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Purpose of The European Space Agency (ESA)

“To provide for and promote, for exclusively peaceful purposes,
cooperation among European states in space research and
technology and their space applications.”

/,

Article 2 of the ESA Convention
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Activities

« ESA is one of the few space
agencies in the world to combine
responsibility in nearly all areas of
space activity.

exploration

« Space science Iis a Mandatory
programme, all Member States
contribute to it according to GNP.
All other programmes are Optional,
funded by Participating States.

navigation

telecommunications

. wdl

technology

————

operations



ESA-Developed Earth Observation Missions
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Examples of Spaceborne Radar sensors

Satellite Resolution Look Angle Lifetime
ERS-1 ESA C 25 m 23° 100 km 1991-2000
ERS-2 ESA C 25 m 23° 100 km 1995-2012
Radarsat-1 Canada C 10 m-100m 20°- 59° 50 - 500 km 1995-2013
ENVISAT ESA C 25 m - 1 km 15°- 40° 100 - 400 km 2002-2012
ALOS Japan L 10m -100m 35°-41° 70 - 360 km 2006-2011
Cosmo Italy X ca.lm-16m 2007-
TerraSAR-X  Germany X Im-16m 15°- 60° 10 - 100 km 2007/2010-
& TanDEM-X

Radarsat-2  Canada C 3m-100m 15°- 59° 10 - 500 km 2007-
ALOS-2 Japan L 3m—-100m 8°-70° 25 — 350 km 2014-
Sentinel-1 ESA C 5m-50m 20°-46° 20 - 400 km 2014-




Sentinel-1 — Radar vision P
/" ey
Mission objectives: - o =

« Marime and land monitoring
« Emergency management

Flight Direction

Sub-Satellite Track

Orbit Height
~700 km

» Extra Wide Swath

Mission profile:
« C-Band SAR mission at 5.4 GHz F oA i
« Multi-polarisation
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Active Radar Remote Sensing

Basic characteristics of radar systems/SAR sensors | G

single pulse of Radar prlnCIple

microwave energy
with a pulse length
of 107 seconds

Active independent of sun illumination

(generate EM-waves) EMG transmitted in

———H— Dbursts of energy -
" ™ pulses (approx. every
0.000 000 1 s)

time n

Electric field

{3
Distance
Magnetic field
Plane-polarized

transverse wave

The energy of a single

J o + % o~ pulse is reflected from
3 objects on the surface in

order of distance from
source/transmitter on

| » . board

z 1 oo The intensity of the
reflected energy and the
time it takes for a given
pulse to return are
recorded

time n+3




Active Radar Remote Sensing

Basic characteristics of radar systems/SAR sensors

SPECTRUM f

ULTRA- RADIO WAVES
GAMMA RAYS X-RAYS INFRARED
VIOLET RADAR TV FM AM
I I | I I
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Microwave = Ppenetrates into/through objects

no problem with clouds or rainy conditions

Ninghbo,: Chlna
October,.lz;' 2016

Optical qQuﬁ\!s. "',f' A Radar

PerSIStht obstruction by clouds and night tcm‘

Can.see clearly through clouds, smog and at hight
(image Courtesy of DigitalGlobe) ‘ X

{image courtesy of e-GEOS)
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Active Radar Remote Sensing

RADAR band designations, wavelenghts and frequencies

« The penetration depth is depending on wavelength and dielectric characteristics of objects

! T U T

Maritime Navigation AM Shortwave VHF TV UHF TV Satellite/ Radio astronomy,
navigation aids maritime radio, FM radio, cell phones, microwave radar landing
signals (e.g. loran-C) radio radiotelephony navigation GPS telecommunications  systems
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SATELLITE FREQUENCY
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Active Radar Remote Sensing

RADAR band designations, wavelenghts and frequencies

« The penetration depth is depending on wavelength and dielectric characteristics of objects

X band L band P band VHF

Austrian pine S 2= 27 em A=70 cm A>3m




Active Radar Remote Sensing

« Radar altimetry

« Radar imaging
 SLAR - side look-angle radar

* INSAR — interferommetric synthetic aperture radar
* D-insar
* PS-insar



Radar Altimetry = measuring altitude / vertical height

MEAN SEA LEVEL FROM ALTIMETRY

Article ESA video



https://sentinel.esa.int/web/sentinel/news/success-stories/-/asset_publisher/3H6l2SEVD9Fc/content/satellite-radar-altimetry-past-and-future;jsessionid=09CF1B962B278487F6231D4D512D4743.jvm2?redirect=https://sentinel.esa.int/web/sentinel/news/success-stories;jsessionid%3D09CF1B962B278487F6231D4D512D4743.jvm2?p_p_id%3D101_INSTANCE_3H6l2SEVD9Fc%26p_p_lifecycle%3D0%26p_p_state%3Dnormal%26p_p_mode%3Dview%26p_p_col_id%3Dcolumn-1%26p_p_col_count%3D1
https://www.youtube.com/watch?v=hJPDyozOX3k&feature=youtu.be
https://www.youtube.com/watch?v=dFaDekwRIGg&list=PLAB89FDE74DAFF873

Radar Altimetry = measuring altitude / vertical height

surface elevation change
(metres per year)

-1 0 1

Copernicus Sentinel-3 provides new measurements of Antarctic Ice Sheet
08 March 2019


https://sentinel.esa.int/web/sentinel/missions/sentinel-3/news/-/article/copernicus-sentinel-3-provides-new-measurements-of-antarctic-ice-sheet
https://sentinel.esa.int/web/sentinel/missions/sentinel-3/news/-/article/copernicus-sentinel-3-provides-new-measurements-of-antarctic-ice-sheet

Side looking radar (SLAR)

Ax h.A
L.sin[3

Ay = c.At
2.cos 3

h — flight altitude, L — length of antenna, 3 - angle
between the horizontal plane and the emitted beam

Spatial resolution deteriorates as the distance /”
between the object and the antenna increases.




Synthetic aperture radar (SAR)

L X
Ax = —
2

c. A\t

Ay =
2.cos B

h — flight altitude, L — length of antenna, B - angle
between the horizontal plane and the emitted beam

Spatial resolution is independent of the distance from the
antenna in the direction of flight. Therefore, it remains
constant in the flight direction, while it depends on the
viewing angle perpendicular to the flight direction.




Geometric Effects in SAR images

Effects of side-looking geometry

— Side looking geometry of SAR systems
cause some typical geometric effects

« The effects are:
< [Foreshortening
% Layover

% Radar shadow

ground range image

«  Controlled by:
< Incidence angle
< Topography

overlay foreshortening shadow

Geometric distortions in radar images (Braun 2019)



Geometric Effects in SAR images

Foreshortening

* Slopes oriented to the SAR appear compressed (Distance betweena and b is shortened)

* Appears as very bright area

» More pronounced in near range (small incidence angle) than in far range (high incidence
angles)

» Steep slopesoriented to the SAR lead to ghostimages

* When radar beam reaches the top of a high feature (b) before it reaches the base (a)

« Steep slopes oriented away from the SAR return no signal

A * No signals can be transmitted to this area (as it is blocked by the slope), thus no signals
can be scattered backfromthese areas

y | « Appears as black area in the image




Geometric Effects in SAR images




Geometric Effects in SAR images

Effects of side-looking geometry
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Andreas R. Brenner and Ludw ig Roessing, Radar Imaging of Urban Areas by Means of Very High-Resolution SAR

and Interferometric SAR, IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 46, NO. 10,
OCTOBER 2008 (X-band)

Google maps



Radar side looking imaging geometry

Is side looking really necessary?

(2N S~
‘ LSS
Nadir looking, Side looking,
e.g. aerial photography e.g. SLAR, SAR

range: scanning in the look direction
at the speedof light

azimuth: scanning in flightdirection
at the speed of the sensor

azimuth

round range
(along-track) & &

(across-track)



Radar side looking imaging geometry

“ slant-range resolution depends on the
W bandwidth of the system
i %
)
O &
SO

azimuth resolution is a function of the antennalength

ey,
4/)‘ %0 and sensor height over the Earth’s surface

azimuth



Synthetic Aperture Radar (SAR)

The principle of extending the antenna

The key factor that is utilized in SAR is to synthesize a much longer antenna in azimuth direction by making use
of the motion of the SAR sensor in order to achieve finer resolution.

Syntheticlength
of aperture

Side view




Synthetic Aperture Radar (SAR)

Determining elevation

4"’;\5

L ¢

SAR Interferometry (InSAR) makes use of the phase
difference between two complex valued images
from different view angle, i.e. forming baseline, so
that topography of the area can be imaged.

topography

reference datum

B : baseline
B, : perpendicular baseline
6, : look angle

r, & ry: range distance for the respective acquisitions

Ar : range difference




Sentinel-1 - Applications

Rice-cropping systems in Vietham’s Red River Delta
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Sentinel-1 - Applications
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Sentinel-1 - Applications

TuUrkiye—Syria interferogram
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ESA EO Data Access and resources




ESA Earth Observation Data Policy

- To stimulate a balanced development of Science, Public Utility and Commercial Applications

« To maximize the use of data from ESA EO satellites

ERS and Envisat

Earth Explorers

ESA Third Party
Missions

~

* Free datasets

(Free of charge; User registration and acceptance of ESA Terms
& Conditions are required - Open access)

» Restrained datasets

(Free of charge; User registration, submission of a “Project (Full)
Proposal” and acceptance of the ESA Terms & Conditions are
required, after its evaluation a quota will be assigned)

« Data Policy of individual data providers

In some case, a reproduction cost (e.g. ALOS) or Specific Restrictions
(limitations of quota, geographical restrictions, etc.) to the use of data
may be applied for TPM



EQO data access

Free open source platforms

Copernicus Open Access Hub
Earth System Lab

ESA Thematic Exploitation Platforms
Alaska Satellite Facility

Copernicus Global Land Service
Copernicus Data Space Ecosystem
Sentinel Data Access Service
USGS Earth Explorer

Sentinel Application Platform software
Open Data Cube




Copernicus Data Space Ecosystem

https://dataspace.copernicus.eu/

e PROGRAMME OF v v v v
5777 [Cenconanmmce el ( opernicus Cesa EXPLORE DATA ANALYSE DATA ECOSYSTEM SUPPORT

Easy data
discovery,
visualization and
download

Explore and engage with satellite imagery, using our user-
friendly and intuitive Copernicus Browser. The browser is
open to all and easy to navigate. You can easily search,
visualize and download satellite date, and much more.

Source: https://dataspace.copernicus.eu/

* Since 24 January 2023 a new Copernicus Data Space Ecosystem has been launched to provide free and open
access to EO data from all Sentinel satellites with new features for visualisation and data processing.




Copernicus Open Access Hub

https://scihub.copernicus.eu/

ESA UN

Welcome to the Copernicus Open Access Hub Reports & Stats

Data updated hourly

The Copernicus Open Access Hub [previously known as Sentinels Scientific Data Hub) provides complete, free and open access to
Sentinel-1, Sentinel-2, Sentinel-3 and Sentinel-5P user products, starting from the In-Orbit Commissioning Review [TOCR]

Since 24 January 2023 a new Copernicus Data Space Ecosystem has been launched to provide access to all Sentinel data with
new features for visualisation and data processing. Please stay tuned to the news for latest information on the services available
and the roadmap for the full release of all functionalities.

The Copernicus Data Hub distribution service will continue its full operations until the end of June 2023 to allow a smooth
migration to the new Copernicus Data Space Ecosystem by all user communities. As from July 2023 and until September 2023,
the Copernicus Data Hub distribution service will continue offering access to Sentinel data with a gradual ramp-down of the
operations capacity and data offering.

Sentinel Data are also available via the Copernicus Data and Information Access Services [DIAS] through several platforms .
Please visit our User Guide for getting started with the Data Hub Interface. Discover how to use the APIs and

create scripts for automatic search and download of Sentinels' data, with synchronous access to the latest data
and asynchronous access to histonic data via the APL and GUL

For further details or requests of support please send an e-mail to eosupport@copernicus.esa.int

@’) 38,892

prod. published in the last 24h

l!' 338,550

downloads in the last 24h

ﬁ Reports

S o 2

&N Sentinel Vision Stories
Open Hub API Hub 5-5P Pre-Ops POD Hub
L

Resources

 The previous Copernicus Open
Access Hub provided complete,
free and open access to Sentinel-
1, Sentinel-2, Sentinel-3 and
Sentinel-5P user products

DHUS Open Source Portal

G)pernicus Copernicus Portal

@Sa Sentinel Online




SNAP (Sentinel Application Platform) software

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

R - =] X
. File Edit View Analysis Layer Vector Raster Optical Radar Tools Window Help Q- Search (Ctrl+]) ‘
. . - . = B o |4 @ R I | n{% 2 T %X 101 -9: £2 Z P P o) Al @ mEED
= SNAP | Sentinels Application Platform v b 7ALOBkE KSR E<HivieBETACUOR
: h o QAN EOR &
Done loading modules - Product Explorer X |Pixellnfo | [0 11 Sentinel 2 MsT False-color Infrared RGB
Segaiahiaman Sal R % =& [1] subset_0_of S2A_MSIL2A_2022051

-2 Metadata

. . -3 Index Codings
41 Vector Data
- -3 Bands
- (2 Masks

Eesa
eo

scientific axploitation
of operatioral nisslins

1: 133,55 I

ESA Sentinel Application Platform (SNAP) is a software toolkit developed by the ESA for processing and analyzing
Earth observation data, particularly data from the Sentinel satellites. SNAP is part of the Sentinel Toolbox and is

freely available to the public. It provides a user-friendly interface and a comprehensive set of tools also for working
with a variety of other remote sensing data.



EQO data access

Partially open-source EO platforms

EO Browser Sentinel Hub

DIAS - Copernicus Data &
Information Access Services

Google Earth Engine

Earth on AWS

SoUFCe /4y
https: //(’/“vw\/\z =
e Kar




EO Browser - SENTINEL Hub

https://apps.sentinel-hub.com/eo-browser/
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EQO data access

Commercial EO platforms

DigitalGlobe / Maxar
OneAtlas
Planet platform

e-Geos

Decartes Labs

For more _information, see the _tutorial:
1. Radar Earth Observation — ESA EO Data
Access and resources, applications,
Copernicus OA Hub



https://uge-share.science.upjs.sk/webshared/ESA_ENEUM/Applied_Radar_RS/Practicals/exercise_01/Tutorial_1.pdf
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Synthetic Aperture Radar (SAR)

Basic characteristics of SAR (radar)

Sensors

Active

—

independent of sun illumination

Active remote sensing sensors generate EM-waves
* no sunlight required night time acquisitions possible

* no problems due to bad illumination

Electric field (D' p W
ISt = Vyg
E ance betwee, s Ve/ength

S,
SIve wave Peaks)

Distance

Magnetic field

Plane-polarized,
transverse wave

v = Frequency
(Number of cycles per second
passing a fixed point)



Synthetic Aperture Radar (SAR)

The principle of extending the antenna

The key factor that is utilized in SAR is to synthesize a much longer antenna in azimuth direction by making use
of the motion of the SAR sensor in order to achieve finer resolution.

O = )\ro
Azimuth az 24, Syntheticlength
. of aperture
resolution _ . < : =
A : carrier wavelength f"g:t ) Y L
R th <777 o S N -
o, : range distance pa
Aa, . azimuth aperture

Side view




Synthetic Aperture Radar (SAR)

Cell resolution

with the azimuth resolution being a
function of the aperture in azimuth

o L _ A1,
A SAR pixel = sum of all contributions Azimuth 0.y =
within the resolutioncell resolution az
A : carrier wavelength
. - range o : range distance

Asz . azimuth aperture

azimuth

/' D with the slant-range resolution
‘ depending on the bandwidth

_ 8
Slant-range 6sr ~ W
resolution

C : speed of light
W : pulse bandwidth

j SAR resolution cell



Synthetic Aperture Radar (SAR)

Resolution vs. Pixel spacing

resolutionis a measure of the system's ability to

N

distinguish between adjacenttargets

7 pixel spacing represents the distance on the ground
fora pixelin the range and azimuth directions

resolution

‘ | / i | ' | '
‘ ' \ i ‘;/:- E.g. Acquisitionresolution of Sentinel 1 Level-1 SLC
/ 4 Mode

Resolution Pixel spacing
rg x az rg X az
SM 1.7x4.3 mto 1.5%36 mto
36x49m 3.1x4.1m
range W 27x22 m to 2.3x14.1m
3.5x22 m
ee,))) ~ N EW 7.9x43 mto 59x19.9m
(,0,5 15x43 m
wv 2.0x4.8 mand 1.7%x4.1 mand
> 31x4.8m 27x41m

pixel spacing in range (m)



Synthetic Aperture Radar (SAR)

Scatterometers vs. SAR

Scatterometers: SAR:

Radar eflectivity estimation (c°) Surface imaging

e low spatial resolution: ~ 10 — 50 km * high spatial resolution: ~10 m

«high frequency of acquisitions (~ day) e low frequency of acquisition (~ month)

P B
\ VW HV  VV/HV ¢
R N S R T 3 T

<-25dB | >-6 dB W S ,
Scatt. ERS — May 1992 Sentinel-1- March 2015



Synthetic Aperture Radar (SAR)

Scatterometers vs. SAR

Scatterometers
Incoherent sum (I) Raw echoes processing
Low (~ 10 — 50 km) Spatial resolution

High (ENL ~ 400) Radiometic resolution

seas (winds) Originally designed

Surface illuminée 3 :
aprés intégration ) o :

Cellule de résolution

SAR
Coherent sum (A, ¢)
Fine (1-30 m)
Low (speckle)

Land - seas

| L=v.Exp. Time




Synthetic Aperture Radar (SAR)

Polarisation

Important characteristics of cohetent EMW: Electromagnetic field evolution is predictable

Radar:
transmits a EMW in a given polarization
measures the backscattered wave contributionin a given polarization

The four combinations of SAR data polarizations:

HH: The emitted and backscattered signals have horizontal polarization
HV: The emitted signal has horizontal polarization, and the backscattered signal has vertical polarization.
VH: The emitted signal has vertical polarization, and the backscattered signal has horizontal polarization.
VV: Both emitted and reflected signals have vertical polarization




Synthetic Aperture Radar (SAR)

Polarisation

Sender Receiver
H H

RGB-Composite (HH-VV-HV)

—_—t <
A 4

_— <
A 4

A 4

—t > T
A 4
_— <



Synthetic Aperture Radar (SAR)

Polarisation

3-Polarization color overlay

HH polarization (red)
Transmits horizontal waves
Receives horizontal waves

HV polarization (green)
Transmits horizontal waves
Receives vertical waves

VV polarization (blue)
Transmits vertical waves
Receives vertical waves




Synthetic Aperture Radar (SAR)

Target parameters : Dielectric Properties

Determined by dielectric constant €, :

30 llllllll I lllllllll I lllllllll l IIIIIIIII ] llllllll
: Field 2 - loam ]
. 30.8% sand

« Strongly dependent on water content of natural media [ 199.9% ailt

13.5% clay 1.4 GHz T

N
(2}
T

| T=23°C

«Controls reflection properties of natural media and thus the
strength of radar backscatter (higher ¢, -> higher backscatter)

N
o

Dielectric Constant, &,
o o

Radar Radar 5
signal signal r
ol i
0.00 0.10 0.20 0.30 0.40 0.50
— Backscatter
ﬁ behavior Volumetric Soil Moisture, m,
W"“@‘im , g s Fig.: Relationship between soil moisture
T and dielectric constant
low soil moisture content high soil moisture (Woodhouse, 2006)
content

Effect of soil moisture on backscattering behavior



Synthetic Aperture Radar (SAR)

Target parameters : Surface Roughness

mud, smooth surface,
low radar backscatter

/—_\f\

Lime stone, rough
surface, high radar
backscatter

Raarsat, C-band, HH

Bathirst Island, Canada & N[%



Synthetic Aperture Radar (SAR)

Target parameters : Scattering Mechanisms

The backscattered signal results from:
- surface scattering
« volume scattering
«  multiple volume-surface scattering (double-bounce)

The relative importance of these
3 %\ ¥ ; ¥ contributions depend on
AN A AR « surface roughness
3 ,a A\ . dielectric properties of the medium All
> }g. N /r\fﬁu’ of these factors depend on

« the radar frequency
* the polarization
« the incidence angle

1) direct backscattering from plants

2) direct backscattering from underlying soil
3) multiple scattering between plants and soil
4) multiple scattering between plants,

5) leaves, stalks ect.



Synthetic Aperture Radar (SAR)

Target parameters : Local slope & orientation

Radar Wave Surface Normal

Incidence Angle

Local Incidence Angle

Slant range image

2 /). .
Ffr—ed 1T

b ]

Optical representation from same viewing geometry




Synthetic Aperture Radar (SAR)

Target parameters : Local slope & orientation

Radar Wave Surface Normal

Incidence Angle

Local Incildence Angle



Sentinel-1 — Radar vision

Mission profile:

C-Band SAR mission at 5.4 GHz

4 operation modes

Spatial resolution: 20 m

Swath width: 250 km

Two polarizations over land surfaces: VV and VH

Sentinel-1A: launched the 3rd April 2014

== > SAR data from March 2015 Revisit time: 12 days

Sentinel-1B: launched the 22t April 2016

6 days
Revisittime: 12 days

== > SAR data from September2016

« High temporal frequency of acquisition is necessary for seasonal variation of land surfaces

 Accessible now with Sentinel-1 data at local scales




Sentinel-1 - Forestry

®
Manaus

'~ Tile 20LMQ

Forest loss
. January 2017 - November 2021

250 km

Atlantic Ocean

Forest loss across the Amazon




Sentinel-1 - Topographic mapping

Radar interferog‘lf

Sentinel-1monitoring motion

Radar images from Sentinel-1 can be used to
generate 3D models of Earth’s surface and to
closely monitor land and ice surface
deformation.  Synthetic  aperture radar
interferometry — or INSAR — is a technique
where two or more satellite radar images
acquired over the same area are combined to
produce an interferogram. Small changes on
the ground cause changes in the radar signal
phase and lead to rainbow-coloured fringes in
the interferogram. These products are
important for mapping topography to produce
‘digital elevation models’ and to monitor
surface deformation caused by, for example,
mining, earthquakes, volcanic activity, melting
permafrost and glacial flow.



Sentinel-1 - Crop monitoring

Crop type for all agricultural parcels Flevoland
in the Netherlands

This figure zooms in on Flevoland in the
R Netherland to illustrate individual crop parcels. ESA
Lsselmeer Oy - worked with the Delft University of Technology in

: 24 the Netherlands to develop Agricultural Sandbox
NL, which makes use of radar data from
Copernicus Sentinel-1 and optical, or camera-like,
data from Copernicus Sentinel-2 and reduces
terabytes of satellite data to just 10 gigabytes per
year. Importantly, this dataset tool makes these
data perfect for non-expert data users in the
agriculture sector.

: 'gg e - ?
R % S
PRI A
“ ¢ '\&?}ﬁ(‘)@ \‘gb Q(\ :
S =R
Croptypes'- 2020, 5o

QO c
\Qé\.




Sentinel-1 - Flood mapping

Copernicus Sentinel-1flood monitoring

Flood frequency mapping in Myanmar,
using data from the Copernicus Sentinel-1
mission. Dark areas represent permanent
water bodies or fields frequently or always
covered by water, for example rice fields.
Different shades of blue represent the flood
occurrences frequency estimated from
Copernicus Sentinel-1 data archive (light
blue: less frequent; dark blue: more
frequent).

For more information, see the tutorial:
2. SAR for Land Applications 1 — SAR
basics _for Land monitoring _using
SNAP_software



https://uge-share.science.upjs.sk/webshared/ESA_ENEUM/Applied_Radar_RS/Practicals/exercise_02/Tutorial_2.pdf

c-esa
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3. SAR remote sensing for land applications 2
— Introduction to Interferometric SAR




Synthetic Aperture Radar Interferometry (InSAR)

Determining elevation

‘,-"v\W

QT

SAR Interferometry (InSAR) makes use of the phase
difference between two complex valued images
from different view angle, i.e. forming baseline, so
that topography of the area can be imaged.

topography

reference datum

B : baseline

B, : perpendicular baseline

6, : look angle

r, & ry: range distance for the respective acquisitions
Ar : range difference




Synthetic Aperture Radar Interferometry (InSAR)

Determining elevation

ground motion
(relative to the satellite) / \/
A
awa rom—) \/2

JBENC D El;g3cm) N
towards(— \

phase
difference




Synthetic Aperture Radar Interferometry (InSAR)

Amplitude and phase A complex SAR image can be decomposed into ...

Amplitude &




Synthetic Aperture Radar Interferometry (InSAR)

Phase to elevation (DEM)

Interferometric phase :
Bachu, China Final DEM

approx. 100 km x 80 km E ook

B _— N > AN S

v

Phase is always ambiguous w.r.t. integer multiples of 2
-> phase unwrapping required!




Synthetic Aperture Radar Interferometry (InSAR)

Trees acquired at superhigh resolution (X-band)

........

3D representation of an interferometric SAR acquisition
of the Karlsruhe Palace [Reigber &Roessing, 2008]



Synthetic Aperture Radar Interferometry (InSAR)

Methods of image analysis

Radargrametry

The principle of measuring
the parallax of point P
using SAR stereo images.

P
cot(d,)—cot(8, )

Range direction

Paralaxa

Y ~\\o;
Kiani¢ka (2005), Li et al. (2005) < ,



Synthetic Aperture Radar Interferometry (InSAR)

Methods of image analysis

Persistentscatter SAR interferometry

z e 0 O & remotio.space. isiti
1*tacquisition

2" acquisition
at = 35 day (ERS)
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Persistent scatter SAR interferometry PSINSAR

Measurement of movement on points with intense radar signal reflection does not involve using
all pixels of the radar record, as in D-INSAR. Many pixels in D-InNSAR may have unstable
coherence of reflected radiation over time (reflectivity changes over time) due to variations in
moisture and vegetation growth.

Objects that consistently reflect microwaves well are found naturally (rock outcrops, rocky walls)
or artificially (roofs, buildings, building corners, antennas, pipes).

This method determines the phase change of waves due to slight movement of the signal
reflector

It enables the determination of surface deformation/object movement with millimeter precision.

Compared to GNSS measurements, PSINSAR offers the advantage of monitoring a large
number of points over a larger area at a lower cost.



INSAR for high-resolution DEM generation

A Digital Elevation Model (DEM), also
referred to as the Digital TerrainModel
(DTM) is a digital model or three
dimensional (3D) representation of the
land surface elevation with respect to
any reference datum.

 Technically a DEM contains only the
elevation information of thesurface, free
of vegetation, buildings and other non
ground objects with reference to a datum
such as Mean Sea Level (MSL).




Use of DEM

Digital Elevation Models (DEMSs) are
used in many applications in the
context of earth sciences:

« Topographic mapping

* Environmental modelling

* Rainfall-runoff studies

« Watershed management

« Coastal management

« Landslide hazard zonation

« Seismic source modelling

« eftc....

Output watershed
*— boundary and

Outlet | e
Outlet or pour point !F&%‘; 1 stream network

Watershed PPN = Flow accumulation
boundary 7 R orid

low direction
. grid

Pit filled DEM

?

DEM

Coastal Protection Survey

3D Digital Elevation Model DEM. (Digitahele



Types of DEM

;\.;(, Structure from Motion
Radar
LiDAR
Photogrammetry

 Digital Terrain Models (DTM)
- the height of the earth's surface in
relation to otherpoints

#Digital
Elevation ®
Models

« Digital Elevation Models (DEM) -
the _h_elght _of the_ earth's surface ) ot Sertace mode! (0o
specifically in relation to a standard A Digital Trrain Model (OTH)
global/regional elevation (normally & &
sea level).

 Digital Surface Models (DSMs)
- the height of the surface including
objects (buildings, vegetation, etc).



DEM Retrieval

DEMs are generated by using
the elevation information from
several points spaced at
regular or irregular intervals.

DEMs are commonly built using
data collected using remote
sensing techniques such as
SAR, photogrammetry and
LIDAR, but they may also be
built from land surveying.




DEM Quality

The quality of a DEM is a measure of how | z, =\l
accurate elevation is at each pixel (absolute : '

presented (relative accuracy).

Several factors play an important role for quality
of DEM-derived products:

« terrain roughness

« sampling density

« grid resolution or pixel size

* Interpolation algorithm

« vertical resolution

« terrain analysis algorithm

» reference 3D products include quality masks
that give information on the coastline, snow,
etc.




Free DEM data sources

1. Space Shuttle Radar Topography Mission (SRTM)

1-arc second global digital elevation model with a spatial resolution of about 30
meters covering most of the world with absolute vertical height accuracy of less
than 16m

SRTM DEM data is being howsed on the USGS EarthExplorer server

2. ASTER Global Digital Elevation Modal

A joint operation between NASA and Japan was the birth of Advanced
Spaceborne Thermal Emission and Reflection Radiometer (ASTER)

ASTER GDEM boasted a global resolution of 90 meters with a resolution of 30
meters in the United States

You can download the ASTER DEM data for free from the USGS EarthExplorer

3. JAXA's Global ALOS 3D World

30-meter spatial resolution digital surface model (DSM) constructed by the Japan
Aerospace Exploration Agency's (JAXA)

The most precise global-scale elevation data at this time using the Advanced
Land Observing Satellite “DAICHI" (ALOS)

The DSM was generated using stereo mapping (PRISM) for worldwide
topographic data with its optical stereoscopic observation

In order to obtain this highly accurate DSM, you have to register online through
the “JAXA Global ALOS portal”

. Indian Portal Bhuvan

CARTOSAT 1 and 2 derived stereo DEM, available for entire India freely

SRTM resolution
USGS 30 m data .4

Best existing global map
USGS GTOPO30 1 km data set

IALAS

© NTT DATA. RESTEC, Included © JAXA



Retrieval of DEM using Sentinel-1 radar data

« The launch of Sentinel-1 by the European
Space Agency (ESA) in 2014 marked the
beginning of a new era in openly available
radar data under the  Copernicus
Programme.

« This C-band radar mission, comprising
Sentinel-1A (S1A) and Sentinel-1B (S1B),
provides data at a spatial resolution of 5 x
20 m (single look complex).

« While primarily designed for differential radar
iInterferometry (DINSAR) to measure surface
deformations, its capability to derive Digital
Elevation Models (DEMS) is limited. Despite
this, studies on absolute elevations or object
heights are scarce and often associated with
exaggerated expectations.




Create a DEM using Sentinel-1 radar data

This steps allow the user to create a DEM product
from two Sentinel-1 SLC scenes:

« Data Pre-processing

« Coregistration

* Interferogram Formation and Coherence Estimation
 Visualize Interferometric Phase — TOPS Deburst

« Multi-looking and Phase Filtering

* Phase unwrapping and import

oid
Sy

* Create the DEM — Convert Phase to Elevation = e i
Steps of DEM generation with Sentinel-1.:
e Geocode the DEM (a) Sentinel 2 image from 02.07.2019 (for
visual reference), (b) Sentinel-1 image
from 02.07.2019, (c) interferogram from
26.06.19 and 02.07.2019, (d) coherence
image, (e) unwrapped interferogram, and
(f) hillshade of the derived DEM.




Create a DEM using Sentinel-1 radar data

Preparation

Choosing appropriate image pairs is essential for successful DEM generation. Key considerations include:

1.Minimizing Temporal Decorrelation: Select image pairs with a short temporal baseline to reduce the risk of
phase decorrelation. Longer time gaps between acquisitions can lead to out-of-phase signals, particularly over
vegetation, water, or areas with changing moisture conditions.

2.0ptimal Perpendicular Baseline: The distance between satellite positions during image acquisition should
ideally be between 150 and 300 meters. This ensures sufficient angle between acquisitions, allowing for the
retrieval of topographic variations through parallax-like effects.

3.Considerations for Sentinel-1: Sentinel-1 was primarily designed for deformation retrieval (DINSAR) rather
than DEM generation, resulting in predominantly short baselines, often below 30 meters. Finding image pairs
with short temporal baselines and large perpendicular baselines can be challenging.

4.Monitoring Atmospheric Conditions: Select images acquired during dry periods to minimize phase delays
caused by atmospheric water vapor. Avoid selecting images acquired during rainfall events, as they may
decrease measurement quality.



Create a DEM using Sentinel-1 radar data

optical (S2)

6 days 18 days

) 54 days
Preparation . »

96 days

Coherence (top) and interferograms (bottom) for selected temporal baselines.
For reasons of visualization, the interferograms are combined with a hillshade
representation retrieved from the SRTM data.



Create a DEM using Sentinel-1 radar data

Coregistration

In order to utilize the phase difference
between the acquisitions, it is necessary to
first create a stack containing both products.
Coregistration involves aligning  both
products with sub-pixel accuracy using
Image statistics.

TOPS Split

The S-1 TOPS Split function is utilized to
filter and select specific bursts required for
analysis.

Applying Orbit Information

Orbit auxiliary data comprises details
regarding the satellite's position at the time
of data acquisition. SNAP automatically
Incorporates it into the metadata using the
Apply Orbit File operator.

& 5-1TOPS Coregistration X

Read Read(2) TOPSAR-Split TOPSAR-Split(2) Apply-Orbit-File Apply-Orbit-File(2) Back-Geocoding Write
Subswath: w1

Polarisations: VH
Bursts: 1 to 9 (max number of bursts: 9)

»| Kl

Read Read(Z) TOPSAR-Split TOPSAR-Spiit(2) Apply-Orbit-File Apply-Orbit-File(2) Back-Geocoding Write

Orbit State Vectors: | Sentinel Predse (Auto Download) e

Polynomial Degree: 3

Do not fail if new orbit file is not found




Create a DEM using Sentinel-1 radar data

Coregistration

Back Geocoding and Enhanced Spectral
Diversity

The S-1 Back Geocoding operator, aligns
the two split products utilizing orbit details
included in the preceding step and data
from a digital elevation model (DEM)
obtained through SNAP.

To enhance the coregistration quality, the
S-1 Enhanced Spectal Diversity (ESD)
operator is utilized. It implements range
and azimuth shift corrections to the
secondary image.

[ zrRee X -

-- Zoom -- Level — Pixel Spacina: --m —m

Figure 15: Successful (top) vs. failed (bottom) coregistration in an RGB image

Aleaqr pnpoud &
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Create a DEM using Sentinel-1 radar data

Forming an Interferogram

Forming a raw interferogram

An interferogram is created by multiplying the reference image by the complex conjugate of the
secondary image. The amplitude of both images is multiplied, while the phase indicates the phase
difference between them. The interferometric phase of each SAR image pixel is determined solely
by the variance in travel paths from the two SARs to the resolution cell being considered. Thus,
the resulting interferogram displays phase fluctuations.

0

B 15 Proee 0 W2 RMGASH 208 X

"~ AR e -~ o B
2 i g e . e g |
T e R P M e —S e P s S o PR B

Figure 18: Interferogram (top) and coherence (bottom)




Create a DEM using Sentinel-1 radar data

Tops Debursting

The next stage in interferometry using
Sentinel-1 TOPS mode (IWS) data
involves "debursting" or merging the
bursts to remove the seamlines, a step
not required with Sentinel-1 or other
stripmap SAR data.

Goldstein Phase Filtering

Interferometric phase can be corrupted by
various sources - noise from temporal and
geometric decorrelation, volume
scattering, processing errors, efc.
However, the quality of fringes present in
the interferogram can be improved by
employing specialized phase filters like
the Goldstein filter. This filter utilizes Fast
Fourier Transformation (FFT) to enhance
the signal-to-noise ratio of the image.

-n

.l‘-Mt.ﬁm“ﬂ“I - IR Mo Sy W1 W AT Mot

Figure 21: Interferogram before (left) and after (right)
Goldstein phase filtering



Create a DEM using Sentinel-1 radar data

Create subset

In the earlier stages of processing, empty pixels along the interferogram's perimeter may have
been created, particularly in regions not overlapped by both input images. To remove these
sections, employ the Subset function found under Raster. This approach will also decrease
processing time in subsequent stages, especially when the analysis is concentrated on a
specific area rather than the entire scene.

B (e vz w_mNn st % v 50

Figure 23: Interferogram before (top) and after (bottom) creating the subset



Create a DEM using Sentinel-1 radar data

Phase unwrapping

In order to correlate the interferometric phase
with topographic height, the phase must
undergo an unwrapping process.

The altitude of ambiguity refers to the altitude
difference that causes a change in the
interferometric phase

Phase unwrapping resolves this ambiguity by
integrating the phase difference between
adjacent pixels

Once unwrapped, the phase variation
between two points on the flattened
interferogram provides a measurement of the
actual altitude variation

Consequently, unwrapped results should be
interpreted as relative height or displacement
between pixels in two images.

phase phase
4 4
8“ ——
6“ -
an -+
TTAAANNNER LT
wrapped phase unwrapped phase y

Figure 24: Principle of phase unwrapping

[T e s svae_s3acio saaiom x|

Figure 28: Phase before (top) and after (bottom) unwrapping



Create a DEM using Sentinel-1 radar data

Phase to elevation

The unwrapped phase data is now a continuous
raster that has to be converted into a metric
measure - to achieve this conversion from radian
units to absolute heights is employed

This operation translates the phase values into
surface elevations along the line-of-sight (LOS) in
meters. To ensure accuracy, a Digital Elevation
Model (DEM) is utilized to align the elevation
values correctly.

Navigation - [9] elevation | Colour Manipulation - [9] elevation X | World View —

Editor: () Basic (@) Sliders () Table 27

£c'zraf>

T'E9LT

GS'ETST

[ame: elevation e,

1L'CEE
soetetfe

99'¢99 T[>
EeRLL %]

BO'FIFT
ELBTOT

E [8] Unw_Phase_ifg_21Jul2023_02Aug2023 X b=

@ [o] elevation X v O




Create a DEM using Sentinel-1 radar data

Terrain correction

 Involves geocoding the image by
rectifying SAR geometric distortions,
such as foreshortening, layover, and
shadow, with the aid of a digital
elevation model (DEM), resulting in a
map-projected product

ground range image

overlay foreshortening shadow

Figure 33: Geometric distortions in radar images (Braun 2019)



Create a DEM using Sentinel-1 radar data

Final DEM
« Adigital elevation model (DEM) that can be exported to other GIS softwares

E X E [10] elevation X
Profile Plot X
. Profile Plot for elevation = [ »
[}
§ 2,000 [[] Use ROI mask:
E 1,500 geometry %‘Z
‘= 1,000 :
<] Box size: 3=
= 500
g 0 Compute in-between points
%) T T -
) 0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000

Path in pixels ["1Use correlative data
a2

Srss

Navigation - [10] elevation l Colour Manipulation - [10] elevation X | World View —

Lo
Editor: (O) Basic (@) Sliders () Table ;:u
fric:
Name: elevation 39,
Unit: meters &4
Min: 257.871 100%

Max: 2615.711
Rough statistics!

22
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A More Options
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Tradeoffs of DEMs created with Sentinel-1 C-band

« Unfortunately, the C-band used by Sentinel-1 doesn't penetrate through vegetation.
Consequently, DEMs derived from C-band radar don't directly measure the Earth's surface
but instead depict the top of the canopy. However, Sentinel-1 offers excellent temporal
coverage, resulting in lower temporal decorrelation compared to previous sensors.

« L-band radar exhibits higher coherence compared to C-band radar due to less decorrelation
from vegetation. Consequently, creating accurate DEMs from Sentinel-1's C-band radar is
more challenging than from ALOS's L-band radar.

R\ ¥ ¥

X-BAND 3 cm C-BAND 6 cm ‘ L-BAND 24 cm P-BAND 65 ar

Sensitivity of SAR measurements to forest structure and penetration into the canopy at different wavelengths used for
airborne or spaceborne remote sensing observations of the land surface. Credit: NASA SAR Handbook.



INSAR Applications
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INSAR Applications

\
Osmaniye

Kahramanmaras

% C’
& Gaziantep

Interferometric phase [Réd;ans]

[ .

43,14

3,14

Turkiye—Syria interferogram

Interferogram showing the
coseismic surface displacement in
the area near Gazantep,
generated from multiple
Copernicus Sentinel-1 scans -
before and after the earthquakes.




INSAR Applications
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Subsidence Mexico City

i e td |
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20emiye [l 000 T +20 cmiyr

Subsidence Mexico City

This image, showing surface deformation in Mexico
City, was generated using a ‘stack’ of 11 images
aquired between 4 April and 30 November 2013.
The images are from Radarsat-2, which was
programmed to work in an experimental imaging
mode called Terrain Observation by Progressive
Scans in azimuth (TOPS) to mimic Sentinel-1As
interferometric wide-swath mode. Images such as
this are helping users prepare for Sentinel-1A.

For more information, see the tutorial:

3. SAR for Land Applications 2 — Interferometric
SAR data processing, using SNAP software



https://uge-share.science.upjs.sk/webshared/ESA_ENEUM/Applied_Radar_RS/Practicals/exercise_03/Tutorial_3.pdf
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4. SAR remote sensing for forestry
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Parameters to Consider for a Forestry Mapping

Radar Parameters Optical RADAR LiDAR
« Wavelength
 Polarizations

* Incidence Angle

Surface Parameters
e Structure
* Dielectric




Radar Parameters to Consider for a Forestry Mapping

Frequency and Wavelenght

Active remote sensing sensors generate EM-waves

speed of light . . : . . :
Wavelength = * no sunlightrequired night time acquisitions possible
frequency

* no problemsdue to bad illumination

Long
wavelength

— EE—
Low

e\ A\ N\ N\ e
IRVAAVAAVAAVARN

Short
wavelength

A A NN NN
IRVAVAVAVAVAVA

Optical




Radar Parameters to Consider for a Forestry Mapping

Frequency and Wavelenght

Frequency

Wavelength

Typical Application

27-40 GHz
18-27 GHz
12-18 GHz

8-12 GHz

4-8 GHz

2—4 GHz

1-2 GHz

0.3-1 GHz

1.1-0.8 cm
1.7-1.1cm
2.4-1.7cm

3.8-2.4cm

7.5-3.8cm

15-7.5cm

30-15cm

100-30 cm

Rarely used for SAR (airport surveillance)
rarely used (H,O absorption)
rarely used for SAR (satellite altimetry)

High resolution SAR (urban monitoring,; ice and snow, little penetration
Into vegetation cover; fast coherence decay in vegetated areas)

SAR Workhorse (global mapping; change detection; monitoring of areas
with low to moderate penetration; higher coherence); ice, ocean
maritime navigation

Little but increasing use for SAR-based Earth observation; agriculture
monitoring (NISAR will carry an S-band channel; expends C-band
applications to higher vegetation density)

Medium resolution SAR (geophysical monitoring; biomass and

vegetation mapping; high penetration, INSAR)

Biomass. First p-band spaceborne SAR will be launched ~2020;
vegetation mapping and assessment. Experimental SAR.



Radar Parameters to Consider for a Forestry Mapping

Penetration through vegetation as a Function of Wavelength and dielectric characteristics

: : : Vegetation
« The penetration depth is depending E
on wavelength and dielectric
characteristics of objects
« Penetration is the predominant DIg7
Alluvium

consideration when selecting a
wavelength

« Typically, longer wavelengths result in Dry Snow
greater penetration into the target Ice




Radar Parameters to Consider for a Forestry Mapping

Penetration through vegetation as a Function of Wavelength and dielectric characteristics

/ L-Band /
X-Band ( C-Band ) ~23cm ",

¥ 4 f_‘){// ~3cm & ijgf ~Bem
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Radar Parameters to Consider for a Forestry Mapping

Penetration through vegetation as a Function of Wavelength and dielectric characteristics




Radar Parameters to Consider for a Forestry Mapping

Polarisation

The radar signal is polarised:

Radar: transmits a EMW in a given polarization
measures the backscattered wave contributionin a given polarization

The four combinations of SAR data polarizations:
 HH: Horizontal Transmit, HorizontalReceive
 HV: Horizontal Transmit, Vertical Receive
 VH: Vertical Transmit, Horizontal Receive

« VV: Vertical Transmit, Vertical Receive

* Quad-Pol Mode: When all four polarizations are measured
« Different polarizations can determine physical properties of the observed object.

22y




Radar Parameters to Consider for a Forestry Mapping

Polarisation — Example of multiple polarisations for vegetation studies

Sender Receiver
H H

T
|

>
>

RGB-Composite (HH-VV-HV)

A 4

—— L

—t > T
A 4
——



Radar Parameters to Consider for a Forestry Mapping

Incidence angle

Steep Moderate Shallow

Local
incidence
angle

1,{
ﬂ #“ '

FR - 55°
Incidence angle .I L Incidence angle

Local Incidence Angle:

« Refers to the angle formed between the radar
illumination direction and the Earth's surface

« Takes into consideration the local slope of the terrain

« Affectsthe brightness of the image

Determined by the sensor's altitude

Results in varying geometric configurations
across different points in the image's range
direction



Radar Parameters to Consider for a Forestry Mapping

Signal interacton

Analyzing the signal intensity from these various polarizations provides insights into the
composition of the observed surface, as it relates to the following types of scattering:

Double Bounce

RELATIVE SCATTERING STRENGTH BY POLARIZATION:
Rough Surface Scattering 1S, 1215, 1215, 1 or [S,. |
Double Bounce Scattering 1S 1215, 1215, 1 or [S,. |

Rough Surface Volume Scattering Main source of |S, | and |S,. |

3z,

* most sensitive to VV scattering

Rough surf tterin i
ough surtace scattering —, .aused f.e. by bare soil or water

* most sensitive to cross-polarized data like VH or HV

Volume scatterin )
J  scattering by the leaves and branches

* most sensitive to an HH polarized signal

DUl BUlieE - caused by buildings, tree trunks, or inundated vegetation



Radar Parameters to Consider for a Forestry Mapping

Radar backscaterring

» The intensity of backscattered energy typically increases with surface roughness

A 7
NN

The surface appears smoothto long wavelength The surface appears rough to shorter wavelength
=> Backscattering is low => Backscattering increases



Radar Parameters to Consider for a Forestry Mapping

Radar backscaterring in Forests

¥ yyyyyysysy . 7‘(7 TIPSy yyyyyyyyyy 4
Dominant backscattering sources in forests: (1) direct scattering from
tree trunks, (2a) ground-crown scattering, (2b) crown-ground scattering,
(3a) ground-trunk scattering, (3b) trunk-ground scattering, (4) crown

volume scattering.




Surface Parameters to Consider for a Forestry Mapping

X-BAND 3 cm C-BAND 6 cm L-BAND 24 cm P-BAND 65 cm

Structure

Size Relative to Wavelength

AVEARNY

P-band SAR: provide information for forest biomass and height estimations
L-band SAR: forest cover and change monitoring using dual polarization (cross-pol most sensitive to forest structure (e.g. JERS-1, ALOS PALSAR)

C-band: dense time-series for accurate detection of forest cover change
X-band: application in forest degradation assessment and forest height estimation (e.g. using TanDEM-X)



Surface Parameters to Consider for a Forestry Mapping

Structure

Size & Orientation Optical RADAR LiDAR
N &
w

<~ |l




Surface Parameters to Consider for a Forestry Mapping

Structure « The more dense the vegetation, the lower the probability of signal
Density penetration through the canopy (influenced by wavelength)
e Saturation issue - the signal reaches a maximum level at a specific
@ © biomass threshold, which varies according to wavelength:
O

*C-band = 20 tons/ha (2 kg/m2)
L-band = 40 tons/ha (4 kg/m2) =»
*P-band = 100 tons/ha (10 kg/m2)

Combination of different
polarizations can improve
biomass estimates

i s
< 4 _‘l

> g S
VERY DENSE ‘ 'MOD‘:RQTELY 1

E OPEN FOREST
FOREST % DENSE FOREST ~ 3




Surface Parameters to Consider for a Forestry Mapping

Dielectric constant

Dielectric Properties of Materials

O ©

100+ if =1GHz CCJ %

90 4 - 1007 | |g.ﬂ) g — Re(eps); T=0C
+~ 80 water 9 a0 |g 0 — im(eps); T=0C
g 70 - S 0 O OCID) — Re(eps) Ice
S 60+ Y 2
O = 40
-9 50__ 8
*8 40 + o 91
o 30 N : :

0 1 10 100 1000
20T /rocks

10 + ———=% soil | dry Frequency (GHz)

vegetation [ materials

SNOowW



Surface Parameters to Consider for a Forestry Mapping

Geometric Effects

Foreshortening

* Slopes oriented to the SAR appear compressed (Distance betweena and b is shortened)

» Appears as very bright area

» More pronounced in near range (small incidence angle) than in far range (high incidence
angles)

Layover

b”a’
——

* Steep slopesoriented to the SAR lead to ghostimages

* When radar beam reaches the top of a high feature (b) before it reaches the base (a)

Radar shado . :
- W » Steep slopes oriented away from the SAR return no signal

 No signals can be transmitted to this area (as it is blocked by the slope), thus no signals
can be scattered backfromthese areas

» Appears as black area in the image




Surface Parameters to Consider for a Forestry Mapping

Geometric Effects




Surface Parameters to Consider for a Forestry Mapping

Geometric effects —side looking

B4 T

LA n// heh 1) S d B =M N VAl
Andreas R. Brenner and Ludwig Roessing, Radar Imaging of Urban Areas by Means of Very

High-Resolution SAR and Interferometric SAR, IEEE TRANSACTIONS ON GEOSCIENCE
AND REMOTE SENSING, VOL. 46, NO. 10, OCTOBER 2008 (X-band)

Google maps



Speckle

« Granular noise that affects radar images,
reducing class spectral seperability

« Degrades the quality of SAR image

e Results from random fluctuations in the
return signal from an object

 Preprocessing is necessary to filter the
Images, aiming to minimize information loss
- using of moving windows filters

Constructive Interference Desctructive Interference



Speckle

BEFORE FILTER APPLICATION: AFTER FILTER APPLICATION:

L-HV RGB 2007 07-03 2009 07 08 2010-07- 11

Multitemporal speckle flter application on a perfectly co-registered time series data stack of ALOS L-band data
over Louisiana, U.S.



SAR for forestry - Applications

Expected backscatter characteristics for diferent vegetation transition

RESPONSE BY FOREST TYPE

C-band
backscatter
(g0)

L-band
backscatter
(g0)

VH

W/VH Ratio
HH

HV

HH/HV Ratio

Medium to high;
Depending on the
roughness of the forest
floor and maisture,
there is lots of variation
in this category

Medium to high;
Depending on the
roughness of the forest
floor and maisture,
there is lots of variation
in this category

Medium to high

Low to medium; lower
than dense forest and
flonded sparse forest.
At steep incidence
angles, backscatter can
be medium to high

Low to very low,
depending on how dry
the soils are

Medium

Low to medmm
Depending on forest
density, lots of forward
scattering

Low to medium;
Depending on forest
density, lots of forward
scattering

Medium to high

Medium to high,
depending on how
much double bounce
is contributing to the
signal

Low to very low. Most
scattering is in the

forward direction due
to specular reflection

High

Medium to high; most
scattering from crown

Medium to high; most
scattering from crown

Medium
Medium to high

Medium to high

Medium

Medium to high; most
scattering from crown

Medium to high; most
scattering from crown

Medium

High to very high,
double bounce
contributes to high
backscatter

Medium to high, no
seasonal variation with
flooded forest floor

High

Medium to high;
most scattering from
crown (Can be low

in scenarios where
absorption dominates
and diminishes
backscatter)

Medium to high;
most scattering from
crown (Can be low

in scenarios where
absorption dominates
and diminishes
backscatter)

Medium

High to very high;
higher than degraded
forest, however at very
high biomass levels
we see saturation and
no distinction with
degraded forests

High to very high;
volume scattering

is dominant - best
senstivity to biomass

Medium

Medium to high;
most scattering from
crown (Can be low

in scenarios where
absorption dominates
and diminishes
backscatter)

Medium to high;
most scattering from
crown (Can be low

in scenarios where
absorption dominates
and diminishes
backscatter)

Medium

High to very high,
double bounce
contributes to high
backscatter

Medium to high, no
seasonal variation with
flooded forest floor

High
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https://uge-share.science.upjs.sk/webshared/ESA_ENEUM/Applied_Radar_RS/Practicals/exercise_04/Tutorial_4.pdf

SAR for forestry - Applications

Detecting inundated forests and floods

= Floods imaged by Copernicus Sentinel-1
~ = Millions of people in Mozambique, Malawi
| and Zimbabwe are struggling to cope with
W the aftermath of what could be the
® southern hemisphere’s worst storm:
| Cyclone Idai. This image is from

Copernicus Sentinel-1 and shows the
extent of flooding, depicted in red, around
the port town of Beira in Mozambique on
19 March. This mission is also supplying
imagery  through  the Copernicus
Emergency Mapping Service to aid relief
efforts.
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5. SAR and optical remote sensing
for precision agriculture 1

= I ™ 4 . ta =" 6% 0§ = 4 + R = @O




SAR and optical for precise agriculture

RADAR SATELLITES

Weather & illumination independence Use: information about the vegetation structure
Penetration through cloud cover and moisture content
Radio waves Infrared Ultrgviolet X-rays CEININERENS

p !
(\ ) % \N V4

¢
I 1 I

l I | I | I
3 -3 =5 -7 -9 -1 -13
10 1 10 10 10 10 10 10
OPTICAL SATELLITES ‘
Weather & illumination dependence Use: spectral (and chemical) properties of vegetation

No penetration through cloud cover



Sentinels — game changer for precision agriculture

Majority of Europe >2 day revisit Majority of Europe >3 day revisit

. Y
&’ sentinel-2 ,///////// "

37

S2A and S2B (July-Sept 2018)

S1A and S1B (July-Sept 2018)




Sentinels — game changer for precision agriculture







From EO signal to agriculture information content

Spatial + spectral + temporal information content + Machine learning for classification

satelie Servie

Type
Provider Spatial Spectral Temporal
Landsat (NASA) Public 15m, 30m, Natural colour (V|S|ble,. NIR)., Coastal aerosol, 16-18 days
60m, 100m, SWIR 1/2, Panchromatic, Cirrus, TIRS 1/263
120m
Sentinel (ESA) Public 5m, 10m, C-band, Natural colour (Visible, NIR, SWIR) 1-5 days
20m, 60m
Planet Private 0.72m, 3m, Natural colour: Blue, Green, Red, Red-Edge, NIR 12 hours
4.77m, 6.5m - 5 days
Maxar Private 0.3m, 0.4m, Panchromatic, 8 NIR bands (RGB, near-IR1/2, 1-2 days
0.5cm, 0.6m, coast, yellow, red-edge), 8 SWIR bands, 12 CAVIS
1.2m, 2.0m bands (for clouds, ice, and snow)

Resolutions offered by popular satellite imagery providers



From EO signal to agriculture information content

Spatial resolution

Sentinel-2

PROBA-V




From EO signal to agriculture information content

Spectral signature of the plants

Plant pigments
Chlorophyll a

!\—Chlorophyll b

—Carotenoids

Absorption of light by
chloroplast pigments

400 500 % 600
Wavelength of light (nm)

Chlorophyll predominately absorbs blue wavelengths
(400-500 nm) and red (600-700 nm). Note that
carotenoids absorb blue light as well as some green.

» Chlorophyll in the leaf preferentially absorbs blue and red

light

» Green light is reflected (that's why healthy vegetation with

lots of chlorophyll is green to our eyes)

» A healthy leaf cellular structure strongly reflects near-

infrared light (to prevent cell demage)

REFLECTYED IR

Cell structure

EPIDEAMIS

MESOPHYLL

— CPIDERMIS

HEALTHY LEAF



From EO signal to agriculture information content

Reflectance [%]

RED EDGE

« The three 20m ‘red edge’ bands of Sentinel-2 provide
key information on the state of vegetation

* Very narrow band (700 — 730 nm) corresponding to the
red NIR transition zone

« Very sensitive to plant stress — provides information on
the canopy chlorophyll and nitrogen content

i
G, T
() o
- <
- &
o Z
Vegetation
Soil
Water
I
400 500 600 700 800 900

Wavelength [nm]

SWIR

" Snow/ice/ cloud discrimination ]7 N

Vegetation status

20

10

400 7 600 800 1000 V 1200 1400 1600 1800 2000 2200 2400




From EO signal to agriculture information content

Spectral indices - to extract specific signal from spectral signature

« Particular wavelengths are sensitive to particular
chemicals and compounds

* Indices take advantage of these wavelength features

0,8

Reflectance
(=]
H

400

VIS

Chlorophyll
absorption

600

800

NIR

1000

1200

Water

/
/

1400 1600
Wavelength (nm)

SWIR

=== Early growth stage - small plants

absorption

1800

Later growth stage - before flowering

2000

2200

2400

Vegetation indices:

VI - Vegetation Index

NDVI - Normalized Difference
Vegetation Index

EVI - Enhanced Vegetation Index
SAVI - Soil Adjusted NDVI
AVI - Advanced Vegetation Index

NDMI - Normalized Difference
Moisture Index



From EO signal to agriculture information content

NORMALIZED DIFFERENCE VEGETATION INDEX (NDVI)
HEALTHY STRESSED

VEGETATION REFLECTANCE VEGETATION REFLECTANCE
« Very popular in eco/geosciences So% NIR 8% RED 1% NIR  30% RED
e Output values between-1.0 and 1.0

 Very low values (0.1 and below) = barren areas of rock, sand,
snow

 Moderate values (0.2 to 0.3) =shrub and grassland NDVI = 0.72 NDVI = 0.14
« High values (0.6 to 0.8) = temperate and tropical rainforests

NIR - RED
NIR + RED

NDVI =

NIR 850 nm

T L
o Sl B 1"

0.9
0.8
0.7
10.6
10.5
0.4
0.3
0.2

0.1




From EO signal to agriculture information content

NORMALIZED DIFFERENCE VEGETATION INDEX (NDVI)

& (20 & 4 L5

Maximum Max. positive Maximum Max. negative Minimum
Red slope NDVI slope NDVI

(average of 3 max.) (average of 3 max.)

(average of 3 max.)

Bare soil at sowing Fastest growth of Maximum green Fast reduction of Harvested crop or
preparation vegetation biomass vegetation non green residues
NDVI &
LAl

. (Matton et al., 2015,
Ry / : ' - \ ) } Time Waldner et al., 2016,
} > A Lambert et al., 2016)



From EO signal to agriculture information content

NORMALIZED DIFFERENCE WATER INDEX (NDWI)

« Highly correlated with canopy water content
and more closely tracked changes in plant
biomass than the NDVI

« Used to monitor changes related to water
contentin water/plant bodies

« As water bodies strongly absorb light in
visible to infrared electromagnetic spectrum,
NDWI uses green and near infrared bands to
highlight water bodies

« Index values greater than 0.5 usually
correspond to water bodies. Vegetation NDWI =
usually corresponds to much smaller values
and built-up areas to values between 0 - 0.2

(NIR - SWIR)
(NIR + SWIR)




From EO signal to agriculture information content

LIST OF INDICES FOR AGRICULTURE MONITORING USING SENTINEL-2 DATA

Vegetation indices

—— DVI, RVI, PVI

—— NDVI, WDVI, TNDVI, GNDVI
——SAVI, TSAVI, MSAVI, MSAVI2
—— GEMI

—— ARVI

——NDI45

——MTCI, MCARI, PSSRa

——S2REP, REIP, IRECI

Soil indices

Water indices

—NDWI

—NDWI2

——MNDWI

—NDPI

—NDTI







SAR sensors for agriculture

Main satellites carrying SAR sensors:

« ENVISAT ASAR - spaceborne SAR
operated by the ESA

« ERS-1, ERS-2 SAR - operated by ESA

« SENTINEL-1A -B (ESA, Copernicus
program)

« RADARSAT-1, 2-
operated by the
Agency (CSA).

spaceborne SAR
Canadian Space

« ALOS-PALSAR 2 - SAR L- band
operated by the Japanese Space
Agency

« COSMO SKY_MED - X band operated
by Italian Space Agency for civil
protection purposes

« TERRASAR-X - X band operated by
DLR

HISTORICAL ANALYSIS
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Radar Parameters to Consider in Precise Agriculture

Penetration through vegetation as a Function of Wavelength and dielectric characteristics

The penetration depth is depending on
wavelength and dielectric
characteristics of objects

Penetration IS the predominant
consideration when selecting a
wavelength

Typically, longer wavelengths result in
greater penetration into the target

Agricultural monitoring

For agricultural monitoring we need
enough penetration into canopy (L- or
C-band), but not to deep so that we
have soil interference (C- or X-band for
lower biomass)

Vegetation

Dry
Alluvium

Dry Snow
lce

XA X A

X-band
3 cm

kA R R R R

S A ' '
b h b b b ) > b
R R R R R R R R

C-band
5 Cim




Radar Parameters to Consider in Precise Agriculture

Radar backscaterring

» The intensity of backscattered energy typically

increases with surface roughness

2005-06-01

Winter barley

2005-06-01 e OFsu

Sugar beets

2005-06-01

Winter wheat

The surface appears The surface appears roughto
smoothto long wavelength shorter wavelength
=> Backscattering is low => Backscattering increases

 SAR responds to changes in structure and
moisture




Radar — Multiple frequencies

« Classification is best with higher frequencies (shorter wavelengths) as this provides best
opportunity for multiple scattering within the canopy

~+ X-Band provides excellent classification results

X (3.1 cm)
C (5.5 cm)

o
o
c |
Mv
@)
%
c
cc
o
o
>
o
n

Corn

Bl RADARSAT-2 VH - July 10, 2016
U TerraSAR-X WV - July 10, 2016
B ALOS VH - July 9, 2016

Integration of Data from RADARSAT-2, ALOS, and TerraSAR-X, Manitoba (Canada)



Radar Parameters to Consider in Precise Agriculture

Polarisation

Vef'tjca/

The radar signal is polarised:

Radar: transmits a EMW in a given polarization Horizop, s

measures the backscattered wave contribution in a given polarization

Vegetation has a predominant vertical structure:

- V-polarized waves align closely with this structure - increased scattering

- H-polarized waves encounter less interaction with the vertically oriented target,
allowing more energy to penetrate through the canopy and reach the ground

Bare SO” VegetatiOﬂ Scattering mechanisms of VV

and VH polarized backscatter,
Vv Vv where (a,b) show the relation
between backscatter and
incidence angle and scattering
mechanisms for bare soils, and
(c,d) the relation between
\ \V\/  backscatter and incidence angle
and scattering mechanisms for
vegetation.

V

0; 0;

O[dB]
O[dB]

vV




Radar Parameters to Consider in Precise Agriculture

Vegetation effects

Scattering of longer-wavelength microwaves is driven by:
- orientation of leaves, stems
- the volume of water in the vegetation

These scattering effects determine how much of the energy will return back to the SAR sensor
and how the phase between e.g. H and V components will change

Following a wave into a canopy, it may scatter as below:

NS AL
Y

i

Surface Backscaftering  Volume Backscattering Double-Bounce Specular Backscattering
Backscattering

(b)



Radar Parameters to Consider in Precise Agriculture

Density of SAR time series
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* SAR backscattering
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Radar and Optical in Precise Agriculture - Applications

Spatio-temporal variations

30-07-2016: Sentinel-2 TCC

15 06-2016: CpRVl

A « Wheat
¥

Soybean

23-06- 2016 CpRVl 09-07-2016: CpRVl

Field C: Wheat

15-06-2016

Field B: Soybean

~f15-062016 %

Field A: Soybean

09-06-2016. 4 % s 15-06-2016

20-06-2016 00-g7-2016 b, ~ - N 19-07-2016: Wheat

: v, #) 18-07-2016: Soybean
20:406-2016 11-07-2016 " + (Single rowisowing)

o 02072016

17 07- 2016 CpRVI

<l 1807-2016: Soybean &
(Dauble row sowing)s-

CpRVl
1

106

0.4

0.2

e Combined use of SAR and
Optical data

« Spatio-temporal variations of
CpRVI within the wheat and
soybean fields. The black and
white polygons show the
sampling fields of wheat and

soybean, respectively. The
field photos during the
campaign at specific

instances are presented for
wheat and soybean.




Radar and Optical in Precise Agriculture - Applications

Harvest monitoring

Sugarcane harvest monitoring
SAR data - Sentinel-1 Optical data - Sentinel-2
Before harvest After harvest 7 . Combined use Of SAR
| ' and Optical data for
harvest monitoring

South America

o
o

o
3

Coherence VV
o
PN

°
w

0.2
X NDVI
\ 09-1
P 08-09
/ 07-08
= 06-07
0.51 — 05-06
— 04-05
03-04
02-03
01-02
0.4 -1-01

Satelite

Coherence VV

o
w

~ Sentinel-2
g o & - Landset 8

AN B A 2 - MODIS

Smoothed NDVI trend

Date
Coherence time series NDVI time series



Radar and Optical in Precise Agriculture - Applications

Estimation of crop condition using POLInSAR

POLINSAR, a technique that
combines polarimetry, involving
varying the orientation of radar
signals, with interferometry,
which analyzes phase
differences in the signal, to
generate differential range and
range-change  measurements
from two or more images
captured by synthetic aperture

% radars (SARs). This combined
A approach enables the

visualization of the Earth iIn

28 three dimensions.




Radar and Optical in Precise Agriculture - Applications

20°20°0"N 20740'0"N

2070'0"N

Cropping systems

105:40CE e O0E 1067200 oG E Rice-cropping systems in Vietnam’s
> Red River Delta
1E
=
1 -3 Intra-annual Sentinel-1 data from January
% : R i g ~ 2015 to December 2015 were used to
.:,i“"._sf B e S I ; produce rice-cropping systems map in the
K e 5P, 7L R Red River Delta, Vietnam. In this case
Lo 4 study, a significant area of rice paddies
=z grows two crops per year (green). The
o -§ remaining areas, in mountainous and
5 riverine regions (red), are where the long-
term flooded or saturated soil conditions
permitted only one crop of rice per year.
z
o
'l =
&
o 125 I single cropped rice
| —
A — || Double cropped rice

105°40'0"E 106°00"E 106°20'0"E 106°400"E



Radar and Optical in Precise Agriculture - Applications

Monitoring of crop types

-
oy
NP

. Crop type for all agricultural parcels Flevoland in the
-~ Netherlands

This figure zooms in on Flevoland in the Netherland to
illustrate individual crop parcels. ESA worked with the Delft
University of Technology in the Netherlands to develop
Agricultural Sandbox NL, which makes use of radar data
from Copernicus Sentinel-1 and optical, or camera-like, data
from Copernicus Sentinel-2 and reduces terabytes of
satellite data to just 10 gigabytes per year. Importantly, this
dataset tool makes these data perfect for non-expert data
users in the agriculture sector.

Amsterdam

For more information, see the tutorial;

5

| 5, Crop Classification with S1 and S2 data using the SNAP

Y Cy W T P
B B software

% (rop'type 2020,


https://uge-share.science.upjs.sk/webshared/ESA_ENEUM/Applied_Radar_RS/Practicals/exercise_05/Tutorial_5.pdf

Cesa f\pm% C:IUSTAV GEOGRAFIE

space solutions Prirodovedeckd fakulta UPJS v Kosiciach

6. SAR and optical remote sensing
for precision agriculture 2




SAR and optical for precise agriculture

RADAR SATELLITES

Weather & illumination independence Use: information about the vegetation structure
Penetration through cloud cover and moisture content
Radio waves Infrared Ultrgviolet X-rays CEININERENS

p !
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¢
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l I | I | I
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10 1 10 10 10 10 10 10
OPTICAL SATELLITES ‘
Weather & illumination dependence Use: spectral (and chemical) properties of vegetation

No penetration through cloud cover



From EO signal to agriculture information content

Optical Sensors: Spectral indices - to extract specific signal from spectral signature

« Particular wavelengths are sensitive to particular
chemicals and compounds

* Indices take advantage of these wavelength features

0,8

Reflectance
(=]
H

400

VIS

Chlorophyll
absorption

600

800

NIR

1000

1200

Water

/
/

1400 1600
Wavelength (nm)

SWIR

=== Early growth stage - small plants

absorption

1800

Later growth stage - before flowering

2000

2200

2400

Vegetation indices:

VI - Vegetation Index

NDVI - Normalized Difference
Vegetation Index

EVI - Enhanced Vegetation Index
SAVI - Soil Adjusted NDVI
AVI - Advanced Vegetation Index

NDMI - Normalized Difference
Moisture Index



From EO signal to agriculture information content

Penetration through vegetation as a Function of Wavelength and dielectric characteristics

« The penetration depth is depending on

wavelength and dielectric Vegetation m m M

characteristics of objects
X-band C-band L-band

Agricultural monitoring 3cm 5cm 23 cm

« For agricultural monitoring we need

enough penetration into canopy (L- or  — - S ]
C-band), but not to deep so that we eribadaee . 7 B B 3§ 1 14 :....8
have soil interference (C- or X-band for : ! 71 el | @ 4 ¥
lower biomass) s ¢ &S] E ol
e | A7 3 3 I 7
- information about the vegetation | 2. . gl o S :
structure, moisture content, spatio- @ * L § 5 1 1T ¢ ,
temporal changes, harvest time A% F T 1 X L.d !
i i et (i ’ ;;ii.’.’.’:"i?:’.""g """ B | ';’ _
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From EO signal to agriculture information content

Biophysical variables estimation for agriculture applications

Biophysical variables are plant traits or characteristics of interest which can be
measured on the ground and possibly estimate by remote sensing at various scales
depending of the sensor spatial resolution

R
re- & %!
. " “’A h
™ ) r ‘
Y & & /8 |
N N X O
& /L & L
X N\ 20 ,\Cp & O &
C Y IEILETETESS >
rop processes Ng & < V\ o) K\ S O <2 =
Photosynthesis e |eee 44 ++
Evapotranspiration -+ +++ |+ |+ ++ 4+ | _
Respiration ++
Nitrogen 44 44
Phenology e b ++
Lodging - —
Impact of pests 44 3 :
Soil permanent charac. +++ -
Residues




From EO signal to agriculture information content

Fraction of green Vegetation Cover — FCover

« Corresponds to the fraction of ground covered by green vegetation
« Quantifies the spatial extent of the vegetation
 Independent of the geometry of illumination (unlike FAPAR)

The image on the left is a true-
colour (red, green, blue) Sentinel-
2 reflectance image. The darker
areas are woodlands. The image
on the right shows the same
imagery, transformed using a
model originally developed for
Landsat which estimates fractional
vegetation cover from the
reflectance values. On each pixel,
the proportions of red, green and
blue represent the proportion of
bare ground, live vegetation and
dead vegetation respectively.




From EO signal to agriculture information content

Fraction of Absorbed Photosynthetically Active Radiation - FAPAR

fAPAR [-]
094
0.85
0.75
065
0.55
045
035
0.25
0.15
0.05

“  WsN

(a)
 Quantifies the fraction of the solar

radiation absorbed by live leaves for the
photosynthesis activity.

It refers only to the green and alive
elements of the canopy

« Depends on the canopy structure,
vegetation element optical properties,
atmospheric conditions, and angular
configuration

Fig. 7. The S2 fAPAR products at (a) Graswang, (b) Peace River and (c) Santa Rosa for several dates, representing early, peak and end of vegetation periods.




From EO signal to agriculture information content

Canopy Chlorophyll Content (CCC)

The total amount of chlorophyll a and b
pigments in a contiguous group of plants per
unit ground area (in g/m?)

* Closely related to the plant nitrogen
content (fertilization)

 Absorption at 675 nm very sensitive to
changes in chlorophyll content but only for
low CCC values

 Lower chlorophyll absorption at 550 nm,
sensitive to a greater range of CCC , not
easily saturated but less sensitive to
chlorophyll changes

Legend

® (CCC_Field = LAI*SPAD

CCC_Sentinel_20200519

—1<50, ug/cm2

~150.01 - 100

_]100.1 - 150

1 150. 1 = 200
200.1 — 300
300.1 — 400
400.1 - 500
500.1 — 1005
SLE TR,

Figure 1 Winter wheat Crown Chlorophyll Content and sample sites
in Yucheng, Shandong Province



From EO signal to agriculture information content

LEAF AREA INDEX (LAI)

LAI is a dimensionless index measuring the one-sided green leaf area over a unit of land (m~2 / m”"2).

12 March 2016

Data from the Copernicus
Sentinel-2 mission can be
used to measure the ‘leaf
area index of vegetation
(left). This information can, in
turn, be used to monitor crop
growth and  agricultural
practices like harvesting. The
animation shows the
development of crop fields in
Belgium between March and
October 2016.



From EO signal to agriculture information content

Temporal development of vegetation

(a) beginning of season
(b) end of season
(c) length of season
(d) base value

(e) middle of season
(f) maximum value
(g) amplitude
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Data Download & Preprocessing
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NAS Corrections Stack
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Multi-core

Phenology and disturbances

Forest Disturbance Mapping

Detected Phenological Anomalies

Nationwide
Phenology
Mapping

B 2015082
B 2018162
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2019001
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I 2019152
B 2019182
B 2015213
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Sentinel-based markers for CAP Monitoring

https://dataspace.copernicus.eu/news/2023-10-19-cap-monitoring-national-scale-slovenia-based-copernicus-data
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https://dataspace.copernicus.eu/news/2023-10-19-cap-monitoring-national-scale-slovenia-based-copernicus-data




Unmanned Aerial Vehicles (UAVS)

* The payload capacity of UAVs has increased
substantially, allowing them to carry a variety of
payloads (e.g., sensors, cameras, Spray
equipment) for various precision agriculture
applications

« Drones allow much higher resolutions than
satellites in remote sensing. In addition, they
can also be used for the precise application of

pesticides and herbicides.




Various Drone Payloads
and TheirAppIications“ Lidar (Light Detection and Ranging)

Uses laser beams to create a 3D representation of the surveyed environment
RGB Camera

Only able to capture the wavelengths of the visible spectrum. + Creating high-resolution digital surface models of terrain and elevation

+ Measuring canopy heights, coverage, tree density, location and height of individual trees
« Monitoring plants outer defects, greenness and growth

« Calculating a range of vegetation indices

= Creating high-resolution digital elevation models (DEMs)
Position Sensors

Includes inertial navigation systems, GPS, magnetometer

« Mapping vegetation height

Multispectral Camera

Able to capture wavelengths beyond the visible spectral
range, usually through 3-15 bands.™

« Finding the physical location of the UAV

+ Monitoring and mapping crop diseases and weeds
+ Estimating the vegetation state
+ Detecting nutrient deficiency

+ Mapping vegetation height
°'  Chemical Sensors

* Measuring and detecting quantities
of various chemical agents

Hyperspectral Camera

Has more and narrower spectral bands compared to multispectral
(They are most suitable when there is a need to identify subtle
differences in signal along a continuous spectrum. Since multi-
spectral cameras sample larger wavebands, these small signals - -
may not be detected) J Biological Sensors

+ Identifying various forms of microorganisms
+ Distinguishing different plant species with similar spectral signatures
+ Identifying plant biochemical composition
» Quantifying soil vegetation

« Calculating chemical attributes

¥

Meteorological Sensors

Thermal Camera N+ Measuring weather-related indicators such
as wind speed, temperature and humidity

Infrared radiation toform a heat zone image, operating at
wavelengths of ~14,000nm

+ Evaluating water stress and assessing irrigation uniformity
= Calculating vegetation indices
+ Calculating chemical attributes
Spraying System or Similarpayloads

« System consisting of pumps and sprinklers for
spraying chemical inputs



Common Benefits Of Using UAVs In Agriculture

* Increased Mapping Accuracy
 Reduced Crop Survey Cost :ﬁr
* Increased Efficiency |
« Reduced CO2 Emissions

* Increased Crop Yields

« 3D mapping of land

e Save money on crop surveys
« Save money on insurance




On-site sensors

On-site sensors measure field and crop characteristics with high accuracy, which
growers can use to make farming decisions. Sensors are used in pest monitoring,
soil monitoring, smart irrigation, yield monitoring, weather monitoring, and
precision planting and spraying applications. The most commonly used sensors are
listed in the table below.

Table 4: Types of on-site sensors for precision agriculture

Group Sensors

Soil Moisture, temperature, nitrogen, phosphorous, potassium, carbon, pH
Plants NDVI, chlorophyll, plant health, plant water demands, sugar content
Atmospheric Temperature, humidity, wind speed, rainfall, pressure, precipitation

Water pH, temperature, turbidity, water depth, conductivity, dissolved O,



Satellites and UAVs in Precise Agriculture - Applications

Comparing Satellite Imagery To UAV Data

Feature

Autonomy

Accessibility

Scalability

Limitations

Dependence on weather
conditions

Price of use

Complexity of interpretation

Drone

Needs an operator

Suits for flat and easy-to-reach
areas

Typically used for small fields

Prohibited in certain areas

Can’t be operated in heavy rains
and strong winds

Correlates with operating time

Requires additional analysis by a
GIS specialist

Satellites

Fully autonomous

Doesn’t depend on relief
specifics

Covers large and small areas

No field data restrictions*

Partial data loss due to cloud
cover

Correlates with the captured
territory

Usually processed on online
farming platforms




Satellites and UAVs in Precise Agriculture - Applications

Crop Monitoring Using Satellite/lUAV Data Fusion

Test Site

Missouri

0 02505 . Akm
Pttt

———— 92°11'48"W

38°53'27"N

38°53'26"N

. ; 30 .|z  For more information. see the tutorial:
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@ Ground Control Points (GCPs) *CH and N Measurement Locations LAl sampling D Plot Boundary for Genotypejg 6. CrOQ C IaSS|f|Cat|0n W|th S1 time series data
EBiomass (07/08/2017) liBiomass (07/20/2017) [J|Biomass (08/04/2017) using the SNAP software
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https://uge-share.science.upjs.sk/webshared/ESA_ENEUM/Applied_Radar_RS/Practicals/exercise_06/Tutorial_6.pdf
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7. SAR and optical remote sensing for mapping wildfires
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Wildfires

Research Objectives

» To develop innovative and globally applicable methods for early detection, near real-time monitoring
of wildfires and rapid damage assessment using Earth Observation (EO) big data and deep learning

« Combining SAR and optical Remote Sensing

A) Sentinel 2 (S2) map of burnt areas B) Sentinel 1 (S1) map of burnt areas C) Combined S2-S1 map of burnt areas

‘ : e - Spatial coherence in the location of the
burnt areas as detected by Sentinel-2A
(A) and Sentinel-1A (B) and MODIS active
fire product (black dots). The map on the
right (C) combines Sentinel-2 and
Sentinel-1 based maps. Sentinel-2 data
are in the background.

Copyright: contains modified Copernicus
Sentinel data (2016), processed by
ESA/NASA/JRC

Sentinel 1 (S1)

e b A | pes e o £

® Active fires (MODIS) . | tive fires (MODIS) [ Sentinel 2 (S2)
N Burnt area by Sentinel 2, LA Burnt area by Sentinel 1 L S1and S2

AY v et a e X PR - P -




Comparison of different ESA satellites for detection of wildfires




Comparison of different satellites for detection of wildfires

Comparisons

*'Sentinel-2MS1Data

VIIRS Active Fire Hotspot 375m
p h“ R “ . ~

MODIS Butnhed'Area 500m

BC2018_R21721: SAR

R21721

S2 BaseMap: 2018-09-22
2018-08-02 {1237 ha, 1237 ha)
2018-08-06 (1237 ha, 2474 ha)
2018-08-07 (1529 ha, 4003 ha)

} 2018-08-14 (15950 ha, 19953 ha)
20180319 (25400 ha, 45353 ha)

B 2019-08-26 (6985 ha, 52338 ha)

BB 2018-08-31 (4414 ha, 56757 ha)

B 2013.09-07 (8299 ha, 65051 ha)

B 2018-00-12 (46326 ha, 69687 ha)

B 2018-00-10 (851 ha, 70638 ha)

]




Sentinel-1 C-Band SAR for Detection of Wildfires

Physical Basis: SAR Data for Wildfire

« Synthetic Aperture Radar (SAR) is an active
imaging system, it is able to see through smoke
and clouds to view changes on the earth’s surface
— track the fire burn areas while the fire is
occurring, even with covering smoke

« SAR collects both intensity and phase,
allowing us to track minor surface changes that
you can not see with remote sensing data
otherwise. In particular, phase can easily pick out
areas that were once urban or vegetated that a
major change has occurred in.

» Coherence Change Detection is a technique that
uses both the intensity and phase to track
changes between images.

OPTICAL SENSORS

Vs

Input images

Pre-event SAR amplitude

SAR SENSORS

first acqusition (SAR;)

phase-shift ¢
/< N =
2

Q..'
V T —

RGB Composition

second acqusition (SAR3)

e

Ve

Change detection product

Multitemporal Coherence (MTC) image




Sentinel-1 C-Band SAR for Detection of Wildfires

Physical Basis: SAR Data for Wildfire

Scene Properties

Roughness
Surface Geometry
Moisture

Burn Severity

Sensor Properties

RBR,, =
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Polarization
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Imaging Geometry
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Sentinel-1 C-Band SAR for Detection of Wildfires

H L H H (A) Sentinel-1 - 07/08/2021, 07/20/2021 (B) Inset: Sentinel-1 07/08/2021, 07/20/2021
PhyS|Ca| BaS|S . SAR Data fOI‘ Wl|dfll’e Polarization - VV Wood River Wetland, OR
3 \ R Decreases in surface w'é'téféite:fli 7/08/2151
o] shown in:yellow,and blue ¥

T

Examples of SAR imagery supporting BLM wetlands
monitoring and wildfire management, respectively.

(A) Sentinel-1 image composite of data collected over
southern Oregon on July 8 and July 20, 2021.

(B) Inset showing water decreases at BLM-administered
Wood River Wetland between these dates at full image
resolution. These decreases are identified in water cover
with and without inundated vegetation, shown as yellow
and blue pixels, respectively.

(C) Sentinel-2-Derived Severity Product (D) Coherence - Pre/Post-Fire Sentinel-1 INSAR Pair
Oil Springs Fire (2021) 06/15/2021 - 06/27/2021
(C) Severity product for Oil Springs Fire in Colorado, | | g ume — = | High conerence: .
derived from Sentinel-2 electro-optical imagery. Low ‘ Hnburmachto Low Severtty.

Moderate

(D) Coherence product derived from pre- and post-event -:Z:dss,,,,m

Sentinel-1 imagery using INSAR techniques.

Low coherence:
Moderate to High Severity

— SAR products can be useful for post-fire
management when electro-optical imagery is
unavailable

2 High : 1
w— Miles -
0 1 2 Low: 0

mmm ) Kilometers

1 2
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Sentinel-1 C-Band SAR for Detection of Wildfires

Physical Basis: SAR Data for Wildfire

SAR Detection of Ljusdals-komplexet in 2018

Sentinel-1 C-Band SAR ALOS L-Band PalSAR




Sentinel-1 C-Band SAR for Detection of Wildfires

Indonesia SAR analysis for 2015-2016

Sumatra 480,000 km?

Sumatra: 15,181 km?

Kalimantan 536,000 km?

Papua 320,000 km?

U, 3.34% N
R R ; | - 7
\ ‘Q} £ A Papua: 8,181 km?
S .:“ ] . 2%
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S A o » V.4 } -
\ EA 7:(\‘ T ' \: ¥ ~
y ‘T‘ e -y ..V&:«. 'F (':}'w{ I\‘~'L ~-,
R ;s ’sﬁ o . y ¢ W
N = U
$ ;;’ . . . 2 o
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Burning in Indonesia often begins as farmers clear land for crops or grazing animals.
Fire that escapes control in Borneo and Sumatra can become difficult to extinguish
because of the islands' large deposits of peat—a soil-like mixture of partly decayed

plant material that can fuel smoldering fires for months

2,500,000

2,000,000

1,500,000

1,000,000

area (ha)

500,000

Burned area in ha
Year 2015

Total

Lohberger

et al.,

2017

Sentinel-1 burned area

Sumatra

Sumatra
1,518,127

1,830,342

Kalimantan

Kalimantan
2,268,352

2,412,763

m 2015
2016

Papua

Papua
818,090

865,861

Total
4,604,569

5,108,965



Sentinel-2 MSI for Detection of Wildfires
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Healthy plant species reflect more energy in NIR but weakly in SWIR. This spectral
characteristic is useful for detecting burned areas such as dead soil/plant
material on forest floor.

Source: US Forest Service



Sentinel-2 MSI for Detection of Wildfires
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Sentinel-2 MSI for Detection of Wildfires

Sentinel-2 MSI Data for Burn Severity Mapping in Sweden with Deep Learning

Burn Severity Levels: Low severity  Moderate severity W High severity
A66000  ANI000 476000
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Combining Sentinel-1 and Sentinel-2 to determine

the source of the fires

A) Sentinel 2 (S2) map of burnt areas
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Sentinel-3 for Detection of Wildfires

Sentinel-3 OLCI and SLSTR
identifies active fire points, offering
valuable information for monitoring
fire spots in any area.

August 2019

0

B |
400 km?/cell

Fire-burned area 2019

Fire Burned Area
from ESA's Climate Change Initiative




Sentinel-3 for Detection of Wildfires
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Satellite images captured by the Copernicus Sentinel-3 mission on 4 February show the ongoing fires and heatwave in
South America. The optical image on the left is a combination of images from the Ocean and Land Colour Instrument
(OCLI) and Sea and Land Surface Temperature Radiometer (SLSTR) onboard the Sentinel-3 satellite. This allows us to
highlight the fire hotspots visible in shades of orange and red in the image. The map on the right, generated using data
from Sentinel-3’'s SLSTR instrument, shows the temperature of the land surface. The data show that ground temperatures
in Neuquén reached 49°C, Sierra Colorada reached 45°C and Malargue 38°C.




Remote sensing observations and forest fires stages




Remote sensing observations and forest fires

SPACE

Seconds

Days

Decades

Pre-Fire
Risk Assessment

Vegetation density and extent
Soil moisture/drought
severity
Topography
Fire risk mapping

Hot Spot Detection

Active Fire Total area burning
Detection Fire Radiative Power and
Thermal Infrared
Pyro cloud formation
Total area burned
Post Fire Burn severity
Assessment | Post fire vegetation regrowth

Landscape regeneration




The pre-fire stage

Vegetation density

« Fire risk as varies with vegetation density VD. VD

also influences fire dispersion.

 Classification of a forest in terms of VD
depends strongly on spatial resolution

=@ Level 1
=@ not water (L1)
@ not vegetation (L1)

=@ vegetation (L1)
@ Dense Vegetation (L1)
(O Light Yegetation (L1)
@ Medium Vegetation (L1)

@ water (L1)



The pre-fire stage

Vegetation type

« Urban areas slow down forest fires, a
fact which is important for fire modelling.

 Fuel behavior (ignition and dispesion)
varies with vegetation type (VT).

« For instance, areas with olive trees
slow down the fire. On the contrary,
areas with pine trees (typical species for
the Mediterranean biodiversity), ignite
and disperse easier.

Brown: olive trees; Yellow: agricultural cultivations; Green: conifers;
light green: Shrubs



The pre-fire stage

Vegetation stage - Land Surface Phenology

Unhealthy vegetation has a higher percentage of
dead leaves, providing easierto burn fuel for fires

Satellites can be used to track seasonal patterns
of variationin vegetated land surfaces through
indices:

 NDVI - Normalized Difference Vegetation Index

* EVI - Enhanced Vegetation Index

» SAVI - Soil-Adjusted Vegetation Index

 Vegetation index anomalies

1/ NDVlis widely used as a metric for vegetation health
* Valuesrange from-1.0t0 1.0
— Negative values to 0 mean no green leaves.

— Values close to 1 indicate the highest possible density of
greenleaves.

* NDVI Formula: (NIR — Red)/(NIR + Red)

2/ Enhanced Vegetation Index (EVI)
More sensitive in areas with dense vegetation, making it

better forfuels assessmentin dense forests



The pre-fire stage

Soil Moisture

Vegetation-Based Fire Applications:

Vegetation Moisture: Soil moisture acts as a

proxy for vegetation moisture and evaporative
stress.

Drought information can also identify
areas with dry fuel.

Soil moisture is measured by active
microwave scatterometers, e.g.
ERS1&2/AMI and MetOp/ASCAT as well as
by passive microwave radiometers such as
Sentinel 1, Aqua/AMSR-E, Coriolis/WindSat...

« SMOS measures the moisture in the top 5 cm of the soil globally every 3 day

SMQS BARCELONA EXPERT CENTRE

v,

'& = B " &‘

Example of high resolution (1 km) soil moisture maps of the Iberian peninsula generated from
SMOS data (10 days average)

https://directory.eoportal.org/web/eoportal/satellite-missions/s/smos




The pre-fire stage

Local meteorology (pyrocumulus)

Copernicus Sentinel-2 catches
impressivesmoke cloud

This image acquired on 9
September 2020, by Copernicus
Sentinel-2 features the impressive
pyrocumulus cloud forming over the
complex wildfire in California. This
true-colour image is combined with
short-infrared bands to highlight the
location of the fire hot spots.

Contains modified Copernicus Sentinel
data (2020)/processed by P. Markuse




The pre-fire stage

SAR in support of optical remote sensing for forest fires

Sentinel-1 SAR (C-band SAR data, 12-day revisit, Resolution: 5 x 20 meters)
* Vegetation-Based Fire Applications:

— Vegetation Type and Extent: Land classification, fuels mapping

— Vegetation Structure: Density and height

— Vegetation Moisture: Fuel moisture content and dryness

Sentinel-2 (-day revisit, Resolution: 10 meters)

» \Vegetation-Based Fire Applications:

— Vegetation Extent and Type: Land cover classification

— Vegetation Stage and Health: Variety of vegetation indices, including NDVI, EVI, SAVI
— Vegetation Moisture: NDWI



The pre-fire stage

SAR in support of optical remote sensing for forest fires

Between 18 and 28 July 2023, wildfires broke out on
Rhodes. Fierce blazes ravaged almost 18,000 hectares
of land, destroyed buildings, trapped animals and led to a
mass evacuation of thousands of tourists.

This Copernicus Sentinel-1 image shows the burn scars
left by fires on the Greek island of Rhodes.




The pre-fire stage

Fire Risk Mapping | Ignition NO -
Land cover YES VIS and
SAR
Soil moisture and YES Microwaves
drought severity
Vegetationtype and | YES VIS To provide reliable Fire Risk
stage Mapping, spatial resolution
Burning fuel YES VIS needs to be high
Topography YES VIS and
SAR
Meteorological LIMITED VIS and TIR
parameters
Land surface YES TIR
temperature




The Active fire stage

As fires burn much hotter than the typical
temperature of surfaces on the Earth, heat
provides a strong signal forthe detection of fire.

The total energy radiated from a surface
increases rapidly with its temperature (proportional to
the fourth power of temperature as described by the
Stefan-Boltzmann law).

However, the radiance is not uniform across
wavelength and the distribution peaks at a
wavelength that varies inversely with the temperature.

Highest Ener Lowest Ener
g R Wavelength (nm) —— a

102 10¢

'I 0]6 ] 0]4 'IUIII

—— Frequency (s')
Wavelength (pm) —

NIR SWIR MWIR IWIR
0.75 1 25 3 5 8 12

Spectral Radiance (W/sr/m?/nm)

0015 p SHi ®) 15

1200 K

0.01p

0.005

Spectral Radiance (W/sr/m?/nm)
D

600 K

0 5 10 15 0 5 10 15
Wavelength (um) Wavelength (um)

At normal ambient temperature, the peak is in the range
8-12 um and most of the radiant energy lies at
wavelengths greater than 5 ym (leftimage).

At higher temperatures typical of forest fires, the peak of
the response shifts to mid-wave infrared (MWIR, 3-5
um) or shorter wavelengths (right image).



The Active fire stage

Detecting hotspots and Total area burning

Active fire Burnt area

04 August 2017 09 August 2017

30 July 2017

Kythira wildfires
Southern Europe experienced a relentless heatwave this summer, fuelling wildfires in a number of countries. The

Copernicus Sentinel-2 satellite pair captured the start of a fire on the Greek island of Kythira on 4 August. Five
days later, a huge burn scar is visible across the western part of the island.

Source: modified Copernicus Sentineldata (2017), processed by ESA



The Active fire stage

Fire Radiative Power and Thermal Infrared

Comparing window channelsin near and thermal infrared

Near infrared (1.6 um)

Middle infrared (3.9 um)

Thermal infrared (10.8 um)

More adequate for smoke detection than 3.9 um Small

fires not visible

No CO2 absorption (higher fire temperature)

High sub pixel sensitivity

High temperature sensitivity - major sub pixel effects (hotspots are easily
detected)

Negligible absorption by atmospheric humidity

Close to a CO2 absorption band, 4-7 Kelvin signal reduction

Brightness is temperature of the CO2 layer above the fire

1-2 Kelvin absorption by atmospheric humidity No

signal reduction by CO2

Lower temperature sensitivity (small subpixel effects) No

risk of sensor blinding by fires

Low values compared with 3.9 um due to semi transparent cloud or smoke



The Active fire stage

Temporal resolution —a critical parameter

« The majority of satellites providing earth imagery are either geostatic or in the near-polar sun-synchronous orbit and include

multispectral imaging sensors.

* Sun-synchronous satellites provide data with high spatial resolution but low temporal resolution

» while geostationary satellites have high temporal resolution but low spatial resolution.

Sensor/Satellite Channels Product Spatial/Temporal
SEVIRI/Meteosat 3.9um, 10.8pm F'E/If)ﬁci:io"r?nz)r © 3 km/5 min
MODIS/Aqua and Terra 4um, 11um Active Fire 1km/ 1-2 days per satellite
SLSTR/SENTINEL 3 3.7um, 10.8um Active Fire 1km/approx. 1 day
SENTINEL 1 Radar Burned area 5m/2 days at mid-latitudes
SENTINEL 2 Vis Burned area 10 m/2-3 days at mid-latitudes
AVHRR/NOAA 3.7um FIMMA 1km/ 5-6 times per day
VIIRS/ Suomi-NPP Aum, 11um Active fire 375m/ 3-4 times per day




The Active fire stage

Temporal resolution — a critical parameter

Recently, advances in nanomaterials I
and micro-electronics technologies &<~ ™ _ | S—

demonstrating GNSS
reflectometry

have allowed the use of tiny low-
Earth-orbiting satellites, known as
CubeSats.

HERA CUBESATS (2x6U)
observing asteroi d
deflection assessment

CubeSats by launched in [ e == e g
constellations succeed in B - 4
Improving considerably the

temporal resolution while at the
same time they reflect high :
spatial resolution (due to their — ESA'S TECHNOLOGY CUBESAT FLEET smp.anspmu.ﬁlxwﬁ‘ .
low orbit). R e




The post-fire stage

Normalized Burn Ratio (NBR)

Used to measure burn severity by distinguishing
areas that have been significantly altered in their
spectral signature after a wildfire event

It is calculated using the energy intensity from the NIR
and SWIR wavelength bands from the remotely sensed
satellite imagery.

Healthy vegetation has very high NIR reflectance and low
reflectance in the SWIR portion of the spectrum

Burned areas on the other hand have relatively low
reflectance in the NIR and high reflectance in the SWIR
band

NBR

_ (NIR—SWIR) (Band 8 — Band 12)
~ (NIR +SWIR) (Band 8 + Band 12)




The post-fire stage

Burn Severity and the deltanormalized burn ratio

Burn severity - degree to which an ecosystem is
Impacted by a wildfire event.

The difference between pre-fire and post-fire NBR
(the delta normalized burn ratio (ANBR) index) -
frequently used to identify recently burned areas
and differentiate them from other non- vegetated
areas.

Areas with high dNBR value correspond to a higher
degree of damage or burn severity. In contrast, low
dNBR values represent areas that are unaffected from
the fire event or regions that have rebounded via
regrowth of plant species following a wildfire incident.

Why is burn severity important?

Energy released

EFFIS thresholds

dNBR <0.100

0.100 <dNBR <0.255
0.256 < dNBR < 0.419
0.420 < dNBR <0.660

dNBR > 0.660

Fire severity

burn severity

Organic matter
loss

Ecosystem
response

Erosion
Vegetation recovery

Societal
impacts

Loss of life or property
Suppression costs

Severity Level

Unburned/ Very Low
Low

Moderate

High

Very

High



The post-fire stage

Burned areas and burn severity — Spain and Portugal 2017

(a) Sentinel-2 dNBR 1image using Post-1 images in
Galicia wildfires;

(b) EFFIS dNBR image in Galicia wildfires;

(c) Sentinel-2 dNBR image using Post-1 images in
Portugal wildfires;

: : : : s | (d) EFFIS dNBR image in Portugal wildfires.

—— . (e SRSl : Water areas are masked (blue color).

Sentinel-2 ANBR
_low

B MODERATE
W HIGH

W VERY HIGH

10 0 10 20 30 40km

from:

Rafael Llorensa, José Antonio Sobrino, Cristina Fernandez, José M.Fernandez-
Alonso, José Antonio Vega, A methodology to estimate forest fires burned areas
and burn severity degrees using Sentinel-2 data. Application to the October
§E = . v i 2017 fires in the Iberian Peninsula, International Journal of Applied Earth
P oo | [ S - Observation and Geoinformation Volume 95, March 2021, 102243

10 0 10203040 km I , - ¥, B 10 0 10203040 km

|~ | R AR : | — https://doi.org/10.1016/j.jag.2020.102243
(c) (d)




Sources of information




The European Forest Fire Information System BB Coocrices
(EFFIS)

European Forest Fire Information System

« The European Commission has developed the European

Forest Fire Information System (EFFIS)

(http://effis.jrc.ec.europa.eu/) to provide a fire risk =
forecast and a fire danger assessmentin EU countries.

ntries, and Middle East and

- EFFISis one of the Copernicus Emergency Services reore i A i M

Read more > filter the news on the basis of
geographical scope, keywords, etc.
and becomes an essential tool for providing most up-to
date information on fire danger in EU ———r————y ] (= .
L 8 P o o = m———
Fave =
’ <  r——
——
Wildfire Risk index for the pan- Request for country totals (burnt
:g:tzt\;:ui: Ziaclsn?ar;sll‘afﬁr:ri;:;:es European Scale. This includes two areas & number of fires) per year,
thatpare o main groups of components by as published in the Forest Fires in
£ Uropean apnd Medite'?’ranean reas considering the fire danger and the Europe, North Africa and Middle
Readpmore » vulnerability on three categories: East reports, and more.
people, ecological, and economic Read more >

values.
Read more >



http://effis.jrc.ec.europa.eu/)

The Global Wildfire Information System (GWIS)

A
- opemlcus @ € ’ About v Publications v Apps v Projects v Partners Contacts

v

Joint initiative of the Group on Earth Observations (GEO), the NASA Applied Research and the
EU Copernicus work programmes. Using advanced methods on data processing for wildfire
detection and monitoring, numerical weather prediction models, and remote sensing, GWIS enables
enhanced wildfire prevention, preparedness and effectiveness in wildfire management.



Fire Information for Resource Management System (FIRMS)

& C O 8 https://firms.modaps.eosdis.nasa.gov/map/#d:24hrs; @28.6,24.4,2.5z w ® L

" FIRMS ... — BASIC MODE
k
@ Fire Information for Resource Management System e

Lat: -40.729°, Lon: 58.653°

Fires / Hotspots
v © Simple
Landsat [30m]
VIIRS (S-NPP & NOAA-20) [375m]
MODIS (Aqua & Terra) [1km]

&= Overlays
Dynamic Imagery

VIIRS NOAA-20 Corrected
Az Reflectance (true color)

VIIRS S-NPP Corrected Reflectance
s.npp (true color)

MODIS/Aqua Corrected Reflectance
wa (true color)

MODIS/Terra Corrected Reflectance

rerry  (true color)

| 2000km | ’ Static Backgrounds

2000 mi

“} Blue Marble

NASA's FIRMS distributes Near Real-Time (NRT) active fire data within 3 hours of satellite

observation from NASA's Moderate Resolution Imaging Spectroradiometer

(MODIS) and

NASA's Visible Infrared Imaging Radiometer Suite (VIIRS). https://firms.modaps.eosdis.nasa.gov/



Worldwide fires from ESA’s Sentinel-3 World Fire Atlas

Number of fires

v
S
S
S

Monthly Sentinel-3A night-time fires
s3wfa.esa.int

World

The atlas provides a detailed analysis of wildfires
across the globe and utilised nighttime data from
the Sea and Land Surface Temperature Radiometer
(SLSTR) onboard the Sentinel-3A satellite. The
data have been overlaid onto ESAs World Cover
map which uses data from the Copernicus Sentinel-
2 mission from 2021.

The map and graph shows fires taking place across
the globe between May 2016 and June 2023, using
data from the World Fire Atlas.



esa

* Data up to October 2023

. 2022 W 2023 _
M Portugal

2021

Ttaly

s3wfa.esa.int

Monthly Sentinel-3A night-time fires

Portugal

W Spain

2017

* Data from May 2016
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Conclusions

« Optical and thermal infrared RS observations — supportive for the pre-fire and post-fires stages

 Fire detection is technically feasible (in mid and thermal infrared; Sentinel 3, SEVIRI on Meteosat, Landsat TM),
yet satellites with good temporal resolution have poor spatial one and vice versa — contribution to operational plans
in the active fire stage is constrained

« Sentinel 2 and 3 facilitate research and operation applications with respect to forest fires. Results are
complemented by Sentinel 1 SAR observations

« Low spatial resolution satellites/sensors (VIIRS, MODIS) - used for pre-fire risk mapping; satellites of high spatial
resolution - during the post-fire stage - may be used instead (Sentinel- 2, Landsat, Worldview, etc.)

« Cubesats reflect a promising development to improve both temporal and spatial resolution

« Several forest fire related applications have been developed in the framework of the EU, ESA, as well in other parts of
the world.

For more information, see the tutorial:
7. Wildfire Mapping with Sentinel-1 & Sentinel-2 using the SNAP_software



https://uge-share.science.upjs.sk/webshared/ESA_ENEUM/Applied_Radar_RS/Practicals/exercise_07/Tutorial_7.pdf

Eesa f\pm% C:IUSTAV GEOGRAFIE

space solutions Prirodovedeckd fakulta UPJS v Kosiciach

8. SAR and Optical remote sensing
for mapping snow




Why do we need information about snow

Information on snow is essential
for several reasons:

« Climate Monitoring

* Water Resource Management
« Natural Hazard Assessment

» Ecosystem Monitoring

« Sea Level Rise

@ Freshwater in .
glaciers and snow .

@ Surface
runoff «p MRS » o R
oy S — - H 3
o 34.‘" ¢ @®lce |
NN sheets A
W 2 o4
; 1’ T e e b7

wge @ Freshwater in

P d i R
lakes and rivers

: , ,,"K‘\‘.-

® Groundwater- _
storage v >

® soil

moisture




Cryosphere

« The portion of Earth's surface where water is
found in its (mostly) solid form, including snow,
iIce, glaciers, ice caps, ice sheets, frozen ground
(permafrost), and sea ice

* [t encompasses regions of both land and sea
that experience freezing temperatures, and it
plays a crucial role in Earth's climate system.

Cryosphere

. The cryosphere interacts with other components | ERAFE s
of the Earth system, such as the atmosphere,
oceans, and biosphere, through processes like
melting, freezing, and ice-albedo feedback

« Changes in the cryosphere can have significant
Impacts on global climate patterns, sea level
rise, freshwater availability, and ecosystems.




Examples of snow patterns in different environments

"Wﬁ.‘-‘l

~Debris cover -:

Moufitain glaciers



Typical densities of snow (and ice)

Typical densities of snow and ice (kg/m?) ‘

New snow (immediately after falling in calm) 50-70
Damp new snow 100-200
Settled snow 200-300
Depth hoar 100-300
Wind packed snow 350-400
Firn 400-830
Very wet snow and firn 700-800
Glacier ice 830-917

Source: Paterson, W.5.B. 1994, The Physics of Glaciers.



Remote Sensing of Snow

Selected satellites used i.a. for cryospheric applications

C-Band

X-Band

Sentinel-1 Optical
Envisat ASAR

ERS-1/-2

Radarsat-1/-2

Cosmo-Skymed

VNIR

high
’ — VIS NIR

(100%)

rock

Reflectance /
Atmospheric transmission (%)
i
!

<

E.Jgetafm

Sentinel-2 MSI
SPOT-5 — 7 HRV/NAOMI

Terra ASTER
Sentinel-3 SLSTR/OLCI
Aqua/Terra MODIS
NPP VIIRS

SWIR TIR

304\ Om
4 0-121131

ASTER

ater. I' >‘.. ;.Lf’.loo* oooooo

o’ 60m
6 LANDSAT
\ J ETM+

<}
=

(0%) 0.5 1.0

2.0 5.0 10.0
Wavelength (um)



Radar for snow

Sensor Satellite [GHz]. Resolution/Swath Repeat

AMI ERS-1,-2(1991-2011) 5.3 W 25 m - 100 km 35d/1 d
SIR-C/X-SAR Shuttle (1994) 125396 25m - 40 km 2 Campaigns
SIR-C/X-SAR SRTM (Feb.2000) 53&96 50/100 m- 100/200 DEM

Present

SAR Radarsat1(1995-) 5.3 10,30,100 m - 100-500 km 24 d

ASAR Envisat (2002-12) 2.3 30,100,1000 - 100-400 km 35d
PALSAR ADEOS (2007-11) 1.2 15/100 m - 40-350 km 46 d
TerraSAR TerraSAR-X(2007-) 9.6 1,3,10m - 10,30,100 km 1d
TerraSAR2 TanDEM-X (2010-) 9.6 in Tandem with TerraSAR-X (InSAR)

SAR COSMO-SkyMed 9.6 1,3,0m - 10-100 km 16 d, 1d, 8d
SAR Radarsat2 (2007-) 5.3 3,10,30m, [20km24d

SAR Sentinel-1 (2013-) 9.3 10m, 30m 250, 400 km 12 d x 2 Sat.
Future

SAR Constellation Radarsat (2019 -) 5.3 3m...100m 30 ...500 km 16 d x 3 Sat.



Radar back-scatter signal

* Physical factors:
dielectric constant of the
surface materials (depends
on the moisture content)

« Geometric factors:
surface roughness, slopes,
shape and orientation of the
objects relative to the radar
beam direction

* The types of landcover

Surface roughness
Grain size

Density

Water content
Stratigraphy

Acquisition geometry

o
i Annual surface temperature

Local weather J_C
S

TN

Dry snm

zone
Percolation

« Sensor characteristics: o
Microwave frequency, 5
polarisation and incident
angle

zone

Wet snow
zone ?
Superimposed

ice zone
Bare ice
zone

Liquid Water Content [%]

Microwave Permittivity

~ VV /F'

Laser altimeter

TanDEM-X

Winter : ,
! Accumulation rate

Surface > N,
scattering :\‘ v 2
X

4 |'Penetration bias

' ¥ Volume
A+ *. scattering

Subsurface
* vscattering

Percolation
zone

Wet snow

zone

Superimposed

ice zone

Bare ice

zone



Microwave Penetration Depth in Dry Snow

dry snow
Measured by

microwave radiometry:

—®— Alpine snowpack (Matzler,
1987)

@ Antarctic snow (Rott, 1993)

—
o
|
n

Penetration depth [m]
(8]
1

€ Retrieved by inversion of
satellite MW radiometry
(SMMR) data, Antarctic

[a—y
"

O
o1

Dry snow: Attenuation i
| | | |

dominated by scattering losses

49 10.5 21 36 94
Frequency [GHZz]



Backscattering from a Rough Surface

+ 10

SMOOTH

o

BACKSCATTERING COEFFICIENT, g° (dB)

-10
_20 . . . .
Surface scattering contribution dominates for
wet snow, glacierice, soil, ...
-30 ! | I ] ] | )

INCIDENT ANGLE (deg)



Factors for Backscattering of Snow (Ku to L-Band)

WET SNOW Dominant Scattering Mechanism: Surface Scattering
 Liquid water content dominant factor

« Surfaceroughness Important

» Grain size small effect

DRY SEASONAL SNOW: Scattering in the Volume and/or at Lower Interface
« 0° of medium below snow dominating for seasonal snow at f<10 GHz
« Grain size important for f>10 GHz

e Snow Mass (snow water —> Little sensitivity of at X-to L-band,;

equivalent, SWE) Ku-band sensitive to SWE, but ambiguity

with grain size

REFROZEN SNOW (e.g. firn area on glaciers) Volume Scattering
* Volume inhomogeneities (grains, grain clusters, ice lenses, ice pipes, ..)
* Internal interfaces between snow layers of different density



EO Concepts for SWE Monitoring

Passive MW sensitive to SWE & melt; global daily coverage;
18.7 & 37 GHz  independent of clouds/illumination; very long
10.6 & 32 GHz  record

Radar sensitive to SWE & melt; high resolution;
(Scat or SAR): independent of clouds/illumination
Dual: Ku & Ka
Single: Ku, Ka
INSAR direct SWE sensitivity; high resolution
L-, C-Band avoids volume scattering issues
LIDAR direct observation of snow depth; very high

resolution, minor forests and topographic
Issues

Coarse resolution, not suitable for
mountains and forests,
saturation at higher SWE

algorithm maturity, coverage, SWE
saturation, forests

forests, complexity; requires advanced
acquisition plan

SWE retrieval requires snow density;
No Sensor

INSAR SWE Retrieval \

ﬂéﬂ'i(}“' = 1 .Gk ﬂSWE&
| cos O,

Radar (Scat or SAR) /7,
N

Sensitivity of backscatter
to SWE depends on
scattering albedo: Ay

Air %N\ % % ©

Dual F: Ku + Ka R \& i B %
Single F: Ku, Ka e e




Interferometric measurement of displacement

Measurement of Displacement  opate1] _
T ¢=2n ‘ 1 Fringe

color wheel
SAR images of / v \/ >
2 dates —» Ad 4 Phase difference A / \

- R
\/

TanDEM-X

INSAR repeat track measures
displacement

Requires temporal stability of radar
signal phase (coherence)




Applications in Cryosphere: Radar Sensors

GSv3 daily SWE estimate, 15 Feb. 2010

« Snow Water Equivalent (SWE)
« Dynamics and mass balances of ice sheets

3D ice surface deformation




Optical for snow

Incoming electromagnetic energy
I(/U) is affected by:

- Absorption (E, (1)
- Scattering (E(1)
- Transmission (E(1)

Principle of energy conservation:
(energy can only be transferred, but neither be

created nor destroyed)

E](A) = EA(/l) + ES(A) + ET(A)

Optical sensors measure the amount of light
receiving the satellite (= at-satellite radiance
L), which is often converted to

N\ Sensor

‘ Radiance L
\'l\ .\\ ! //'/‘

| Skylight =~/

| \ / /

| '\\ /

' \ Absorption

. /
| Sunlight ,/I

Skylight \ d
/ F
// \‘\_\ /
f ™

.‘ i
\\‘ \ Reflectance

Reflection

Earth
processes

—%



Optical for snow

Reflectance depends on \K@
.
 Wavelength energy

diffuse reflector (lambertian)

o Atmospheric attenuation Specular reflector (mirror)
« Geometry of the Surface

 Surface Materials \M

Nearly Specular reflector (water)

N

AV

Hot spot reflection

nearly diffuse reflector




Selected Optical Sensors for Snow Monitoring

Sensor

MSI

OLCI, SLSTR
AVHRR
MODIS
ASTER
ETM+

OLI - LDCM
HRV

Dig-Camera
Dig-Camera
Dig-Camera

IR Bands:

Satellite

Sentinel-2
Sentinel-3
NOAA

TERRA, ACQUA

TERRA

LANDSAT 5,7

LANDSAT 8
SPOTS

lkonos
QuickBird
PLEIADES

Bands

VIS, SWIR

VIS, SWIR, TIR

VIS, SWIR, TIR
0.4—12 um (36 Ch.)
VIS, SWIR, TIR, Stereo
VIS, SWIR, TIR

VIS, SWIR, TIR

VIS, SWIR

VIS, NIR (4 Kan.)
VIS, NIR (4 Kan.)
VIS, NIR

Resolution

10, 20, 60 m
300, 500, 1000 m
1 km

250, 1000 m
15, 30,90 m
15, 30,60 m
15, 30, 100 m
25,5 10m
1,4m
0.7,2.5m
0.5, 2.0m

NIRO.7—=1.2um; SWIR0.7-2.3um; TIRE—-12 um



Spectral Reflectivity of Snow: Grain Size
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Angular Dependence of Snow Reflectivity
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Main Factors for Spectral Reflectance of Snow

* Impurities (Soot, Dust, ...) - main factor at visible
wavelengths

« Grain size; importantat A > ~1 ym

« Liquid water content (relevant in shortwave IR; primarily

an indirect effect through grain size) S:Lﬁz%‘“’amedo = ice g%ffaﬁ? Z’ibe:dot.; L’L:f’;cf?a'i‘ée;o;
. . . . . . ice albedo ice albedo
* [llumination and observation geometry (bi-directional
reflectance)
cryoconite hole:
 Surface roughness parts of the

impurities are
shielded from the
sun and do not

4 A alter the albedo

ice ice
Impurities lower the Impurities of the
albedo of ice and snowpack are
snow deposited on the

ice surface after
snow-melt



Selected Snow Products from Optical Satellite data

Pathfinder, CryoClim, 5 km,
GlobSnow, 1 km, Fractional SE 5 km, Fractional SE

Fractional

SE

JAXA GHRM5C, 5 km, Binary SE AutoSnow, 4 km, Binary SE

MEa%‘_JRES’SZE KM, |Ms, 4 km, Binary SE
MOD10_C5, 0.5 km, MODSCAG, 0.5 km, —

Fractional SE Fractional SE




Hemispheric snow products reprojected in EASE-GRID 2.0

JASMES JASMES AVHRR |
MEaSUREs MDS10C GHRM5C Pathfinder CryoClim

NOAA IMS AutoSnow GlobSnow




Applications in Cryosphere: Optical Sensors

« Snow and ice areas mapping

« Lake ice monitoring

» Glacier mapping

» Albedo

ice, debris,

 Glacier facies (snow, firn,

supraglacial lakes, etc.)
« Snow and ice properties
* Ice motion (offset tracking)
* Ice sheet boundaries

« Surface topography

For more _information, see the tutorial:
8. Sentinel-1 & Sentinel-2 for Snow _and Ice using the SNAP
software and EO Browser

¢ Visualized NDSI
over New Zealand,
acquired on 2019-
09-19.

' 3 Snow Cover Duration
¢ for Mont-Blanc  area
~ |during an hydrological
Myear (1 September
2016 to 31 August
o 2017)  produced by
seorennew gyNthesis  of  Theia
snow-covered surface
products.



https://uge-share.science.upjs.sk/webshared/ESA_ENEUM/Applied_Radar_RS/Practicals/exercise_08/Tutorial_8.pdf
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9. SAR and optical remote sensing
for mapping ice




Why do we need information about ice

Information on snow and ice is
essential for several reasons:

« Climate Monitoring

* Water Resource
Management

* Natural Hazard Assessment

« Ecosystem Monitoring

« Sea Level Rise
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Cryosphere

« The portion of Earth's surface where water is
found in its (mostly) solid form, including snow,
iIce, glaciers, ice caps, ice sheets, frozen ground
(permafrost), and sea ice

* [t encompasses regions of both land and sea
that experience freezing temperatures, and it
plays a crucial role in Earth's climate system.

Cryosphere

. The cryosphere interacts with other components | ERAFE s
of the Earth system, such as the atmosphere,
oceans, and biosphere, through processes like
melting, freezing, and ice-albedo feedback

« Changes in the cryosphere can have significant
Impacts on global climate patterns, sea level
rise, freshwater availability, and ecosystems.




Examples of ice patterns in different environments




Typical densities of ice (and snow)

Typical densities of snow and ice (kg/m?) ‘

New snow (immediately after falling in calm) 50-70
Damp new snow 100-200
Settled snow 200-300
Depth hoar 100-300
Wind packed snow 350-400
Firn 400-830
Very wet snow and firn 700-800
Glacier ice 830-917

Source: Paterson, W.5.B. 1994, The Physics of Glaciers.



Basic Classes and Mechanisms of Ice Formation

Class Description Thickness

New Ice lce which began to grow a few hours or O0-10cm
days ago

Young lce Transition between new and first-yearice | 10-30cm

First-Year lce [lce of no more than one winter's growth 30 -200 cm

Old Ice lce that has survived at least one > 200 cm

summer’s melt; most topographic features
are smoother than on first-year ice

High

v LOW



Remote Sensing of Ice

Selected satellites used i.a. for cryospheric applications

C-Band

X-Band

Sentinel-1 Optical
Envisat ASAR

ERS-1/-2

Radarsat-1/-2

Cosmo-Skymed

VNIR

high
’ — VIS NIR

(100%)

rock

Reflectance /
Atmospheric transmission (%)
i
!

<

E.Jgetafm
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SPOT-5 — 7 HRV/NAOMI

Terra ASTER
Sentinel-3 SLSTR/OLCI
Aqua/Terra MODIS
NPP VIIRS
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Radar for ice

Sensor Satellite [GHz]. Resolution/Swath Repeat

AMI ERS-1,-2(1991-2011) 5.3 W 25 m - 100 km 35d/1 d
SIR-C/X-SAR Shuttle (1994) 125396 25m - 40 km 2 Campaigns
SIR-C/X-SAR SRTM (Feb.2000) 53&96 50/100 m- 100/200 DEM

Present

SAR Radarsat1(1995-) 5.3 10,30,100 m - 100-500 km 24 d

ASAR Envisat (2002-12) 2.3 30,100,1000 - 100-400 km 35d
PALSAR ADEOS (2007-11) 1.2 15/100 m - 40-350 km 46 d
TerraSAR TerraSAR-X(2007-) 9.6 1,3,10m - 10,30,100 km 1d
TerraSAR2 TanDEM-X (2010-) 9.6 in Tandem with TerraSAR-X (InSAR)

SAR COSMO-SkyMed 9.6 1,3,0m - 10-100 km 16 d, 1d, 8d
SAR Radarsat2 (2007-) 5.3 3,10,30m, [20km24d

SAR Sentinel-1 (2013-) 9.3 10m, 30m 250, 400 km 12 d x 2 Sat.
Future

SAR Constellation Radarsat (2019 -) 5.3 3m...100m 30 ...500 km 16 d x 3 Sat.



Radar back-scatter signal

* Physical factors:
dielectric constant of the
surface materials (depends
on the moisture content)

« Geometric factors:
surface roughness, slopes,
shape and orientation of the
objects relative to the radar
beam direction

* The types of landcover

Surface roughness
Grain size

Density

Water content
Stratigraphy

Acquisition geometry

o
i Annual surface temperature

Local weather J_C
S

TN

Dry snm

zone
Percolation

« Sensor characteristics: o
Microwave frequency, 5
polarisation and incident
angle

zone

Wet snow
zone ?
Superimposed

ice zone
Bare ice
zone

Liquid Water Content [%]

Microwave Permittivity

~ VV /F'

Laser altimeter

TanDEM-X

Winter : ,
! Accumulation rate

Surface > N,
scattering :\‘ v 2
X

4 |'Penetration bias

' ¥ Volume
A+ *. scattering

Subsurface
* vscattering

Percolation
zone

Wet snow

zone

Superimposed

ice zone

Bare ice

zone



Backscattering from a Rough Surface

+ 10

SMOOTH

o

BACKSCATTERING COEFFICIENT, g° (dB)

-10
_20 . . . .
Surface scattering contribution dominates for
wet snow, glacierice, soil, ...
-30 ! | I ] ] | )

INCIDENT ANGLE (deg)



Glacier Motion by INSAR and Offset Tracking

Ice motion of glacier Equilibrium line:
in equilibrium state gain = loss

Accumulation area

Ablation area

Obijectives for mapping Ice Motion:

« Retrieving ice export by calving (Input/Output method for mass balance)



Interferometric measurement of displacement

Measurement of Displacement Date 1| _
T ¢=2n ‘ 1 Fringe

color wheel
SAR images of / v \/ o>
2 dates —» Ad 4 Phase difference / \
Date 2 | 4

BIVAN
\/

TanDEM-X

LR

INSAR repeat track measures
displacement

Requires temporal stability of radar
signal phase (coherence)




Glacier Velocity Map

Basic principle: Matching of image templates by cross correlation
(along track and in range) in co-registered SAR images.

Possibilities for features to be tracked:

1. Amplitude correlation: Uses persistent features in backscattering amplitude
Images (e.g. crevasses, drainage features). Advantage: Coherence not
required. Disadvantage: Lack of features in accumulation areas of glaciers
(snow areas) prohibits application.

2. Speckletracking: Uses coherent amplitude data (complex or magnitude).
Advantage: Works also where no obvious amplitude features exist. No need
coherence can be bridged.

3. Coherencetracking: Uses templates in coherence images and looks for
maximum value. Method and possibilities similar to method (2).
Typical achievable accuracy in displacement: 0.2 pixels in x and .

Errors depend on co-registration, type of features, quality of matching.



Glacier Velocity Map

2014/15 2015/16 2016/17 2017/18

e [m dt]

0.1

<0.01

Annual ice velocity maps of Greenland from Copernicus
Sentinel-1 2014-17 and winter campaign 2017/18.




lce Flow Map

Aidya, 5
Alexander.

Tsland”
|
7 Ronne
2 Ice Shelf
. L
[
001 01 10 10 m/day
(] 200 km ‘/VQ S0t

Antarctic Peninsulaice flow ’ Ice-flow velocity of the George VI Ice Shelf




Applications in Cryosphere: Radar Sensors

GSv3 daily SWE estimate, 15 Feb. 2010

Snow Water Equivalent (SWE)

Glacier topography and volume change

Dynamics and mass balances of ice sheets

Glacier motion

3D ice surface deformation

River ice

Sea ice




Optical for ice

Incoming electromagnetic energy
I(/U) is affected by:

- Absorption (E, (1)
- Scattering (E(1)
- Transmission (E(1)

Principle of energy conservation:
(energy can only be transferred, but neither be

created nor destroyed)

E](A) = EA(/l) + ES(A) + ET(A)

Optical sensors measure the amount of light
receiving the satellite (= at-satellite radiance
L), which is often converted to

N\ Sensor

‘ Radiance L
\'l\ .\\ ! //'/‘

| Skylight =~/

| \ / /

| '\\ /

' \ Absorption

. /
| Sunlight ,/I

Skylight \ d
/ F
// \‘\_\ /
f ™

.‘ i
\\‘ \ Reflectance

Reflection

Earth
processes

—%



Optical for ice

Reflectance depends on \K@
.
 Wavelength energy

diffuse reflector (lambertian)

o Atmospheric attenuation Specular reflector (mirror)
« Geometry of the Surface

 Surface Materials \M

Nearly Specular reflector (water)

N

AV

Hot spot reflection

nearly diffuse reflector




Selected Optical Sensors for Glacier Monitoring

Sensor

MSI

OLCI, SLSTR
AVHRR
MODIS
ASTER
ETM+

OLI - LDCM
HRV

Dig-Camera
Dig-Camera
Dig-Camera

IR Bands:

Satellite

Sentinel-2
Sentinel-3
NOAA

TERRA, ACQUA

TERRA

LANDSAT 5,7

LANDSAT 8
SPOTS

lkonos
QuickBird
PLEIADES

Bands

VIS, SWIR

VIS, SWIR, TIR

VIS, SWIR, TIR
0.4—12 um (36 Ch.)
VIS, SWIR, TIR, Stereo
VIS, SWIR, TIR

VIS, SWIR, TIR

VIS, SWIR

VIS, NIR (4 Kan.)
VIS, NIR (4 Kan.)
VIS, NIR

Resolution

10, 20, 60 m
300, 500, 1000 m
1 km

250, 1000 m
15, 30,90 m
15, 30,60 m
15, 30, 100 m
25,5 10m
1,4m
0.7,2.5m
0.5, 2.0m

NIRO.7—=1.2um; SWIR0.7-2.3um; TIRE—-12 um



Extinction Coefficient of pure ice and sea water

103_____ T T T T I 1 | T T T 7]

Penetration depth (for intensity) - 3

107 =4

d, =1/K, d 3

’.:q i Clear —

1 . . .. :E_— 10" Seawater / [/ p 0 Bubble-free |

K.[m™ ] extinction coefficient § E ice =

3 L \ 2

s I ke

é 0% -

2 F Ice: bubble-free =

.. : .. 107~ il

Visible light penetration in - 5

snow is a few centimetres; 4 E

scattering losses dominate! R e e e s B
200 400 600 800 1000 1200

Wavelength (nm)
(Perovich, 1996)
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Ice albedo

Albedo, in the context of sea ice, refers to how much solar radiation is reflected back into
space. When there's no sea ice, the ocean absorbs heat. If there's sea ice, it has a higher
albedo, meaning it reflects more solar radiation, resulting in less heat being absorbed by the
ocean. When there's both sea ice and snow, the albedo is even higher.

lce with Snow Bare lce Open Ocean

a = 0.06

v

=09 _ "_ o =




Main Factors for Spectral Reflectance of Ice (and snow)

* Impurities (Soot, Dust, ...) - main factor at
visible wavelengths

* Grain size; importantat A>~ 1 ym
 Liquid water content (relevant in shortwave IR;  Gicamdo-ie  siceatedors  sifaceabsdos

. . . . . . albedo still influenced b not influenced b
primarily an indirect effect through grain size) codbedo leabedo
* lllumination and observation geometry (bi- —

. . cryoconite hole:
directional reflectance) parts ofthe

shielded from the
sun and do not
alter the albedo

d { show

« Surface roughness

ice
Impurities lower the Impurities of the
albedo of ice and snowpack are
snow deposited on the

ice surface after
snow-melt



Applications in Cryosphere: Optical Sensors

Snow and ice areas mapping Jakobshavn Glacier

» Lake ice monitoring Jakobshavn Glacier in west
Greenland viewed by the
Copernicus Sentinel-2

* mission on 29 April 2019.

« Glacier mapping
* Albedo

« Glacier facies (snow, firn, ice, debris,
supraglacial lakes, etc.)

* Snow and ice properties
~.%. The moraines of Malaspina

* |ce motion (offset tracking) % The  remarkable  moraine

patterns of Malaspina Glacier
— the largest piedmont glacier
i in the world — are featured in

| this false-colour image
N acquired by Copernicus
| Sentinel-2.

* |ce sheet boundaries

« Surface topography

For more _information, see the tutorial:
9. Sentinel-1, Sentinel-2 for Snow_and Ice
using the SNAP_software



https://uge-share.science.upjs.sk/webshared/ESA_ENEUM/Applied_Radar_RS/Practicals/exercise_09/Tutorial_9.pdf

Eesa f\pm% C:IUSTAV GEOGRAFIE

space solutions Prirodovedeckd fakulta UPJS v Kosiciach

10. SAR and optical remote sensing
for mapping floods




Why do we need to monitor flood events?

* Near 200 millions of affected people each year (more
than half of affected people by a natural hazards)

« Timely detection and warnings allow communities to
prepare and minimize damage, thus saving lives

* Flood monitoring aids in assessing flood risks,
identifying  vulnerable areas, and developing
strategies to mitigate impacts on nature, human
settlements, etc.

ort Macquaire

* Environmental monitoring helps evaluate the impacts
and implement measures for conservation and
restoration

* Flood monitoring data informs the design and
management of infrastructure like dams, enhancing
their resilience against flooding

19 March 2021




SAR and optical for surface water mapping

RADAR SATELLITES

Weather & illumination independence Use: Detection of water surfaces
Penetration through cloud cover Changes in water levels
Radio waves Infrared Ultrgviolet X-rays CEININERENS

p !
(\ ) % \N V4

¢
I 1 I

l I | I | I
3 -3 =5 -7 -9 -1 -13
10 1 10 10 10 10 10 10
OPTICAL SATELLITES ‘
Weather & illumination dependence Use: Flood extent, flood patterns, flood impacts

No penetration through cloud cover Analyzing changes before and after flooding events



SAR and optical for surface water mapping

Radar satellites, unlike optical ones, utilize microwave radar technology to capture data, enabling
them to penetrate through clouds and atmospheric barriers. This distinct capability allows radar
satellites to acquire flood mapping data even in adverse weather conditions.

OPTICAL
Sentinel-2 (17.3.2019)

3 \4 v
YT 70 Mafambisse

SAR

A4
Beira jne

For _more information, see
the tutorials:

10. Flood Monitoring _with
Sentinel-1 &  Sentinel-2
using the SNAP_software
11. Flood Monitoring _with
Sentine_1-1, Sentinel-2_data

using the SNAP software

Floods in Beira, Mozambigue


https://uge-share.science.upjs.sk/webshared/ESA_ENEUM/Applied_Radar_RS/Practicals/exercise_10/Tutorial_10.pdf
https://uge-share.science.upjs.sk/webshared/ESA_ENEUM/Applied_Radar_RS/Practicals/exercise_11/Tutorial_11.pdf

Floods imaged by Copernicus
Sentinel-1

. This image is from Copernicus
Sentinel-1 and shows the extent of
flooding, depicted in red, around the port
town of Beira in Mozambique on 19

|

N\

March.




The Microwave Spectrum

Ka 27-40 GHz 1.1-0.8

K 18-27 GHz 1.7-1.1 cm Rarely used for SAR

Ku 12-18 GHz 24-1.7 cm

High-Resolution SAR (urban monitoring; little penetration into

X 8-12 GHz 38-24 cm vegetation cover[] can’t see waterunder vegetation)

SAR Workhorse (Sentinel-1; global mapping; improved

C 4-8 GHz 7.5-3.8 cm . :
vegetation penetration)

S 2—-4 GHz 15-75 cm Increasing Use for SAR-Based Earth Observation; NISAR will carry S-band

Medium-Resolution SAR (NISAR; Geophysical monitoring; biomass
and vegetation mapping; high penetration J can see water under
vegetation)

L 1-2 GHz 30-15 cm

P 0.3-1 GHz 100-30 cm Biomass Estimation. ESA Biomass will be first P-band spaceborne SAR



Former missions

HISTORICAL ANALYSIS
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Ongoing missions

2007 : June: launches constellation Cosmo Skymed constellation, Terra SAR X
December: Radarsat 2

2012 : launch of RISAT (ISRO) , operational mode in 2015
2014 : Launch ALOS 2, band L
2014-2016: Launches of Sentinel 1A and 1B (Constellation Copernicus)

2016 : Gaofeng 3, C band (Quad Pol)



Recent advancements in INSAR

Sentinel-1, NISAR, TanDEM-L

Sentinel-1

e Launch Date: 2015, 2016
* Provides free and open data

* Globally available, acquired regularly irrespective of
weather conditions

e Constellation of two C-band SAR sensors

* Wavelength: 5.6cm

* Polarization dual (VV/VH over land; HH/HV over ice)

* Image size: 250km swath with a resolution of
5mx20m

 Temporal coverage: every 6 days over Europe and
every 12 days elsewhere




Recent advancements in INSAR

Sentinel-1, NISAR, TanDEM-L

NISAR

« Launch Date: 2023
 Provides free and open data

« First spaceborne L- and
S- band SAR

« Temporal coverage: full global
coverage in 12 days




Recent advancements in INSAR

Sentinel-1, NISAR, TanDEM-L

TanDEM-L

« Launch Date: 2023
 Provides free and open data
 First spaceborne L- and S-band SAR

« Temporal coverage: full global
coverage in 12 days




Limitations of SAR for flood mapping

~ Wind Roughness on Water Partially Inundated Pixels
Problem: Increases radar brightness and - Pixel Size . Problem: Pixels are not dark enough for
may prevent water detection detection
Mitigation: Use VH in addition to VV for h Mitigation: Higher-resolution radar or
water detection combine with change detection approach
Y, Y

Water Under Dense Vegetation . Water in Urban Environment

#E Problem: Radar may not be able to
¥ penetrate vegetation

Problem: Due to side-looking geometry,
i buildings obstruct surface waterfromview

Mitigation: Use longer wavelenght
" (e.g. NISAR)

Mitigation: Use multiple viewing

| o : geometries — use optical data ,
Y, B
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Optical Parameters to Consider for a Flood Mapping

Physical basis for Water bodies mapping

 Waterabsorbs the longer wavelengths of visible and NIR and SWIR domains

« Reflects the shorter wavelengths of the visible domain (blue, green)

« Water color depends on: depth, materialsin suspension, vegetation

=
Q
—

(100%)

<}
=

(0%)

Reflectance /
Atmospheric transmission (%)

snow

rock

1

vegetatic

ater

0.5

TIR

VNIR SWIR
VIS NIR
|
15m 30m
|3 4 5-9
3
3N 4 5 \
' \
1 L,."Loof oooooooooooo I esee
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Wavelength (um)
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Optical Parameters to Consider for a Flood Mapping

High variability of spectral answer and contrast

Burano

26 Oct 2019

Burano

10 Nov 2019 AN e .= 10 Nov 2019




Optical Parameters to Consider for a Flood Mapping

High variability of spectral answer and contrast

Copernicus Sentinel-2 captures rising river
flow in the Tagliamento River

© 26 0ct2019

Common color compositions use visible, near
infrared and shortwave infrared bands

“ 40 Nov-2019



Optical Parameters to Consider for a Flood Mapping

High variability of spectral answer and contrast

I Water bodies : 2 - = SV TV | B Water bodies
[ Moisturae traces i AR CEN NN o TR (S | Moisture traces
Mud traces - = y:

Flood traces classifications
derived from SPOT 5 SWIR
and VHR Pleiades data over
Krymsk




Optical Sensors for a Flood/Water Mapping

Sentinel-2

» Multi-Spectral imaging mission
* Sun-synchronous orbit 786 km,

« 290 km swathwith 13 spectral bands
(VIS, NIR & SWIR), at 10,20 and 60 m
spatial resolution

« 5 day revisit at Equator with 2 satellites

VIS NIR SWIR

€ >€ > €
Bl B9 B10

\v Aerosols ‘ Water-vapour ; ’ Cirrus ]
h i / I —d L . L !
60 Snow/ice/cloud discrimination

B5 B7 B8a \________Vegetationstatus

Vegetation
red edge

B6 Bll B12

Landsat family

* Multi-Spectral imaging mission

« Systematic acquisition

« 8 days revisit(Landsat-8 and Landsat-9)
* Huge archive

« Since Landsat4-5. SWIR band

B2 B3 B4 B8
600 800 1000 1200 1400 1600 1800 2000 2200 2400

20
400

13 MSI bands are optimized for accurate atmospheric correction and
vegetation monitoring

Source: https://landsat.visibleearth.nasa.gov/view.php?id=92130

Source: hitp://esamultimedia.esa.int/docs/EarthObservation/Sentinel-2_ESA_Bulletin161.pdf



Optical Sensors for a Flood/Water Mapping

Spot family

Very rich archive

Visible, NIR, PAN bands

Daily coverage capacity

Spatial resolution 1,5-6m at nadir

2 satellites in constellation with Pleaides

Pleiades family

2 satellites in constellation
Launch December 2011 and 2012
0,70 cm in PAN

Visible, NIR, PAN bands

WorldView, etc.

AOI1 BELEDWEYNE CITY, BELED WEYNE DISTRICT,
HIRAAN REGION

ter recede observe:
>~

Flooded road

Pleiades Image acquired on 29 May 2023 “
Image center : 4°44'39"N 45°12'16"E

Flash floods in Somalia are now affecting over 460,000
people according to the United Nations Office for the
Coordination of Humanitarian Affairs (OCHA).
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11. SAR and optical remote sensing
for post-flood assessment and recovery




SAR and optical for flood/postflood mapping

RADAR SATELLITES

Weather & illumination independence Use: Detection of water surfaces
Penetration through cloud cover Changes in water levels
Radio waves Infrared Ultrgviolet X-rays CEININERENS

N\ l 7
) :"/ @
I ' | : | ' | : I ' | ' I ' | ' I
3 -3 =5 -7 -9 -1 =13
10 1 10 10 10 10 10 10
OPTICAL SATELLITES ‘
Weather & illumination dependence Use: Flood extent, flood patterns, flood impacts

No penetration through cloud cover Analyzing changes before and after flooding events



SAR and optical for flood/postflood mapping

Radar satellites, unlike optical ones, utilize microwave radar technology to capture data, enabling
them to penetrate through clouds and atmospheric barriers. This distinct capability allows radar
satellites to acquire flood mapping data even in adverse weather conditions.

BT 0. Mafambisse ""K\‘.""ﬁ-’e{:ﬁ Mafambisse
SAR L 7 OPTICAL
Ty Sentinel-2 (17.3.2019)

Beira ine

o
10 Pl

F'Ibds In Beira, Mozambique



Radar Parameters to Consider for a Flood Mapping

Signal interacton

Analyzing the signal intensity from these various polarizations provides insights into the
composition of the observed surface, as it relates to the following types of scattering:

Double Bounce

RELATIVE SCATTERING STRENGTH BY POLARIZATION:
Rough Surface Scattering IS, 1715, |215., | or |S,. |
Double Bounce Scattering IS, 1215, 1218, | or |S... |

Rough Surface Volume Scattering Main source of |S, | and |S,. |

3z,

* most sensitive to VV scattering

Rough surf tterin i
ough surtace scattering —, .aused f.e. by bare soil or water

* most sensitive to cross-polarized data like VH or HV

Volume scatterin )
J  scattering by the leaves and branches

* most sensitive to an HH polarized signal

DUl BUlieE - caused by buildings, tree trunks, or inundated vegetation



Radar Parameters to Consider for a Flood Mapping

Signal interacton

« Calm water surfaces appear smooth, resultingin specular reflection and low backscatterin radarimages

* In contrast, the surrounding land surface appears rougher, causing higher backscatter due to the scattering of
radar waves by surface irregularities

* This differencein radar signatures allows for the mapping of water and other land surfaces

TYPES OF REFLECTION

NORMAL
REFLECTED RAY

MIZROR

INCIDENCE

SPECULAR REFLECTION DIFFUSE REFLECTION



Radar Parameters to Consider for a Flood Mapping

Signal interacton

N

23°28'0"N

23°26'0"N

[d]

S1A image (W)

116°52'0"E

le]

Histogram

1

I

.

15 -10
sigma0 in dB

0

5

23°26'0"N

i

Blnary lmage (threshold -14.0)

116°52'0"E

Examples of radar interaction with
aquaculture ponds: (a) specular
reflection (smooth water surface);
(b) corner/fembankment; and (c)
diffuse reflection (rough water
surface). (Bottom) S1A image (d);
related histogram and classification
threshold (e); and binary image of
water and non-water  after
application  of threshold (f).
(Modified from Ottinger et al.




Radar Parameters to Consider for a Flood Mapping

Smooth,Level Surface
OpenWater, Road)




Radar Parameters to Consider for a Flood Mapping

Inund ated Vegetation




Radar Parameters to Consider for a Flood Mapping

Penetration through land covers as a Function of Wavelength and dielectric
characteristics

: : : Vegetation
The penetration depth is depending on g
wavelength and dielectric characteristics of
objects
Penetration - predominant consideration when Dry

selecting a wavelength Alluvium -- R AN

Typically, longer wavelengths result in greater
penetration into the target

Dry Snow ‘ | ‘
lce
Flood Monitoring:
« X-band mostly scatters at the tops of trees X-band | C-band | L-band
« C- and L-band signals penetrate increasingly 3cm 5 cm 23 cm

» Longer wavelength - better mapping of
inundation under forest canopies



Radar Parameters to Consider for a Flood Mapping

Flooding under Vegetation Canopies

Flooded Vegetation VS, Non-flooded Vegetation

X L-8and ’(

C-Band

C-Band

‘ ‘ ) " 1/ it
Flooded Forest Flooded Grassland/Shrubland

o o

Non-Flooded Forest Non-Flooded Grassland/Shrubland

C-band:
~6cm, 4-8GHz

L-band:
~23cm, 1-2GHz

Enhanced return if tree cover
underlain by water (double bounce
effect — smooth water surface -
vertical vegetation structures




Radar Parameters to Consider for a Flood Mapping

Flooding under Vegetation Canopies

Canopy

Trunk

Surface

Surface backscattering Volume backscattering Double-bounce backscattering
Nonflooded condition Flooded condition
» Signal scattering in the crown and on the ground » Submergedwetland/openwater

» Strong double-bouncereflection betweenthe
tree trunks and the water surface




Radar Parameters to Consider for a Flood Mapping

Innundation in Crops and Meadows

Surface backscattering

Diffuse backscattering Diffuse backscattering

Backscatter increases with soil moisture

With increasing water level, backscatter becomes
(scattering away from the sensor)

Double-bounce backscattering Specular scattering

Specular scattering

weaker with more specular reflection




Optical Parameters to Consider for a Postfloods/Flood Mapping

Physical basis for Water bodies mapping

Water absorbs the longer wavelengths of visible and NIR and SWIR domains
Reflects the shorter wavelengths of the visible domain (blue, green)

Water color depends on: depth, materials in suspension, vegetation

high VNIR SWIR TIR
(100%) o VIS NIR

I oz " ASTER
rock 1 "

\ 60m
LANDSAT

ETM+

velgetati [
ater

Reflectance /
Atmospheric transmission (%)

,"'pof.ooo.ooooooooooo D

(0%) 0.5 1.0 2.0 5.0 10.0
Wavelength (um)
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Optical Parameters to Consider for a Postfloods/Flood Mapping

Inidices for floods/postfloods mapping

Index Equation Remark
Normalized Difterence NDWI = (Green — NIR)/(Green + Wrter Hzspositive valte
Water Index NIR)
Normalized Difference NDMI = (NIR — MIR)/(NIR + Whtter I positive valie
Moisture Index MIR)
Moditied Normalized MNDWI = (Green — MIR)/(Green Water hits positive valiie
Difference Water Index + MIR)
WRI = (Green + Red)/(NIR + Value of water body 1s

Water Ratio Ind
ater Ratio Index MIR) greater than 1

Normalized Differ :
g 1ze. BN NDVI = (NIR —Red)/(NIR + Red) = Water has negative value
Vegetation Index "

Automated Water AWEI =4 x (Green-MIR) — (0.25

' Water has positive val
Extraction Index x NIR + 2.75 x SWIR) ater has posiuve value




Earth Observation Applications for Post-Flood Recovery

« Satellite imagery and data products have
played a crucial role in addressing the floods
along, facilitating effective response efforts

« The varied spatial, temporal, and spectral
resolution of Earth observation (EO) data
enables numerous applications for flood
recovery

« Key areas where EO can aid in flood recovery
efforts:

mapping flood extent

monitoring impacts

reducing flood risk

evaluating flood-related adaptation programs

The size of the bubble represents the estimated annual death toll. The largest years are labeled with this total figure,
alongside large-scale events that contributed to the majority - although usually not all - of these deaths.

Global deaths from disasters over more than a century
in Data

In the 20th century an annual death toll in the millions was common,
usually as the result of floods, droughts or famine.

All disasters @"0
1.2 million

372 million > =8

1.26 million deaths
¥ 1900 Bengal famine

Droughts . @

3 million deaths
1928 Chinese drought

Now, in most years 10,000 - 20,000 die. Years with very
large-scale events record tens to hundreds of thousands.

) .oanmﬂw%

10000
318 000

12000

i

1.9 million

1.5 million deaths
1942 Indian famine

. . \20 000 deaths

3 X 450,000 deaths 2010 Somalian fami
1.9 million deaths 1.5 milliondeaths 1983 Ethiopian famine omatian famine
1943 Bangladeshi famine 1965 Indian famine

Floods . ®

.'. ee@eend @D -s-0ss-cs- ses-sse TTTY TR TY POy TOY PR PrY)

Y 35,000 deaths

) . 1999 Vargas flood, Venezuela
500,000 deaths ~_ 2 million deaths
1939 China floods 1959 China floods and famine

3.7 million deaths 4
1931 China floods

Earthquakes -m..-......“.’u.-o..'.......-.‘..w. Y o.o 00.0.0:c@@oo-o. -..’........‘
183,000 deaths,} {151,000 deaths 277,000 deaths /* 227,000 deaths X. 227,000 deaths
1920 Gansu, China 1923 Tokyo, Japan 1976 Tangshan, China~ 2004 Boxing Day tsunami 2010 Haiti earthquake
VOIcanic ............................................................................. o oroeriariotentantariaetataeeaoen
activity 38,690 deaths 21,800 deaths
Mount Pelée, Martinique Armero, Colombia
Storms PYPRO .u...’....u.....nn-u...‘.‘....-..-..........“........-.--........---u-.........--. .......
100,000 deaths’ 304,000 deaths * 146,000 deaths | 141,000 deaths
1922 cyclone, China 1970 cyclone, Bangladesh 1991 cyclone, Bangladesh 2008 Cyclone Margis, Myanmar
Extreme oo
BEMIDErAtUrE | e e Y B
P 75,000 deaths 57,000 deaths
2003 European heatwave 2010 Russian heatwave
Landslides ......................................... PN L T
WL IS et e e

Wildfires can cause significant economic, ecological and infrastructural damage. But death tolls are typically low.
1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020
Year

Data source: EM-DAT, CRED / UCLouvain, Brussels, Belgium - www.emdat.be (D. Guha-Sapir).

OurWorldinData.org - Research and data to make progress against the world's largest problems. Licensed under CC-BY by the author Hannah Ritchie.



Earth Observation Applications for Post-Flood Recovery

Monitoring impacts

Caguas,PR ¢ ' » Gurabo,PR { ' n  Arecibo,PR | l» Utuado,PR | ke « Variation In electricity
outages for different
locations in Puerto Rico
following Hurricane Maria
based on time series of
NASA Black Marble
nighttime light imagery.

Image from Roman et al.
Bayamén, PR = 3K l,lji_l-lff-\lt?t.P 0 W, Guaynabo, PR ’ = mf"‘ 0 3 (2019)

<=30 >=150
Number Of Days Without Electricity



Earth Observation Applications for Post-Flood Recovery

Flood Risk Reduction

Jan 2019

Flooding in Likouala;
Cuvette, & Plateaux

Nov 1st 2019-
Dec 15th 2019

Implondo

Uranga

Flooded Crop Below Avg NDVI (ha)

[] NoData

[Jo-8

= s-16 N

[ 16-24

B 2a-32 0 50 100km
Bl 32-40 -

An example of Earth
Observation to provide flood
recovery decision  support.
Series of Sentinel-2 imagery in
a flood-affected area before the
December 2019 flood in
January 2019 (a) and after in
January 2020 (b) in the
Republic of Congo




Improving flood forecasting with Earth observation data

Hydrological modelsto improve flood forecasting

 River discharge is a variable that is not
typically easy to measure from satellites.
However, new models using a combination of
optical data from MODIS, to estimate river
velocity, and radar altimetry measurements, to
assess river levels rising — the same way
scientists monitor sea levels rising

 Developing new models and leveraging
cutting-edge sensor technology is crucial,
especially with the deployment of new satellite

constellations C3S Soil Moisture Anomalies < _ 4
01-10/08/2017 L
° wons(
10 € 1 15 €
-0.06 -0.04 -0.0 0 0.02 0.04 0.06



Improving flood forecasting with Earth observation data

A Framework to Guide EO Monitoring of Flood Recovery

Framework to guide Earth Observation
monitoring flood recovery and redress
inequitable post-flood recovery outcomes

Pre-Flood

years, months prior

Post-Flood
years, months, days post

Planning Phase

Establish agreed-upon roles

v

Allocate or apply for
sustained funding

v

Define recovery indicators

v

Determine
recovery benchmarks
and evaluation process

v

Testing Phase
-—— )I Identify EO-based proxies |

p 2

l Generate pipeline to process EO data |

Implemention Phase
(triggered by flood)

| Monitor post-flood recovery |

l Develop algorithm |

| Validate algorithml

v

Evaluate recovery benchmarks
and identify differential
recovery progress

v

Collect non-EO data to supplement
and contexualize EO-based recovery proxy

Expand and stregthen existing
flood risk reduction actions

I Construct pre-flood baseline trends |

Archive pipeline

Knowledge Appraisal Phase

Seek remedy to inequitable
recovery and enforce
distributional accountability

Refine framework

Strengthen theories of flood recovery




Improving flood forecasting with Earth observation data

Operational Entities Monitoring Post-Flood Recovery

EO can bolster effective disaster risk
management, as demonstrated by
established protocols that integrate
EO into disaster response and
recovery

Notably, initiatives like the Committee
on Earth Observations Satellites
(CEOS) Recovery Observatory and
Copernicus Emergency Management
Service (CEMS) Risk and Recovery
Mapping offer recovery mapping
services.

¥ ok
* -
* *
*

* gk
European
Commissio:

—

LATEST NEWS - 2023-08-24 |

APPL

EMS - MAPPING

= Who can use the service

= How to use the service

= Portfolio: Rapid Mapping

= Portfolio: Risk and Recovery
= Quality control

= User Guide

RAELID MAEEING

= List of Activations

= Online Manual

Europe’s eyes on Earth

\_opernicus
I

: a

The Emergency Management Service - Mapping

The Copernicus Emergency Management Service (CEMS) uses satellite imagery and other geospatial data to
provide free of charge mapping service in cases of natural disasters, human-made emergency situations and
humanitarian crises throughout the world. It covers in particular:

= Floods

= Earthquakes

= Landslides

= Severe Storms

= Fires

= Technological disasters
= Volcanic eruptions

= Humanitarian crises

= Tsunamis



Improving flood forecasting with Earth observation data

Improve understanding of disaster risks and costs to society
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FloodCheck is an online tool developed by Geoscience Australia, providing access
to flood mapping and related information for Australia. It offers interactive maps and
datasets to help users understand flood risks, monitor flood events, and support
decision-making related to flood preparedness and response. FloodCheck
integrates various data sources, including satellite imagery, rainfall data, and

topographic information, to provide comprehensive flood information to the public,
emergencyresponders, and policymakers.
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A visualisation of the flood plume in
Moreton Bay.




Improving flood forecasting with Earth observation data

Improve understanding of disaster risks and costs to society

S e — c— ———

- Access to reliable and openly e .
accessible data regarding disaster et
risks, expenses, impacts, and public R
investments in  recovery and = — = Bl
resilience is crucial for enhancing SSzici==-= a
awareness and planning '

- While there have been notable ||==—===. —
advancements in data quality for et o a s
certain hazards, such as state-wide SEORES ae e
flood mapping, limitations persist in
terms of data availability,
consistency, and usability across |

: - - = | FINAL
various natural disaster risks s mae

-1 | (P ——— T = 1

For more information, see the tutorials:

10. Flood Monitoring with Sentinel-1 & Sentinel-2 using the SNAP_software
11. Flood Monitoring with Sentine I-1, Sentinel-2_data using the SNAP_software



https://uge-share.science.upjs.sk/webshared/ESA_ENEUM/Applied_Radar_RS/Practicals/exercise_10/Tutorial_10.pdf
https://uge-share.science.upjs.sk/webshared/ESA_ENEUM/Applied_Radar_RS/Practicals/exercise_11/Tutorial_11.pdf
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12. SAR for land subsidence
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SAR Interferometry (INSAR)
— use of phase for change detection

Interferometric Synthetic Aperture Radar (InSAR) also known as SAR Interferometry, is the
measurement of signal phase change between two images acquired over the same area at
different time. When a point on the ground moves, it alters the distance between the sensor and the
point, resulting in a change in the signal phase.

‘Q L INTERFEROMETRY

The radar signal's phase
represents the number of

o oscillation cycles the wave
completes during its journey
R from the radar to the surface

and back.

Interferometry is the only
solution for resolving this
issuel




Differential Interferometry

second pass:
measures phase { ¢ ) for a8
each pixel for time ( #; )

« Differential Interferometry or DINSAR is a
intererometric  technique in  which
topographic effects are compensated by
using a Digital Elevation Model (DEM)

displacement:

pocel A moves about 1.5 measures reference
wavelengths (~4.2 cm) R |
toward the satellita, with phase ( g ) for each
respect to pixel B pixel for time ( ¢, )

« Small surface deformations in the Earth's
surface, such as subsidence, uplift, or
deformation, can be detected with high
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precision, sometimes down to the s Q) ents he
millimeter level phase () of a wave

« Particularly useful for monitoring ground
movements caused by natural
phenomena like earthquakes, landslides,  car - v
or human activities such as mining or pfd#an:;x%?q,._a;m,m :
groundwater extraction. ‘i?' Y e




Phase unwrapping

* In order to correlate the interferometric
phase with topographic height, the
phase must undergo an unwrapping
process

 Then, the proper 2p phase “ambiguity”
must be determined

 The altitude of ambiguity refers to the
altitude difference that causes a change
In the interferometric phase

« Phase unwrapping resolves this
ambiguity by integrating the phase
difference between adjacent pixels

2 27p - =
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Phase unwrapping

Consequently, unwrapped
results should be interpreted
as relative height  or
displacement between pixels
In two images.




Interferogram

One cycle of color represents one cycle of
relative phase.

The SAR interferogram is created by
multiplying each pixel of the first SAR
Image with the complex conjugate of the
corresponding pixel in the second image

Consequently, the amplitude of the
Interferogram Is determined by the product
of the amplitudes of the two images, while
its phase, represents the difference in
phase between the two images. This phase
difference is caused by variations in path
length due to differences in elevation,
motion, or deformation.

The resulting interference pattern, referred
to as FRINGE, is represented within the
range of [-T1, 1T ].




Coherent Change Detection

SIR-C L and C-band Interferometry

« Simultaneous C and L band
* InSAR experiments have shown good correlation at L-band

JERS(L-band, 23.5 cm, HH) ERS(C-band, 5.6 cm, VV)

|zu-Oshima |zu-Oshima

1992.10.15-1995.5.14 1995.10.1-1997.9.1




Applications of INSAR

Land surface

Forest monitoring

Cryosphere SAR Tomography




Applications of INSAR

Subsidence of Italy

With advances in the methods of
interferometry, subsidence of entire
countries can now be mapped. This
image shows the average
displacement rates over millions of
permanent scatterers identified over
ltaly using data from ESAs ERS
missions (1992-2001). The project
was financed by the Italian Ministry
of the Environment and carried out
by e-GEOS, TRE and Compulab.



Crustal deformation

Gradual changes in the Earth's crust over
time, typically caused by:

- natural processes - tectonic plate
movements, earthquakes, volcanic
activity

- human-induced activities: mining or
groundwater extraction

Displacements of the Earth's surface:
Including uplift, subsidence, faulting,
folding, or other

Key indicator to understand the dynamic
processes occurring beneath the Earth's
surface and to assess the potential for
seismic hazards

Ground subsidence near Pomona, California
Time interval: 20 Oct 93 - 22 Dec 95

shaded view of phase field
Vertical exaggeration: ~ 20,000

ERS-1, 3-pass interferogram

Radar data: (c) European Space Agency G. Peltzer, 1997 - JPL




Crustal deformation

Landslip and land subsidence

Existing Condition

Qil / Natural Gas
Extraction

Disturbance

Effect of Disturbance

Mining

Downward movement
of soil or sinking of the
land from its previous
level

Dissolution of
Limestone

Groundwater- Nz
Related N

A

1cictc

#




SAR for Land Subsidence - Applications

Monitoring of groundwater extraction
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Larissa’s ups and downs

For example, this image shows the
rate of ground displacement
between 2015 and 2020 in and
around Larissa, the capital of the
Thessaly region in Greece. While
the southern outskirts of Larissa
experience some uplift, the village of
Chalki to the southeast subsided by
an average of 40 mm a year, largely
as a result of groundwater
extraction. Ampelonas to the
northwest also experienced
subsidence.




SAR for Land Subsidence - Applications

Infrastructure monitoring

-20 VELOCITY [mm/year] +20

1/2015 7/2015 1/2016 71201
Time [year]

insar.sk

INFRASTRUCTURE MONITORING USING SENTINEL-1(VAHOVCE, SLOVAKIA)
Seasonal movements detected between supporting piers of the bridge




SAR for Land Subsidence - Applications

Monitoring of coal mining activity

Line-of-Sight Displacement (mm) .- o T ’-

ST The & Downward movement
Credits: @30 insarsi 14 IR 28 * of sail or sinking of the
e o land from its previous

level




SAR for Land Subsidence - Applications

Monitoring of coal mining activity

> I, T R GNP BN =N, - i S Based on ‘Persistent Scatterer
(T i u o e g U T O Interferometry’ radar data from the
% BRI, YA Tt v WP A f” Copernicus Sentinel-1 mission, the
“’ ' map shows how the land surface
: shlfted iIn millimetres a year between
‘ 2014 and 2019 in the Ruhr in
% Germany. The subsidence shown in
F iy red is because of open pit lignite
.. mining accompanied by groundwater
| lowering. Blue patches in the
adjacent area are likely to be related
- to the rise of groundwater after
mining activities ceased.

o Seminel 1PSI
v Mean v y in LOS D
7? 2014. 2019 (mm / year)
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SAR for Land Subsidence - Applications

Monitoring the sinking

Using images that Sentinel-1A acquired between November 2014 and April 2016, this
map shows subsidence (red) and uplift (blue) in the northeast of the Netherlands.



SAR for Land Subsidence - Applications

Monitoring of ground displacements over the drainage pots

SAGD field in Alberta. SqueeSAR® analysis provided measurements of ground

displacement over the drainage pads.



SAR for Land Subsidence - Applications

Monitoring displacements over active oil operations

- : c-‘—“‘:

lmmiyn-;rl

Displacement over active oil operations. Red and blue indicate areas of rapid
subsidence and heave detected by SAR satellites. © DLR e.V. 2009-2013 and ©
Airbus Defense and Space GmbH



SAR for Land Subsidence - Applications

Volcano uplift and subsidence

Etna’s uplift and subsidence
This image shows the rate of
ground displacement between 2015
and 2020 around Mount Etna and
surroundings on the Italian island of
S @ ' Sicily. While the volcano’s western
AJD e o flank experienced some uplift, its
AR : eastern flank subsided, on average,
80 mm a year.

For more information, see the tutorials:

e o 12. Land subsidence mapping__using
roun ISplacement rate . .
2015-2020 mean vetical vlcity (mmyea) SAR interferometry (InNSAR) using_the
supsidence uph

SNAP_software

pCatania

30



https://uge-share.science.upjs.sk/webshared/ESA_ENEUM/Applied_Radar_RS/Practicals/exercise_12/Tutorial_12.pdf
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13. SAR for earthquake monitoring
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SAR Interferometry (INSAR) — use of phase difference

It is all about the phase of the SAR signal...

SAR Interferometry (InSAR) makes use of the phase
difference between two complex valued images
from different view angle, i.e. forming baseline, so
that topography of the area can be imaged.
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Change in phase allows detection of ground
movement

The radar signal's phase represents the
number of oscillation cycles the wave
completes during its journey from the radar
to the surface and back.

Interferometry is the only solution for
resolving this issue!




SAR Interferometry (INSAR) — use of phase difference

Nov 13, 2009

Nov 18, 2010

Interferogram

Movement

-6cm 0

+6 cm




SAR Interferometry (INSAR) — applications

Topographic mapping/Cartography

 SAR interferometry played a crucial role
in the 2000 Shuttle Radar Topography
Mission (SRTM)

— Updated in the 2018 release known
as NASADEM

« Radar interferometry from airborne
platforms is commonly employed to
generate topographic maps in the form of
digital elevation models (DEMS)




SAR Interferometry (INSAR) — applications

Topographic mapping/Cartography

« Technology facilitates various
applications enabled by
topography, particularly in rapid
mapping scenarios, such as:

- land use management
- classification

- hazard assessment

- urban planning

- geology
- hydrology




SAR Interferometry (INSAR) — applications

Deformation Mapping and Change Detection

Envisat

« Repeat Pass Radar Interferometry is commonly
employed to generate topographic change maps -
digital displacement models (DDMSs).

* Relative displacement accuracy:0.1-1 cm
* Post spacing and resolution ranging: 10-100 m
 DDMs widths: 10-350 km

Common applications:

* Monitoring and modeling of earthquakes, volcanoes,
landslides, land subsidence

- Detecting deforestation, change detection, disaster # - AR A
monitoring, glacier dynamics b : -




Differential Interferometry

second pass:
measures phase { ¢ ) for a8
each pixel for time ( #; )

When two observations are conducted
from identical positions in space but at
separate times, any alteration in the range
of a surface feature is directly proportional

] . displacement:
to the interferometric phase.

pixel A moves about 1.5
wavelengths (~4.2 cm) s o
toward the satellita, with phase ( ¢y ) for each
respect to pixel B pixel for time ( ;)

measures reference
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Differential Interferometry - Sensitivities

Differential  interferometry  detects
millimeter-level surface deformation by
comparing the phase difference

between two radar images acquired at
different times

Changes in the surface elevation
cause a shift in the interference
pattern, which is reflected in the phase
of the radar signal

By analyzing these phase differences,
even subtle surface deformations on
the order of milimeters can be
detected and measured.
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Since << 1 ==
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Topographic Sensitivity
Displacement Sensitivity
Topographic Sensitivity Term

Displacement Sensitivity Term

U@disp >> o—¢t0po
CT/_\p Op

Meter Scale Topography Measurement - Milimeter Scale Topographic Change



Differential Interferometry - Sensitivities
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Phase unwrapping

* In order to correlate the interferometric
phase with topographic height, the
phase must undergo an unwrapping
process

 Then, the proper 2p phase “ambiguity”
must be determined

 The altitude of ambiguity refers to the
altitude difference that causes a change
In the interferometric phase

« Phase unwrapping resolves this
ambiguity by integrating the phase
difference between adjacent pixels
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Phase unwrapping

Consequently, unwrapped
results should be interpreted
as relative height  or
displacement between pixels
In two images.




Correlation Theory

Decorrelation

 InSAR signals decorrelate = become
incoherent due to noise, scattering,
rotation of viewing geometry, random
motions over time

« Relates to the local phase standard LRY Yg VYo
deviation of the interferogram phase Where :
and affects: Yy, IS volumetric (trees)
- height and displacementaccuracy Yg IS geome’rric (S’reep SlOpeS)
- ability to unwrap phase v; is femporal (gradual changes)
- Correlation effects are multiplicative, Y IS sudden Chcmges
C

unlike phase effects, which are additive

 When there is Ilow coherence or
decorrelation for any reason, it leads to
a loss of information in that area.




Coherent Change Detection

SIR-C L and C-band Interferometry

 Simultaneous C and L band

« InSAR experiments have shown
good correlation at L-band

SIR-C L, C BAND INTERFEROGRAMS
FT. IRWIN, CALIFORNIA




Applications

Turkiye-Syria interferogram

N
Osmaniye

Kahramanmaras

F ad®)
& Gaziantep

Interferometric phase [Radians]

(I

3,14 3,14

Interferogram showing the
coseismic surface displacement in
the area near Gazantep,
generated from multiple
Copernicus Sentinel-1 scans -—
before and after the earthquakes.




Applications

Italy earthquake displacement
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Combining two  Sentinel-1
radar scans from 20 August
(Sentinel-1B) and 26 August
2016 (Sentinel-1A), this
interferogram shows changes
that occurred during the 24
August earthquake that struck
central Italy.

The seven interferometric
‘fringes’ correspond to about
20 cm of surface deformation
in the radar sensor line of
sight. Each fringe (which is
associated to a colour cycle)
corresponds to approximately
2.8 cm of displacement.



Applications

Morocco earthquake fringes

M OC_hich‘aoua

©)
©) faraudant:

Interferometric phase
[ e

Following the devastating earthquake that struck
Morocco on 8 September 2023, radar
measurements from Europe’s Copernicus Sentinel-
1 satellite mission are being used to analyse how
the ground has shifted as a result of the quake.
This will not only help in planning the eventual
reconstruction but will also further scientific
research into the effects of earthquakes. Sentinel-1
acquisitions from 30 August 2023 and 11
September were combined to produce this
interferogram, the coloured fringe pattern shows
surface displacement.




Applications

Interferogram of Bam earthquake

This interferogram, created by using
Envisat's Advanced Synthetic Aperture
Radar (ASAR) data, shows ground
motion associated with the 26
December 2003 earthquake at Bam in
Iran.

For more information, see the tutorials:

13. Earthguake  deformation _ with
Sentinel-1 using the SNAP_software



https://uge-share.science.upjs.sk/webshared/ESA_ENEUM/Applied_Radar_RS/Practicals/exercise_13/Tutorial_13.pdf

Applications

Indonesia earthquake displacement map
1.50°S _ S 1.00°S ' 0.50°S
AP T YT .
% Dr.Valkaniotis Sotiris @ 2018
@z Displacement from Sentinel-2 imagery
1 ,) Processed with MPIC-OPT - Geohazards TEP
Earthquake sequence epicenlers from USGS

(O, Ak T b

acquisitions from 17 September and 2 October, showing the impact of the 7.5-magnitude earthquake that hit Indonesia on 28
September 2018. The earthquake and subsequent tsunami have destroyed homes and are thought to have claimed at least 1400
lives according to the mostrecentreports. It has been estimated that up to 1.5 million people will be affected by these events.




Applications

Volcano monitoring

La Palma Volcanic Eruption — Value-Added Products based on Sentinel-1
© DLR — Earth Observation Center - INSAR Team

La Palma Volcanic Eruption — Local Photography of Lava flow
© WDR! News
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