gradients, chlorophyll edges, currents, and upwelling signals; in India, INCOIS disseminates daily PFZ bulletins to stakeholders. Additional layers capture dynamic ocean processes: upwelling regimes, mesoscale eddies, sea surface height anomalies, water turbidity, and suspended sediment distributions, supporting comprehensive ecosystem assessment.
Common Software used in Marine Fisheries
A suite of GIS, remote sensing, and analytical software facilitates marine fisheries research, from data processing to spatial modeling. These tools are extensively employed by institutions like India's CMFRI, CIFT, FSI, and INCOIS for habitat mapping, PFZ delineation, and stock assessments.
i. Proprietary software
ArcGIS (Esi): Dominant for fisheries habitat mapping, PFZ analysis, satellite interpretation, and stock evaluation; standard at CMFRI and allied institutes.
ERDAS Imagine: Integrates remote sensing and GIS for SST, chlorophyll mapping, and habitat classification.
            ii. Open-Source Alternatives
QGIS: Free platform for fishing ground visualization, GPS integration, catch-effort mapping, and ecologically sensitive area delineation; favored in academia and research.
GRASS GIS: Excels in raster-based oceanographic and ecological modelling.
iii. Specialized Tools
Google Earth Pro: Fishing route visualization, shoreline/fish landing center mapping, coastal change detection.
ENVI: Satellite image processing (MODIS, Landsat, Sentinel) for PFZ modeling. 
R (e.g., rgdal, raster, sf packages): Habitat modeling, spatial statistics, species distribution modeling (SDM).
MARXAN: Marine spatial planning and MPA design. 
ODV (Ocean Data View): Oceanographic profiles (temperature, salinity, chlorophyll).
g. Integration with GIS 
GIS integration enhances remote sensing outputs by overlaying diverse geospatial layers for advanced spatial analytics in fisheries management.
Key datasets—including sea surface temperature (SST), chlorophyll-a distributions, bathymetry, historical fish catch records, marine protected areas (MPAs), designated fishing zones, and vessel tracking routes—are amalgamated within GIS frameworks. This multi-layer synthesis enables nuanced analyses such as habitat suitability modeling and resource allocation. Such capabilities underpin strategic fisheries planning, from delineating optimal fishing grounds to assessing MPA efficacy and predicting stock dynamics through overlay-driven insights.
h. Interpretation — Identifying patterns and fish behavior
Scientists employ pattern recognition in remote sensing data to discern oceanographic features linked to fish aggregation and behavior, guiding fisheries management.
Oceanograpic patterns: Critical indicators include sea surface temperature (SST) fronts, where thermal gradients concentrate pelagic species; upwelling zones that upwell nutrients to fuel plankton blooms and subsequent fish assemblages; chlorophyll-a enhancements signaling productive feeding grounds; and mesoscale eddies that retain nutrients, drawing tunas and billfishes.
Image Interpretation and Processing: Visual analysis of imagery relies on interpretive elements—tone, texture, shape, size, pattern, shadow, site, association, and color—to map these features (Lillesand, Kiefer, & Chipman, 2015). Subsequent digital processing refines raw data through radiometric and geometric corrections, enhancement, classification (supervised or unsupervised for feature categorization), and change detection to quantify temporal ecosystem shifts (Jensen, 2015; Campbell & Wynne, 2011).
i. Dissemination — Delivering information to fishermen 
Information dissemination bridges remote sensing-derived insights to end-users, particularly fishermen, through targeted channels and products tailored for operational use. Dissemination data include SMS alerts via INCOIS services, dedicated mobile applications (e.g., PFZ apps), WhatsApp groups for rapid sharing, fishermen information centers for in-person access, and VHF/community radio broadcasts. These multi-modal approaches ensure broad reach across coastal communities. Core Products delivered items encompass PFZ maps pinpointing high-yield zones, ocean state forecasts, wind and wave height predictions, cyclone alerts, and tide data—empowering safer, more efficient fishing operations.
Table 1.  Timelines for Satellite-Derived Alerts in Fisheries Management

	Service
	Analysis time
	Dissem. Delay
	Total to use
	Reach Method

	Tsunami Early Warning
	3-12 min
	<5min
	5-15 min
	SMS/NavlC/Sirens
UNESCO-IOC, 2021

	HAB Alert
	2-4 hrs
	2hrs
	6-12 hrs
	SMS/ Apps/ Portals
IOCCG-2019

	PFZ Daily
	4-6 hrs
	2-4 hrs
	12-18 hrs
	SMS/ Radio/ Apps
INCOIS, 2022

	SST Products
	3-6 hrs
	1-2 hrs
	6-10 hrs
	Satellite Portals/ Ocean Advisory Apps (NOAA, 2022)

	Chlorophyll-a, Ocean colour data
	4-8 hrs
	2-3 hrs
	8-15 hrs
	Web GIS portals/ Research Databases (NASA, 2021)

	Primary Productivity Estimates
	6-12 hrs
	3-6 hrs
	12-24 hrs
	Scientific Portals/ Marine research platforms (Behrenfeld & Falkowski, 1997; IOCCG, 2019)



3. REMOTE SENSING IN SMART MARINE FISHERIES MANAGEMENT
Advancements in technology have enabled innovative, "smart" applications of remote sensing, improving decision-making, efficiency, and sustainability in marine fisheries management. These tools aid in pinpointing high-yield fishing grounds, tracking environmental variables, and promoting long-term resource stewardship (Campbell & Wynne, 2011; Martin & Pradeepkumar, 2020; Solanki et al., 2001). Consequently, remote sensing empowers scientists, managers, and fishers to monitor and interpret expansive, dynamic ocean processes with unprecedented spatial coverage.
a.  Real-Time Ocean data for Fishing Ground Identification
Satellites including Sentinel-1, MODIS, Sentinel-3, and SeaWiFS deliver ongoing measurements of critical oceanographic variables, such as sea surface temperature (SST), chlorophyll-a levels, ocean color, and thermal fronts (Kumari et al., 2023; Martin, 2021). These metrics act as robust proxies for biological productivity and fish schooling areas, allowing for more precise delineation of promising fishing locations. INCOIS (2024) advanced the concept of PFZ forecasting by integrating satellite-derived sea surface temperature, chlorophyll-a concentration and ocean frontal features with environmental persistence and productivity scaling analyses. The study emphasized moving beyond static PFZ maps toward ecosystem- and habitat-based prediction frameworks that better capture the dynamic nature of fish distributions and trophic interactions. Earlier, Chauhan, Sarangi and Rajawat (2002) demonstrated the application of SeaWiFS-derived chlorophyll-a data in delineating high-productivity zones in the Gulf of Mannar, thereby supporting both reef-associated and pelagic fisheries. Their work represents one of the pioneering studies in Indian waters that validated the use of satellite ocean-colour observations for identifying biologically productive fishing grounds and improving fisheries advisory services.
b. Minimizing Search time and fuel use
Satellite-derived advisories substantially shorten the duration fishers spend locating viable fishing grounds. By guiding operations toward potential fishing zones (PFZs), remote sensing lowers fuel demands, operational expenses, and boosts economic viability—benefits especially pronounced for small-scale and artisanal fleets (Solanki et al., 2019).
c. Boosting Catch per Unit Effort (CPUE)
Advisories derived from remote sensing consistently demonstrate improvements in catch per unit effort (CPUE), enabling higher fish yields with less exertion (Chauhan et al., 2022; Mohammed et al., 2020). This elevation in efficiency not only heightens profitability but also fosters sustainable practices by curbing excess fishing effort and resource waste.
d. Identification of Species-Specific Fishing Zones
Satellite-derived environmental parameters facilitate mapping of species-specific habitats by correlating fish distributions with optimal temperature thresholds, productivity gradients, and oceanographic structures. Such insights enable precise, targeted strategies for pelagic species like tuna, sardines, and anchovies, enhancing harvest selectivity and curbing bycatch (Polovina et al., 2022). Rohit et al. (2018) employed MODIS-derived chlorophyll-a and AVHRR sea surface temperature data to forecast the spatial distribution of Indian oil sardine (Sardinella longiceps) and Indian mackerel (Rastrelliger kanagurta) along the Karnataka coast. The study established strong links between environmental variability and pelagic fish availability, supporting the application of satellite data for species-specific fisheries forecasting. Similarly, Dutta, Bhaumik and Hazra (2015) investigated the northern Bay of Bengal by integrating satellite-derived SST, turbidity, and chlorophyll-a data with migration patterns of Hilsa (Tenualosa ilisha). The study illustrated how remotely sensed environmental indicators can help track migratory routes and contribute to transboundary fisheries management strategies. In another regional study, Revichandran, Maneesha and Francis (2012) identified seasonal upwelling zones along the Kerala–Karnataka coast using satellite-derived SST patterns and linked these oceanographic features to increased pelagic fish abundance. Their work underscored the importance of physical oceanographic processes, particularly upwelling-induced nutrient enrichment, in shaping species-specific productivity hotspots. Collectively, these studies demonstrate that integrating satellite-based oceanographic datasets with fisheries observations enables dynamic, habitat-based delineation of species-specific fishing zones, supporting sustainable and ecosystem-oriented fisheries management.
e. Tracking Spawning grounds and Migration Routes
Sensors aboard satellites such as Sentinel-3 OLCI and MODIS enable detailed surveillance of ocean currents, thermal gradients, and primary productivity—key drivers of fish spawning and migratory behavior (Kelley et al., 2021; IOC-UNESCO, 2020). This intelligence is vital for pinpointing essential habitats, establishing time-bound fishing restrictions, and enacting conservation strategies to bolster fish stocks and overall marine ecosystem integrity.
f.  Forecasting Potential Fishing Zone (PFZ) 
Among operational remote sensing applications in marine fisheries, Potential Fishing Zone (PFZ) forecasting stands out as the most extensively implemented. This method leverages satellite oceanographic data—chiefly sea surface temperature (SST) and chlorophyll-a concentration—as indicators of biological productivity and fish aggregation sites. Advisories draw from platforms like MODIS Aqua/Terra and SeaWiFS (NASA), NOAA-AVHRR (USA), SNPP-VIIRS, Oceansat-2, INSAT-3D, and INSAT-3DR (India), which yield frequent, wide-area maps of SST and chlorophyll-a. These reveal thermal fronts, upwelling areas, and productivity hotspots conducive to fishing. Such forecasts guide fishers to optimal locations, slashing search times, fuel use, and costs while elevating catch per unit effort (CPUE). In India, the Indian National Centre for Ocean Information Services (INCOIS) operationalizes PFZ services, distributing them through diverse channels to coastal communities. Validation research confirms their role in boosting efficiency and livelihoods, especially for small-scale operators, cementing PFZ forecasting as a cornerstone of intelligent, sustainable fisheries management in Indian waters (Solanki et al., 2001; Nayak et al., 2003; INCOIS, 2022). Field-based validation research further reinforces the operational effectiveness of these advisories. Chavda (2021) conducted an on-site comparative study during 2017–2018 off the Veraval coast and observed nearly two- to three-fold higher CPUE within PFZ-advised zones compared to non-PFZ areas for several pelagic fish groups. Similarly, Nammalwar, Satheesh and Ramesh (2013) carried out multi-year validations (2007–2011) along the north Tamil Nadu coast and reported three- to four-fold increases in catches within PFZ zones, while also emphasizing the importance of efficient dissemination systems and fisher feedback mechanisms for successful adoption of satellite-based advisories. More recently, Ammavasai (2025) proposed a comprehensive marine spatial planning (MSP) framework for Indian waters by integrating remote sensing, GIS, ecological indicators, and socio-economic datasets. This approach signifies a paradigm shift from conventional PFZ identification towards holistic blue-economy planning, enabling the balanced allocation of ocean space among fisheries, aquaculture, conservation, and other maritime sectors. Collectively, these studies highlight that the integration of satellite-derived advisories, validation feedback, and spatial planning tools strengthens evidence-based decision-making and supports ecosystem-oriented, economically viable, and sustainable fisheries management.
g. Detecting Harmful Algal Blooms (HABs)
Remote sensing plays a pivotal role in monitoring harmful algal blooms (HABs), which threaten fisheries stocks, aquaculture, and human health. Unlike resource-intensive field surveys, satellite systems offer expansive, frequent, and economical surveillance of bloom onset and spread. Instruments like the Ocean Colour Monitor (OCM) on India's Oceansat series excel at spotting ocean color shifts tied to phytoplankton surges, using spectral reflectance to flag anomalous chlorophyll-a levels and bloom species for early alerts (Hu et al., 2010; IOCCG, 2014). This capability drives proactive measures—such as catch advisories, fishing bans, and farm safeguards—curtailing economic damage. In Indian coastal zones, such observations have pinpointed HAB events, linked them to fish kills, and evaluated ecological fallout, underscoring their practical value (Gokul et al., 2019). Merging satellite ocean color data with ground truthing and predictive models equips agencies for proactive oversight, advancing ecosystem-focused and precautionary fisheries governance. The integration of satellite-derived ocean colour data with in situ validation (ground truthing) and predictive modelling further enhances monitoring accuracy and forecasting reliability. Such combined approaches allow fisheries management agencies to transition from reactive responses to precautionary and ecosystem-based management strategies. For instance, Naik, Rokade and Anil (2011) utilized MODIS ocean-colour data to detect harmful algal bloom events along the Goa coast and evaluated their influence on fish mortality. Their findings underscored the importance of remote sensing as an operational tool for early warning, fisheries risk mitigation, and marine ecosystem health assessment. Overall, the convergence of satellite observations, field verification, and predictive analytics represents a robust framework for proactive fisheries governance, supporting ecosystem-focused and precautionary management approaches in coastal and marine environments.
h. Surveillance of Marine Environmental Conditions
Remote sensing delivers persistent, broad-scale snapshots of ocean parameters shaping fisheries productivity and ecosystem vitality. Satellite sensors capture variations in water optics arising from solar radiation's interplay with column constituents like phytoplankton, sediments, and dissolved organics. Light penetrating the surface reflects upward, detectable by instruments such as the Ocean Colour Monitor (OCM) on Oceansat satellites, to quantify vital indicators (Sahu et al., 2020).
Optically Active Components (OACs) are those substances markedly affect light absorption and scattering, making them directly observable via satellites. Primary OACs encompass phytoplankton (via chlorophyll a) and suspended particulate matter (turbidity). Tracking OACs reveals primary production, water clarity, eutrophication risks, and habitat quality—essentials for fisheries oversight (IOCCG, 2014; Sathyendranath et al., 2019). Non- Optically Active Components (Non-OACs) evade direct satellite detection due to negligible optical signatures. Examples include Nutrients (Nitrate, phosphate, silicate), Dissolved oxygen, pH and carbonate sytems. Indirect estimation relies on correlations with OACs, physical ocean data, in-situ sampling, and models (IOCCG, 2014; Blondeau-Patissier et al., 2014). Holistic monitoring of OACs and Non-OACs illuminates ecosystem shifts, forecasts fish movements, and flags stressors like nutrient overload or climate shifts. Fusing satellite insights with fieldwork and simulations strengthens ecosystem-based, adaptive fisheries frameworks.
i. Coastal Zone and Habitat Mapping
Coastal zone and habitat mapping is a major application of remote sensing technology in marine fisheries management, as coastal ecosystems provide critical nursery, feeding and breeding habitats for a wide range of fish and shellfish species. Satellite remote sensing enables systematic, large-scale and repeatable monitoring of these habitats, which is essential for conservation planning, ecosystem-based fisheries management and climate change impact assessment. Remote sensing has been extensively used to map and monitor a variety of coastal and shallow-water habitats using optical and radar satellite data:
Coral reefs: Multispectral imagery from Sentinel-2 and Landsat missions (Landsat 5–9) has been widely applied to delineate coral reef distribution, assess reef condition and detect long-term changes in reef ecosystems (Green et al., 2000; Giri et al., 2011).
Mangroves: Landsat 5–9 data have been effectively used for mapping mangrove extent, species composition and temporal changes, supporting mangrove conservation and blue carbon assessments (Green et al., 2000; Giri et al., 2011).
Wetlands: Coastal and estuarine wetlands are mapped using a combination of Landsat optical data and Sentinel-1 Synthetic Aperture Radar (SAR), which is particularly useful in cloud-prone regions and during monsoon periods.
Seagrass beds: High-resolution multispectral data from Sentinel-2 have proven effective for detecting and mapping submerged seagrass meadows in clear and shallow waters, contributing to habitat suitability analysis and fisheries productivity assessments (Hedley et al., 2018; Traganos and Reinartz, 2018).
Coastal vegetation: Sentinel-2 imagery supports detailed mapping of coastal vegetation types and health, aiding in shoreline stabilization studies and habitat monitoring (Hedley et al., 2018; Traganos and Reinartz, 2018).
Estuaries: Landsat 5–9 imagery is commonly used to map estuarine environments, assess land–water interactions and monitor changes due to anthropogenic pressures (Green et al., 2000; Giri et al., 2011).
Shallow-water habitats: Remote sensing facilitates the classification and monitoring of shallow-water habitats, including sand flats, lagoons and reef-associated areas, which are vital for artisanal and small-scale fisheries.
The ability of remote sensing to provide consistent, repeatable and synoptic observations makes it an indispensable tool for habitat conservation, coastal zone management and ecosystem-based fisheries management. Satellite-derived habitat maps support marine spatial planning, identification of essential fish habitats, monitoring of habitat degradation and evaluation of management interventions (UNEP, 2020; IOC-UNESCO, 2019).
j. Aquaculture Site Selection and Monitoring
Remote sensing technology has become an important tool for aquaculture planning and management by enabling the systematic assessment of environmental suitability and continuous monitoring of farm conditions. Satellite-derived information supports informed decision-making in site selection, environmental risk assessment and sustainable aquaculture development.
Identification of Suitable Aquaculture Sites
Remote sensing facilitates the identification of suitable coastal and inland aquaculture locations by integrating spatial information on water availability, land use, coastal geomorphology and environmental conditions. Early studies demonstrated the utility of satellite data for aquaculture site selection by combining physical and environmental parameters, reducing conflicts with other coastal uses and minimizing ecological impacts (Nayak and Bahuguna, 2001; Jeyaraj et al., 2020).
Remote sensing has emerged as an effective tool for monitoring key water quality parameters that directly influence aquaculture productivity and coastal ecosystem health. Satellite sensors such as Landsat, Sentinel-2, and MODIS provide synoptic and repetitive observations of turbidity, chlorophyll-a concentration, and sea surface temperature, which are widely recognized as critical indicators of water quality status in ponds, estuaries, and coastal waters (Gao, 2009; Ranjan et al., 2021). Variations in these parameters affect primary productivity, dissolved oxygen dynamics, disease outbreaks, and overall stock survival, thereby making their continuous assessment essential for sustainable aquaculture and fisheries management. Recent studies have demonstrated the practical applicability of satellite-derived datasets in evaluating water quality variability in coastal regions. For instance, Prasad (2024) employed Sentinel satellite imagery to analyse seasonal water quality dynamics along the Kollam coast of Kerala, with particular emphasis on turbidity and surface environmental conditions. The study revealed significant seasonal fluctuations in water quality parameters, highlighting their direct implications for fish health, habitat suitability, and aquaculture productivity.
Overall, the integration of multi-sensor satellite observations with field-based assessments enables cost-effective, large-scale, and near real-time monitoring of water quality. Such approaches support early detection of environmental stress, informed site selection for aquaculture, and adaptive management strategies, thereby contributing to ecosystem-based and sustainable fisheries and aquaculture development.
Detection of Sedimentation, Eutrophication and Pollution
Remote sensing enables the detection and spatial assessment of sedimentation, eutrophication and pollution in aquaculture zones. Changes in water colour and reflectance patterns captured by satellite sensors can be used to identify excessive nutrient loading, suspended sediments and pollution events that threaten farm sustainability and surrounding ecosystems (Kutser, 2009; Sarangi et al., 2022).
Assessment of Pond Temperature and Productivity
Thermal sensors onboard satellites such as Landsat-8 Thermal Infrared Sensor (TIRS) and MODIS are used to monitor surface water temperature and productivity patterns in aquaculture ponds and coastal farms. Temperature variability strongly influences growth rates, feed efficiency and disease susceptibility in cultured species, making satellite-based thermal monitoring a valuable management tool (Vincent et al., 2004; Sathyendranath et al., 2020).
Relevance to Sustainable Aquaculture Development
Remote sensing–based monitoring is particularly useful for shrimp farms, fish ponds and mariculture systems, where environmental conditions can change rapidly and influence production outcomes. By enabling early detection of environmental stressors and supporting spatial planning, remote sensing contributes to environmentally responsible and climate-resilient aquaculture practices (Nhu et al., 2019; Salam et al., 2021; FAO, 2022).
h. Detection of Oceanographic Features
The detection and monitoring of oceanographic features using remote sensing is a fundamental component of marine fisheries research and management, as physical ocean processes strongly regulate primary productivity and fish distribution. Satellite observations provide synoptic and repetitive coverage of key ocean features that create favourable conditions for biological aggregation and productive fishing grounds. Satellite-derived Ocean colour data from MODIS are extensively used to identify zones of enhanced biological productivity, including chlorophyll-rich regions and oceanic frontal systems. These features are closely associated with nutrient enrichment and elevated phytoplankton biomass, which form the base of marine food webs (Behrenfeld and Falkowski, 1997; Hu et al., 2012). The Ocean and Land Colour Instrument (OLCI) onboard Sentinel-3 offers improved spectral resolution and sensitivity, enabling detailed detection of algal blooms, thermal fronts and productivity gradients. Such fine-scale observations enhance the understanding of ecosystem dynamics and support habitat-based fisheries forecasting (Donlon et al., 2012). Sea surface temperature (SST) data from AVHRR have been widely applied to track mesoscale oceanographic features such as eddies, upwelling zones and thermal fronts. These features influence nutrient transport and plankton distribution and are often associated with increased fish abundance (Casey et al., 2010). Synthetic Aperture Radar (SAR) sensors detect oceanographic structures by measuring variations in sea surface roughness caused by wind, currents and internal waves. SAR imagery is particularly valuable for identifying fronts, eddies and upwelling signatures under cloudy conditions and during night-time, when optical sensors are limited (Johannessen et al., 2005). In the Indian context, sensors onboard Oceansat-2 and Oceansat-3 have been effectively used to map upwelling regions, frontal zones and highly productive waters that support major pelagic fisheries. These observations contribute significantly to fisheries advisories and ecosystem-based management in Indian waters (Rao et al., 2019). Oceanographic features such as fronts, eddies and upwelling zones concentrate nutrients and plankton, creating biologically rich habitats that attract fish. The satellite-based detection of these features enables improved identification of potential fishing grounds, supports stock monitoring and enhances climate-resilient and ecosystem-based fisheries management.
i. Assessment of Climate Change Impacts
Remote sensing (RS) plays a crucial role in assessing the impacts of climate change on marine ecosystems and fisheries by enabling long-term, consistent and large-scale monitoring of key oceanographic variables. Satellite-derived datasets are particularly valuable for detecting gradual trends and extreme events that influence fish distribution, productivity and ecosystem resilience. Satellite observations have been extensively used to document long-term trends in sea surface temperature (SST), a primary indicator of climate change in the oceans. Sensors such as AVHRR (NOAA series), MODIS (Aqua/Terra), Sentinel-3 Sea and Land Surface Temperature Radiometer (SLSTR) and VIIRS (Suomi-NPP and NOAA-20) generate multi-decadal SST datasets that reveal persistent ocean warming at global and regional scales. Rising SST influences species distribution, phenology, migration patterns and stock productivity, with direct implications for fisheries management (Hobday and Pecl, 2014; IPCC, 2021). Although ocean acidification cannot be measured directly from space, satellite observations contribute indirectly by mapping surface variables such as temperature, salinity and biological activity that influence carbonate chemistry. Satellite missions including SMOS (ESA), Aquarius, MODIS, VIIRS and Sentinel-3 OLCI support the estimation and spatial modelling of acidification patterns when combined with in-situ measurements and biogeochemical models. These approaches enhance understanding of regional variability in ocean acidification and its potential impacts on calcifying organisms and fisheries resources (Jiang et al., 2015; Land et al., 2019). Remote sensing has become a cornerstone for monitoring coral bleaching events, which are strongly linked to elevated sea surface temperatures. Satellite data from MODIS (Aqua), NOAA Coral Reef Watch products (derived from AVHRR and VIIRS), Sentinel-2 MSI and Sentinel-3 SLSTR are used to detect SST anomalies and calculate Degree Heating Weeks (DHW)—a widely accepted indicator of thermal stress on coral reefs. These products enable the identification of bleaching hotspots, assessment of bleaching severity and early warning for reef-dependent fisheries (Eakin et al., 2010; Liu et al., 2014). The assessment of climate-driven changes using remote sensing is essential for developing climate-resilient fisheries, defined as fishing systems and communities capable of withstanding, adapting to and recovering from climate-related impacts. Long-term satellite datasets support adaptive management, spatial planning and risk assessment, thereby helping to safeguard fisheries livelihoods and marine ecosystem services under changing climatic conditions.
j. Pollution Detection and Monitoring
Pollution detection and monitoring is a critical application of remote sensing technology in marine fisheries management, as various forms of marine pollution directly affect fish health, habitat quality and ecosystem functioning. Satellite remote sensing enables large-scale, continuous and near real-time observation of pollution events that are often difficult to monitor using conventional field-based approaches. Satellite platforms such as Sentinel-1 Synthetic Aperture Radar (SAR), MODIS, VIIRS and Sentinel-3 Ocean and Land Colour Instrument (OLCI) are widely used to detect and monitor different types of marine pollution. Sentinel-1 SAR is particularly effective in identifying oil spills by detecting anomalies in sea surface roughness, allowing pollution detection under cloud cover and during night-time conditions (Brekke and Solberg, 2005). Optical sensors such as MODIS, VIIRS and Sentinel-3 OLCI enable the monitoring of sediment plumes, industrial and agricultural runoff and eutrophication by detecting changes in ocean colour, turbidity and chlorophyll-a concentration. These indicators are useful for assessing land–sea interactions, coastal water quality and pollution-driven ecosystem stress (Hu et al., 2012; Kutser, 2009). Thermal remote sensing has become an important approach for detecting temperature anomalies and thermal pollution in coastal and inland aquatic environments. Satellite-borne thermal sensors on platforms such as MODIS and VIIRS enable continuous monitoring of sea surface temperature and localized warm-water discharges from power plants, industrial outfalls, and urban effluents. These temperature anomalies can significantly modify habitat conditions, influencing fish metabolism, migration behaviour, reproduction, and survival, and may ultimately reduce fisheries productivity and ecosystem stability (Casey et al., 2010). Beyond thermal stress, remote sensing–based pollution monitoring provides a synoptic and cost-effective mechanism for early warning, regulatory surveillance, and environmental impact assessment. The integration of satellite-derived indicators with in situ observations and governance frameworks enhances the capacity of management agencies to detect environmental degradation, enforce pollution control measures, and safeguard fisheries resources. Such integrated monitoring systems are particularly valuable in supporting ecosystem-based and precautionary fisheries management by enabling timely responses to emerging environmental stressors. Recent advancements further extend the scope of remote sensing in pollution assessment. For example, Raju (2025) applied satellite remote sensing combined with machine learning techniques along the central east coast of India to detect and quantify marine litter and plastic pollution in coastal waters. Although the study did not directly evaluate fish stock dynamics, it highlighted the strong linkage between environmental pollution, habitat degradation, and fisheries sustainability. These pollution-mapping approaches demonstrate the expanding role of remote sensing in assessing anthropogenic stressors that affect aquaculture productivity, marine biodiversity, and overall ecosystem health, thereby contributing to more holistic and sustainable fisheries management frameworks.
k. Marine Protected Area (MPA) Monitoring
Remote sensing plays a vital role in the monitoring and management of Marine Protected Areas (MPAs) by supporting both regulatory enforcement and ecological assessment at multiple spatial and temporal scales. Satellite-based observations provide consistent, repeatable and cost-effective data that are essential for evaluating the effectiveness of MPAs and ensuring long-term conservation of marine resources. High-resolution optical satellites such as Sentinel-2 and Landsat-8/9 are widely used to map and monitor critical coastal and marine habitats, including coral reefs, seagrass meadows, mangroves and other nearshore ecosystems. These sensors enable the detection of spatial and temporal changes in habitat extent, condition and fragmentation, thereby supporting habitat-based conservation planning within MPAs (Green et al., 2000; Hedley et al., 2018). Remote sensing data also facilitate the generation of up-to-date habitat maps and baseline inventories that are essential for adaptive MPA management. Time-series satellite imagery allows managers to track habitat degradation, recovery and responses to natural and anthropogenic disturbances such as coral bleaching, coastal development and climate-induced stressors (Giri et al., 2011; UNEP-WCMC, 2021). When integrated with Geographic Information Systems (GIS), in-situ observations and enforcement tools, satellite remote sensing enhances compliance monitoring and supports ecosystem-based management approaches. Overall, remote sensing-based MPA monitoring strengthens conservation outcomes by providing scientific evidence for policy formulation, enforcement and sustainable fisheries management.
l. Disaster Monitoring and Early Warning
Remote sensing plays a crucial role in disaster monitoring and early warning systems by providing timely and reliable information that helps protect fishing communities, coastal infrastructure and marine resources. Satellite-based observations enable near-real-time monitoring of extreme weather events, oceanographic anomalies and pollution incidents, thereby reducing risks to fisheries and aquaculture sectors. Geostationary and polar-orbiting satellites such as INSAT-3DR, INSAT-1 and Oceansat-3 are extensively used to track cyclonic systems, wind speed and cloud dynamics over oceanic regions. These satellite observations support accurate cyclone forecasting and early warning dissemination, enabling fishers to avoid hazardous conditions and minimizing loss of life and property at sea (Kishtawal et al., 2013; Kumar et al., 2020). Satellites such as MODIS and Sentinel-3 facilitate the detection of harmful algal bloom (HAB) outbreaks and nutrient-rich upwelling zones by monitoring ocean colour, chlorophyll-a concentration and sea surface temperature anomalies. Early identification of these events helps prevent mass fish mortalities and mitigates adverse impacts on aquaculture systems and coastal fisheries (Sathyendranath et al., 2020; IOCCG, 2021). Synthetic Aperture Radar (SAR) data from Sentinel-1, along with optical imagery from Landsat missions, are widely employed for detecting and monitoring oil spills. These sensors can identify oil slicks under various weather and illumination conditions, supporting rapid response measures to protect fishing grounds and sensitive marine habitats (Brekke and Solberg, 2005; Fingas and Brown, 2018). Storm Surge and Sea-Level Rise Monitoring Satellite altimetry missions such as Jason-3 and SARAL provide precise measurements of sea level variability and storm surge events. These data contribute to early warning systems for coastal flooding, helping safeguard coastal fisheries, aquaculture farms and fishing infrastructure from extreme sea-level events (Ablain et al., 2017; Verron et al., 2015). Overall, the integration of satellite remote sensing with meteorological models and decision-support systems significantly enhances disaster preparedness, resilience and adaptive capacity of marine fisheries and coastal communities.
4. CONCLUSION
In conclusion, advancing marine fisheries management through remote sensing technology enhances the accuracy, timeliness, and spatial coverage of fisheries data, enabling improved stock assessment, habitat monitoring, disaster forecasting, and climate-resilient decision-making. By integrating satellite-derived observations with conventional survey and catch data, it promotes sustainable, ecosystem-based, and adaptive fisheries management while reducing operational costs and strengthening resource conservation. The workflow of remote sensing in fisheries management begins with satellite data acquisition from ocean colour and thermal sensors that capture key oceanographic parameters such as sea surface temperature, chlorophyll-a concentration, sea surface height, and ocean fronts. This is followed by data preprocessing, including calibration, atmospheric correction, georeferencing, and noise removal to ensure accuracy and consistency. The processed data are then analyzed using GIS and oceanographic models to derive potential fishing zones (PFZs), habitat suitability maps, productivity indices, and climate-related indicators. Subsequently, these outputs are validated with in situ observations, fish catch data, and field surveys to enhance reliability. Finally, the validated information is disseminated to fisheries managers, policymakers, and fishing communities through decision-support systems, mobile advisories, and web-based platforms, facilitating real-time, evidence-based, and sustainable fisheries management.
5. LIMITATIONS AND CHALLENGES
Despite significant advancements, the application of remote sensing technology (RST) in marine fisheries management faces several technical, institutional and socio-economic challenges that limit its full operational potential.
a. Spatial and Temporal Resolution Limitations
Most satellite sensors provide data at spatial and temporal resolutions that are insufficient for fine-scale fisheries processes, particularly in coastal and nearshore regions where fishing activity is intense and highly dynamic. Mesoscale and sub-mesoscale oceanographic features influencing fish aggregation may not be adequately captured, leading to uncertainty in identifying precise fishing grounds (Robinson, 2010; Klemas, 2013).
b. Indirect Detection of Fish Resources
Remote sensing does not directly observe fish stocks but relies on environmental proxies such as sea surface temperature (SST), chlorophyll-a and ocean fronts. While these variables are correlated with fish distribution, the relationship is often species-specific and influenced by complex ecological interactions, resulting in limitations for accurate stock assessment and biomass estimation (Santos, Chícharo and dos Santos, 2006; Alemany et al., 2014).
c. Atmospheric and Oceanic Interference
Optical satellite sensors are affected by cloud cover, atmospheric aerosols, water turbidity and surface roughness, which can reduce data availability and accuracy, particularly in tropical and monsoon-dominated regions. Additionally, most sensors provide information limited to the ocean surface, restricting insights into subsurface processes critical for fisheries ecology (IOCCG, 2014; Klemas, 2013).
d. Data Accessibility and Capacity Constraints
Although large volumes of satellite data are freely available, effective utilization requires advanced analytical skills, computational infrastructure and institutional capacity. Many developing countries and small-scale fisheries lack trained personnel and decision-support systems to translate satellite information into practical management actions (FAO, 2018; Kaplan et al., 2019).
e. Integration with In-Situ Data and Models
Remote sensing outputs must be integrated with in-situ observations, fisheries-dependent data and ecosystem models to improve reliability and management relevance. However, inconsistencies in data formats, temporal mismatches and limited field validation pose major challenges to such integration (Cury et al., 2008; Lehodey et al., 2015).
f. Operational and Policy Challenges
The translation of remote sensing products into fisheries governance remains limited due to gaps between scientific outputs and policy implementation. Issues related to stakeholder awareness, legal frameworks, and institutional coordination often hinder the incorporation of RST-based indicators into routine fisheries management and monitoring systems (Kourti et al., 2005; FAO, 2022).
h. Cost and Sustainability of Advanced Technologies
While satellite data may be freely available, the adoption of advanced tools such as artificial intelligence, machine learning and real-time monitoring platforms involves substantial costs related to software, infrastructure and long-term maintenance, raising concerns about sustainability, especially for small-scale fisheries management (Kittinger et al., 2020).
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