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Abstract :

The THERMOCITY project, led by GIESEolab and federating ONERA, MétéoFrance and CSTB as well as the
metropolises of Montpellier, Strasbourg and Toulouse, aims at studying urban heat islands and heat loss in the ct
context of climate change through the development of an urban thermography analysis tool based on satellite imag
the framework ofhis project, the task of ONERA is to provide LST (Land Surface Temperature) maps from availab
satellite imagery acquired in the thermal infrared (TIR) at native and enhanced spatial resolution domain usirg stat:
the-art methods developed specificafty urban areas. This work consisted in identifying and improving existing TIR
spatial data products over five study areas by generating updated LST maps from ASTER and ECOSTRESS im
processed with a TES algorithm accounting for the specificitiesbainumaterials. Along with the updated LST maps, a
Quality Assessment (QA) layer is produced based on current knowledge on LST estimation over urban areas to in
users on the reliability of the retrieved values and facilitate data interpretations. For ASTER products, LST maps
higher resolution are also generated based on validated empirical disaggregation methods. This report constitute
technical synthesiof the first phase of the THERMOCITY project.
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1. INTRODUCTION

The THERMOCITY project, led by CNE&blaband federating ONERA, MétéoFrance and CSTB as
well asthemetropolise®f Montpellier,Strasbour@ndToulouse aimsat studyingurbanheatislandsandheat
lossin the currentcontextof climatechangehroughthe developmenbf anurbanthermographywnalysistool
basedn satelliteamages.

In the framework of this project, the task of ONERA is to provide LST (Land Surface Temperature
maps from available satellite imagery acquired in the thermal infrared (TIR)ia¢ mnd enhanced spatial
resolution domain using staté-the-art methods developed specifically for urban areas. This work consisted
in identifying and improving existing TIR spatial data products over five study areas by generating updat
LST mapsfrom ASTERandECOSTRES$magesprocessewvith aTES(Temperatur€EmissivitySeparation)
algorithm[6] accountindor thespecificitiesof urbanmaterials Along with theupdated_ST maps,a Quality
AssessmeniQA) layeris producedasedn currentknowledgeon LST estimatioroverurbanareado inform
users on the reliability of the retrieved values and facilitate data interpretations. For ASTER products, L!
maps at a higher resolution are also generated based on validated empirical disaggregation methods.
reportconstitutes théechnical synthesisf thefirst phaseof the THERMOCITY project.

The subsequent sections of this report provide more details on the implementation of the methods .
the produced THERMOCITY TIR data. Section 2 presents the study areas and satellite missions selectec
this project. Section 3 describes the methods tesedtimate LSTnd disaggregated products aBection 4
showsandevaluateshe generateghroductsFinally, Section5 providessomeconclusionsandperspectivesi
bibliographyis availableat theend ofthereport.

AppendicesA, B, and C provide additional details of the productsfor eachdateand study
areas.
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2. DATA

2.1. Study areas

Five metropolisehavebeenidentified:

1

= =4

Aix-Marseillelocatedin the Southof Francealongthe MediterranearSea:92 municipalities
over3173 knt, 1 895 600 inhabitants (2018)

Montpellier, located also along the Southerncoast: 31 municipalities, 422 km?, 457 839
inhabitantg2018)

Paris:131 municipalitiesover814km?2, 7 026 765inhabitant2016)

Strasbourgin the North-easterrpart of France betweenthe Germanborderandthe Vosges
mountains33 municipalities ove837km?, 500 510 inhabitant018)

Toulousein the Southwesternpart of France:37 municipalities over 460 km?, 747 000
inhabitantg2014)

These five metropolises are very diverse regarding their climate, number of inhabitants, populati
density, local economy or historical development. To get a global picture of the urban areas and its ru
surroundings required to analyse the SUHI (Serfdcban Heat Island) effect, 100 km square study areas
centere on the city of interest were considered for each metropolis. They are illustrated on Figure 1 showi
rural areasand urbarareas with Sentine? data.

Among thosefive metropolises,three are involved in this project: Montpellier, Strasbourgand

Toulouse.
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10 20 km

STRASBOURG METROPOLIS

10 20 km

Figure 1: THERMOCIT Ystudyareas:Aix-Marseille,Montpellier, Paris, Strasbourgand Toulouse
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2.2. Satellitedata: ASTER and ECOSTRESS

Currently, two spaceborne sensors provide TIR data in at least three thermal bands which allows
estimatel ST with a decametricspatialresolutionusingthe TES algorithm:ASTERandECOSTRESST heir
maincharacteristicg, e. thespatial,temporaland spectralesolutiongn the TIR aregivenin Tablel.

ASTER ECOSTRESS
Spatialresolutionin the TIR (m) 90 70
Reuvisit Heliocentricorbit : 15days| ISSOrbit (not heliocentric)
Numberof TIR spectral bands 5 5/ 3 (since2018)
Website(for moreinformation) asterweb.jpl.nasa.gov ecostress.jpl.nasa.gov

Tablel: Main characteristicSor the TIR sensoron-board ASTERaNdESCOSTRESS

AmongthesatelliteimagesavailableviatheNASA dataportals thedatausedn THERMOCITY were
selectebased on severatiteria accordingo theiravailability:

Pairsof dayand nighitimeimages

Onepairacquiredn winter

Onepairacquired insummer

No clouds

Closedateshetweerstudyareador comparisorpurposes

E

Furtherdetailson eactsatellitemission,its products andmageryselectionaregivenin thefollowing
subsections.

2.2.1. ASTER

ASTER (Advanced Spaceborne Thermal Emission and Reflection Radiometer) is a NASA satelli
multispectraimissionlaunchedn 1999.Thespatialresolutionis 90 meterdn the TIR with five spectrabands,
30 meters in the SWIR with 6 spectral bands and 15 meters in the VNIR with 3 spectral bands. The SW
sensor has been out of service since 2008. ASTER is jointly managed by the United States (US) and Ja
JPL(JetPropulsionLaboratory)andJ-SpacesystenrespectivelyThe Scienceleamhasa US anda Japanese
componengatheringd0 researcher®ifferent levelsof productsare generatednd ardreely available.

ForASTER,3to 5 dateshavebeenselectedvereachstudyareafollowing theaforementionedriteria.
Several data products, listed below, were downloaded from the NASA data portal service for processing :
comparisonThelinks for furtherinformation oneach producare also provided.

GEN-F1579
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1 AST_05: LSE(Land SurfaceEmissivity)in thefive TIR bands
https://Ipdaac.usgs.gov/products/ast_05v003/

1 AST_O07XT:VNIR (3 bands)andSWIR (6 bands, whemvailable)reflectance:
https://Ipdaac.usgs.gov/products/ast _07xtv003/

AST_08:LST: https://Ipdaac.usgs.gov/products/ast_08v003/
AST_09T:TIR surfaceradiancg5 bands), alscalledthe BOA (Bottomof Atmosphereyadiance
andtheskyirradiancen thefive TIR bandshttps://I[pdaac.usgs.gov/products/ast _09tv003/

= —A

Theselectedlatesandproductsaresummarizedn Table2. The acquisitions times are WTC (Coordinated
UniversalTime).

Study Area Date Acquisition time (UTC) | AST_05( AST_O7XT [ AST_08| AST_09T
Aix-Marseille | 12/08/2003 10:40:31 X X X X
30/01/2005 10:34:25 X X X X
14/01/2019 21:35:51 X X X
Montpellier 02/11/2007 10:47:02 X X X X
29/08/2015 10:42:08 X X X X
29/08/2015 21:49:08 X X X
01/11/2015 21:48:48 X X X
Paris 01/08/2003 10:57:21 X X X X
22/10/2004 10:57:11 X X X X
01/11/2015 21:50:07 X X X
01/11/2015 21:50:16 X X X
03/08/2018 10:53:34 X X X X
03/08/2018 10:53:43 X X X X
05/08/2018 21:51:00 X X X
05/08/2018 21:51:09 X X X
Strasbourg 17/02/2003 10:40:41 X X X X
12/08/2003 10:38:54 X X X X
26/01/2017 21:24:47 X X X
22/06/2018 21:26:19 X X X
Toulouse 14/01/2003 10:54:28 X X X X
10/08/2003 10:52:42 X X X X
28/12/2016 21:54:33 X X X
23/06/2018 11:01:15 X X X X

Table2: ASTERNASAproductsusedin THERMOCTY
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2.2.2. ECOSTRESS

ECOSTRESS(EcosystemSpacebornelhermal RadiometerExperimenton SpaceStation) is an
ongoing scientific experiment measuring TIR radiance from the International Space Station si26&8nid
The sensor is a multispectral radiometer acquiring data in five TIR spectral bands spread between 8 ant
microns,with a spatialresolutionof 70 m. Severaproductsaregeneratedrom the ECOSTRESSlata,among
which a LST product. Those products are available via various NASA data portals and are free of charge
THERMOCITY, thefollowing dataproducts areised:

1 ECOSTRESS_L1B_MAP_RADnappedadianceproduct,combiningTop Of AtmosphergTOA)
TIR radianceandgeolocatiorproducts to supplyegistered TIR radianagata

1 ECOSTRESS_L2_CLOUDcloudmask

1 ECOSTRESS_L2_ LSTELST andLSE products

ForECOSTRESSS dateshavebeenselectedvereachcity following theaforementionedriteria. Foreach
date, several data products were downloaded from the NASA data portal service for processing and
comparisonTheselecteddates anghroducts arsummarized iMTable3 The acquisitions times are WTC.
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Study Area Date Acquisition time (UTC) | MAPRAD | CLOUD | LSTE

Aix-Marseille | 27/08/2018 11:25:30 X X X
27/02/2019 10:13:14 X X X
15/07/2019 21:56:27 X X X
05/01/2020 01:21:31 X X X
07/08/2020 12:01:37 X X X

Montpellier 27/08/2018 11:25:30 X X X
27/02/2019 10:13:14 X X X
15/07/2019 21:56:27 X X X
05/01/2020 01:21:31 X X X
11/01/2020 22:59:17 X X X
07/08/2020 12:01:37 X X X

Paris 28/08/2018 10:33:02 X X X
15/02/2019 10:49:09 X X X
15/07/2019 23:33:19 X X X
21/01/2020 23:03:59 X X X
07/08/2020 13:38:46 X X X

Strasbourg 22/08/2018 12:32:48 X X X
17/09/2018 22:47:10 X X X
15/02/2019 10:50:01 X X X
08/08/2020 12:52:13 X X X

Toulouse 20/08/2018 09:24:48 X X X
13/02/2019 10:54:26 X X X
15/07/2019 21:55:35 X X X
11/01/2020 22:59:17 X X X
07/08/2020 12:00:45 X X X

Table3: ECOSTRESSASAproductsusedin THERMOCITY

ONERA
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2.3. Ancillary Data

2.3.1. Imperviousnesglensity

The TES algorithm used in THERMOCITY (detailed in 3.2) requires as input a classification tc
differentiate natural from artificial land cover. After evaluating different data sources, we selected th
ImperviousnesDensity product from Copernicus[1l]. This dataset,availableat 10 m resolution, was
resampledittheresolutionof the TIR satellitedataacquiredoy ECOSTRESSndASTER,respectivelyyOm
and90 m. This preprocessingtepwas performedby the Eolabteam at CNES.

e s

Figure 2: Imperviousnesdensitymapsat 10 m spatialresolutionfor eachmetropolis
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2.3.2. Atmosphericprofiles and cloud cover

Unlike for ASTER, there is no @urface TIR radiance product available for ECOSTRESS. Before
applying the TES algorithm, an atmospheric correction step is then required to convert ECOSTRESS T(
radiance to BOA radiance values. @o so, we used a precise description of the atmosphere provided by
vertical atmospheric profiles produced by MétéoFrance for each acquisition time of selected ECOSTRE
images. Those profiles consist in temperature, relative humidity and air press@ atah0 geopotential
altitudelevelsstartingfrom groundheightaboveseaevel to 50 km high. Theyweregeneratedby two models:
AROME! below 10 000 Pa and ARPE&&bove 10 000 Pa. Above 50 km, the values are interpolated from
atmospheric databases. The values are also horizontally interpolated to fit the requested profile location
correspondo theclosest houto theimageacquisitiontime.

2.3.3. SkyView Factor

TheSkyView Factor(SVF) usedin the constructiorof the QA layerwascomputedrom the BD topo
[2] rasterizedat 1 m spatialresolutionusingatool developedy CNES(for moreinformationpleasecontact
the LOT team at CNES). The parameters used for the SVF computation are defined according to
recommendatios given in [3] for urban areas: a calculation radius of 100 m and 16 search directions. A
exampleof SVFmap is presented figure3.

(S =

Figure 3: Exampleof SkyViewFactor mapsat 1 mspatialresolutionoverthe city centreof Toulouse

TheSVF at1 m spatialresolutionwasaggregateat 70 and90 m, theresolutionsof ECOSTRES&nd
ASTERTrespectivelyWhenaggregatedhe denseareaswith narrowstreetsshowedhigh SVF valuesbecause
most of the pixels consist of roofs with SVF value close to 1. By averaging, the high values on the roofs p
the pixel average up, leading to a loss of the urban canyon contribution. To compensate for this effect,
weighted the aggregated SVF valueg@m and 90 m by the percentage of buifdarea in each pixel of 70
m and 90 m respectively. This weighting allowed compensating for the fact that the SVF are almost 1 on
roofsand thugmaskingthelow values observed ithe urban canyons caseof densebuildings.

L https:/ivww.umr-cnrm. fr/spip.php?article120&lang=en
2 https:/ivww.umr-cnrm.fr/spip.php?article121

(LN ERA

THE FRENCH AEROSPACE LAB

GEN-F1579


http://www.umr-cnrm.fr/spip.php?article120&lang=en
http://www.umr-cnrm.fr/spip.php?article121

-16- RT 1/31221DOTA

NOVEMBRE 2021

Theweightingis only appliedon pixelswith maximum95%of build-up areain orderto avoid SVF of
0 in case of pixels fully covered by buildings. The SVF values obtained after weighting are consistent wi
recentworks on thesubject{10, 11].
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3. METHODS

Prior to being processed, all the data have been geometrically corrected to fit CopernicusSentine
missiongeolocalizatiorandto ensureperfectoverlappingoetweerthedifferentspectrabandsandthe various
dataproducts. This prprocessingtep was performelly the Eolabteamat CNES[4].

3.1. Atmospheric correction of ECOSTRESSTOA radiance

Thelevel 1B MAP_RAD ECOSTRES$lataproductprovidesgeometricallycorrectedadiancevalues
at the top of the atmosphere. It is then necessary to apply an atmospheric correction to retrieve the bottol
atmosphereadiancevalues require@sinput ofthe TES algorithm.

The atmosphericcorrection was performed using COMANCHE [5]. This code, computing the
incomingspectraradianceatthesensotevel for instrumentoperatingn theVIS - LWIR spectrarangewas
used to estimate the atmospheric transmittance and path radiance values required to convert TOA to E
radianceaccordingo thefollowing equation:

,‘ _ Uvg Uei o
Yoo, = Y o

With: 0so, : Bottom Of Atmospheréhermalradiancen band_
Oz, : Top Of Atmospherghermalradiance irband_
Oei ¢ : Atmosphericadianceestimatedby COMANCHE in band_
“¥i »: Atmospheridransmittance estimated BOMANCHE in band_

COMANCHE simulations also provided the atmospheric irradiance value, which is the second inp
requiredby the TES algorithm toedimatethe LSE andLST.

The properties of the atmosphere provided as input to COMANCHE were derived from atmospher
profiles computed by MétéoFrance for each product acquisition time. Those profiles were generated over
city centreand applied taheentirestudyarea.

The parameterization of COMANCHE used in THERMOCITY is detailed in Table 4. The same
parameterareset for all studites excepivhentheme t r o first lettersr@mes specified.
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Parameters Summerday Summer night Winter day Winter night
A 5(P,S,T) 5P, S, T)
Temperaturenin (°c) 20 10 0 (AM, M) 0 (AM, M)
Temperaturenax (°c) 80 70 60 60
Number of temperature
. 14(P, S, T) 14(P, S, T)
steps between the min 13 13 13 (AM, M) 13 (AM, M)

andmaxvalues

Defaultmodel

2 Mid-Latitude

2 Mid-Latitude

3 Mid-Latitude

3 Mid-Latitude

Summer Summer Winter Winter
CO; Particulecontent 400 400 400 400
(Ppmv)

5 URBAN (P, S,| 5 URBAN (P, S,| 5URBAN (P, S,| 5 URBAN (P, S,

Aerosols model T) T) T) T)
(MODTRAN code) 4 MARITIME 4 MARITIME 4 MARITIME 4 MARITIME

(AM, M) (AM, M) (AM, M) (AM, M)
Visibility (km) 23 23 23 23
Numberflux disort 2 fluxesmodel 2 fluxesmodel 2 fluxesmodel 2 fluxesmodel
Spectraresolution(cn?) 1 1 1 1

Table 4: Parameters set in COMANCHE for atmospheric correction. The same parameters are set for all study sites except wr

theme t r o firsd lettersadneis specified AM = Aix-Marseille,M = Montpellier,P = Paris, S= Strasbourg.,T = Toulouse)

3.2.

LST retrieval: the TES algorithm

The TES algorithm was originally developed for ASTER data [6]. It retrieves jointly the land surface
temperatur@andtheland surfaceemissivityfrom the TIR BOA radianceandthe TIR irradiancethanksto four
steps:

1. The NEM (Normalized Emissivity Method), which uses an initial emissivity value (here 0.99) anc
iteratively corrects for the downwelling radiance. A maximum number of iterations is required (her
13) and a flag is raised if there is no convergence, medminglgorithm failed. The outputs of the
NEM step are : the emissivity spectrum, the Quality Assessment (QA) layer of the NEM module ar
thepreliminaryvalues oftheLST.

2. The RATIO module, which normalizes the emissivity spectrum by the emissivity avesage over
the spectrum. It allows the algorithm to be less sensitive to errors in temperature and preserves
shapeof thespectrum. Theutputof the RATIO step isthenormalized emissivitgpectrum.

GEN-F1579
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3. The MMD (Minimum Maximum Difference) module, which converts normalized emissivities into
actual emissivities using thempirical MMD relationship The MMD relationshipis a nonlinear
regressionbetweenthe minimum emissivity and the spectral contrastdefined as the minimum-
maximumdifference and is expressed as:

Saiz = O+ Q0 0 '@

4. Oncethe minimumemissivity iscomputedthe LST is retrievedwith theinverseP | a nlawk Ibtke
LSTis complex, dlagis raised to showhat the MMDmodulefailed.

Theoutputsof the TESalgorithmare:

LST,

LSEin eachprocessed IR band,

Quality AssessmentQA) layerof theNEM module,

QA layerof theMMD module,

Map of theminimum emissivityalueused asninput forthe NEM module.

E

To apply the TES algorithm, the parameters of the MidIationshipneed to be estimated according
to the numberand spectralresponse®f the consideredTIR bandsusing an emissivity spectraldatabase.
Usually, theMMD relationship is constructed from a database in which artificial materials are under
represented leading pmtential LST estimation errors over those types of materials, especially in urban area
Thus, an urbarorienteddatabasevasdevelopeccomprisingd 7% of manmadenaterialsand53% of natural,
to be representative for both urban and rural areas. Furthermore, a study based on airborne and spacek
dataacquiredoverthe city of Madrid found that separatinghis urbanorienteddatabasénto one manmade
surfaceoriented database and one natswafaceoriented @tabase to construct twWwMD relationships led
to LST retrievalaccuracy improvement [7]. In THERMOCITY, we followed this approach and separated the
manmade anthe natural materials into two distinct datsés, each one split into two for calibration and
validation of twoMMD relationshigs. To use this version of the TES, it is then necessary to know which
material type is covered bgach pixel, natural or artificialn order to choose which MMD relationsHip
apply. Furtheinformation on the TE&gorithmcan befound in [8, 9].

3.2.1. Calibration andvalidation of the TES algorithmfor ASTER

Figure 4 illustrates the MMDelationshipfor the manmadsurfaceoriented database for calibration
andvalidation as well as the MMelationshipfor the naturakurfaceoriented database for calibration and
validation. The Pearsorlinear correlationcoefficients betweethe observeddataand theretrieveddata are
given.
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i Calibration on manmade-surface-oriented database S50 Validation on manmade-surface-oriented database
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Figure 4: MMD relationshipfor ASTER

Table5 givestheRMSE (RootMeanSquareError) andthe parameters, b, c of theMMD

relationship

Database a b C RMSE calibration | RMSE validation
Naturatsurfaceoriented 0.987| 0.692| 0.811 0.0052 0.0050
Manmadesurfaceoriented | 0.964| 0.969| 0.982 0.0139 0.0137

Table5: Parametewvaluesand RMSEfor calibration and validationof the TESalgorithmfor ASTER

3.2.2. Calibration and validation of the TES algorithm for ECOSTRESS

Figure 5 illustrates the MMDelationshipfor the manmadsurfaceoriented database for calibration
andvalidation as well as the MMelationshipfor the naturakurfaceoriented database for calibration and
validation. The Pearsorlinear correlationcoefficients betweethe observeddataand theretrieveddata are
given.
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Figure 5: MMD relationshipfor ECOSTRES®ith 5 TIR bands

Table6 givestheRMSEsandtheparameters, b, cof theMMD relationshipwith five bands.

Database a b C RMSE calibration | RMSE validation
Naturatsurfaceoriented 0.985| 0.771| 0.890 0.0045 0.0045
Manmadesurfaceoriented | 0.962| 1.063| 1.082 0.0134 0.0132

-21-

Table6: Parametewaluesand RMSEfor calibration andvalidationof the TESalgorithmfor ECOSTRES®ith 5 TIR bands

Figure 6 illustrates the MMDelationshipfor the manmadsurfaceoriented database for calibration
andvalidation as well as the MMEelationshipfor the naturakurfaceoriented database for calibration and
validationwhen only three thermal bands are used because twbarieés of ECOTRESS are out of service

since May2019.The Pearsorinear correlatiorcoefficientsbetweerthe observedlataandtheretrieveddata

are given.
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Figure 6: MMD relationshipfor ECOSTRES®ith 3 TIR bands

Table7 givestheRMSEsandtheparameters, b, c of theMMD relationshipfor threebands.

Database a b C RMSE calibration | RMSE validation
Naturatsurfaceoriented 0.981| 0.924| 0.961 0.0045 0.0047
Manmadesurfaceoriented | 0.962| 1.263| 1.093 0.017 0.015

Table7: Parameterand RMSEfor calibration andvalidation of the TESalgorithmfor ECOSTRES®ith 3 TIR bands

3.2.3. Imperviousnessiensityfor natural/artificial classification

To apply the right MMDrelationshipo the considered pixel, it is necessary to define whether the pixel

material is manmade or natural. To this end, imperviousness density products (section 2.3.1) were analy
visually over the five selected cities and thresholds were set empirically byipterfaretation. Thresholds
aredifferentfor wintertimeandsummetime datato takeinto accounthetemporalvariability of the treesthat

are often deciduous in cities. The fact that this approach does not consider pixels as mixed but pure cal
mentionedas aimitation.
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Thethresholdsisedby city andseasorio retrievethe LST from ASTERdataaregivenin Table8. The

thresholdndicategheminimumimperviousnesdensityvaluerequiredto considera pixel asartificial. Below,
thepixel is considered as natural.

Study Area Summerthreshold (%) Winter threshold (%)
o tarsele i 20101 20150114T215561
Montpellier 30 20
Paris 30 20
Strasbourg 30 10
Toulouse 50 30

Table8: Thresholdaisedfor theimperviousnesdensityfor ASTER

To retrieve LST from ECOSTRESS data, the same summer and winter thresholds were used for
cities. Those thresholds, given in the Table 9, indicate the minimum imperviousness density values requi
to consideapixel asartificial. Below, thepixel is consideredsnatural. Thethresholchasbeensetempirically
according to the area and the spatial resolution, which explains why they are different between Table 8 .
Table9.

Study Area Summerthreshold (%) Winter threshold (%)
All 50 40

Table9: Thresholdsusedfor theimperviousnesdensityfor ECOSTRESS

3.3. Disaggregation of theLST derived from ASTER data

3.3.1. Disaggregationapproach

The methods applied in this project rely on the base that images are acquired at a better resolutio!
the reflective domain than in the TIR domain, and consequently, the finer information present in the visik
and/orshortwavedomaincanbe usedto downscalegheTIR images.To do so,aregressiorbetweeraspectral
index retrieved from the VNIFBWIR at a fine resolution and the LST retrieved at the coarse resolution is
used. The regression parameters are estimated at the coarse resolution (here 90 meters) and, unde
hypothesisof the scale invariance, are used at the finer resolution (here 30 metersand 15 meters).
Mathematicallyjf theregressions consideredinear,the LST ata generalkresolutionl canbeexpresseas:

Y= @+ QO
WhereY istheLST and®@is anindexobtainedrom the VNIR-SWIR, bothat resolutionl.
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The second hypothesis is that the linear relationship between the surface temperature and the inde
thesameatanyresolutionwhichis thescaleinvariancenypothesisThen,thelinearparameters (intercept)
anda (slope)do not depend on theealeand theycan benoteddandw

=+ ®i0 1
Wherel indicatesa generiaesolutionl.

First,usingtheTIR spectrabandsf theimage the LST “Y@ iis obtainedatagivencoarseaesolution).
At the same time, using the VNHBWIR spectral bands, an ind@s obtained at a finer resolutid@g.
By aggregating (spatially averaging) the VNSRVIR spectral bands, this index is also obtained at the coarse
resolutiond ("O&). Both, LST andthe index arefunction of the pixel locationsw (w (at the coarsescaleand
oQatthefine scale).

Secondthelinearparametersyand®areobtainedby linearregressiorat the coarse resolutiof.
"Ydo= O+ QO

Third, this linearrelationshipis appliedpixel by pixel todeducethetemperature”Yoatthefine scale.
eYQo= O+ 0 Qo

Fourth,theresidualsO "Qof theunmixedLST ("Y) areestimated and used correcte”™YQ

“Yo= €Y+ O "o

Thedifferentmethodsasednthis approachmainlydiffer ontheindexthatis usedor in theresiduals
estimation. [9] studied the downscaling of the LST retrieved from satellite data over urban areas from 1
metergo 20 meterscomparingourteenindicesandsevermethodsTheyshowedhatthe ATPRK (AreaTo-
PointRegressionkriging) andthe AATPRK (AdaptiveAreaTo-PointRegressiorKriging) methodsprovided
thebestresultswhencomparingwith a LST referencenapretrievedfrom airbornedata. The ATPRK method
wasthe mostefficient methodfor downscalinglaytimedataandthe AATPRK methodwasthe mostefficient
for nighttime data with similar performancesbetweenthe use of the NDVI (Normalized Differential
Vegetation Index) or the NDBI (NormalideDifferential Built Index). For nighttime data, the NDVI or the
NDBI were retrieved from daytime data acquired at a close date. Both ATPRK and AATPRK rely on
regression that is assumed as linear. A description of each method and of the methodabeipgeid ior the
following subsections. Description 8fTPRK and AATPRKIis provided in9].

3.3.2. Methodsandindicesusedfor the disaggregation

TheNDVI andNDBI indicesarederivedfrom thereflectancan the VNIR-SWIR bands Theformula
to derivethoseindices from ASTER datare:
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v . 00 RYWL BY
U Ow=10, .,@, e @
WL Y wUL VY

With w 0 "@ahdw 0 "@tesecond bandnd thethird band inthe VNIR domain respectively.

"WOY wi "®Y
"WOY+ w0 @Y

0060

With @ 0 "®@tethird band inthe VNIR domain andYV'Oivthefirst band in theSWIR domain.
To perform the disaggregation, the VNIR surface radiances at 15 m were undersampled at 30 and

m and the SWIR surface radiances at 30 m were undersampled at 90 m by spatial averaging. NDVI is t
retrievedfrom thereflectance at thenreedifferentspatial resolutions.

Table 10 summarizes the index and disaggregation method used for each gaeagygkevel, 30 o5 m, for
each dateThe acquisitions times are WirC.
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Study Area Date Acg. time (UTC) | Downscaled to 30n Downscaled to 15n
: . 4 A ATPRK+NDVI /
Aix-Marseille | 12/08/2003 10:40:31 ATPRK+NDBI ATPRK+NDVI
ATPRK+NDVI /
L . .
30/01/200¢5 10:34:25 ATPRK+NDBI ATPRK+NDVI
14/01/2019 21:35:51 X X
. i Ao ATPRK+NDVI /
Montpellier 02/11/2007 10:47:02 ATPRK+NDBI ATPRK+NDVI
29/08/2015 10:42:08 ATPRK+NDVI ATPRK+NDVI
29/08/2015 21:49:08 AATPRK+NDVI AATPRK+NDVI
01/11/2015 21:48:48 X X
. 4 i ATPRK+NDVI /
Paris 01/08/2003 10:57:21 ATPRK+NDBI ATPRK+NDVI
ATPRK+NDVI /
z . .
22/10/200 10:57:11 ATPRK+NDBI ATPRK+NDVI
01/11/2015 21:50:07 X X
01/11/2015 21:50:16 X X
03/08/201¢ 10:53:34 ATPRK+NDVI ATPRK+NDVI
03/08/201¢ 10:53:43 ATPRK+NDVI ATPRK+NDVI
05/08/201¢ 21:51:00 AATPRK+NDVI AATPRK+NDVI
05/08/201¢ 21:51:09 AATPRK+NDVI AATPRK+NDVI
. A, ATPRK+NDVI /
Strasbourg 17/02/2003 10:40:41 ATPRK+NDBI ATPRK+NDVI
. ~o. ATPRK+NDVI /
12/08/2004 10:38:54 ATPRK+NDBI ATPRK+NDVI
26/01/2017 21:24:47 X X
22/06/201¢ 21:26:19 X X
- e ATPRK+NDVI/
Toulouse 14/01/2004 10:54:28 ATPRK+NDBI ATPRK+NDVI
. e, ATPRK+NDVI/
10/08/2004 10:52:42 ATPRK+NDBI ATPRK+NDVI
28/12/201€ 21:54:33 X X
23/06/2018 11:01:15 ATPRK+NDVI ATPRK+NDVI

Table10: Methodandindexusedfor downscalingaccordingto the studyareaandtheacquisitiontime
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3.4. Quality Assessment

A quality assessment (QA) layer was defined to inform users about the reliability of the LST produc
by flagging pixels for which higher uncertainties can be expected due to several factors imibecting
estimations. In this QA, there is no calculation of uncertainty values, the idea is to indicate where the LST
expectedvith ahighaccuracyrwherecautionwith theresultinterpretations required Ontop ofuncertainties
linked to the radiomeir quality of the input data, the presence of clouds or the TES algatgélfy this QA
considers sources of uncertainties specific to urban areas where LST errors can be intheadjégency
effect and3D structure.

In orderto consideralargerangeof potentialsourcef errors,we gatherednformationfrom thedata
products itself and ancillary datasets such as input radiance quality planes and cloud masks, Sky View Fa
(SVF) and output from the TES to evaluate the reliability of theeretd values. The criteria and thresholds
aredefinedbasedon knowledgederivedfrom recent studies obST estimationin urban areaflO, 11].

No filtering or data filling was applied to remove bad or suspect values from the LST products. Da
considerechsii b andapnotbebadfor all usersor maystill contain some scientifically usefulinformation.
Theuserthushasaccesso theoriginal valuesprovidedby the TESandcanchooseo filter thenmusing the QA
layer to mask out pixels according to one or several sources of uncertainty or to genesatenask.

A pixel is flaggedassuspectn the QA accordingo thefollowing criteria:

1 Physicallygrounded_ST: in caseof unrealisticvalues,out of a givenvalid range

1 PhysicallygroundedLSE: if oneof the spectralemissivitiesshowsan unrealisticvalue,out of a
givenvalid range

1 TESalgorithm:if theNEM modulefrom the TES didnotconverge

1 Input BOA radiance: if the quality flag associated with the radiance data used as input in the TE
is different from 0 (including cloud mask information if available). In case of ECOSTRESS, the
cloud mask information was available for only 14 dates o@bpthe images without cloud mask
aredetailed in theeadmdile associated with thproducts

1 Surface roughness: according to the Sky View Factor (SVF) value as a proxy of surface roughne
based on several studies using this metric to evaluate the iofpthet city 3D structure on LST
estimationLow SVFvalues are related to highempacts orLST retrieval

The QA layer has a common structure for all LST products. A binary code is attributed to each pix
allowing to quickly identify which source of error could potentially affect the retrieved LST value. A pixel
with a QA value of A00 is highly reliable. I I |
to evaluatd_ST uncertaintyThe QA codeis madeof five bitsto whichis attributeda specificsourceof errors.
Thestructureof the QA layerandtheapplied thresholds adetailed in Tabld 1.

ONERA

THE FRENCH AEROSPACE LAB

GEN-F1579



RT 1/31221DOTA
NOVEMBRE 2021

Bit | Criteria Sourceof error | Threshold (flaggedi f € )

1 |LST Algorithm Below-10°Cor abovel00°C

2 |LSE Algorithm Below 0.4 or abovel

3 | ModuleNEM | Algorithm Nonconvergencélag =1

4 | BOA radiance Inputdata QA inputdata>0

5 |[SVF Surface3D Below0.3

Tablel11: Bit codeandassociatedtriteria usedin the QA layer
(LINER A
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4. THERMOCITY PRODUCTS

TheLST mapsgeneratedn the projectarecomparedvith the LST productsfrom NASA atthespatial
resolutions of 90 m for ASTER and 70 m for ECOSTRESS. To highlight the differences and the similaritie
betweerboth products, several metrics amsidered:

1 Foreachproduct:
0 LST meanvalueoverthe entirestudyarea
0 LST spatialvariability (standardleviation)overthe entirestudyarea

1 Fromthedifferencebetweerthetwo products:
0 MeanBiasError(MBE)
0 RootMeanSquareError (RMSE)
0 Pearsorinearcorrelationcoefficient(R?)

To computethosemetrics,only pixelsfulfilling thefollowing conditionsaretakeninto account:

Inputradiancen eachband isnot equalto O

Not flaggedin the QAmapandQAmmd layersgeneratedby the TES

LST is not a NaN value andcomprisedbetween250 and 360K (the percentag®f pixels out of this
rangeis provided in thescatterplots ilAppendixA and C)

1 LST NASA is not adummyfilling value

= = =

In addition, the LST distribution is studied through the production of histograms and differenc
scatterplots. Those figures, along with LST and LST difference maps are provided for each dates and st
areasn AppendixA for ASTERand AppendixC for ECOSTRESS.

For the downscaled ASTER LST maps at 30 m and 15 m, the mean and spatial variability (stand:
deviation)of the LSTare providedvith thecorrespondindpistograms t@omparewith themapsat 90m.

4.1. ASTER

4.1.1. LSTat 90m
Tablell providesthecriteriavaluesto comparehe NASA productsandthe LST mapsretrievedfrom

our processing, according to the study area and the acquisitiofrtigh€C). The LST,LST difference maps,
histogramsand scatterplot foeach dat@areprovidedin the AppendixA.
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Study Area Date Acg.time | Mean | Mean | Stdev | Stdev | RMSE | MBE R2
(UTC) LST LST LST LST (K) (K)
NASA [ (K) NASA [ (K)
(K) (K)
Aix-Marseille |12/08/2003 10:40:31| 305.87| 305.62 6.81 7.04 1.65 0.25 0.95
30/01/200 10:34:25( 281.76( 281.83| 4.39 4.39 0.84 | -0.07 | 0.96
14/01/2019 21:35:51| 283.56| 283.5| 4.76 4.67 0.96 0.06 0.96
Montpellier 02/11/2004 10:47:02 | 290.02| 290.08| 2.74 2.57 0.73 | -0.06 | 0.93
29/08/2014 10:42:08 | 306.85( 306.56| 3.55 3.38 0.96 0.28 0.93
29/08/2014 21:49:08 | 291.96( 291.36| 2.23 1.9 1.18 0.59 0.79
01/11/2014 21:48:48 | 281.58( 281.42| 2.08 1.84 1.14 0.16 0.71
Paris 01/08/2009 10:57:21| 307.42( 307.38| 5.60 5.63 1.97 0.04 0.88
22/10/2004 10:57:11| 290.96| 291.02| 1.84 1.82 1.34 | -0.06 | 0.53
01/11/2015 21:50:07 | 282.10( 281.87| 1.79 1.87 1.06 0.23 0.70
01/11/2015 21:50:16 ( 282.32| 281.96 1.61 1.67 1.05 0.41 0.69
03/08/201§ 10:53:34 | 313.76( 313.69| 5.48 5.41 1.97 0.07 0.87
03/08/201§ 10:53:43| 314.54| 314.53| 5.51 5.43 2.13 | 0.013| 0.85
05/08/201f§ 21:51:00( 292.48| 292.27| 3.04 3.28 1.2 0.21 0.87
05/08/2014 21:51:09( 291.92| 291.7 | 3.18 3.17 1.45 0.23 0.81
Strasbourg 17/02/2009 10:40:41( 273.94| 273.9| 3.07 3.08 0.91 0.04 0.91
12/08/2009 10:38:54 | 310.99| 310.73| 5.3 5.2 1.9 0.26 0.88
26/01/20171 21:24:47 | 266.07| 265.86 2.22 2.22 0.78 0.21 0.89
22/06/2014 21:26:19( 284.36| 284.18 2.55 2.52 1.34 0.19 0.75
Toulouse 14/01/2003 10:54:28 | 277.50| 277.52| 1.45 1.38 0.52 | -0.02 | 0.87
10/08/2003 10:52:42 | 319.62| 318.96 5.4 4.71 2.79 0.66 0.75
28/12/201q4 21:54:33( 274.67| 274.37| 1.48 1.38 0.69 0.3 0.82
23/06/2014 11:01:15( 305.9| 305.8 | 4.31 3.98 1.22 0.1 0.92
Table12: Evaluationcriteria betweerNASAASTER.STmapsand THERMOCITYLSTmaps
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THERMOCITY LST and NASA LST are in good agreement, with low values of RMSE between 0.5
and 2 K and a maximum value of the RMSE of 2.79K. The spatial variability of the LST is similar betwee
bothproductswith lower nighttimevaluesthandaytime,in agreementvith thehomogenizatioof the LST at
nighttime. Most of the differencesare seenover the urban areas,especiallyfor manmadematerials.
Furthermore, two dates have clouds so the LST values over cloudy pixels are those of the clouds and nc
thesurface, whiclalso affects thenagestatistics:

1 01/08/2003L0:57:21overParis:cloudypixel LST valuemainly betweer280 and290 K
1 17/02/2003L0:40:41over Strasbourgcloudypixel LST valuemainly betweer260and 270K

TheLST valuesof cloudypixelscanbe maskedwith the QA layertakinginto accounthecloudmask.

4.1.2. Downscaled_ST at 30m

Tablel3givesthemeanL ST andits spatialvariability at 30 m whentheNDVI is usedwith the ATPRK
method(only daytimeimages).

Study Area Date Acq.time Mean LST at 90| Mean LST (K) StdevLST (K)
(UTC) m (K)

Aix-Marseille | 12/08/200  10:40:31 305.62 305.46 7.73
30/01/2005 10:34:25 281.83 281.74 5.44

Montpellier |02/11/2004  10:47:02 290.08 289.90 5.09
29/08/201§  10:42:08 306.56 306.44 4.86

Paris 01/08/2004  10:57:21 307.38 307.31 6.59
22/10/2004 10:57:11 291.02 290.94 3.49
03/08/201¢ 10:53:34 313.69 313.64 6.11
03/08/201¢ 10:53:43 314.53 314.52 5.93

Strasbourg 17/02/2003 10:40:41 273.9 273.85 3.76
12/08/2004 10:38:54 310.73 310.64 6.27

Toulouse 14/01/2004 10:54:28 277.52 277.44 3.36
10/08/2004 10:52:42 318.96 318.92 10.06
23/06/201§  11:01:15 305.8 305.63 5.91

For nighttimeimagesthe AATPRK methodcanbeusedif a pair of daytimeandnighttimeimagesis

available. Two dates meet this criterion:

GEN-F1579

Table13: Meanandstandarddeviationfor thedownscaled. STmapswith ATPRKandNDVI
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1 Montpellier29/08/2015vith adaytimeimagefrom 29/08/2015,
1 Paris5/08/2018with daytimeimagesfrom 03/08/2018.

To compare with ATPRK method used with NDVI, Table 14 gives the mean and spatial variability o
theLST at30 m whentheNDBI is used(only daytimeimagesbefore2008whenSWIR bandsareavailable).

Study Area Date Acg. time (UTC) Mean LST (K) StdevLST (K)
Aix-Marseille | 12/08/2003 10:40:31 305.43 7.91
30/01/200% 10:34:25 281.74 5.48
Montpellier 02/11/2007 10:47:02 289.90 5.12
Paris 01/08/2003 10:57:21 307.34 6.61
22/10/2004 10:57:11 290.95 3.49
Strasbourg 17/02/2004 10:40:41 273.86 3.78
12/08/2003 10:38:54 310.66 6.32
Toulouse 14/01/2004 10:54:28 277.44 3.37
10/08/2003 10:52:42 318.97 10.08

Table14: Meanandstandarddeviationfor thedownscaled STmapswith ATPRKandNDBI

The mean LST and spatial variabilities retrieved with ATPRK+NDVI or ATPRK+NDBI are very
similar, in agreement with [9].

Last, Table 15 gives the statistics for nighttime images at 30 m where the AATPRK method is use
OnlytheNDVI is usedbecaus@o pairs of nighttimeimagesanddaytimeimageswereavailablebefore2008,
whenSWIR bandswerestill acquired Thestatisticgprovidedfor 90 m LST differ betweernTablel3andTable
15 as theareausedfor thedisaggregatioms smallemighttime.

Study Area Date Acq.time | Mean LST at| Mean LST (K) [Stdev LST af StdevLST (K)
(UTC) 90m (K) 90 m(K)
Montpellier |29/08/201§ 21:49:08 291.64 291.82 4.42 2.12
Paris 05/08/201§ 21:51:00 292.32 292.39 4.46 3.42
05/08/201§ 21:51:09 292.2 292.30 5.2 4.24

Table15: Meanand spatialvariability of theLSTat 30 mwith AATPRKandNDVI
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4.1.3. Downscaled.ST at 15m

Tablel6givesthemeanLST andits spatialvariabilityat 15m whentheNDVI is usedwith theATPRK
method(only daytimeimages). Thé&N\DBI cannotbeusedastheNDBI|l 6 s s patigs3@im resol u

Study Area Date Acg.time Mean LST at 90| Mean LST (K) StdevLST (K)
(UTC) m (K)

Aix-Marseille [ 12/08/2007 10:40:31 305.62 305.46 1.77
30/01/2005 10:34:25 281.83 281.74 5.48

Montpellier [02/11/2007% 10:47:02 290.08 289.90 5.14
29/08/201§  10:42:08 306.56 306.44 4.90

Paris 01/08/2003 10:57:21 307.38 307.32 6.67
22/10/2004 10:57:11 291.02 290.94 3.54
03/08/201§  10:53:34 313.69 313.65 6.19
03/08/201§  10:53:43 314.53 314.53 6.01

Strasbourg | 17/02/2003 10:40:41 273.9 273.85 3.79
12/08/2004 10:38:54 310.73 310.66 6.33

Toulouse 14/01/2004 10:54:28 277.52 277.44 3.42
10/08/200§  10:52:42 318.96 318.92 10.28
23/06/201§  11:01:15 305.8 305.64 5.99

Table16: Meanand standarddeviationof thedownscaled. STmapsat 15 mwith theNDVI and ATPRK

Tablel7 givesthemeanandthe spatialvariability of the LST atl5 m for the nighttimeimages.

Study Area Date Acq.time Mean LST | Mean LST | Stdev LST at| StdevLST (K)
(UTC) at 90 m (K) (K) 90m (K)
Montpellier |29/08/201 21:49:08 291.64 291.82 4.42 2.17
Paris 05/08/201§ 21:51:00 292.32 292.39 4.46 3.45
05/08/201§ 21:51:09 292.2 292.31 5.2 4.28

GEN-F1579
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4.2. ECOSTRESS

Tablel8providesthecriteriavaluesto comparghe NASA standargroductsandthe THERMOCITY
LST maps retrieved from our processing, according to the study area and the acquisition time. The RM!
MBE and R? are missing for some dates due to geometric correction issues preventing to compute
difference maps (refer to [4] for more information). The LST and LST difference maps (when available) fc
eachdates argrovided in theAppendixC.

The comparison of the respective LST mean and standard deviation values shows a good agreer
betweerthe LST mapsproducedn THERMOCITY andthe NASA ones.Thisis confirmedby theRMSEand
R2ranging between 0.37 and 2.07 K and between 0.68 and 0.99 respectively. The lowest R? vhises/ace
for LST maps with very low temperature dynamics (see Appendix C). The MBE rangesli@to 0.3,
indicating slightly higher LST values in the ERMOCITY products as compared to the NASA Lj8dducts
with, generally, larger difference observed during daytime. ForMaxseille and Montpellier, thé&arge
proportion of water in some images can mask out the LST behaviour on continental land. Faoalythis
of the LST and LST difference maps, there is no general trend in the differences observed betiveen
products. Globally, most of the differences are observed over the urban areas, especially for manm
materials A brief description otheresuts dateby dateis provided in AppendixX.

In the case of ECOSTRESS, the differences between the THERMOCITY and the NASA products a
not only resulting from the modification of the TES algorithm. They can also come from the atmospher
correction perfaned to convert radiance TOA to BOA values. With no ground truth to validate the retrievec
LST value, it is not possible to conclude on the benefit brought by our approach. However, we could notic
reductionof extremevalues with oumethod.
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Study Area Date Acg.time | Mean | Mean | Stdev | Stdev | RMSE | MBE R?

(UTC) LST LST LST LST (K) (K)
NASA | (K) | NASA| (K)
(K) (K)

Aix-Marseille |[27/08/201§ 11:25:30| 302.06| 303.67| 6.76 | 7.30 - - -
27/02/2019 10:13:14 | 288.78| 290.75| 2.60 2.82 207 | -1.97 | 0.95
15/07/2019 21:56:27 | 291.35| 292.11| 2.13 2.61 1.02 | -0.76 | 0.96
05/01/202( 01:21:31| 278.06| 278.45| 5.18 5.44 0.68 | -0.39 | 0.99
07/08/202( 12:01:37| 308.50( 309.72| 8.74 | 9.62 - - -

Montpellier 27/08/201¢ 11:25:30( 304.17| 305.05| 6.95 7.02 - - -
27/02/2019 10:13:14 | 289.75| 291.67| 3.03 3.20 201 | -191 | 0.96
15/07/2019 21:56:27 | 292.67| 293.60| 2.39 2.69 1.07 | -0.93 | 0.97
05/01/202( 01:21:31| 277.95| 278.51| 4.38 4.55 - - -
11/01/202( 22:59:17 | 273.28| 273.84| 2.75 2.94 0.75 | -0.56 | 0.97
07/08/202( 12:01:37| 310.37| 310.91| 9.45 9.70 - - -

Paris 28/08/201§ 10:33:02 | 303.23| 303.63| 4.52 | 4.67 - - -
15/02/2019 10:49:09| 282.77| 283.44| 1.01 1.20 0.95 | -0.67 | 0.68
15/07/2019 23:33:19| 284.32| 285.00{ 1.94 | 2.26 | 098 | -0.68 | 0.91
21/01/202( 23:03:59 | 269.86| 269.95| 091 | 094 [ 051 | -0.09 | 0.73
07/08/202( 13:38:46 | 316.34| 317.31| 3.98 4.34 - - -

Strasbourg 22/08/201¢ 12:32:48 | 309.87| 308.94| 7.00 6.88 - - -
17/09/201§ 22:47:10| 286.54| 286.23| 2.65 2.77 0.65 0.30 0.96
15/02/2019 10:50:01| 281.43| 282.14| 1.72 1.76 0.97 | -0.70 | 0.86
08/08/202( 12:52:13| 309.22| 310.57| 5.15 5.58 - - -

Toulouse 20/08/2014 09:24:48 | 302.29( 303.17| 2.20 2.39 - - -
13/02/2019 10:54:26 | 283.69| 284.77| 0.91 1.05 1.24 | -1.08 | 0.68
15/07/2019 21:55:35| 289.22| 289.18| 1.72 1.98 0.66 0.04 0.90
11/01/202Q 22:59:17 | 271.62| 271.73| 0.82 0.84 0.37 | -0.12 | 0.83
07/08/202( 12:00:45| 317.36| 316.50| 3.24 | 3.18 - - -

Table18: Evaluationcriteria betweeMNASAECOSTRESESTmapsand THERMOCITYLSTmaps
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4.3. SUHI

Forthe SUHI estimationarural referenceareawasidentifiedfor eachstudysite. The selectionof this
referencereais based on thillowing criteria:

1 Nottoo closeto ariver or watersurface

1 Altitude closeto that ofthecity

1 Shouldbe moreof anagriculturalareanot (too) muchforestor built-up area

1 Thereferencearea shouldbe the same fazachdateandproductover agiven metropoligto allow
comparisorbetween dates)

It wasdifficult to find asuitablereferenceareaaroundMontpellierandespeciallyaroundAix -Marseille
thatmetall thesecriteria. For Aix -Marseille,the ASTERwinterimagescouldnot be processe@stheydo not
coveranyreliablereferencearea. Thesizeof theareaidentifiedfor eachcity is presentedn Tablel9.

Study area Ref areasize| Comments

Aix-Marseille | 0.44km? Fewagriculturallands aroundhecity.
Differentareafor ASTER summetimage (0.3&m?)

Montpellier | 2.34km? -

Paris 4 5km? -

Strasbourg | 3.0km? -

Toulouse 3.71km? Differentareafor theECOSTRES®7/08/2020(2.96km?)

Table19: Sizeof therural areauseto computehe SUHI for eachmetropolis
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Aix-Marseille
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Figure 7: Location of the reference rural areas for each metropolis (red: main reference area, purple: second referdioce area
Marseilleand Toulouse)
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Thereferencd ST derivedfrom thereferenceural areafor eachdateandimageareprovidedin Table
20for ASTER and in Tabl21 forECOSTRESS.

Study area Date Acg. time (UTC) | LST rural reference | Stdev LST reference
(K) (K)
Aix-Marseille | 12/08/2003 10:40:31 313.74 1.79
30/01/2005 10:34:25 - -
14/01/200¢ 21:35:51 - -
Montpellier 02/11/2007 10:47:02 292.06 1.07
29/08/2015 10:42:08 307.57 1.22
29/08/2015 21:49:08 292.68 0.65
01/11/2015 21:48:48 281.64 0.72
Paris 01/08/2003 10:57:21 308.69 3.68
22/10/2004 10:57:11 289.86 0.63
01/11/2015 21:50:07 280.29 1
01/11/2015 21:50:16 280.29 1
03/08/2018 10:53:34 313.47 4.8
03/08/2018 10:53:43 313.47 4.8
05/08/2018 21:51:00 289.07 1.3
05/08/2018 21:51:09 289.07 1.3
Strasbourg 17/02/2003 10:40:41 275.42 0.51
12/08/2003 10:38:54 312.74 3.13
26/01/2017 21:24:47 264.7 0.37
22/06/2018 21:26:19 283.28 0.49
Toulouse 14/01/2003 10:54:28 277.77 0.78
10/08/2003 10:52:42 315.82 6.72
28/12/2016 21:54:33 273.88 0.72
23/06/2018 11:01:15 304.71 2.56

Table20: Referencéemperaturedn K for eachmetropolisanddateto computehe SUHIusingLSTfrom ASTER

ONERA

/—\

HE FRENCH AEROSPACE

LAB

GEN-F1579



RT 1/31221DOTA
NOVEMBRE 2021

Study area Date Acq. time (UTC) | LST rural reference | StdevLST reference

Aix-Marseille | 27/08/2018 11:25:30 308.94 0.7
27/02/2019 10:13:14 292.14 0.47
15/07/2019 21:56:27 293.34 0.24
05/01/2020 01:21:31 275.28 0.39
07/08/2020 12:01:37 318.72 0.69

Montpellier 27/08/2018 11:25:30 311.2 0.93
27/02/2019 10:13:14 295.06 0.42
15/07/2019 21:56:27 293.55 0.62
05/01/2020 01:21:31 275.38 0.71
11/01/2020 22:59:17 273.27 0.44
07/08/2020 12:01:37 318.79 1.21

Paris 28/08/2018 10:33:02 305.14 2.37
15/02/2019 10:49:09 282.08 0.36
15/07/2019 23:33:19 284.48 0.76
21/01/2020 23:03:59 269.69 0.66
07/08/2020 13:38:46 317.3 2.77

Strasbourg 22/08/2018 12:32:48 311.79 1.98
17/09/2018 22:47:10 283.49 0.56
15/02/2019 10:50:01 280.57 0.56
08/08/2020 12:52:13 317.39 21

Toulouse 20/08/2018 09:24:48 306.31 1.48
13/02/2019 10:54:26 283.12 0.53
15/07/2019 21:55:35 288.73 1.34
11/01/2020 22:59:17 271.54 0.57
07/08/2020 12:00:45 315.73 1.94

Table21: Referencéemperaturesn K for eachmetropolisanddateto computehe SUHIusingLSTfrom ECOSTRESS
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After a visual checkof the referencetemperatureand a comparisonwith the meanLST values
computedovertheentire area, it appeatisat thefollowing ones mayeoverestimated:

1 ECOSTRESSmageacquiredoverAix-Marseilleonthe07/08/202012:01:37
1 ECOSTRESSIimageacquiredoverStrasbour@8/08/202012:52:13
1 ECOSTRESSmageacquiredoverToulouse20/08/2018 09:24:48

Theanalysisof producedSUHI mapsshowedthat, overall:

1 Winter imagesbothdayandnight, do notalwaysshowa strongcontrastoetweerthe cityand
therural environmentHowever,someinterestingthermalanomalieshowup on someimages

1 The summer daytime images show high positive LST difference for botkupualbd the bare

groundsurfacesWoodedareagforestor parks)generallystandout wellin "cool" areas

Thesummemightimageshighlightthe urbanheatislandeffect

A distincteffect ofthetopographycanbe seenon somemaps

E

These conclusions remain very general. It is important to deepen the analysis image by imag
especially for the results obtained on the city of Strasbourg, which seem difficult to interpret. The resultir
SUHI maps strongly depends on the choice of the reference rural area. For now, there is no clear guidelin
select this reference area, whidm potentially lead to different SUHI maps. It is then important to interpret
them carefully, considering the temperature differences more as a trend which can be interpreted at mor
less 2 K (observed variability between reference LST values takensiwgeral potential reference areas in
theimagefor somedates)pntop of which estimationerrormaybeaddedasmentionedn section3.4).Cross
referencing with other parameters such as relief, wind, concurrent Séhbaekgrounds could help inish
interpretation.
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5. CONCLUSIONS AND FUTURE WORKS

The first step of the THERMOCITY project was to provide updated LST maps with an improvec
version of the TES algorithm developed for urban areas and, when possiblecéileeL ST maps based on
stateof-the-art empirical disaggregationmethods. Five metropoliseswere investigated: Aix-Marseille,
Montpellier, Paris, Strasbourg and Toulouse.eé8@&VASTER and ECOSTRESS standard data products were
used along with the ImperviousnesDensity product from Copernicus,the BD Topo from IGN and
atmospheriprofilesfrom MétéoFrancéalsopartof the THERMOCITY consortium)Theupdated.ST maps
were genmted using a two MMDrelationshig TES algorithm applied on ASTER and ECOSTRESS
measured TIRadiance, an atmospheric correction being required for ECOSTRESS data. The produced L
have beemompared to NASA standard LST products. In the case of ASTER, the sigaitaacquisition in
the VNIRand SWIR data allowed to produce downscaled LST at 30 and 15 m when the required data wi
available.Themains conclusions dhis work are:

l

The comparisonwith NASA standardLST product showeda good agreementwith the
THERMOCITY LST maps, witlrather low values obtained for the comparison criteria based
onthedifferencedetweerbothproductgmainly betweenl and2 K for theRMSE and-1 and

1 K for the MBE and higher than 0.7 for the Pearson linear correlation deefficFor
ECOSTRESS data, radiometrssues werebserved.

ASTER LST maps were downscaled with a scale factor of 3 and 6 to obtain LST maps at :
and 15 m with the NDVI, and also NDBI at 30 m. The statistics show a good agreement wit
the90 m mapsandvisualchecksshowedhatfine urbanstructuresouldbe highlightedthanks

to thedownscaling.

For SUHI maps, the choice of the rural reference is crucial. In the end, higher SUHI value
wereobservedverurbandistrict centres, especiallyuringsummerime at nighttime.

The QA layer produced based on expert evaluation and recent literature aims at providing
the users information about the reliability of the LST products by flagging pixels for which
higheruncertainties cabe expectedand thusupport bettedatainterpretation.

The LST maps at 90 and 30 m are freely available on the webpage of the THEIA SEC « LST/LSE
andotherdatais availableon requestTheseproductscanhelpinstitutionaluserso analyseurbanareasor the
scientificcommunityto access newatasets.

In the second step of THERMOCITY, these LST maps will be used by CSTB and MétéoFranc
especiallyfor the studyof thermal losses dherelationship between SUHInd UHI.

As perspectivedifferentwaysof improvementsanbe consideredor this work suchas:

)l
T
)l
)l
T

Performing an atmospheric correction adapted to urban areas to improve the accuracy of BC
TIR radianceprovidedasinput ofthe TES algorithm,

Investigatingthe bestcosteffectiveandefficient classificationto be usedfor natural/artificial
differentiationto applythetwo MMD TESalgorithm,

Deepeninghe SUHI analysisandinvestigatea proceduredo find the optimaltemperatureural
reference,

Changingthe disaggregatioronfigurationby downscalingASTER mapswith the Sentinel2
reflectivesensor,

Establishinga correctionfactor for the 3D structureimpact on LST retrieval in the TES

algorithm.
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7. APPENDIX

7.1.  Appendix A: Comparison of ASTERLST maps at90 m with the NASA standard products

MARSEILLE 20030812T104031 - ASTER
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Theretrievedtemperaturearecoherenbetweerthetwo products Globally highertemperatureareobserved

in theTHERMOCITY map,asconfirmedby thestatisticin Table18with 1.65K. Thesehighertemperatures

are mainly located on buHdp areas. Furthermore, NASA temperatures are higher over water, which can b
dueto thedifferent TES algorithm othe radiometricquality.

ONERA

GEN-F157-9 THE FRENCH AEROSPACE LAB




-44- RT 1/31221DOTA

NOVEMBRE 2021
MARSEILLE 20050130T103425 - ASTER
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Theretrievedtemperaturearecoherenbetweerthetwo products Globally highertemperatureareobserved
in the THERMOCITY map,asconfirmedby thestatistican Table18with 0.84K. Thesehighertemperatures
aremainlylocated on buileup areas and baggound.
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MARSEILLE 20190114T213551 - ASTER
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Theretrievedtemperaturearecoherenbetweerthetwo products Globally highertemperatureareobserved
in the THERMOCITY map,asconfirmedby thestatistican Table18with 0.96K. Thesehighertemperatures
aremainlylocated on buileup areas and baggound.
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MONTPELLIER 20071102T104702 - ASTER
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Theretrievedtemperaturearecoherenbetweerthetwo products Globally highertemperatureareobserved
in the THERMOCITY map,asconfirmedby thestatistican Table18with 0.73K. Thesehighertemperatures
aremainlylocated on buileup areas andaseground.
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MONTPELLIER 20150829T104208 - ASTER
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Theretrievedtemperaturearecoherenbetweerthetwo products Globally highertemperatureareobserved
in the THERMOCITY map,asconfirmedby thestatistican Table18with 0.96K. Thesehighertemperatures
aremainlylocated on buileup areas and baggound.
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MONTPELLIER 20150829T214908 - ASTER
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The retrieved temperatures are coherent between the two products. Globally lower temperatures are obse
in the THERMOCITY map,asconfirmedby the statistican Table18with 1.18K. Thesdowertemperatures
canbedueto theradiometricquality (observablestripes inthe differencemap).
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MONTPELLIER 20151101T214848 - ASTER
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Theretrievedtemperaturearecoherenbetweerthetwo products Globally highertemperatureareobserved
in the THERMOCITY map,asconfirmedby thestatistican Table18with 1.14K. Thesehighertemperatures
aremainlylocated on buileup areas and baggound.
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PARIS 20030801T105721 - ASTER
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The retrieved temperatures are coherent between the two products. Higher temperatures are observed i
THERMOCITY map, as confirmed by the statistics in Table 18 with 1.97 K. These higher temperatures a
mainly locatedon build-up areasLower temperaturearealsoseenon bare/agriculturajroundsandclouds.
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PARIS 20041022T105711 - ASTER
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The retrieved temperatures are coherent between the two products. Higher temperatures are observed i
THERMOCITY map, as confirmed by the statistics in Table 18 Wi34 K. These higher temperatures are
mainly located on buildip areas.Lower temperatures are also seen on bare/agriculgraalnds. The
scatterploshapemight bedueto thepercentagef outliers.
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PARIS 20151101T215007 - ASTER
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The retrieved temperaturesearoherent between the two products. Higher temperatures are observed in t
THERMOCITY map, as confirmed by the statistics in Table 18 with 1.06 K. These higher temperatures a
mainlylocatedon build-up areasLower temperaturearealsoseenon bare/agriculturajrounds.
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PARIS 20151101T215016 - ASTER
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The retrieved temperatures are coherent between the two products. Higher temperatures are observed i
THERMOCITY map, as confirmed by the statistics in Table 18 with 1.05 K. These higher tempeaegures
mainlylocatedon build-up areasLower temperaturearealsoseenon bare/agriculturajrounds.
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PARIS 20180803T105334 - ASTER
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The retrieved temperatures are coherent between the two products. Higher temperatures are observed i
THERMOCITY map, as confined by the statistics in Table 18 with 1.97 K. These higher temperatures are
mainlylocatedon build-up areasLower temperaturearealsoseenon bare/agriculturajrounds.
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PARIS 20180803T105343 - ASTER
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The retrieved temperatures are coherent between the two products. Higher temperatures are observed i
THERMOCITY map, as confirmed by the statistics in Table 18 with 2.13 K. These higher temperatures a
mainlylocatedon build-up areasLower temperatiresarealsoseenon bare/agriculturajrounds.
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PARIS 20180805T215100 - ASTER
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The retrieved temperatures are coherent between the two products. Higher temperatures are observed i
THERMOCITY map, as confirmed by the statistics in Table 18 with 1.2 K. Thigbertemperatures are
mainlylocatedon build-up areasLower temperaturearealsoseenon bare/agriculturajrounds.

ONERA

THE FRENCH AEROSPACE LAB

GEN-F1579



RT 1/31221DOTA

NOVEMBRE 2021

The retrieved temperatures are coherent between the two products. Higher temperatures are observed i
THERMOCTY map, as confirmed by the statistics in Table 18 with 1.45 K. These higher temperatures a
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mainlylocatedon build-up areasLower temperaturearealsoseenon bare/agriculturajrounds.
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STRASBOURG 20030217T104041 - ASTER
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The retrieved temperatures are coherent between the two products. Higher temperatures are observed i
THERMOCITY map, as confirmed by the statistics in Table 18 with 0.91 K. These higher temperatures a
mainlylocated on builelp areas. This imagmrtains clouds.
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STRASBOURG 20030812T103854 - ASTER
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The retrieved temperatures are coherent between the two products. Higher temperatures are observed i
THERMOCITY map, as confirmed by the statistics in Table 18 with 1.9 K. These higher temperatures a
mainlylocated on builelp areas.
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STRASBOURG 20170126T212447 - ASTER
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The retrieved temperatures are coherent between the two products. Higher temperatures are observed i
THERMOCITY map, as confirmed by the statistics in Table 18 with 0.78 K. These higher temperatures a
mainlylocated on builelp areas.
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STRASBOURG 20180622T212619 - ASTER
LST NASA (K) LST THERMOCITY (K)
310 310
305 305
300 300
295 295
290 290
285 285
280 280
260 320 340 360
250000 4
LST difference (K) 0 J
360 360
R2:0.75 4
3 <250K: NASA (0.23 %) THERMOCITY (0.07 %
>360K: NASA (0.00 %) THERMOCITY (0.00‘/«)
340 # L 340
2
1 - 320
&
ES
o ’5 - 300
™ h
L 280
-2
- 260
-3

T T T
260 280 300 320 340 3600 250000
LST THERMOCITY

The retrieved temperatures are coherent between the two products. Higher temperatures are observed i
THERMOCITY map, as confirmed by the statistics in Table 18 with 1.34 K. These higher tamget
mainlylocated on builelp areas.
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TOULOUSE 20030114T105428 - ASTER
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The retrieved temperatures are coherent between the two products. Higher temperatures are observed i
THERMOCITY map, as confirmed by the statistics in Table 18 with 0.52 K. These haghpetatures are
mainlylocated on builelp areasand bareground.
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TOULOUSE 20030810T105242 - ASTER
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The retrieved temperatures are less coherent between the two products than the other dates as confirmi
the statistics in Table 18 with 2.79 K. This is due to the extreme values (over 250 K) that can be se
Otherwise, higher temperatures are observed in the THERMOCITY map. These higher temperatures
mainlylocated on builelp areas.
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TOULOUSE 20161228T215433 - ASTER
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The retrieved temperatures are coherent between the two products. Higher temperatures are observed i
THERMOCITY map, as confirmed by the statistics in Table 18 with 0.69 K. These higher temperatures a
mainlylocated on builelp areasnd bareground.
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TOULOUSE 20180623T110115 - ASTER
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The retrieved temperatures are coherent between the two products. Higher temperatures are obse
in the THERMOCITY map,asconfirmedby thestatistican Table18with 1.22K. Thesehighertemperatures
aremainlylocated on buileup areas and baggound.
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7.2. Appendix B: ASTER LST mapsdisaggregatedat 30 m and 15m
Downscaled LST for MARSEILLE 20030812T104031
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Downscaled LST for MONTPELLIER 20071102T104702
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Downscaled LST for MONTPELLIER 20150829T214908
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