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ABSTRACT 

This paper reviews recent advances in satellite-based Earth observation (EO) 

technologies, focusing on three rapidly evolving areas: small satellite 

constellations, synthetic aperture radar (SAR) and active sensors, and 

hyperspectral imaging. Developments in on-board processing, artificial 

intelligence (AI)-driven analytics, and cloud-native data delivery have 

together transformed EO from episodic missions to continuous, near-real-time 

monitoring services. We discuss technological drivers, applications across 

environmental monitoring, disaster response, and climate science, and 

highlight key challenges including data interoperability, calibration, and 

equitable access. The paper concludes with future directions for research, 

policy, and operational deployment. 
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INTRODUCTION 

Earth observation (EO) from space has become one of the most transformative scientific and 

technological developments of the last few decades. Satellites provide a unique vantage point, 

allowing continuous, consistent, and wide-scale monitoring of the Earth’s surface, oceans, 

and atmosphere. Unlike ground-based or aerial observation methods, satellite systems can 

capture large-scale environmental dynamics with repeatability and precision, offering insights 

that are otherwise impossible to obtain. The ability to integrate these observations across time 



 
 
 

100 Page 99-104 © MANTECH PUBLICATIONS 2025. All Rights Reserved 

 

Journal of Remote Sensing, Environmental Science & Geotechnical Engineering 

Volume 10, Issue 2, May-August, 2025 

 

 

 

 

and geography has created opportunities for better understanding natural processes, human 

activities, and their interactions with the global environment. 

 

Historically, EO missions were dominated by large, government-funded satellites designed 

for long-term data continuity, such as NASA’s Landsat program and the European Space 

Agency’s Sentinel missions. These platforms provided critical datasets for climate research, 

agriculture, forestry, and disaster management. However, the limitations of high costs, low 

temporal revisit rates, and restricted accessibility of such missions meant that many urgent 

needs for real-time and localized data went unmet. In the last two decades, technological 

innovation and commercialization of space have fundamentally altered this landscape. 

 

The miniaturization of sensors, improvements in launch technologies, and the rise of private 

space companies have reduced the barriers to deploying EO satellites. Small satellites and 

CubeSats, once considered experimental, now form the backbone of several commercial 

constellations, offering daily or even sub-daily coverage of Earth. This rapid revisit 

capability, combined with improved spatial and spectral resolution, has greatly expanded the 

applicability of EO across diverse domains such as precision agriculture, urban planning, 

water resource management, and defense surveillance. 

 

At the same time, new sensor technologies have extended the scope of satellite imaging. 

Synthetic Aperture Radar (SAR) systems, capable of imaging through clouds and at night, 

have unlocked applications in hazard monitoring, maritime surveillance, and land 

deformation studies. Hyperspectral imaging, which captures hundreds of narrow spectral 

bands, has revolutionized the ability to detect subtle material properties, enabling advanced 

studies in soil health, mineral exploration, and ecosystem biodiversity. These sensor 

innovations, together with the growing integration of machine learning, artificial intelligence 

(AI), and cloud-based analytics, have redefined the speed and efficiency of EO data delivery 

and interpretation. 

 

Beyond technology, the importance of EO lies in its societal impact. From monitoring 

climate change and tracking deforestation to predicting crop yields and providing disaster 

early warnings, EO plays a direct role in achieving global sustainable development goals. The 

COVID-19 pandemic further demonstrated the relevance of satellite-based monitoring, with 
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EO data being used to analyze reductions in pollution, mobility, and economic activity in 

near real-time. As environmental and societal challenges grow more complex, the reliance on 

EO for evidence-based decision-making will only deepen. 

 

Recent Technological Drivers 

Three interlocking trends explain recent progress. First, the miniaturization of sensors and 

lower launch costs have enabled rapid growth in small satellite constellations that provide 

high revisit frequencies and tasking flexibility. Second, advances in active remote sensing, 

especially Synthetic Aperture Radar (SAR), have improved all-weather, day–night imaging 

capability and enabled new applications in deformation monitoring, flood mapping, and 

maritime surveillance. Third, the maturation of hyperspectral sensors — combined with 

improved radiometric calibration — supports finer material identification across domains 

such as agriculture, forestry, and mineral exploration. 

 

Small Satellites and Constellations 

Small satellites (smallsats) and CubeSat constellations have shifted the EO value chain by 

offering rapid revisit rates and lower per-unit cost. Commercial constellations now provide 

near-daily global coverage for many applications, enabling near-real-time monitoring 

workflows for agriculture, urban growth, and disaster response. The constellation model also 

supports tasking markets: customers can request targeted observations and receive responsive 

data products. However, constellation proliferation raises questions about spectrum 

management, orbital debris, and long-term sustainability. 

 

Synthetic Aperture Radar (Sar) And Active Sensors 

SAR systems have advanced in resolution, swath width, and polarimetric capabilities. These 

advances, coupled with interferometric approaches (InSAR), permit precise measurements of 

ground displacement, surface subsidence, and glacier movement — all critical to hazard 

assessment and infrastructure monitoring. SAR constellations and small SAR demonstrators 

increase temporal sampling, making dynamic processes more observable. Integration with 

optical datasets improves classification and change-detection tasks by merging 

complementary information. 
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Hyperspectral Imaging 

Hyperspectral sensors capture hundreds of narrow spectral bands, enabling discrimination of 

materials and biochemical constituents not possible with multispectral systems. Recent 

launches and demonstrations have placed hyperspectral imagers on small platforms, 

expanding availability. Hyperspectral data supports refined vegetation health indices, mineral 

mapping, water quality assessment, and biodiversity proxies. Challenges remain around data 

volume, atmospheric correction, and standardization of spectral libraries. 

 

On-Board Processing and Edge Computing 

A pivotal development is the shift toward on-board data processing and “edge” analytics. By 

preprocessing, compressing, and even running AI inference in orbit, satellites can reduce 

downlink volumes and deliver actionable products faster. This model benefits time-critical 

applications such as disaster response and maritime monitoring, where compressed, analyzed 

information is more valuable than raw imagery. In-orbit processing also enables privacy-

preserving data sharing, since processed products (e.g., derived change maps) can be 

transmitted instead of raw high-resolution imagery. 

 

Machine Learning and Cloud-Native Workflows 

Machine learning (ML), particularly deep learning, has transformed EO data analysis. ML 

models automate feature extraction, anomaly detection, and object recognition at scale. 

Coupled with cloud-native ingestion and distribution pipelines, agencies and companies now 

offer near-real-time analytics as a service. These cloud services facilitate integration with 

other geospatial datasets and encourage the development of scalable monitoring systems for 

emissions, land use, and humanitarian needs. 

 

Applications And Societal Benefits 

Expanded EO capabilities have direct societal impact. Improved temporal sampling and 

analytics assist in early warning for natural hazards, monitoring agricultural productivity and 

food security, quantifying greenhouse gas emissions, and supporting urban planning. EO 

products increasingly feed decision-support systems used by governments, NGOs, and 

private sectors, improving responsiveness and evidence-based policy. 
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CHALLENGES 

Despite advances, several challenges remain. Data interoperability and standardization across 

different sensor types and providers is incomplete, complicating multi-source analysis. 

Calibration and validation (cal/val) efforts must scale to ensure product reliability. The 

proliferation of smallsat operators raises regulatory and space sustainability concerns — 

including collision risk and spectrum congestion. Finally, equitable access to high-value EO 

products is still uneven, especially for low-income regions. 

 

FUTURE DIRECTIONS 

Future work will likely emphasize hybrid architectures linking large flagship missions with 

agile constellations, more capable on-board AI, and increased adoption of hyperspectral and 

active sensors in constellation form. Policy efforts must address space sustainability, 

spectrum coordination, and data governance to ensure EO benefits are widely shared. 

Research priorities include efficient compression/processing for hyperspectral data, robust 

ML models for cross-sensor generalization, and frameworks for interoperable, FAIR 

(Findable, Accessible, Interoperable, Reusable) EO data products. 

 

CONCLUSION 

Earth observation is in a period of accelerated innovation. The convergence of cheaper space 

access, sensor miniaturization, active sensing techniques, hyperspectral imaging, and onboard 

AI is enabling new services and applications that were previously impractical. To translate 

these technological advances into sustained societal benefit, stakeholders must invest in 

calibration, standards, responsible orbital practices, and inclusive access to derived products. 
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