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The CoastWatch Synthetic Aperture Radar Instructional Series 
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https://coastwatch-training.github.io/lectures/#cg-synthetic-aperture-radar-(sar)-overview
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Sentinel-1D C-Band 
VV NRCS
Norwegian Sea
06 July 2026

Descending Pass (NE-SW)
06:02  UTC
Ascending Pass (SE-NW)
17:20 UTC

Features include
Wind Streaks
Convective Cells
Swell Waves (Zoom)

https://ovl.oceandatalab.com/
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Topic Overview

• The Pros and Cons of Using SAR Imagery 
• What is a Synthetic Aperture Radar (SAR)
• SAR Characteristics

• Backscatter, Frequency, Polarization
• Satellite SAR Missions

• Collection Patterns, Beam Modes
• SAR Data Processing Levels, Files and Archives
• SAR Collection Examples
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Focus on National System (ESA, CSA, NASA) with an emphasis on 
ocean/atmospheric roughness and sea ice



The Pros and Cons of SAR measurements

SAR Disadvantages
• Experience is required to interpret the data

• Specialized software to read and calibrate

• Scheduled data acquisitions limit global 
coverage 

Traditional barriers 
• Cost - free access is now available       
• Difficulty in reading and interpreted data
• Irregular temporal revisit times

SAR Advantages
• Data collection is independent of lighting 

and cloud conditions
• Wide area coverage (100–450 km 

swath) 
• High resolution coverage (30-100 m)
• Fine resolution is available (1m-3m) 
• Many different products can be derived



Overview of Synthetic Aperture Radar

• SAR is an active sensor that transmits a radar pulse to the earth's surface
and records the energy reflected back to the sensor (backscatter).

• The returned signals are coherently combined over a time interval
to produce a 2D image of the normalized radar cross section

• The distance the radar sensor travels in this time interval is the synthetic 
aperture length.

• The synthetic aperture is much larger than the “real” antenna aperture
allowing fine resolution in the azimuth (flight track) direction

• Azimuth resolution is proportional to the wavelength (λ) over radar aperture (L), i.e. λ/L
• Range resolution is determined by the bandwidth of the radar pulse

• Radars use microwaves (λ = few millimeters - 1 meter), which penetrate 
through clouds and rain



Smooth surfaces scatter most of the radar energy 
away from the radar, so less signal is 
backscattered to the SAR antenna. 
These SAR images appear black. 

Images from https://appliedsciences.nasa.gov/join-mission/training/english/arset-introduction-synthetic-aperture-radar

RADAR measures the portion of the transmitter radar energy 
that is backscattered to the antenna

Normalized Radar Cross Section (NRCS) is the measure of radar backscatter

Rough surfaces backscatter more the radar 
energy back to the SAR antenna. 
These SAR images appear brighter

https://appliedsciences.nasa.gov/join-mission/training/english/arset-introduction-synthetic-aperture-radar
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Normalized Radar Cross Section (NRCS) 

• Normalized Radar Cross 
Section (NRCS) is the 
measure of backscattered 
radar energy.

• SAR is sensitive to 
roughness at the centimeter 
scale (close to the sensor 
wavelength) 

• Smooth surfaces scatter the 
radar energy away from the 
satellite (and appear dark)

• Rough surfaces produce 
more backscatter (i.e. more 
radar energy returned to the 
satellite and appear bright) 

Sentinel-1 SAR VV NRCS
8 June 2026 13:59 UTC



OCEANIC
Surface Waves
• Significant Wave Height
• Wave Spectra

Surfactants (Biogenic 
Slicks, Oil Seeps)

Sea Ice
Internal Waves
Currents and Fronts
Eddies
Upwelling
Underwater Topography

ATMOSPHERIC
Surface Wind
Convection Cells / Rolls
Storm Systems 
Vortex Streets
Gravity Waves
Rain Cells / Thunderstorms

ANTHROPOGENIC
Hard Targets (Ships/Oil 
Platforms)
Ship Wakes
Pollution (Oil Spills)

What can be detected by SAR?
COASTAL / LAND

Flooding and Inundation
Shorelines
Land Use
Land Deformation 
(interferometry)
Burn Scar Identification

…there are many other applications



Frequency Effects

Visible

Radio Microwave Infrared Ultraviolet

106 cm 104 cm 102 cm 100 cm 10-2 cm 10-4 cm 10-6 cm

124 81 20.3

2.47.5 3.830 15100 Wavelength (cm)

Frequency (GHz)

P CSL X

Band Frequency 
(GHz)

Wavelength 
(cm)

X 8-12 2.4-3.8

C 4-8 3.8-7.5

S 2-4 7.5-15

L 1-2 15-30

P 0.3-1 30-100

• Radar backscatter is tied to roughness (and dielectric constant).

• Best scatterers are at the same scale as the radar wavelength.

• Physical properties of the target will interact differently to different 
frequencies and polarizations 

https://www.earthdata.nasa.gov/learn/backgrounders/what-is-sar
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Comparing L-Band and C–Band: 17-18 February 2022

L-Band’s longer 
wavelength and deeper 
penetration allows for 
the identification of 
internal features beyond 
the capabilities of C-
Band. This includes 
internal floe boundaries, 
weaknesses, fractures, 
and roughness

Radarsat-2 C–Band HH NRCSSAOCOM L–Band HH NRCS

λ = 24 cm λ = 5 cm



Comparing X-Band and C -Band:  30 January 2026

Iceye (X-Band) VV NRCS 
30 January 2026 03:13 UTC

Sentinel-1A (C-Band) VV NRCS  
30 January 2026 22:59 UTC

https://www.star.nesdis.noaa.gov/socd/mecb/sar/AKDEMO_products/APL_winds/wind_images2
/2026-01/S1A_ESA_2026_01_30_22_59_02_0823129142_075.33W_38.89N_VV_C_nrcs.png

λ = 5 cmλ = 3 cm



Polarization
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• Polarization refers to the orientation of the 
plane in which the transmitted electromagnetic 
wave oscillates.

• How target surfaces interact with or change 
the polarization of the transmitted beam can 
help determine physical properties of the 
target surfaces. 

• SAR systems can collect with different 
polarization combinations
• Single Polarization (HH or VV)
• Dual Polarization (HH/HV, VV/VH, HH/VV)
• Quad Polarization (HH/HV/VV/VH)

• Compact-Polarization is a new mode where 
the system transmits circular polarization and 
receives in linear polarization (H and V) 
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Polarization

Radarsat-2  
16 January 2020 
02:22 UTC

Sea Ice and 
Coastal Canada
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HH Polarization VV Polarization



Polarization

Radarsat-2  
16 January 2020 
02:22 UTC

Sea Ice and 
Coastal Canada
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HH Polarization VV Polarization

Backscatters HH polarized  
signals well

Backscatters VV polarized  
signals poorly
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SAR Satellites 

Sentinel-1 RCM NISAR

Launch 2014 (A) / 2024 (C) / 
2025 (D)

2019 (1,2,3) 2025

Altitude 693 km 593 km 747 km
Repeat 12 Day 12 Day 12 Day
LT Ascending Node 18:00 18:00 06:00 (Left Looking)

Center Frequency C-Band 5.405 GHz C-Band 5.405 GHz
L-Band 1.25 GHz
S-Band 3.2 GHz

Polarization VV,VH (HH,HV)
HH,VV,HV,VH, 

Compact
HH,HV (VV,VH) 
Quad (US/India)

Swath Width 80,240,400 30,125,350,500 240,120 (Quad)
Resolution 
(Wideswath) 40/80 m 30/50/100 m 3-50 m (L)

• Sentinel-1 (2014) ushered in a new era for SAR data 
coverage and access

• There is more SAR data available “today” then at 
any previous time (a significant amount is available 
free and in near real time)



17NOAA National Environmental Satellite, Data, and Information Service

Current SAR System

L-Band 
•ALOS-4

•SAOCOM

•ROSES-L (Future)

C-Band
•Radarsat-2

•Chorus (Future)

X-Band 
•TerraSAR-X / TanDEM-X 

•COSMO-SkyMed

•Capella Space (Constellation)

• Iceye (Constellation)

•Umbra (Constellation)

ERS-1/2 ENVISAT

Radarsat-1

ICEYE

Capella

UMBRA

Historical:  SEASAT, ERS-1&2, Radarsat-1, ENVISAT, JERS-1 ALOS-1/2

List is not comprehensive



SAR Overview
• The latest generation of SAR have very sophisticated 

capabilities offering a wide variety of data collection 
modes

• For a SAR on a polar-orbiting satellite, this imagery 
can have fine spatial resolution of <3 to >100 meters 
over a swath that can be as wide as 500 kilometers
• Tradeoffs between coverage area and resolution 

• SAR data are collected over a small portion of each 
orbit (typically 25%)
• Collections are programmed in advance

• Sentinel-1 changed the SAR paradigm implementing
a regular (and repeating) data collection pattern
• Temporal Image Stacks
• https://sentinels.copernicus.eu/copernicus/sentinel-

1/acquisition-plans



SAR Overview

• Low Resolution (100 m) 5 Options
• Medium Resolution (50 m) 11 Options
• Medium Resolution (30 m) 4 Options
• Low Noise 4 Options
• Ship Detection 1 Mode
• Medium Resolution (16 m) 16 Options
• High Resolution (5 m) 23 Options
• Very High Resolution (3 m) 42 Options
• Spotlight 29 Options
• Quad Pol 21 Options
Options include combinations of polarization and beam positions

NISAR Mode Options
https://nisar-docs.asf.alaska.edu/observation-plan/

https://www.asc-csa.gc.ca/eng/satellites/radarsat/technical-features/characteristics.asp



Sentinel-1 SAR Collections 06 July 2026
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https://ovl.oceandatalab.com



Sentinel-1 SAR Image Processing Levels
• Level-0: Compressed and unfocused raw data. Level-0 products 

are the basis from which all other high-level products are 
produced, with a typical size of 1GB (in IW mode).

• Level-1 Single Look Complex: Focused data, geo-referenced 
using orbit and attitude data from the satellite and provided in 
slant-range geometry. These products have a typical size of 8GB 
(in IW mode dual-polarization) and 4 GB (in IW mode single 
polarization).  Highest Resolution – Speckle Noise

• Level-1 Ground Range Detected: focused data that has been 
detected, multi-looked and projected to ground range using an 
Earth ellipsoid model. Typical product size is 1GB (in IW mode).

• Level-2: Systematically distributed ocean products for wind, 
wave and currents applications.

• Spatial resolution is often confused with pixel size, which 
is the spacing of the pixels in the azimuth and ground 
range direction after processing the data.

21
https://www.esa.int/Applications/Observing_the_Earth/Copernicus/Sentinel-1/Data_products

https://earthdaily.com/blog/sentinel-1-burst-mapping



Sentinel-1 Product

https://sentiwiki.copernicus.eu/web/s1-products

S1A_IW_GRDH_1SDV_20260608T163200_20260608T163229_064880_082CFD_2DC7.SAFE

• Sentinel-1 (and RCM) Level-1 native files are a zip 
file with contain the image (tif) and metadata (xml).

• Calibration constants and sensor noise correction 
are needed to transform the Digital Number (DN) in 
the tif files to NRCS

Naming Convention
Directory Structure



SNAP Toolbox for SAR data

23

● SNAP will read the native format of most SAR system 
● Users can calibrate and manipulate the data (sub-set or composite) 
● SNAP-Python interface esa_snappy

https://step.esa.int/main/download/snap-download/



RCM Product

https://ftp.maps.canada.ca/pub/csa_asc/Space-
technology_Technologie-
spatiale/radarsat_constellation_mission_plan/RCM-SP-53-
0419_Image_Product_Format_Definition_2-8_Public.pdf

The standard folder naming format is:
RCM<SatelliteId>_OK<OrderId>_PK<ProductId>_<BeamModeMnemonic>_<Date>_<Time>_<Polarizations>_<ProductType>

Name Component Breakdown
•RCM: Mission prefix.
•<SatelliteId>: The specific satellite (1, 2, or 3).
•OK<OrderId>: The unique order ID from the client.
•PK<ProductId>: The product ID within the Product Information File (PIF).
•<BeamModeMnemonic>: The imaging mode (e.g., SC50 for ScanSAR, 
SQ for Spotlight).
•<Date>: Acquisition date.
•<Time>: Acquisition time.
•<Polarizations>: Polarization used (e.g., HH, VV, HH-HV).
•<ProductType>: The processing level (e.g., SLC, GRD). 

RCM1_OK4256220_PK4256221_1_SC50MA_20260709_092700_HH_HV_GRD

https://ftp.maps.canada.ca/pub/csa_asc/Space-
technology_Technologie-
spatiale/radarsat_constellation_mission_plan/RCM-SP-52-
9092_Product_Spec_1-15_Public.pdf

https://www.asc-csa.gc.ca/eng/satellites/radarsat/technical-
features/characteristics.asp



NISAR Products
NISAR_L2_PR_GCOV_006_151_A_012_4005_DHDH_A_20251202T155058_20251202T155131_X05009_N_F_J_001

• NISAR Products are distributed in HDF5 format

• Noise and Calibration Coefficients are pre-applied by 
NASA.  The files contain NRCS  (gamma)

• Regular distribution of NISAR ongoing collection is 
expected to begin in July 2026 

https://nisar-docs.asf.alaska.edu/



SAR Data Repositories

NOAA CoastWatch
• https://coastwatch.noaa.gov/cw_html/cwViewer.html
• Sentinel-1 SAR imagery (since 2018) around the U.S. and the Arctic
• NetCDF format (NRCS) and can be previewed with PNG images 

NASA Earth Data (Alaska Satellite Facility DAAC)
• https://search.asf.alaska.edu/#/
• NISAR, Sentinel-1  (SEASAT, SIR-C,  Limited:  ALOS PALSAR, ALOS-2, Radarsat-1, ERS-1,2)
• Native system files (formats vary)    Sentinel-1 coverage begins in 2014, NISAR in 2026 

Copernicus Space Data Ecosystem
• https://browser.dataspace.copernicus.eu/
• Sentinel-1 (Native SAFE – tif/xml)  Sentinel-1 coverage begins in 2014 

CSA Earth Observation Data Management System
• https://www.eodms-sgdot.nrcan-rncan.gc.ca/index-en.html
• Radarsat Constellation Mission (Native SAFE – tif/xml).  RCM coverage begins in 2019  

ESA EOData Gateway
• https://earth.esa.int/eogateway/search?category=data
• Envisat, ERS-1, ERS-2  (Native N1 Format), Radarsat-1  

https://coastwatch.noaa.gov/cw_html/cwViewer.html
https://coastwatch.noaa.gov/cw_html/cwViewer.html
https://coastwatch.noaa.gov/cw_html/cwViewer.html
https://coastwatch.noaa.gov/cw_html/cwViewer.html


OCEANIC
Surface Waves
• Significant Wave Height
• Wave Spectra

Surfactants (Biogenic 
Slicks, Oil Seeps)

Sea Ice
Internal Waves
Currents and Fronts
Eddies
Upwelling
Underwater Topography

ATMOSPHERIC
Surface Wind
Convection Cells / Rolls
Storm Systems 
Vortex Streets
Gravity Waves
Rain Cells / Thunderstorms

ANTHROPOGENIC
Hard Targets (Ships/Oil 
Platforms)
Ship Wakes
Pollution (Oil Spills)

What can be detected by SAR?
COASTAL / LAND

Flooding and Inundation
Shorelines
Land Use
Land Deformation 
(interferometry)
Burn Scar Identification

…there are many other applications



Ocean – Swell Waves

• Swell waves (wavelength ~400 m –
1km) are produced by storms and  
consistent wind forcing

• The swell can be seen refracting 
around Point Reyes (California)

Sentinel-1 SAR VV Co-Pol NRCS 
23 February 2023 02:08 UTC

10 km



Marginal Ice Zone - Waves in Ice  

Marginal Ice Zone: The region of an ice 
cover which is affected by waves and swell 
penetrating into the ice from the open 
ocean.

29https://www.star.nesdis.noaa.gov/socd/mecb/sar/AKDEMO_products/APL_winds/wind_images
2/2023-03/S1A_ESA_2023_03_02_08_56_08_0731062568_036.43W_65.50N_HH_C_nrcs.png

Sentinel-1 SAR HH Co-Pol NRCS 
02 April 2023 22:50 UTC

20 km

Swell Waves

Young Ice

Thin First Year Ice

Water



Sea Ice 

Radarsat-2 SAR HH Co-Pol NRCS 
06 January 2026 04:58 UTC



Sentinel-1 SAR VV Co-Pol NRCS 
14 March 2023 00:16 UTC

Ocean – Surfactants

Ships and Oil Platforms (high backscatter)
Oil spill and surfactants (low backscatter)

20 km



Atmosphere

Signatures of atmospheric boundary 
layer rolls, cold pools and an 
island wake around Hawaii 

Sentinel-1 SAR VV Co-Pol NRCS 
08 June 2026 16:32 UTC

https://ovl.oceandatalab.com/?date=2026-06-08T12:00:00

20 km

Boundary Layer 
Rolls

Cold Pools

Island Wake



NISAR L-Band Image
L-Band HH NRCS
02 Dec 2025 15:58 UTC

NISAR_L2_PR_GCOV_006_151_A_012_4005_DHDH
_A_20251202T155058_20251202T155131_X05009_
N_F_J_001



Sentinel-1
21 August 2021 09:59 UTC

Lee-Waves

Island Wakes

Wind 
Funneling

Cold Pools

Roll Vortices

Wakes and 
Funneling

Sentinel-1
03 April 2025 22:17 UTC

SAR Wind Features at the Marine Atmospheric Boundary Layer

Cold Pools

Roll Vortices

Wind 
Funneling

30 km

20 km

Sentinel-1 22 April 2022 23:42 UTC

Atmospheric Gravity 
Waves

Lee Waves

MABL Phenomena
Ocean Surface Wind

Convection Cells / Rolls

Storm Systems 

Vortex Streets

Gravity Waves

Rain Cells / Thunderstorms

30 km



SAR for Tropical Cyclones – Sinlaku 15 April 2026 20:11 

RCM-3 
Acquisition Date: 20:11:16 UTC 
WP042026 / SINLAKU 
Longitude: 144.435 
Latitude: 16.870 
Incidence Angle (Deg): 46.897 
NE VMax (kts): 92.75 
SE VMax (kts): 91.93 
SW VMax (kts): 91.82 
NW VMax (kts): 88.35 
RMax (nmi): 47.00 - 57.00

https://www.star.nesdis.noaa.gov/socd/mecb/sar/sarwinds_tropical.php



The 2024 Atlantic Hurricane Season
in SAR Winds (RCM Collections)

Kirk & Leslie
Ernesto

Milton, 
Helene, 
Rafael



STAR Tropical 
https://coastwatch.noaa.gov/SAR/sar_winds_tropical.html

And subscribe to our tropical SAR notification mailing list!

STAR S1 Winds
https://coastwatch.noaa.gov/SAR/sar_winds_s1.html

STAR Radarsat-2/RCM Winds
https://coastwatch.noaa.gov/SAR/sar_winds_rcm.html

NOAA Polarwatch
https://coastwatch.noaa.gov/cwn/about/coastwatch-

nodes/polarwatch.html

Web Resources

SAR Marine Users Manual  
https://sarusersmanual.com/

High Resolution Wind Monitoring With Wide-Swath SAR: A User's 
Guide (June 2005)

https://www.star.nesdis.noaa.gov/socd/mecb/sar/publications.php

NASA NISAR
https://nisar-docs.asf.alaska.edu/

NASA Intro to SAR
https://www.earthdata.nasa.gov/learn/trainings/introduction-

synthetic-aperture-radar-sar-its-applications

Thank you!

https://coastwatch.noaa.gov/SAR/sar_winds_tropical.html
https://coastwatch.noaa.gov/SAR/sar_winds_s1.html
https://coastwatch.noaa.gov/SAR/sar_winds_rcm.html
https://sarusersmanual.com/
https://www.star.nesdis.noaa.gov/socd/mecb/sar/publications.php
https://www.esa-cyms.org/
https://www.esa-cyms.org/
https://www.esa-cyms.org/
https://www.esa-cyms.org/




SAR Data at CoastWatch
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https://coastwatch.noaa.gov/cw_html/cwViewer.html

Sentinel-1 SAR imagery (since 2018) around the U.S. and the Arctic are available at CW
The data are in NetCDF format and can be previewed with PNG images  



SAR Data at Alaska Satellite Facility

40

https://search.asf.alaska.edu/#/

● The Alaska Satellite Facility Data Archive host data from a variety of SAR sensors (Sentinel-1, ALOS-1, ERS).  
● The data are available in a variety of formats
● Specialized software is needed to read the native data formats  
● Requires registration with NASA (free) to download the imagery.



Sentinel-1 Data at Copernicus Data Space Ecosystem

41

https://browser.dataspace.copernicus.eu/
https://dataspace.copernicus.eu/data-collections/copernicus-sentinel-missions/sentinel-1

● Sentinel-1 imagery are available at the Copernicus Space Data Ecosystem
● The data are available in the S1 native format (xml/geotiff)
● Requires registration to download the imagery.

https://browser.dataspace.copernicus.eu/
https://browser.dataspace.copernicus.eu/


RCM Data at CSA - Earth Observation Data Management System

42

https://www.eodms-sgdot.nrcan-rncan.gc.ca/index-en.html

● The data are available in the RCM native format (xml/geotiff)
● Requires registration to download the imagery.
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