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Executiv e Summary

1TRIALS USING AERIAL HYPERSPECTRAL/IR PLATFORM

The development of an airborne water leak detection surveillance service requires the
stage of determining the optimized detection wavelength . The wavelength determination
process involves an optical hyper -spectral camera used in measurement campaign and
WA DI took the advantage of the availability

instrumented by two hyper -spectral and one IR imaging devices to collect
hyperspectral/IR images database.

The airborne tests have been conducted over several areas belonging to the water
network infrastructure provided by SCP. SCP and ONERA have defined at the beginning of
the WP3 a strategy of selection of the areas of interest as a function of:

1 the period of the airborne measurement (February, April, and July),
1 requirements for the data processing (methods proposed by ONERA)
1 end -users requirements inside D2 -1 report

The validity and the robustness of the data processing for the soil humidity detection by
optical r emote sensing also depend on ground truth measurement. A set of
instrumentation has been deployed during the BUSARD  campaign to measure ph ysical
parameters on the ground.

2 TRIALS ASSESSMENT, OPTIMIZED DETECTION WAVELENGHTS DEPERDIN AND
MEASUREMENTTRATEGY

The trials of the BUSARD campaign (WADI -1, WADI-2 & WADI -3) represent the WADI images
database for the determination of optimized wavelengths for leakage detection. All these

trials require an assessment before the extraction and the exploitation o f the relevant
physical parameters from the database. Once the measures corrected and validated,
the results are employed by the triangle/trapezoid method | 2.3.1] for soil moisture

evaluation (humidity maps). At the end, a set of optimized detection wavelengths is
determined as a function of the corresponding trials (soil and vegetation) and a
measurement strategy is designed. This strategy provides guidance for physical effect
observation.

3 MULTISPECTRAL AND IR CAMERAS SELECTION

Based on requirements elaborated in WP2, this Subtask has led to the establishment of an
overall requirements collection consisting of some high level functional and non -functional
requirements. Building on this set of requirements, recommendations for the optimal
selection of a flying VNIR multi -spectral/IR cameras payload have been issued.

of
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The outcome of this subtask will be useful as a starting point to write the Te chnical
Specification documents for the cameras and other necessary complementary
components (1 MU, gyro stabilizing mount s, onboa

provide documentation to prospective cameras providers. These points that will constrain
the architecture of the system will be defined based also on requirements elaborated in
WP2, on-board platform constraints, and other relevant considerations (e.g. the easiness
of use, best value for money, best time to deliver...).

The most promising infrared and multi -spectral cameras existing in the market and
operating at the optimized wavelength defined under Task 3.1.1 will then be selected and
purchased.
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Foreword

WADI is a H2020 funded project (Grant Agreement No. 689239) aimed at develop ing an
airborne water leak detection surveillance service in water transportation infrastructures.

The project relies on an innovative concept of coupling and optimising off -the -shelf
optical remote sensing devices and their application on two complementary aerial
platforms - manned and unmanned . These platforms are used for distinctive purposes in
infrastructure performance observation, i.e.: long distance and strategic infrastruct ure

monitoring, and difficult and/or dangerous areas observation.

The current deliverable D 3. 1Definition of optimal wavelengths and cameras for service
provision 6 bel ongs t o Wo3r ki zPemosteatioa of Airborne Innovative
Techniques 6 ,which primary aim is to provide all elements necessary for the airborne
operational environment demonstration of the WADI concept at the two pilot sites of the
project (WP5 and WP6) .

The airborne measurement campaigns using hyperspectral/IR platform will serve as a basis
to determine the optimized detection wavelengths. Under this WP the most suitable,
existing (off -the -shelf) cameras operating at the defined wavelengths will be select ed and

purchased. Other components necessary for the system airborne use, such as on -board
computing, inertial platform, and integration console, will be defined and supplied. The
selected cameras will be adapted/ integrated/ validated on the manned and the UAV

platform. The proposed in -flight validation will result in the availability of an instrumented
platform, and will provide preliminary data measurements for the data processing task.

Deliverable D 3.1 specifically refers to the outcome of Subtasks3.11, 3.1.2 and 3.1.3, as
detailed below.

I Subtask 3.1.1. Trials using aerial hyper -spectral /IR platform have led to the
development of hyperspectral (VNIR and SWIR spectral domains) and TIR
panchromatic images database from which the relevant physical paramet ers (soil
temperature, spectral reflectance € )have been extracted (subtask 3.1.2). Airborne
measurements were conducted over several areas belonging to the water network
infrastructure provided by SCP with ONERAGs ace
with two hyperspectral and one infrared cameras.

1 Subtask 3.1.2 Trials assessment, optimized detection wavelengths determination
and measurement strategy . Trials have been assessed for the three parts of the
BUSARD campaign (WADI -1, WADI-2 & WADi-3) and the images database has
been prepared for the WADI data processing. The results achieved with the two first
parts of the BUSARD campa ign (WADI -1, WADI-2) have been analysed and
compared in order to determine the best wavelengths for the water leakage
detection. Due to a lack of time, the last series of measurements performed in July
(WADI-3) will be processed later and will be used for the validation cases of smart
data processi ng delivered by the WP4. The measurement strategy has been refined
and takes into account several requirements also defined in the GA and
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complemented by the return on experience of the BUSARD campaign (airborne
measurement & data processing).

1 Subtask 3.1.3 Multi-spectral and IR cameras selection  has led to identification of an
overall requirements collection consisting of some high level functional and non
functional (operational and interface) requirements. Selected requirements are
distributed in several categories according to airborne cameras architecture:
general, sensors, control/command and data acquisition, airborne platform.
Building on this set of requirements, recommendations for the optimal selection of a
flying VNIR multi -spectral/IR cameras pa yload have been issued. The outcome of
this subtask will be useful as a starting point to write the Technical Specification
documents for the cameras and other necessary complementary components
(IMU...)

The report preparation has been coordinated by ONERA, with key content inputs from
SCPand with active collaboration from NTGS and GG .
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1 Trials using aerial hyperspectral/IR platform

WADI develops an airborne water leak detection surveillance service in water
transportation infrastructures. The project relies ~ on an innovative concept of coupling and
optimising off -the -shelf optical remote sensing devices and their application on two
complementary aerial platforms - manned and unmanned . The platforms are used for
distinctive purposes in infrastructure performanc e observation, i.e.: long distance and
strategic infrastructure monitoring, and difficult and/or dangerous areas observation.

This section focuses on the airborne field campa
instrumented aerial platform over several areas belonging to the water network
infrastructure provided by SCP.

1.1 BUSARD flight campaigns description

1.1.1 Objective

The objective of BUSARD flight campaigns is to collect hyperspectral (VNIR /SWIR)and IRT
images database for the optimized detection wavelengths d etermination for the future
WADI prototype (water leaks detection in water transportation infrastructures outside

urban areas).

1.1.2 Demonstration Sites selection

1.1.2.1 WADI 1 campaign 0 February 2017

For the organisation of this first flight campaign , SCP has selected parts of its network with
a high probability to encounter water leaks or high moisture areas.

To do so, at first, water balance figures of 2015 were used. The global efficiency ratio of
SCP in 2015 was 88%. Nine water intakes were identified with efficiency ratio of associated
networks lower than 80%, and 3 parts of distribution networks depending from our main
water intake (Boutre) had efficiency ratio of distribution lower than 80%.

Some of these identified points were not selected for the follow ing reasons:

1 Flow meter accuracy is probably involved in low efficiency ratio,
1 Urban areas not suitable for WADI devices

1 Distribution networks with many junctions between the mand  without
flowmeters,

1 Networks with very small volumes,

9 Areas far from Salon a irport and difficult to explore with BUSARDplatform

1 High probability of leakage localisation under a river

1 Aerial pipe.

Finally, two areas have been identified as interesting for their low water balance probably
due to water leakages:
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Figure 1: Cabardele area.
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Figure 2: St Marc Jaumegarde area.

To complete this selection, we selected other networks where field operators have
identif ied high probability of leakage
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Finally, since end -user requirements report (D2.1) has identified an expected service
provided by surveillance about ol eak detection
associated, two open ¢ hannel sites were selected:

1 The Pigoudet open channel in Rians area, which is quite an old one. The canal is
equipped with a drainage system. The outlets of this drainage system were pointed
in the map because they are areas with a good probability of high moisture
content.

 The St Maximin open channel, which presents many cracks and which
refurbishment with a bituminous lining is planned between the first and the second
flight campaign.

Figure 5: Pigoudet open channel with localiz  ation of drainage system outlets.

Figure 6: St Maximin open channel before and after refurbishment.

To increase the probability of high moisture areas detection during the flights:

1 Afire hydrant was opened in Cabardéle area a few hours before the flight,
1 The level of the Pigoudet canal (Rians) was increased a few days before the flights
in order to increase the flow rate of drainage system outlets.
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Figure 7: Fire hydrant opened in Cabardéle before th e flight

1.1.2.2 WADI 2 campaign o April 2017

To be sure to meet water leaks during this campaign, SCP has built artificial water leaks. To
choose the sites for these artificial leaks, SCP has selected plots according to several
criteria:

9 The owner of the plotis SCP (700 plots)

9 The kind of pipe (size and material) is suitable for easily connecting a new pipe.
9 Distance from operating center and Salon airport

1 Flat ground

1 Short vegetation.

A short list of 10 plots has been visited by SCP team and 5 areas have been pr oposed to
ONERA. Finally, the sites of Tholonet, Vauvenargues and Rians have been selected.

Figure 8: Tholonet site 8 DN80 0 Grey cast Iron

In these three areas, new pipes in high density polyethylene DN 32, 40 and 50 have been
connected to the existing pipe and buried at a depth of about 1 meter. The connection

with the existing pipe was equipped with valve, flow meter, recorder and a pressure
regulator. Calibrated holes were drilled in this new pipe to generate leakages. The
diameter of those holes allows various leakage flows according to D2 -1 reportds

eve|
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Figure 9: Vauvenargues site & DN100 Ductile Iron.
ARG

Figure 10: Rians site 8 DN150 Ductile Iron.

I

Table 1: Theoretical leak flows.

In Vauvenargues and Rians sites, it was possible to bury a long pipe with several holes of
various diameters and positions.

Tholonet 1 10 mm 1,4m3/h for 1 bar side
10 mm 1,4m3/h for 1 bar .
Vauvenargues 4-15m 5 mm 1.4m3/h for 10 bar Side and Bottom

Rians 2-15m 10 mm 1,4m?3/h for 1 bar Side and Bottom

Table 2: Characteristics of the pipes in Vauvenargues and Rians sites.
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In each site, a control zone with similar dig works but without any pipe buried has been

used to evaluate dig works  effects.
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Figure 11: Installation diagram & Tholonet site -1 lateral hole of 10 mm diameter
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Figure 12: Installation diagram 0 Rians site
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Figure 14: Artificial water leaks works :

connection with existing pipe, trench for new pipe, hole for leak.
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Figure 15: Control zone.

A month after the dig works, we opened the valve and started the flow trials. According
to D2 -1 report we started with a flow of 0,8m  3/h but after 1/4h, puddles appeared on the
ground, and the manhole was flooded. So, we had to adapt the flow rate target to

obtain high moisture areas but not puddle s. This was achieved with flow rates between 0,1
and 0,25 m 3/h.

Figure 16: Excessive flowrate effects.

Figure 17: Ground effect of limited flowrate.

11
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1.1.3 Instrumentation implemented

1.1.3.1 Airborne sensors

The main technical specifications of the airborne hyperspectral and infrared cameras are
given in the following table.

Technical features Hyspex VNIR Hyspex SWIR FLIR A3258 FLIR A655s@
Acquisition mode Push-broom Push-broom Snapshot Snapshot
Number of pixels 1600 320 320x240 640x480
Waveband 0.4-1.0 nm 1.0-2.5mm 8-14 nm 8-14 mm
Number of spectral bands 160 256 1 1
Spectral resolution 3.7nm 6 NMm - -
Viewing geometry Nadir -looking Nadir -looking Nadir -looking Nadir -looking
Swath width @ 800 m (AGL) 239 m 194 m 355 x 266 m 355 x 266 m
Pitch on the ground @ 800 m 0.15x0.30 m 0.60 x 0.60 m 1.10x1.10m 0.55x 0.55 m

Table 3: Hyperspectral and IR cameras specifications

FLIR A325 camera has been used during WADI 1 campaign (February 2017) while FLIR
A655sc camera, purchased in the frame of WADI project, was used during WADI 2
campaign (April 2017).

Figures below present the on -board installation of the cameras.

Figure 18: A325 IR camera on -board right pod Figure 19: Hyspex cameras on -board left pod

1Camera implemented during WADI 1 campaign

2Camera implemented during WADI 2 and 3 campaigns

12
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1.1.3.2 Ground instrumentation
The instrumentation used for ground truth measurements is listed below.
Instrumentation Retrieved parameters Where?

Optris portable infrared
thermometer LS

Temperature

At each outdoor background
characterization

GPS

Coordinates of particular
elements in the areas of interest

At each flight acquisition and outdoor
background characterization

Nikon camera

Pictures of the areas of interest

At each flight acquisition and outdoor
background characterization

Soil moisture sensor

Soil humidity

At each outdoor background
characterization

Aluminium targets (1.1 x 1.1 m2)

IR images geo -referencing

At each flight acquisition

Table 4: List of instrumentation participating to the ground truth measurements

Figures below present part of the ground instrumentation.

Figure 20: Soil moisture sensor

Figure 21: IR thermometer

Figure 22: Aluminium target

1.1.4 Areas of interest

The validity and robustness of water leak detection methods is largely dependent on the

feasibility of

testing data processing algorithms within

geographically diverse

environments. The criteria for the selection of areas of interest, from a data processing
point of view, are given below:

1 Zone covering at least 10x10 pixels (GSD : VNIR 30cm & SWIR 60 cm @800m)

1 Flat ground

1 Soil moisture detection methods: bared soil, with
91 Detection of indirect effects on vegetation

out vegetation

BUSARD airborne measurements have been conducted over three areas belonging to the
water network infrastructure provided by SCP:

M Cabardéle
91 Aix-en-Provence
M Valtréde
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The specific geographical locatio n of these areas, close to
headquarter in Salon de Provence), enabled ONERA to make ground truth measurements
with greater ease and at a lower cost.
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Figure 23: Water network infrastructure provided by SCP

1.2 Airborne measurements

In order to get useful hyperspectral and infrared data for the determination of a set of
optimized detection wavelengths, three airborne field campaigns have been conducted
over the water network infrastructure provided by SCP:

1 WADI 1 (February 2017): overflight over uncontrolled water leakages areas
1 WADI 2 (April 2017): overflight over controlled water leakages areas
1 WADI 3 (July 2017): overflight over controlled water leakages areas

1.2.1 WADI 1 campaign

1.2.1.1 Uncontrolled water leakages areas

Data are acquired along an axis of rectilinear flight, at constant altitude. Each flight line is
defined by three waypoints:

1 1st waypoint: locate point. Start record waypoint for IR camera (approximately 10 s
before start record waypoint for hyperspectral cameras)

1 2nd waypoint: beginning of the imaged area (start record waypoint for
hyperspectral cameras)

1 3rd waypoint: end record waypoint

Several sites with potential as water leakages areas have been identified and selected by
SCP. They are presented below.

14
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1.2.1.1.1 Cabardele area

This area is located to the east of Salon -de -Provence.
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Figure 24: Flight line above Cabardele (red:  gallery, yellow: flight line)

1.2.1.1.2 Aix-en-Provence area

This area is composed of the following sites: Vauvenargues, Ri ans (cuvette du Pigoudet),
Esparron, Saint-Maximin, Le Tholonet.
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Figure 25: Overview of Aix -en-Provence area
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Figure 26: Flight line above Rians (Cuvette du Pigoudet ) (red: canal , yellow: flight line)
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Figure 28: Flight line above Saint -Maximin (red: canal, yellow: flight line)
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Figure 29: Flight line above Esparron (red: gallery, yellow: flight line)
1.2.1.1.3 Valtrede area

This area is composed of the following sites: Chateauneuf -les-Martigues, Saint -Julien, Saint -
Pierre.

o ' e
. LIn o

<" ", - ";- o Di.iuhuun

Figure 30: Overview of Valtréde area (red: gallery, yellow: flight line)

Figure 31: Flight line above Chateauneuf -les-Martigues (red: gallery, yellow: flight line)
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Figure 33: Flight line above Saint -Pierre (red: gallery, yellow: flight line)

1.2.1.2 Flights description

A description of each flight is given in the following table.

Aircraft Aircraft Altitude Flight . .
Site Date speed heading above altitude IeF:g':: l(lr:()a
(m/s) © ground (m) (ft)

Cabardéle (line 1) 03/02/17 36 107 800 3022 3500
Cabardéle (line 3) 03/02/17 36 107 800 3022 2600
St Maximin 16/02/17 36 337 800 3740 1100
Rians West 16/02/17 36 299 800 3760 2600
Rians East 16/02/17 36 279 800 3760 2000
Esparron North 16/02/17 36 276 800 4000 1000
Esparron South 16/02/17 36 276 800 4000 1000
Vauvenargues 16/02/17 36 275 800 3760 2160
Chateauneuf -les-M | 23/02/17 33 266 757 2500 3700
Saint-Julien 23/02/17 31,6 287 677 2500 1600

18
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Saint-Pierre 23/02/17 30,5 279 722 2500 3200

Table 5: WADI 1 campaign flights description

The objective of the first flight (Cabardéle) was to validate the global operating system
and ground truth measurements methodology (functional check flight).

The following items were controlled during this flight:

1 Monitoring of IMU operation (orientation, lever arm)
1 Checking hyperspectral, IR and IMU data acquisition
1 Confirming the correct functioning for data pre -processing chain

Table summarizes the data collected by sensors during the WADI 1 campaign flights
(green: valid data). The flights were completed without incident, all the planned activities
have been carried out. The cameras implementation procedure has been improved and
validated.

IR
IR Sequence IR Hyspex H
Site Date Seq Sequence . ySpex Comment
NS images name images
ne
0007 01 Central line
Chbd North 0008 02 North line (offset: 50m)
0009 03 South line (offset: 50m)
030217 | wadicbd 0010 cbd170203a 04 | Central line
Chd South 0011 05 North line (offset: 50m)
0012 06 South line (offset: 50m)
CBD HC 0013 07 High freq. acquisition
S 0002 01 Improper alignment
St Maximin 16/02/17 wad|0-§1|1x62017 0003 stm170216a 02 Lateral offset (canal)
0004 71020 03 Ok
) wadi -aix2017 | 0005 | 10to 42 04 Defocus (IR image)
Rians West 16/02/17 0216 0006 | l4todg | Stmiro2lba 05 IOk
) wadi -aix2017 | 0011 410 30 10 Slighty offset
Rians East 16/02/17 0216 0012 410 35 stm170216a 11 Ok
wadi -aix2017 | 0007 31013 stm170216a 06
Esparron North 16/02/17 0216 0008 3to 15 07 Ok
wadi -aix2017 | 0009 3t0 14 stm170216a 08 Ok
Esparron South | 16/02/17 0216 0010 | 1to11 09 Delay (Hyspex)
Vauvenargues 16/02/17 Wadlo_gll)ézo” 0013 | 8t029 stm170216a 12 Turbulences
wadicht0001 cht170223a 01 34 waypoint offset
Chateauneuf 23/02/17 wadicht0002 02 et 03 Hyspex shut-off; IR Ok.
wadicht0003 cht170223a_04 Ok, vibrations
) wadistj0001 stj170223a_01 Ok
St Julien 23/02/117 [ \yadistjo002 sj170223a_02 Ok, presence of blur
wadistp0002
. wadistp0003 stpl170223a_02 Off axis
St Pierre 23/02/17 wadistp0004 stp170223a_03 1st waypoint offset
wadistp0005 stpl70223a_04 Ok

Table 6: Hyperspectral and IR data collected during WADI 1 flights
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1.2.2 WADI 2 campaign

1.2.2.1 Controlled water leakages areas

WADI-2 campaign was scheduled during the period between 18 and 28 April 2017.
Unfortunately, bad weather did not allow us to carry more than one flight (21 st of April).

1.2.2.1.1 Aix-en-Provence area

This area is composed of Le Tholonet, Vauvenargues, Rians and Saint -Maximin sites.

Thold 487
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& ho: 35 ot 50"‘
et o
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Figure 34: Flight line above Le Tholonet (red: canal, yellow: flight line , fuite: position of the leakage )
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Figure 35: Flight line above Vauvenargues (red: gallery, yellow: flight line, fuite: position of the leakage)
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Figure 36: Flight line above Rians (Cuvette du Pigoudet) (red: canal, yellow: flight line)
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Figure 37: Flight line above Saint -Maximin (red: canal, yellow: flight line)
1.2.2.2 Flights description

A description of each flight is given in the following table.

Aircraft Aircraft Altitude Flight . .

. . . Flight line

Site Date speed heading above altitude ermaitn )

(mis) o ground (m) ) g

Le Tholonet 21/04/17 36 273 800 3225 1500
Vauvenargues 21/04/17 36 275 800 3760 2160
Rians East 21/04/17 36 279 800 3760 2000
Saint-Maximin 21/04/17 36 337 800 3740 1100

Table 7: WADI 2 campaign flights description

Table summarizes the data collected by sensors during the WADI 2 campaign flight
(green: valid data). All the flights were completed without incident, the planned activities
have been carried out.

IR
Site Date IR Sequence Seq IR S:qyusepr?:e H yspex Comment
METILS " images name I
000001 3-18 01 Img17: blurry image
Le Tholonet 21/04/17 Wadizo—fzi’fO” 000002 | 4-19 aix170421 II_
000011 11 1st waypoint offset
000003 5-16 03 Significant roll
Vauvenargues 21/04/17 Wadi20_jzi>12017 000004 6-15 aix170421 I—
000010 5-15 10 Img6: blurry image
000005 05 Leakage position missed
Rians East 21/04/17 Wadizo—fzi)fOH 000006 | 6-28 aix170421 06
000009 6-26 09
Saint-Maximin 21/04/17 wadi2_aix2017 000007 3-13 aix170421 07
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0421

000008

3-14

08

Significant roll

1.2.3 WADI 3 campaign

Table 8: Hyperspectral and IR data collected during WADI

1.2.3.1 Controlled water leakages

areas

2 flight

WADI-3 campaign was scheduled during the period between 07 and 13 July 2017 over
Aix-en-Provence area composed of Le
campaign.

= =4 =4

T

1.2.3.2 Flights description

A description of each flight is given in the following table.

Tholonet, Vauvenargues, Rians like WADI

The conditions for WADI 3 campaign are described below:

Low flowrate during 1 month

Harvest and new crops in artificial leaks area
Dryer conditions than for WADI 2 campaign

Aircraft Aircraft Altitude Flight Flight line
Site Date speed heading above altitude length
(m/s) © ground (m) (ft) (m)

Le Tholonet 07/07/2017 36 273 800 3390 1500
Vauvenargues 07/07/2017 36 269 800 3763 1200
Rians East 07/07/2017 36 287 800 3763 1750
Le Tholonet 10/07/2017 36 273 800 3390 1500
Vauvenargues 10/07/2017 36 269 800 3763 1200
Rians East 10/07/2017 36 287 800 3763 1750
Le Tholonet 11/07/2017 36 273 800 3390 1500
Vauvenargues 11/07/2017 36 269 800 3763 1200
Rians East 11/07/2017 36 287 800 3763 1750
Le Tholonet 12/07/2017 36 273 800 3390 1500
Vauvenargues 12/07/2017 36 269 800 3927 1200
Rians East 12/07/2017 36 287 800 3927 1750
Esparron South 12/07/2017 36 276 800 4160 1750
Esparron North 12/07/2017 36 276 800 4160 1750

Table 9 : WADI-3 campaign flights description

-2
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Table summarizes the data collected by sensors during the WADI 3 campaign flight
(green: valid data). All the flights were completed without incident; the planned activities
have been carried out.

IR
Site Date IR Sequence Seq IR S;qyj::c):(e _Hyspex Comment
(ks e images name Images

Rians East 07/07/2017 | Wadi3_aix20170707 | 000001 0-20 riae170707a 01
000002 0-21 riae170707a 02 _
000003 0-19 riae170707a 03

Vauvenargues 07/07/2017 | Wadi3_aix20170707 | 000004 0-16 Vngl70707a 01
000005 0-14 Vngl70707a 02

Le tholonet 07/07/2017 | Wadi3_aix20170707 | 000006 0-18 Thl170707a 01
000007 0-19 02

Rians East 10/07/2017 | Wadi3_aix20170710 | 000001 0-20 riae170710a 01
000002 0-21 02

Vauvenargues 10/07/2017 | Wadi3_aix20170710 | 000003 0-16 Vngl70710a 03
000004 - 04
000005 0-14 05

Le Tholonet 10/07/2017 | Wadi3_aix20170710 | 000006 0-18 06
000007 - 07
000008 0-19 08

Rians East 11/07/2017 | Wadi3_aix20170711 | 000001 riael70711a 01
000002 02
000003 03
000004 04
000005 05

Vauvenargues 11/07/2017 | Wadi3_aix20170711 | 000006 Vngl70711a 01
000007 02
000008 03

Le Tholonet 11/07/2017 | Wadi3_aix20170711 | 000009 thl170711a 01
000010 02

Table 10 : Hyperspectral and IR data collected during WADI 3 flights
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1.3 Ground truth measurements

1.3.1 WADI 1 campaign

During this campaign, passive targets (aluminium panels) have been deployed along with
a soil moisture sensor in order to measure the ground truth.

1.3.1.1 Cabardéle flight

Three flight lines were done over this site, laterally offset from 50 m. The location of
aluminium panels (targets) is given below. The soil moisture sensor was not used during this
functional check flight.

Figure 38: Ground truth measurement areas and al  uminium panels positioning for Cabardeéle flight

Name: GCP1 Name: GCP2 Name: GCP3

Date: 03/02/2017 Date: 03/02/2017 Date: 03/02/2017
Location : Cabardéle Location : Cabardele Location : Cabardéle
Z(MSL): 133,081 m Z(MSL): 117,316 m Z(MSL): 103,449 m
Latitude: 43,59899144° Latitude: 43,60224265° Latitude: 43,60511116°
Longitude: 5,21492286° Longitude: 5,20132973° Longitude: 5,1883382°

Moisture content : no data Moisture content : no data Moisture content : no data

Name: GCP4 Name: GCP5 Name: GCP6

Date: 03/02/2017 Date: 03/02/2017 Date: 03/02/2017

Location : Cabardéle Location : Cabardéle Location : Cabardéle
Z(MSL): 102,763 m Z(MSL): 133,276 m Z(MSL): 139 m

Latitude: 43,60521054° Latitude: 43,59903446° Latitude: 43,596807°
Longitude: 5,18851407° Longitude: 5,21490857° Longitude: 5,221072°
Moisture content : no data Moisture content : no data Moisture content : no data
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Table 11: Ground truth data for Cabardeéle flight

1.3.1.2 Aix-en-Provence flight

The location of aluminium panels is given in the following figures. The soil moisture sensor
has been used during this flight.

%

¢nEspSol2

& EspSol3 adi \ d : EspSolli#®

e

Figure 39: Ground truth measurement areas  for Esparron flight

Figure 40: Ground truth measurement areas for Rians flight
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Figure 41: Ground truth measurement areas for Vauvenargues flight

Name: EspSoll
Date: 16/02/2017
Location : Esparron

Z(MSL): 43,644 m
Latitude: 43,59672948°
Longitude: 5,8699585°
Moisture content

no data

Name: EspSol2
Date: 16/02/2017
Location : Esparron

Z(MSL): 414,682 m
Latitude: 43,59673021°
Longitude: 5,869763092°
Moisture content
%

: 28.1-30.7-32.8

Name: EspSol3

Date: 16/02/2017

Location : Esparron

Z(MSL): 405,484 m

Latitude: 43,5974507°

Longitude: 5,85656106°

Moisture content : 14.2-16.6-19.2

Name: RiaSoll

Date: 16/02/2017
Location : Rians
Z(MSL): 348,398 m
Latitude: 43,61773288°
Longitude: 5,72560155°

Name: RiaSol2

Date: 16/02/2017
Location : Rians
Z(MSL): 348,022 m
Latitude: 43,62575981°
Longitude: 5,70439071°

Name: RiaSol3

Date: 16/02/2017
Location : Rians
Z(MSL): 349,279 m
Latitude: 43,6153821°
Longitude: 5,74570744°

Moisture content :no data Moisture content : 19 to 26 % Moisture content : 810 29 %
Name: VvgSoll Name: VvgSol2 Name: VvgSol3

Date: 16/02/2017 Date: 16/02/2017 Date: 16/02/2017

Location : Vauvenargues Location :Vauvenargues Location : Vauvenargues
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Z(MSL): 347,911 m Z(MSL): 351,894 m Z(MSL): 346,743 m
Latitude: 43,55683671° Latitude: 43,55648886° Latitude: 43,55672342°
Longitude: 5,54911269° Longitude: 5,55539983° Longitude: 5,56111295°

Moisture content :18.2 % Moisture content :11.6 % Moisture content :20.4 %

Table 12: Ground truth data for ~ Aix-en-Provence flight (16-02-2017)

1.3.1.3 Valtrede flight

The location of aluminium panels is given in the following table. The soil moisture sensor has
been used during this flight.

Name: Cht_GCP1 Name: Cht_GCP2 Name: Cht_GCP3
Location : Chéateauneuf -les-M. Location : Chéateauneuf -les-M. Location : Chateauneuf -les-M.
Latitude: 43,395887° Latitude: 43,39503° Latitude: 43,394775°
Longitude: 5,159721° Longitude: 5,149495° Longitude: 5,138548°
Moisture content : Moisture content Moisture content
79060404808.8086.2% 16.20614.8011.908.6 %
Name: Sti_GCP2 Name: Stj_GCP3
Location : St Julien Location : St Julien
Latitude: 43,369425° Latitude: 43,368068°
Longitude: 5,085660° Longitude: 5,091633°
Moisture content Moisture content
86012.28820614.8014.2%
Name: Stp_GCP1 Name: Stp_GCP2
Location : St Pierre Location : St Pierre
Latitude: 43,372432°
Longitude: 5,050649°
Moisture content : Moisture content
154070607.6014.8012.2% 3.208.2086.909.6%

Table 13: Ground truth data for  Valtrede flight (23-02-2017)
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1.3.2 WADI 2 campaign

During this campaign, passive targets (aluminium panels) have been deployed along with
temperature and soil moisture sensors in order to measure the ground truth.

1.3.2.1 Aix-en-Provence flight (21 -04-2017)

The location of aluminium panels is given in the following figures.

Name: ThoSol1l Name: ThoSol2 Name: ThoSol3
Date: 21/04/2017 Date: 21/04/2017 Date: 21/04/2017
Location : Le Tholonet Location : Le Tholonet Location : Le Tholonet

Name: VvgSoll Name: VvgSol2
Date: 21/04/2017 Date: 21/04/2017
Location : Vauvenargues Location : Vauvenargues

Name: RiaSoll Name: RiaSol2
Date: 21/04/2017 Date: 21/04/2017
Location : Rians Location : Rians

Table 14: Ground truth data for Aix -en-Provence flight (21 -04-2017)

The soil moisture sensor and infrared thermometer have been used during this flight. The
location of the measuring points is  given in the following figures.

Values of soil moisture and temperature are given in table 13.
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Figure 43: Position of the measuring points for the Vauvenargues area.
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Point| Time| T (°C)RH1 (%)RH2 (%)RH3 (%)<RH> (94)Z (MSL)Longitude (°] Latitude (°) (X,Y) Comment
Pt00|11:24| 20,1 | 22,2 23,6 20,3 22,0 (349,831 5,7456530%43,61533103 (0,0)
Pt01|11:26| 17,2| 32,6 40,4 40,6 37,9 |348,561 5,7456586443,61537951 (+5m,0)
Pt02(11:29| 25,6 | 15,3 18,5 18,4 17,4 349,821 5,7456600843,61542268 (+10m,0)
Pt03(11:31] 27,3| 9,6 6,4 12,5 9,5 (349,983 5,7456585743,6154729% (+15 m, 0)
Pt04|11:35| 23,3 - - - - 349,983 5,7456585743,6154729% (+20 m,0) Rians area.
Pt05 220( 64 2,2 4,8 4,5 (+15m, -2 m) In red: position of
Pt06 25,7 4,2 7,9 6,1 (+15m, +2 m leakages
Pt07 30,7 34 8,0 3,6 5,0 (+10 m,+2 m)| Flow rate value: 80 I/hr
Pt08 247| 145 6,8 10,7 (+10 m,-2 m)
Pt09 16,5 274 29,5 29,4 28,8 (+5m,-1 m)
Pt10 2241 11,7 10,1 11,3 11,0 (+5 m,+1 m)
Pt11 234|( 13,0 12,6 9,0 11,5 (0,+1 m)
Pt12|14:00 31,0 4,5 8,0 8,0 6,8 346,930 5,55341407|43,5560149¢1 (0,0)
Pt13|14:08| 22,7 | 38,4 40,8 42,6 40,6 [346,844 5,55328407|43,55602387 (+5m, 0)
Pt14|14:16| 36,8 17,0 20,0 22,3 19,8 |346,405 5,5532252743,55602877 (+10 m, 0)
Pt15(14:12( 30,2| 11,0 11,0 13,6 11,9 |346,474 5,55318718(43,55602907 (+15 m, 0)
Pt16(14:20| 17,3 | 46,4 47,6 43,2 45,7 [346,243 5,55315449|43,55602882 (+20.5 m, 0)
Pt17 226| 31,0 29,8 32,6 31,1 (+20.5m, -1 )
Pt18 25,3| 14,3 12,8 15,9 14,3 (+20.5 m, +1 )
Pt19|14:40| 26,0| 23,6 19,8 22,6 22,0 |346,054 5,55310430|43,55602597 (+25 m, 0) Vauvenargues area.
Pt20(14:43| 27,4 | 12,7 13,0 14,6 13,4 |346,043 5,55304095|43,55603118 (+30 m, 0) In red: position of
Pt21|14:45| 26,4 | 10,2 12,0 12,8 11,7 |346,029 5,55298268(43,55603374 (+35 m, 0) leakages.
Pt22 236| 53 9.2 7.2 7.2 (+35m, -1 M) £ rate value: 300 Ih
Pt23 27,7| 16,6 15,0 25,0 18,9 (+35m, +1 m
Pt24|14:52| 30,7 | 23,7 23,2 21,4 22,8 |345,584 5,55291788|43,55604041 (+40 m, 0)
Pt25|14:57| 34,1 | 24,8 29,6 28,6 27,7 |345,557 5,55285596|43,55604551 (+45 m, 0)
Pt26(14:59 31,2| 14,4 15,0 15,8 15,1 |345,641 5,55279703[43,55605069 (+50 m, 0)
Pt27|15:01| 27,7 | 21,2 21,8 21,8 21,6 345,528 5,55276273|43,55605528 (+52.5 m, 0)
Pt28 29,7| 22,1 20,9 21,6 21,5 (+52.5 m, +1 m)
Pt29 28,4 21,1 20,4 21,6 21,0 (+5m, -1 m)
Pt30 29,2| 10,2 13,6 15,0 12,9 (+5m, +1 m)
Pt31(15:54{ 352 7,0 39 7,6 6,2 182,374 5,50619825(43,52204561 (0,+1 m) Le Tholonet area.
Pt32|15:58| 31,2 30,4 29,0 29,4 29,6 182,427 5,50619767|43,52202702 (+2 m, 0) Leakage is located at
Pt33|16:00] 21,2 | 45,8 48,6 48,0 47,5 (181,334 5,50618729|43,5220117% (+4 m, 0) (+5 m, 0) position
Pt34|16:02| 18,7 454 45,6 45,0 45,3 (180,900 5,50618923|43,52199454 (+6 m, 0) Flow rate’ value: 180 I/h
Pt35(16:04 15,7 32,8 33,0 35,8 33,9 (181,692 5,50618884|43,52197131 (+8 m, 0)
Pt36(16:09] 34,3| 7,2 7,8 7,5 7,5 182,181 5,50637301(43,52203611 (0,0) Le Tholonet: control are
Pt37|16:12| 27,2 94 9,3 10,4 9,7 181,926 5,50637046(43,5220127% (+4 m, 0) (o leakage)
Pt38(16:15| 27,6 | 13,6 21,6 19,2 18,1 |182,147 5,50637073[43,52200217 (+6 m, 0)

Table 15: Temperature (T) and soil moisture (RH) values measured on the different sites.
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Figure 44: Vauvenargues area: pictures of the soil on the site of ¢ ontrolled leakages (flow rate: 300 I/h) .

Figure 45: Vauvenargues area: pictures of the soil on the site of controlled leakages (flow rate: 720 I/h).
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1.3.3 Acoustic and ground in vestigation on Esparron site

During the flights of February over Esparron site, high moisture areas were detected with
WADI methods.

¥ Vvater index (a.u.) 10

0.8
0.7
0.5
0.3
0.2
0.0

Figure 46 : Result of data processing on  Esparron site

SCP and ONERA decided to use an  acoustic method oat this place and to dig to confirm
the presence of water leaks.

It was done the 12 ™ of June on the area between the WADI -2 & WADI -3 campaigns.

First, SCP used microphone on hydrants and accessible parts of the pipe (man holes).

T i 0 AN
v "[ﬂ =g

Figure 47 : microphone used for leak detection

With this first investigation method, SCP has not detected any strong signal but only a
suspicion of leak not far from the hydrant 02020. On the ground, puddles were found not
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far from the drain valve and between the drain valve and the connecting manhole that
was completely drowned.

Figure 48 : Puddle not far from the drain valve

Figure 49 : Puddle between the drain valve and the connecting manhole, and drowned manhole

In order to identify the origin of water, SCP used the acoustic correlation method between
the aerial points connected with the pipe.
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Figure 50 : devices for acoustic correlation method

The analysis of the signal was not conclusive and this method has not identified any water
leak in the pipe.

Finally, we choose to dig and put the microphone directly on the pipe in three points:

9 Around the drai n valve,
1 Around the puddle,

91 Inthe upper part of the wet area shown by WADI humidity maps.
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Figure 51 : digging works and microphone located directly on the pipe

It confirmed that there was no leak on the pipe.
In conclusion, those complementary ground investigations:

1 Have confirmed the presence of the high moisture areas detected by WADI tools
even if all its localization are not completely concordant (high moisture 1m deep
around the hydrant 02020 not detected by WADI method, and low moisture at the
depth of 1 meter at the upper part of the wet area shown by WADI water index

maps)
1 Have rebutted the hypothesis of water leak. The origin of water is probably natural
even if the surface vegetation does not seem typ ical of wet areas.

This raises awareness on the importance of the analysis of the WADI context to minimize
false interpretation of water leak detection results.

1.3.4 WADI 3 campaign

During this campaign, passive targets (aluminium panels) have been deployed al ong with
temperature and soil moisture sensors in order to measure the ground truth.

1.3.4.1 Aix-en-Provence flight (07 -07-2017)

The location of aluminium panels is given in the following figures.
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Name: ThoSoll Name: ThoSol2 Name: ThoSol3
Date: 07/07/2017 Date: 07/07/2017 Date: 07/07/2017
Location : Le Tholonet Location : Le Tholonet Location : Le Tholonet

Name: VvgSoll Name: VvgSol2
Date: 07/07/2017 Date: 07/07/2017
Location : Vauvenargues Location : Vauvenargues

Name: RiaSoll Name: RiaSol2 Name: RiaSol3
Date: 07/07/2017 Date: 07/07/2017 Date : 07/07/2017
Location : Rians Location : Rians Location : Rians

Table 16: Ground truth data for Aix -en-Provence flight (07 -07-2017)

The soil moisture sensor and infrared thermometer were not used during this flight.

1.3.4.2 Aix-en-Provence flight (10 -07-2017)
The location of aluminium panels are the same that those of the 2017/07/07 (Table 16).

The soil moisture sensor and infrared thermometer were used during this flight. Values of sail
moisture and temperature are given in table 17 (the location of the measuring points is
given on figures 43 and 44).
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Point| Time| T (°C)RH1 (Y9)RH2 (Y4RH3 (Y4<RH> (%Y (MSL]L ongitude (°) Latitude (°) (X,Y) Comment
Pt01|11h3Q 28,6 41,0 39,0 35,0 38,3 |348,561 5,7456586443,61537951L (+5m,0) Rians area.
Pt04 43,0 7,3 5,0 2,2 4,8 349,983 5,7456585f43,61547295 (+20 m,0) Flow rate value: 260
Pt13|14h14 40,1| 1,4 8,0 1,2 3,5 |346,844 5,5532840743,5560238Y (+5m, 0) Vauvenargues area.
Pt16 30,3 7,0 42,0 2,0 17,0 (346,243 5,5531544943,5560288P (+20.5 m, 0) In red: position of
Pt21 33,6| 3,3 11,2 3,4 6,0 |346,029 5,55298268 43,5560337# (+35m, 0) leakages.
Pt27 37,9 8,2 7,4 4,6 6,7 345,528 5,5527627343,55605528 (+52.5m, 0)| Flow rate value: 240
Pt32|15h14 55,6 1,5 1,5 (182,422 5,50619767|43,52202702 (+2 m, 0) Le Tholonet area.
Pt33 31,2| 45,0 45,0 181,334 5,5061872943,52201175 (+4 m, 0) Leakage is located a|
Pt34 29,4| 415 41,5 (180,900 5,5061892343,52199454 (+6 m, 0) (+5 m, 0) position
Pt35 40,0 0,0 0,0 181,692 5,50618884]43,5219713L (+8 m, 0) Flow rate value: 300

Table 17 : Temperature (T) and soil moisture (RH) values measured on the different sites (1

1.3.4.3 Aix-en-Provence flight (11 -07-2017)

0/07/2017).

The location of aluminium panels are the same that those of the 2017/07/07(Table 16).

The soil moisture sensor and infrared thermometer

have been used during this flight. Values

of soil moisture and temperature are given in table 18 (the location of the measuring
points is given on figures 43 and 44).

Point| Time| T (°C)RH1 (%)RH2 (%)RH3 (%)<RH> (94)Z (MSL)Longitude (°] Latitude (°) (X,Y) Comment
Pt01{11h3Q 31,3| 41,0 39,0 35,0 38,3 [348,561 5,7456586443,61537951 (+5m,0) Rians area.
PT02 40,0 13,4 13,4 10,0 Flow rate value: 180 I/h
PTO4 41,5 3,6 3,6 [349,983 5,7456585743,6154729% 20,0m

Pt13|13h3§ 33,0 346,844 5,55328407(43,55602387 (+5m, 0) Vauvenargues area.
Pt16 31,0 34,6 47,2 36,1 39,3 (346,243 5,55315449|43,55602882 (+20.5 m, 0) In red: position of
Pt21 343| 15 10,4 4,8 56 346,029 5,55298268|43,55603374 (+35 m, 0) leakages.

Pt27 318| 27 10,4 13,3 8,8 [345,528 5,55276273[43,55605528 (+52.5 m, 0) | Flow rate value: 300 I/h
Pt32[15h14 42,0| 18,3 18,3 182,423 5,50619767|43,52202702 (+2m, 0) Le Tholonet area.
Pt33 30,4| 448 44,8 |181,334 5,50618729|43,5220117% (+4 m, 0) Leakage is located at|
Pt34 29,4| 42,0 42,0 |180,900 5,50618923|43,52199454 (+6 m, 0) (+5 m, 0) position

Table 18 : Temperature (T) and soil moisture (RH) values measured on the different sites (11/07/2017).

1.3.4.4 Aix-en-Provence flight (12 -07-2017)

The location of aluminium panels are the same that those of the 2017/07/07(Table 16).

The soil moisture sensor and inf rared thermometer

1.4 Conclusion

hav

e not been

used during this flight.

Between February and July 2017, airborne measurements were conducted over several

areas
plattorm BUSARD
infrared camera.

bel onging

t o

t he

wat

er

net wor k

i nfrastructu

instrumented with two hyperspectral cameras and one uncooled

Apart from the weather which reduced flight opportunities, all the planned activities have
been carried out, the flight axis have been completed without incident and the
hyperspe ctral and IR data have been pre
correction, registration).

-processed (geometrics and radiometric
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These trials have led to the development of hyperspectral (VNIR and SWIR spectral

domains) and TIR panchromatic images database from which the relevant physica I
parameters (soil temperatur e, spectral refl ectan
These results will be used as a basis to determine the optimized detection wavelengths for

the future WADI prototype.
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2 Trials assessment, optimized detection wavelengt hs
determination and measurement strategy

2.1 Introduction

The three parties of the BUSARD campaign (WADI -1, WADI-2 & WADI -3) carried out during
Task 3.1 represent the WADI images database which contains the physical parameters
(reflectance and temperature) ne cessary for the determination of optimized wavelengths

for leakage detection. Before the exploitation of these physical parameters, all the trials

need to be assessed. This operation, called the pre -processing, is included in the complex
hyper -spectral and IR data processing. The next step consists in using the physical
parameters extracted from the ortho -images database to generate the humidity maps. In
the end, a set of optimized detection wavelengths is determined as a function of the
corresponding trial s (soil and vegetation) and a measurement strategy is designed. This
strategy provides guidance for  the physical effect observation.

2.2 Pre-processing of airborne optic al remote sensing

This section of the document presents the pre  -processing of hyperspectral & IR data
recorded with the Hyspex (VNIR & SWIR) and FLIR IR cameras. It describes how to take into
account the velocity, positions and attitudes of the aircraft for the ortho -rectification
process of each image.

2.2.1 Hyperspectral data pre proces sing

Hyperspectr al cameras imaging principle is a
consists in acquiring the images line by line by taking advantage of the motion of the

plane over the scene of interest. However the flight of the aircraft is not regular, neither in
altitude, nor in velocity, nor in attitude with effects such as roll, pitch and yaw.
Consequently it raised the problem to place pixels at the exact position they should

appear on the map, making what we call further an ortho -image whic h is compatible
with a use in geographical system information (GIS). This stage from raw image to ortho -
image is a complex process called ortho -rectification which implies a projection into a
system of standard geographical coordinates. During this process we need to takes into
account the topography and line of sight of the cameras using DEM (Digital Elevation

Model), geographic reference images to find GCP (Ground Control Point) and IMU
(Inertial Motion Unit) data. All these different operations (orthorec tification,
georeferencing and projection) are linked and will be called ortho -rectification.

The figure below shows the various data used in the process of orthorectification of the
hyperspectral data pre  -processing:
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Figure 52 : Hyperspectral data pre - processing chain

2.2.1.1 GPS and IMU data

A necessary component for airborne hyperspectral data collection is a GPS and Inertial

Motion Unit (IMU). The IMU used during the Busard campaign is the IMAR itrace F -200
which is equipped of a d irectional gyroscope hybridized with a global positioning system
(GPS). This essential component provides not only file of navigation with GPS information

at the location of each captured line frame but it also provides the orientation of the
aircraft with regard to roll, pitch, and yaw ax  es.

Figure 53 :Aircraft Orientation
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2.2.1.2 Reference data and Digital Elevation Models (DEMSs)

As public research institution we have access to the ortho images of reference from
database BDORTHO of IGN (French National Geographical Institute) at the sampling rate
of 50 cm throughout France.The six -axis attitude information (GPS, gyroscope) can be
used along with digital elevation models (DEMSs) to orthorectify the hyperspectral image
data set. The DEM us ed in the Hyspex chain for the Busard campaign comes from the RGE
ALTI@5m database provided for each part of the French territory. The sampling rate of 5 m

is sufficient for the areas with low variability of relief.

B sugbapath on DEM = | @ |13

.
Zoon Scale

Foston x 731382 8% y 4E115S2 6%

reage Visluel)
fond Nurber 1
Dotal Sievation Moos )

Sty Fort In DEN|  Long TI14ES 65 Lt 45115571 = TR E6ETS y 290 20415
DEN-odgn comer Lsualy SE or SW) 73085000 28114700 and pised deersiong’ 434, 31967

Figure 54aircraft attitude information on DEM

2.2.1.3 Offsets for the line of sight

There is an offset between the line of sight and the axis of the inertial unit due to
mechanical assembly which cannot allow a constant and reproducible alignment

of the position of the sens ors and the inertial unit. The assessment principle of these
offsets is based on the comparison between points of known coordinates(Ground
Control Points) from ortho images of reference and the position of these points
projected on the DEM from the airborn e image and their parameters of positions
(x, vy, z, roll, pitch and yaw).
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2.2.1.4 Example of pre -processed hyperspectral images

Figure 55 gi ves the | ocation of one infrastructure of
the pre -processing for hyperspectral images a  cquired during the 1 st part of the Busard
campaign (WADI -1, February) over one SCP site (Rians).

Pigoudet open channel with localization Rians site near Aix -en Provence

RGB image of SWIR camera RGB image of VNIR camera

Figure 55 VNIR & SWIR image over Rians site

2.2.2 IR pre-data processing

2.2.2.1 IMU data

The pre data processing for IR images involves, like hyperspectral images, knowledge for
every image of its GPS position and the orientation of the camera. But there is only one
inertial unit on the BUSARD platform which is located inside the left pod of the motorglider

and associated to the hyperspectral payload:
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Figure 56 : IMU location in the left pod of BUSARD

In the absence of one inertial unit dedicated to the IR camera in the right pod, lever arms
are calculated for the IR payload and converted in the axis of the IMU which allows the
ortho -rectification of the IR images:

Aircraft axis IMU axis

Figure 57 : Aircraft and IMU axis

Orthorectification process requires an overlap of 60% between each image, leading
approximately to 0,5 Hz frame rate while IMU data are acquired at 200Hz.

A ground post processing tool developed at ONERA allows the automatic extraction of
position and orientation of each image from the IMU data, in a text file.

Then, Onera uses CORELATOR 3D software from Simactive, to generate infrared ort ho-
images and ortho -mosaic results. The software needs the position and orientation of each
image and the position of ground points control. Infrared mosaics are saved as GEOTIFF
format.
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2.2.2.2 Example of pre -processed IR images

The figure below shows the results of the pre -processing for TIR images acquired during the
1spart of the Busard campaign (WADI -1, February) over four SCP sites (Le
tholonet,Vauvenargues, Rians, St Maximin).

The checks carried with Google Earth show a good agreement between georefe renced
infrared mosaic and Google Earth:

IR ortho-mosaic from Le Tholonet IR ortho-mosaic from
Vauvenargues

IR ortho-mosaic from Rians IR ortho-mosaic from St
Maximin

Figure 58 : IR ortho-mosaic
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2.2.3 Registration of pre -processed images data
2.2.3.1 IDL and GEFOLKI tools
The implementation of image processing algorithms requires to work on registered images.

In our case of heterogeneous remote sensing images (VNIR, SWIR, TIR), this stage of
coregistration will be done with the module GEFOLKI developed in Matlab language
(GeFolki software, Brigot, 2016). This tool requires a preliminary s tep which consists in re-
sampling images in such a way that each image has the same pixel size projected on the

ground and the same number of pixels.

The method used consists initially in sub -sampling by a factor of two the VNIR image
corresponding to the  SWIR image which has the lower spatial resolution.

Secondly, a simple graphical user interface (GUI) enables to visualize the images from the
three channels (VNIR, SWIR, TIR) and to select the common amer point. The
contrast/brightness adjustments are opti  mized for each displayed image.

Then, an algorithm automatically determines the common zone of the three images,
based on the position of the amer point in the image and the dimension of the image. The
three images are saved in BSQ format (Band SeQuential) compatible with the modules of
the data processing chain.

The preliminary module developed in IDL language offers the following capabilities:

Importation of multispectral images (VNIR,SWIR) in BSQ format

Importation of IR mosaic in GEOTIFF format

Image Di splay / manual selection of common amer point to the three images
Re-sampling, calculation of the common area to the three images and recording
of the three images in BSQ format with the same size (width, length) and the same
pixel size.

= =4 4 =

An example of the result is shown on two VNIR and SWIR images acquired over the East
Rians zone.

Figure 59 presents the superposition of 2 raw images (with VNIR image re -sampled) .

Figure 59 : Raw VNIR + 50 % SWIR images

Fgure 60 presents the over lapping of the two aligned images resulting from the IDL tool.
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Figure 60 : pre -aligned VNIR + 50 % SWIR images

Furthermore, IR images (not represented here to avoid overloading the figures ) overlap
perfectly with the VNIR & SWIR images.

2.3 Data processing for getting information on the water presence in soil or
In vegetation

231 Principle of the oOtrapezoiddéd method with diffe

Vegetation and soil temperatures have long been recognized as an indicator of water
availability. As a matter of fact, under proper water supply, the transpiration cools the
leaves towards air temperature. Water is exchanged through the stomata, i.e. the pores in

the leaf epidermis. On the opposite, under water stre ss condition, the plant closes its
stomata to limit transpiration. This leads to foliage temperature increase. Similarly, the soil
surface temperature is inversely correlated with water content due to evaporation.
Additionally, soil drying induces a reduct ion of soil thermal inertia which also leads to soil
temperature increase. Hence, the temperature as remotely measured by an infrared
camera should provide a powerful indicator of the moisture content of the soil.

However a series of difficulties appear fo  r the following two reasons. The first one is that the
infrared response of the vegetation is not the same as the response of the bare soil,
because of a difference in temperature (due to different thermal transfer processes and
different boundary conditio ns) but also in infrared emissivity. The second reason is a
consequence of the previous one and of the fact that most pixels are generally a mixture
of vegetation and soil; hence the radiance reaching the elementary detector is thus a
combination of the rad iance coming from leaves and from soil. As a consequence, the
brightness temperature depends on temperature and emissivity of both soil and
vegetation and also on the vegetation cover fraction. For this reason, the problem of
evaluating the soil moisture i s underdetermined when only considering the brightness
temperature: a same brightness temperature value can be associated with a large range

of soil moisture. It is thus necessary to add other observation data to reduce this under -
determination and finally ~ produce a more faithful indicator of the soil moisture.

A method proposed a few years ago consists in jointly analysing the temperature and a
vegetation index which is used as a proxy of the vegetation cover. Such index could be
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the classical NDVI (Normal ized Difference Vegetation Index) which corresponds to the
normalized difference between the spectral reflectances in the red and in the near
infrared (typically at about 0.65 T m and 0. 8
by the chlorophyll diff erential spectral behaviour; this red edge extends from about 0.675

and about 0.765 -0.8).

NDVI = vk~ Trep

+r

rNIR RED

This index is strongly correlated with the vegetation cover: it ranges from about 0.1 for bare
soil to values close to 0.8 for dense and  green vegetation, depending on the wavelength
choice. It is also correlated with foliage density which is expressed by LAI, Leaf Area Index
(total surface of leaves per unit surface). However NDVI is also sensitive to the soil spectral
characteristics. Ot her indexes were proposed for being less dependent on sall
background). Among them we considered OSAVI (Optimized Soil Adjusted Vegetation
Index) (Rondeaux et al., 1996).

OSAVI = o086 = " 066
Ioget Fogs T 0.16

When plotting the two  -dimensional distribution of temp  erature and vegetation index (T -VI)
corresponding to an area with well distributed vegetation cover and moisture content,

one gets a scatter of triangular of trapezoidal shape (see figure 1). The four vertices
correspond to the extreme conditions of a crop (Moran 1994): the bottom vertices (low VI)
correspond to dry and saturated bare soil, whereas the upper vertices (high VI)
correspond to well -irrigated and water stressed full cover vegetation. The left limit is called
the oOowetdé edge (or easl dheeddgag)ht wHearmi t i s
owar mé edge) .

Vegetation
Index
high
vegetation 1
cover
increasing soil moisture
bare
soil dry
edge
Temperature
Figure 61 : Principle of soil moisture mapping from a Temperature -Vegetation Index (T -VI) plot (Moran

1994, Sandholt 2002, Krapez, 2005, 2009, 2012).

The vertices o f the trapezoidal distribution correspond to: 1 : well -watered full cover, 2 :
non -transpiring full cover, 3 : wet bare soil, 4 : dry bare soil. Soil moisture increases from the
dry edge (on the right) to the wet edge (on the left).
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There are several metho ds for calibrating the trapezoidal scatterplot, i.e. for assigning a
water content value to each point between these four vertices (see the review in Krapez
2009).

The method of Moran 1994 is based on the use of the Penman -Monteith equation for
evapotransp iration. It allows expressing the difference between surface temperature and

air temperature for the limiting cases corresponding to the four vertices of the trapezoidal

T-VI plot (see fig. 1). It is admitted that the soil dryness linearly increases when m oving from
the wet edge to the dry edge (Moran 1994, Sandholt, 2002). For this reason, a soil moisture
index (the Water Availability Index - WAI) can be defined from the relative distance, at
constant VI, of a given point to the dry edge (Krapez 2009) : WA | = 1-WDI, where WDI is the
Water Deficit Index defined in (Moran 1994). Similarly, it is argued that the vegetation stress
increases from the wet edge to the dry edge. A consequence is that the position of a

given point relatively to these border lines co uld also be a measure of the
evapotranspiration flux at the time of the remote sensing test. Iso -moisture straight lines are
then distributed linearly between the wet edge and the dry edge. Based on a statistical
approach for the evaluation of the trapezoi d vertices position, plots of the mean WAI
values in the T -NDVI space and of the corresponding standard error were built in (Krapez
2009) (see fig. 2). The right plot shows in particular that the precision in evaluating the
Water Availability Index worsens  for rising NDVI, i.e. high vegetation cover fraction.
Sensitivity of thermal remote sensing to soil moisture thus decreases in presence of dense
vegetation.
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Figure 62 : Left : Colormap of mean Water Availability Index (WAI) in the T-NDVI space. Right : Isolevel
curves describing the WAI standard errorinthe T -NDVI space (from Krapez 2009).

The method of Carlson 1995, 2005, is based on the use of a SVAT model (Soil Vegetation
Atmosphere Transfer). This model allows evaluating t  he radiation flux, the convective flux
and the water/vapor fluxes between soil, vegetation and atmosphere. For a given soil
moisture content, it thus enables to calculate the brightness temperature averaged over

soil and vegetation for the time of the acqu isition. Iso-moisture lines, which are not
necessarily straight lines, can then be drawn. These isoplets can be interpolated with a
bivariate polynomial to get a practical inversion tool. Additional simulations were
performed by Krapez 2009, with SEtHyS mo del by assuming different values for the root
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zone mean water content (see fig. 3). The results highlighted the fact that the temperature
sensitivity to the upper soil layer moisture is most important at low NDVI (i.e. low vegetation
cover fraction) wherea s at high NDVI temperature is essentially sensitive to root zone
moisture.

wg (%) wg (%)

10 0.1 | \ \ 10

\

0 25 30 35 20 25 30 35
At-sensor brightness temperature (°C) At-sensor brightness temperature (°C)

Figure 63 : Temperature versus NDVI and upper soil layer water content (wg %vol.). Root zone mean

water content was considered constant for each plot: 10 % vol. (left) and 20% vol. (right). (from Krapez
2009)
The methods presented so far rely on a preliminary calculation of the iso -moisture lines, let

them be straight lines, like in the Moran method, or curved lines, like in the Carlson
method. The temperat ure calculation requires a substantial number of parameters,
particularly when using a SVAT model (meteorological data, soil and vegetation
propertiesé). I n addition, due to the esNOVImati ot
experimental scatterplot rarel y matches with the theoretical one. A normalizing/stretching
procedure is therefore often required for them to fit together and for allowing soil moisture
identification (Carlson 2005). This normalizing/stretching procedure relaxes the requirement

for prec ise data about radiative fluxes and atmospheric fluxes and about soil/vegetation

intrinsic properties.However, in some way it justifies a simpler approach which is the
empirical method proposed by Sandholt 2002. This method is based on the experimental

T-VI distribution only; no temperature computation is required. Two linear regressions are
simply performed for fitting the low temperature border and the high temperature border

of the scatterplot. The iso -moisture lines, assumed to be straight, are then eve nly, i.e.
linearly distributed between the wet edge and the dry edge. A large number of
applications can now be found in the literature, they mainly deal with low resolution data,

i.e. at field scale and landscape scale, as provided by satellite based sens ors. The
applicability to high resolution and multitemporal data was recently discussed (Maltese,

2010, Krapez 2011, 2012).

The drawing of the lines defining the wet and dry edges as described by Sandholt 2002 is
rather subjective. A more systematic and ob jective approach was described in (Krapez
2011, 2012): for each VI interval, a low temperature limit and a high temperature limit are
defined from the p percentile and the 100 -p percentile (typically p is between 0.5% and
1.5%). The results are then smooth ed with cubic splines to provide the wet and dry edges
as reported on fig. 4. By this way the scatterplot is tightly bounded; in the same time,
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possible outliers are rejected. At each Vegetation Index level, the Soil Vegetation Wetness
Index (SVWI) is defi ned as the relative distance to the dry edge:

T Tay V1)
Twet(VIij )- Tdry(\/lij )

svwj, =
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Figure 64 : Temperature -Vegetation Index scatterplot obtained during HyEurope 2007 campaign (from
Krapez 2011).

The wet edge (in blue) and the dry edge (in red ) are built from 1% and 99% percentile
temperature values for varying vegetation index. The dots with scaled color correspond to
different spots/fields and crops.

This omore objectived approach tightly follows th
Let us however stress that it assumes that this scatterplot is fully populated which means

that the pixels in the scanned area must cover the whole vegetation cover fraction
dynamic together with the whole soil wetness dynamic. If the scatterplot is not wel I
populated along one of its edges, the corresponding edge line will show a depression in

this area. The consequence is that the Soil Vegetation Wetness Index will show a bias in

the affected VI range. In such a case it would probably be better to use stra ight lines for
the cold and wet edges instead of matching too tightly to the experimental scatterplot.
Nevertheless, when the flight line is definitely too short, even the implementation of straight

edges will lead errors since the experimental scatterplot will not be representative enough

of the full theoretical scatterplot showing all possible T -VI combinations.

The works described so far use only two observation variables, namely temperature and a
vegetation index. They rely on an over -simplified repres entation of the heat and mass
transfers between the elements of the complex soil/vegetation/ atmosphere system. A
large number of parameters, in addition to soil moisture, actually have an impact on the
apparent soil/canopy temperature. As these parameters may vary between the different
vegetation types and soil types, it is expected that moisture cannot be unambiguously
retrieved from a given couple of T -VI values. The inversion cannot lead to a unique
solution. To solve this problem one has to consider ad ditional observations.
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Chauhan 2003 suggested adding surface albedo. When introducing the albedo, it is
expected to separate areas according to the absorbed solar radiation. Albedo can be
evaluated with a good precision from the reflectance measurement in a limited number
of spectral channels in the solar spectrum. Recently we looked for separating vegetated

areas according to another property, namely the fraction of green vegetation versus
senescent vegetation (Krapez, 2011, 2012). A suitable index for qua ntifying the fraction of
senescent vegetation is CAl (Cellulose Absorption Index). It is computed from the
reflectance measured in three bands: one at 2.1um, the cellulose dlignin absorption
maximum, and two at the shoulders of this absorption band, at 2um and 2.2um:

CAl :0-5(f2.0 +ron- 2/’2_1)

Two examples of 3D scatterplots with respectively albedo and CAI as the third parameter

are reported on fig. 5. The boundary surfaces corresponding to the dry border,
respectively the wet border, are again built from the p % percentile and the 100 -p%
percentile temperature values

Albedo 0 02 Veg. Index

Figure 65 : Distribution of temperature, Vegetation Index and repectively albedo (left) and Cellulose
Absorption Index (right). Each distribution is bounded on the hot s ide and on the cold side
respectively the oOoOweto6 boundary surfaces (from

I ntroducing albedo didndét seem to provide an i mpr
addition of the Cellulose Absorption Index (CAl) showed to be more pr omising, indeed the

correlation coefficient R 2 between Soil Vegetation Wetness Index and the gravimetric

moisture content increased from 0.61 to 0.69. Nevertheless, the drawback of the proposed

statistical approach for defining the wetness index is that th e scatterplot must be well

populated, i.e. it should present both dry soil and wet soil areas, for each couple of

considered albedo -VI or CAI-VI values in the gridded plane. This is not always the case for

a region of small exten t.
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