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Abstract

Land surface temperature (LST) is one of the most important Earth System Data, which
could be used to characterize the Earth surface processes relating to the energy and
hydrology balance. Thus, it is required in a variety of the researches including the
monitoring of the urban environment, which requires the accurate urban LST as one of the
most essential input parameters. However, there are still some factors influencing the LST
retrieval accuracy in urban areas especially for high spatial resolution satellite TIR
measurements but have not been well addressed in existing LST retrieval algorithms yet:
(1) the adjacency effect in the TIR spectral region; (2) the impact of the three-dimensional
(3-D) structures and their radiation on the TIR measurements; (3) the dependence of the
existing LST retrieval algorithms on the accurate prior knowledge of the atmosphere and/or
the Earth surface emissivity. This thesis is dedicated to developing an improved LST
retrieval method for high spatial resolution satellite TIR measurements of urban areas with
consideration of these three factors. Firstly, the forward adjacency effect radiative transfer
model (FAERTM) has been developed to provide a useful tool for correcting the adjacency
effect; Then, the analytical thermal infrared radiative transfer model over urban areas
(ATIMOU) has been deduced to help to address the impact of the3-D structures and their
radiation. Next, the prior-knowledge-free (PKF) LST retrieval method has been developed
to get rid of the dependence on accurate atmospheric parameters and/or the Earth surface
emissivity during the LST retrieval. Finally, the preliminary exploration on developing an
improved LST retrieval method for high spatial resolution satellite TIR measurements of
urban areas has been given. Results show that the urban LST could be retrieved with a
RMSE of 3.33 K if the PKF LST retrieval method has been applied to the urban TOA
measurements directly. When implementing the improved LST retrieval method, the urban
LST retrieval RMSE decreases to 1.06 K, indicating the good performance of the improved
LST retrieval method for high spatial resolution TIR measurements of urban areas, in which
the three mentioned factors influencing the LST retrieval accuracy in urban areas have been
addressed by the proposed FAERTM, ATIMOU, and PKF LST retrieval method

respectively.

Keywords: LST, TIR, radiative transfer, adjacency effect, three-dimensional



Résumé

La tempé&ature de la surface terrestre (LST) est I’une des donnés les plus importantes
du systame terrestre, qui pourrait &re utilisé& pour caractéiser les processus de la surface
de la Terre liés &’ &uilibre éergéique et hydrologique. Ainsi, il est requis dans une variéé
de recherches, y compris la surveillance de I’environnement urbain, qui néessite la LST
urbain préeis comme I’un des paramétres d’entrée les plus essentiels. Cependant, certains
facteurs influencent encore la préeision de la réupé&ation du LST dans les zones urbaines,
en particulier pour les mesures TIR par satellite &haute réolution spatiale, mais n’ont pas
encore &éebien pris en compte dans les algorithmes de réeupé&ation du LST existants: (1)
I’effet d’adjacence dans la région spectrale TIR; (2) I’impact des structures
tridimensionnelles (3-D) et de leur rayonnement sur les mesures TIR; (3) la déendance
des algorithmes de ré&upéation de LST existants de la connaissance prealable preeise de
I’atmosphére et/ou de I’é@nissivitéde la surface de la Terre. Cette thése est consacreée au
développement d’une mé&hode am@ioree de ré&upé&ation du LST pour les mesures TIR par
satellite ahaute résolution spatiale des zones urbaines en tenant compte de ces trois facteurs.
Premigement, le modde de transfert radiatif & effet d’adjacence (FAERTM) a &é
développépour fournir un outil utile pour corriger I’effet d’adjacence; Ensuite, le modée
analytique de transfert radiatif TIR sur les zones urbaines (ATIMOU) a éédé&luit pour
corriger I’impact des structures 3-D et de leur rayonnement. Ensuite, la mé&hode de
reupé&ation du LST sans connaissance prelable (PKF) a &é développeée pour se
débarrasser de la dépendance al’&ard de paraméres atmosphé&iques preeis et/ou de
I’émissivitéde la surface de la Terre pendant la ré&upéation du LST. Enfin, I’exploration
préiminaire sur le déseloppement d’une meéhode am@ioree de ré&upé&ation du LST pour
les mesures TIR par satellite 2haute réolution spatiale des zones urbaines a @é&donnés.
Les réultats montrent que la LST urbain pourrait &re ré&up&eéavec un RMSE de 3,33 K
si la mé&hode PKF a &é&appliqué directement aux mesures TOA urbaines. Lors de la mise
en ceuvre de la méthode améliorée de récupération du LST, la RMSE de récupération du
LST urbain diminue al,06 K, indiquant les bonnes performances de la mé&hode amédiorée
de ré&eupé&ation du LST pour les mesures TIR ahaute réolution spatiale des zones urbaines,
dans lesquelles les trois facteurs mentionné& influen@nt la preeision de la réupé&ation du
LST dans les zones urbaines ont &é&traitées respectivement par la méhode proposee -
FAERTM, ATIMOU et PKF LST.

Mots-cl&: LST, TIR, transfert radiatif, effet d’adjacence, tridimensionnel
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List of abbreviations

LST

LSE

TIR

MW

3-D
IFOV
FAERTM
ATIMOU
PKF
MODTRAN
VIS-NIR
PSF
ASPF
SRF
DART
FWHM
TIGR
RMSE
MMD
NEAT
SW

TES
TOA
BOA

Land surface temperature
Land surface emissivity
Thermal infrared

Microwave
Three-dimensional
Instantaneous field of view

Forward adjacency effect radiative transfer model

Analytical thermal infrared radiative transfer model over urban areas

Prior-knowledge-free

MODerate resolution atmospheric TRANsmission code
Visible and near infrared

Point spread function

Aerosol scattering phase function

Spectral response function

Discrete anisotropic radiative transfer mode
Full width at half maximum
Thermodynamic Initial Guess Retrieval
Root-mean-square error
Maximum-minimum emissivity difference
Noise-equivalent differential temperature
Split window

Temperature/Emissivity separation

Top of atmosphere

Bottom of atmosphere

VII



Vil



Contents

ACKNOWIEdZEMENLS............ooviiiiiiiiii I
ADSEEACE ... \%
RESUIME ...t e e e e e e e e e e VI
List of abbreviations..............ccccoooiiiiiiiii e vl
L 001) 11 7-) 11 TP T PP PP PPPPPPPPPN IX
List Of FIGUIES.......oooiiiiiii e XIII
LSt 0F TADIES .....coooiiiiiii e XIX
1| INErOAUCHION .......ooiiiiiiiii e 1
1.1, BACK@IOUN ... 1
1.2. Objectives and structures Of this theSis ......cuevvieiiiiieiieiiei e 3
2| Quantification of the adjacency effect on measurements in the TIR region ........ 7
2.1 INEEOAUCTION ... r e 8
2.2. Development of the forward adjacency effect radiative transfer model............ccccovvviiiiiiiicnnns 9
2.2.1. Radiative transfer equation of FAERTM .......cccccciiiiiiiiiiiiiiee e 9
2.2.2. Single scattered adjacent pixel radiance (L) ........ccovvveieerieiienieniinsie e sieesiee e siee e 11
2.2.3. Target-reflected adjacent pixel radiance (RAD) ......cccoieiriiiiiiiiniin i 13
2.2.4. Radiance contributed by target pixel and atmosphere ...........ccvvvvverveniinniniie e 14
2.2.5. Quantification of adjacency effect on satellite TIR measurements............ccvevvvvvivniinnnnnns 15

2.3, SIMUIATION AESCTIPLION. . ..veiiviiitiiitiestie sttt sttt ettt et et e nbeenbeenbe e 16
2.3.1. Scenario input SIMUIAtION PATAMELETS . ..veeiveeiveerieesieesieesieesieesieesieesressressressresssesssessessessenns 16
2.3.2. Scattering phase function of FAERTM........cccovviiiiiiiiiiii i 17
2.3.3. Actual Satellite data.........coovrieeriiiiiee e e 18

2.4. Comparison between FAERTM and MODTRAN........ccccciiiiiiiiiiisceeeiceie e 18
2.4.1. For homogeneous 1and SUITACES.........cueiiiiieiie ittt sttt stee et e e sree s 19
2.4.2. For heterogeneous 1and SUITACES........cuiiiiiiiiiiii i 20

2.5, RESUIES .ttt be b b e nre e 21
2.5.1. Adjacency effect dependence on horizontal and vertical calculation range...............cceove.e 21
2.5.2. Adjacency effect dependence on target and adjacent pixel €miSSIVILY ....ovvevveieriivriierinnns 23
2.5.3. Adjacency effect dependence on aerosol type and image spatial resolution..............cc.cee... 23
2.5.4. Adjacency effect dependence on atmospheric VISIDIILY .......ccvvvveveriiiiiniiiiin e see e 24
2.5.5. Adjacency effect dependence on target and adjacent pixel temperature............ccevevvrverinnns 25

IX



2.5.6. Adjacency effect dependence on wavelength............cccvveieeiiiiiiiien s 26
2.5.7. Adjacency effect analysis on actual satellite data...........ceoeeriiiininienieniee e 28
2.6. Discussions and CONCIUSIONS ... ..vuiivuiiiriieiiieesiiestiesieeseesresteesseesssesssesrsessesssessaesssessaessaessaessseanees 29

3| Modelling of the impact of 3-D structures and their radiation on TIR

measurements in Urban areas ..............ccccooviiiiiiiiiiiii e 31
T O 615 (o4 1015 (o ) s PO PSR UPPPRPRN 32
3.2, MEthOdOLOZY ..ot 34

3.2.1. Development of the analytical model for radiative transfer over a street canyon.............. 35
3.2.2. Simplification of the analytical model for radiative transfer over a street canyon............. 38

3.2.3. Qualification of the impact of 3-D structures and their radiation on TIR measurements over
@ SETEET CATLYOM. . .eiiiiiiii ittt 42
3.2.4. Qualification of the contribution of atmosphere and wall to ground TIR measurements

Lo NTZ=) G2 1B (e Y- T« PR RTPTRPRPRRRTI 42
3.3, SIMUIALION TESUILS ... 43
3.3.1. SImMUIAtION INPULS.....oviiriiieiiii e nne s 43

3.3.2. Analysis of the impact of 3-D structures and their radiation on TIR measurements over a
STTEET CATLYOM ...ttt 44
3.3.3. Analysis of the contribution of atmosphere and wall to total ground TIR measurements

L NTZe G2 1B (e Y- T« F PRSP RTPTRPRPPRRT 51
3.4. Comparison with other MOdEIS .......ccceiiiiiiiiiiiii e 54
3.5. DiSCUSSION @NA CONCIUSION ...uuviiiiiiiiiiitriiie i e e e st e e e e e s s r e e e e e s s e b e s e e e s s ssabbbreesseessssabbbaseeeeeeas 58

4| Development of a prior-knowledge-free (PKF) method for accurate LST

retrieval from satellite data.........................oooi 61
O R 615 (T 181 5103 s PP PRSP PP 62
Y] (<11 o4 (0] (0 OSSPSR TSRS PPRPPRTR 63
4.3. Determination of the new channel configuration.............coccvvvvviiiiiiiiiniin e 66

4.3.1. Simulation dataset for determining a new channel configuration ............cccoceevvveriveneeniennn 67
4.3.2. Selection of eligible channel pairs for retrieving ground brightness temperature.............. 69
4.3.3. Optimization of eligible channel [oCatIONS...........cevieriiiiiiiiiienie e 70
4.3.4. Retrieval of ground brightness temperature and LST .........ccccoceviiiniiniininnnence 71
4.4, SENSITIVITY @NAIYSIS .. .eviieeeie ettt e nre e aenre e 73
4.4.1. Sensitivity analysis to channel noise and channel width............c.ccooeeviiiniiniininicncnn, 73
4.4.2. Sensitivity analysis to the channel CeNter.........ccovvveviieiiiiiiie i 75
4.4.3. Sensitivity analysis to atmospheric downwelling radiance and LSE characteristics.......... 76
N o) ] (2215 (o ) s FO TSR 79
4.6. CONCIUSIONS. .....ocvriiereist ettt r e r et r e nre s 84

S| Primary exploration on developing an improved LST retrieval method for high

spatial resolution TIR measurements of urban areas ......................ccoooinnn, 87
R R T (T4 10 (o7 o) o WO TP PP PR 88
BT\ 115 To T () (o< ORI 89
5.3, SimMUIation AESCTIPTION ....veuviviteeiieitesre e st sr e e sresr e e sn e sresr e seenresresneenenreenis 91



I T T V1 £ TR 93

5.4.1. LST retrieval results using traditional TES algorithm ...........cc.coeoiininiiiiiinnciiies 93
5.4.2. LST retrieval results using the proposed method............cccocviririiiiiiiniiiees 95

5.5, CONCIUSIONS ...ttt et r et R Rt n e er e nr ettt r e nn et eenenr e 96
6| Conclusions and PersPectives..............coooiiiiiiiiiiiiiiiii e 99
6.1, CONCIUSIONS .....viiiiieii it r s n s 99
0.2, PETSPECIIVES ...c.viiviiiiiiie ittt e bbb bbb 102
Related publications................ccooiiiiii i 105
REfEreNCes. ... 107
Ré&umeédes travauX en franGisS ..........cooiviiiiiiie e 119

XI



XII



List of Figures

Fig. 1-1. Tllustration of the relationships between the four specific research objectives of this thesis............ 4

Fig. 2-1. Radiation sources of at-sensor observations. The surface patches with and without shading
represent target and adjacent pixels, respectively. Solid cubes indicate emission sources. The five
sources include (a) target-emitted radiance; (b) target-reflected atmospheric downwelling radiance; (c)

atmospheric upwelling radiance; (d) single scattered adjacent pixel radiance; and (¢) adjacent pixel

radiance that has been reflected by the atmosphere and then reflected by the target pixel. ................ 10
Fig. 2-2. Tllustration of single scattered adjacent pixel radiance (L1)........c.cccevvririiiiiiiieniienicne e 12
Fig. 2-3. Illustration of target-reflected adjacent pixel radiance. ............ccccoevveviiiiiiiiieii i 14

Fig. 2-4. Aerosol scattering phase function used in this study. Wavelengths of 8 and 12 um were used as

examples for two aerosol types: (a) RURAL and (b) URBAN. .......coooviiiiiiiiiiii e 18

Fig. 2-5. LST images of the study area obtained from (a) MODI11 product of MODIS observations, and (b)
ASTO8 product of ASTER ODSEIVALIONS. .....ccvviiiiieiiiiiiiciiie ettt 18

Fig. 2-6. Difference in satellite brightness temperature and target-reflected adjacent pixel radiance between
MODTRAN and FAERTM simulations. LSE and aerosol type were fixed as 0.9 and RURAL,
respectively. (a) Simulated satellite brightness temperature difference as a function of wavelength,
with atmospheric visibility of 10 km and image spatial resolution of 0.03 km. (b) Simulated satellite
brightness temperature difference for different atmospheric visibilities (VIS) and image spatial
resolutions, with wavelength of 10 um. (c) Difference in simulated target-reflected adjacent pixel

radiance as a function of wavelength, with atmospheric visibility of 10 Km. ..........cccccevciiiiiiiinnnn 19
Fig. 2-7. Assumed scenario with two different surfaces. The target has the pixel size of 0.03 * 0.03 km. ... 21

Fig. 2-8. Difference in simulated satellite brightness temperature between MODTRAN and FAERTM at 10
um for the assumed scenario. The left part has emissivity of 0.9 and the right part has emissivity of
0.98. The temperature of the right part was fixed at 290 K while the temperature of the left part varied
from 270 K to 310 K, with a step of 20 K. The aerosol type was set as RURAL. ........c.ccccocuverinrnn 21

Fig. 2-9. Aerosol scattering optical depth as a function of altitude for different atmospheric visibilities
(VIS). The wavelength and aerosol type were set as 10 um and RURAL, respectively. The logarithmic

FmXIS WAS USEU. .tvvteeiitieeiitrie e ettt e e ettt e et e et e e e st b e e e s b e e e s b bt e e e aR b e e e s R E et e e e R e e e e enEr e e e e ne e e nnre e s 22

XIII



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

2-10. Adjacency effect as a function of calculation range for different atmospheric visibilities (VIS).
The wavelength, image spatial resolution, aerosol type, and LSE were set as 10 um, 30 m, RURAL,
and 0.90, respectively. The target and background temperature were the same, with LSTs of (a) 270 K
Yo Lo I (o) TR 1 0 SRR 22

2-11. Adjacency effect for different target and adjacent pixel emissivity combinations. The wavelength,
image spatial resolution, aerosol type, and atmospheric visibility were 10 um, 30 m, RURAL, and 10
km, respectively. The target and background temperature were the same, with LSTs of 270 K or 310
SRS 23

2-12. Adjacency effect as a function of image spatial resolution for two different aerosol types. The
wavelength, atmospheric visibility, and LSE were 10 um, 10 km, and 0.98, respectively. Target and
background temperature were the same, with LSTs of (a) 270 K and (b) 310 K. .....cccvvvviiiiiiniinnnn 24

2-13. Adjacency effect as a function of atmospheric visibility. The aerosol type, wavelength and LSE
were RURAL, 10.0 pm and 0.98, respectively. The target and background temperature were set the
same with the LST of (2) 270 K and (b) 310 K. ..ooveiiiiiiiiieci e 25

2-14. The proportion of adjacency effect radiation in total observed target radiation as a function of (a)
adjacent pixel LST, and (b) target pixel LST. Aerosol type, wavelength, image spatial resolution, and
LSE were RURAL, 10 um, 30 m, and 0.98, 1€SpeCtiVely. ........cccvivieriiiiiiiiiiii i 26

2-15. Adjacency effect [defined as per Eq. 2-19] as a function of adjacent pixel temperature. Aerosol
type, wavelength, image spatial resolution, and LSE were RURAL, 10 um, 30 m, and 0.98,
respectively. Target pixel temperature (TAT LST) was (a) 270 K, (b) 290 K, and (c) 310 K. Adjacent
pixel temperature varied from TAT LST —30 K to TAT LST + 30K, with a stepof 10 K................ 26

2-16. Same as Fig. 2-15 but with adjacency effect defined by Eq. 2-21.......ccocoviiiiiiiiiiniiiiiiieee, 26

2-17. Adjacency effect results, with this defined as per (a) Eq. 2-19, and (b) Eq. 2-21, as a function of
wavelength for different atmospheric visibilities (VIS). Aerosol type, image spatial resolution, and
LSE were RURAL, 30 m, and 0.98, respectively. Target and adjacent pixel temperatures were set as
290 K and 310 K, 1@SPECHIVELY....cuuriiiiiiiiieiitie ettt ettt ettt b e nne e e sene s 27

2-18. Aerosol scattering optical depth (sum of the lower 3 km) as a function of wavelength for different
atmospheric visibilities (VIS). Wavelength and aerosol type were set as 10 um and RURAL,

TS PECEIVELY. ...t 27

2-19. Adjacency effect [defined as per Eq. 2-19] results based on (a) MOD11 product (Band 31 with
bandwidth of 10.78 ~ 11.28 pm), and (b) ASTO05 and AST08 products (Band 14 with bandwidth of
10.95 ~ 11.65 um). Atmospheric type, atmospheric visibility and aerosol type were Mid-Latitude
Winter, 10 km, and RURAL, 1€SPECHIVELY. .....uvviiiiiiiiiiiiiie ettt 29

XIvV



Fig. 2-20. Same as Fig. 2-19 but with adjacency effect defined by Eq. 2-21......cocovviiiiiiiiniiiiiiiiec, 29

Fig. 3-1. Illustration of a street canyon in an urban area. W, L, and H are the road width, road length, and

wall height, respectively. #» is the atmospheric spherical albedo at the bottom of the atmosphere and

Lo . . . & e
L is the atmospheric downwelling radiance. “reof | €ww = %ra_ and = are the emissivity of roof,

LTy STy LSTay gpq LST

left wall, road, and right wall respectively, whereas R are the

COITESPONAING LEIMPETALUTES. ......eevvvieirieeiie ettt et e e et et ss e st e e b e sb e e seb e s e e e b e e nnr e e ser e e e re e e e 34

Fig. 3-2. Tllustrations of (a) the viewing geometry of the 3-D structures in urban areas, (b) the two-
dimensional projection of 3-D structures in urban areas. The solid angle of the entire IFOV of the

“roor , roaa , and un are the solid angles of the

sensor is represented by rov | whereas
projections regarding to the components of roof, road, and wall inside the IFOV of the sensor,

TESPECEIVELY. e tittiie ettt ettt ettt e et e e st e e e e b e e b e e e e et ae e e e aabee e e abbe e e s nnraeeeaan 35

Fig. 3-3. The magnitude of the impact of 3-D structures and their radiation on satellite TIR measurements
over a street canyon for different atmospheric types on the basis of Eq. 3-31, Eq. 3-35, and Eq. 3-38.

Additional required parameters have been set as the default values listed in Table 3-1. .................... 46

Fig. 3-4. The magnitude of the impact of 3-D structures and their radiation on ground TIR measurements
over a street canyon under different combinations of road emissivity and H/W on the basis of Eq.
3-30, Eq. 3-34, and Eq. 3-37. Additional parameters have been set as the default values listed in Table
K TP U PP PT PSPPI 47

Fig. 3-5. The magnitude of the impact of 3-D structures and their radiation on ground TIR measurements
over a street canyon under different combinations of wall temperature and H/W on the basis of Eq.

3-30, Eq. 3-34, and Eq. 3-37. The temperatures of left and right wall have been set to be the same for

LST,,,=LST,,, =LST,,

simplification (i.e. ai). Additional parameters have been set as the default values

LISt 11 TADLE 3-1. . naan 49

Fig. 3-6. The magnitude of the impact of 3-D structures and their radiation on ground TIR measurements

over a street canyon under two extreme scenarios. The temperatures of left and right wall have been

set to be the same for simplification (i.e. LSTiw = LSTay = LSTa ). (a) Ewan :0'415, LST,an =300 K

£ =0.973 ang LSTa =340K . (1) &

>

wall wall

=0967 LST,, =340K £, =0415 ;4 LST, =300K

>

The H/W has been set as 1.0 and the width of the IFOV has been set as three times as the road width.

Additional parameters have been set as the default values listed in Table 3-1..........cccceviiiiiiiiienennns 51

Fig. 3-7. Respective contributions of atmosphere and building wall to total ground TIR measurements with

variation of wall temperature and wall emissivity. The temperatures of left and right wall have been

LST,,,=LST,,, =LST,,

set to be the same for simplification (i.e. a), Additional parameters have been set

as the default values listed 1N Table 3-1. . ..ouuiiiiiiiiiiiiiii e 52

XV



Fig. 3-8. Respective contributions of atmosphere and building wall to total ground TIR measurements with
variation of road temperature and road emissivity. Additional parameters have been set as the default

72 T IS T <t s B o1 o) S T TR 53

Fig. 3-9. The intercomparison between the simulated ground brightness temperature (7;) of the DART,
ATIMOU_Exact, ATIMOU, and Caselles 1989 models. The temperatures of left and right wall have
been set to be the same for simplification (i.e. LSTiw = LSTay = LSTa ). For (a) ~ (e), the [IFOV is
assumed to only be filled by road, viewing zenith and azimuth angles are fixed at 0°. For (f), the

viewing zenith angle varies from 0° to 50° and the azimuth angle is fixed at 90°. ...........cccoeveerrnne. 57
Fig. 4-1. Tllustration of the proposed method for accurate LST retrieval. ........cccccoviiiiiiiiieiiiiiiiee e, 66

Fig. 4-2. Flow diagram for determining the new channel configuration. Tk, Ti, and Tj are channel
brightness temperatures, C; is a constant for testing whether a channel pair is eligible to retrieve

accurate ground brightness tEMPETATUTE. ........c..vvirreiriiieiie et e e e e e e 67
Fig. 4-3. Simulated channel filter funCtions. ...........cccoiiiiiiiiiiii s 68

Fig. 4-4. (a) LSE spectra of the 52 soil samples, (b) LSE spectra of the four vegetation samples, (c) LSE
spectra of the nine water/snow/ice samples, and (d) scatter plot of the bottom layer temperature and

water vaper content of the 98 atmosphere profiles. .........c.cccviviiiiiiiiii 69

Fig. 4-5. The spectral centers of eligible channel pairs. The retrieval RMSE of the ground brightness

temperature of channel i (T gi) is represented by the color scale. .........ccoovviiiiiiiiciicnie e 70

Fig. 4-6. Optimization of the eligible channel locations. (a) Channels remaining after refinement are
indicated by triangles; (b) eligible channel pairs remaining after refinement for retrieving the ground

brightness temperature of channel i (T Gi). ......coovveiriiiiiiiie s 71

Fig. 4-7. (a) The empirical relationship between emin and MMD, based on the 65 samples described in
Section 4.3.1. Diamonds represent two additional rock samples used in Section 4.4.3 for sensitivity

analysis. (b) Histogram of the residuals between the retrieved and true LSTS. ......ccccooveiiiieriiiniennns 71

Fig. 4-8. (a) Histograms of the residuals between the retrieved and true ground brightness temperature (T gi)

for different channels. (b) Histogram of the residuals between the retrieved and true LST................. 72

Fig. 4-9. (a) The RMSEs of the retrieved ground brightness temperatures for different channels (T gi) as a
function of channel NEAT. The channel FWHM was fixed at 0.1 pm. (b) The LST retrieval RMSE
and bias as a function of channel NEAT..........ccoooiiiiiiiii e 73

Fig. 4-10. (a) The RMSE of retrieved ground brightness temperature for different channels (T gi) as a
function of channel FWHM. The channel NEAT was fixed at 0.0 K. (b) The LST retrieval RMSE and
bias as a function of channel FWHM...........ccccoooiiiiiii 74

XVI



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

4-11. The LST retrieval RMSE as a function of channel FWHM for different levels of channel NEATs.
...................................................................................................................................................... 75
4-12. (a) The RMSE of retrieved ground brightness temperature for different channels (T gi) as a
function of channel-center shifts. (b) The LST retrieval RMSE and bias as a function of channel-
oo 110 ] 11 £ PRSI 76

4-13. (a) The empirical relationships between L9.0 um | and L8.6 um |, and L10.4 um | and
L8.6 um !. (b) The LST retrieval RMSE and bias as a function of relative errors on the atmospheric
downwelling radiance. (c) RMSE of retrieved LST using our proposed method with errors in both

atmospheric downwelling radiance and minimum emissivity (EMIN).......ccccocvvvriiiiiiienieenee e 78

4-14. (a) Additional LSE spectra, of two rocks, with different shapes from the previous 65 LSE samples
displayed in Fig. 4-4. (b) Histogram of the residuals between the LST retrieved using the proposed

method from data simulated with the spectra given in (a) and the true LST. ..........ccccoeviiiiiiiiinnen 78
4-15. The flow diagram of application based on real satellite data..............cccoveerriiiiiiiciiicncee 79

4-16. (a) Flow diagram of the MODIS LST aggregating process, where N is the total number of
MODIS pixels « inside or overlapped by one AIRS pixel v. (b) Illustration of the relationship between
AIRS and MODIS pixel coordinates, where Su,v is the area of overlap between pixels # and v and

Su 1s the total area Of PIXEL 2. «..veeiviiiiiiiiie e 80

4-17. The validation pixels collected in Australia and acquired in (a) May 2018, and (b) September
2018. Yellow indicates that the pixels are covered by both daytime and nighttime observations, green
indicates the pixels are only covered by nighttime observations, and red indicates the pixels are only

covered DY daytime ODSEIVALIONS. .......vveiiurieitiieiiiieiiie ettt ettt sb et e et e et e e seb e e e e s ne e e 82

4-18. Residual histograms of retrieved LST for observations of Australia acquired (a) at night in May
2018; (b) during the day in May 2018; (c) at night in September 2018; and (d) during the day in
SEPLEMDET 2018, . .eiiiiiieitiie ittt b e h e e bt b e bbb nrr e nere s 83

4-19. (a) Scatter plot comparing the LSTs retrieved from AIRS using our proposed method and
aggregated from the MODIS LST product. (b) Scatter plot of the LST difference (LST retrieved from
AIRS - LST aggregated from MODIS LST product) versus the LST aggregated from the MODIS LST
(0T 13T SO TP PO TP OURUPROPIN 83

5-1. Overall scheme design of the improved LST retrieval method for high spatial resolution TIR

MEASUTEMENLS OF UIDAN AIEAS ..vvvvuuiiiiiiiiiiiiiiiiieei ettt e e s e e et e e e e e eea b e e e e s e e et b reeessess bbb s eeessessrees 90

Xvll



Fig. 5-2. (a) LSE spectra of the six roofing material samples, (b) LSE spectra of the eight paving material
samples, (c) LSE spectra of the 18 construction material samples, and (d) scatter plot of the bottom
layer temperature and water vaper content of the 6 standard atmosphere profiles in MODTRAN
10101 (<) DO PO TP PR P PPRPPTRRT 93

Fig. 5-3. (a) The empirical relationship between &, and MMD, based on the 32 samples described in
Section 5.3. (b) Histogram of the residuals between the retrieved and true LSTs, in which the retrieved
LSTs have been obtained based on the BOA radiance of the target pixel without correcting the impact
of 3-D structures and their radiation. (c) Same as (b) except that the impact of 3-D structures and their

radiation on the BOA radiance of the target pixel has been well addressed before retrieving the LSTs.

Fig. 5-4. Histogram of the residuals regarding to (a) the initial urban LST retrievals obtained by applying
the PKF LST retrieval method directly to the urban TOA measurements, and (b) the final urban LST

retrievals obtained by implementing the method proposed in Section 5.2. .........ccoevvveriiiiiieiiieennen, 95

Fig. 5-5. Histogram of the residuals regarding to (a) the final urban LST retrievals obtained by
implementing the proposed method with correction of the adjacency effect but without correction of
the 3-D impacts, and (b) the final urban LST retrievals obtained by implementing the proposed

method without correction of the adjacency effect but with correction of the 3-D impacts. ............... 96

XVII



List of Tables

Table 2-1. Scenario input SIMUlAtioN PATAIMELETS .........vverireiriiiiiii e 17

Table 3-1. Simulation inputs for studying the magnitude of the impact of 3-D structures and their radiation

L R B 01T R 015 0 0 U= 11T 44

Table 3-2. The Minimum/Mean/Maximum absolute difference of the simulated ground brightness

temperature (7;) between any two of the MOdels. ..........cccovviiiiiiiiiicii 58

Table 4-1. The three recommended channel pairs for retrieving Tgi and the fitted coefficients of Eq. 4-14.

XIX



XX



Chapter 1: Introduction

1 ‘ Introduction

1.1. Background

Land surface temperature (LST) is one of the most important Earth System Data, which
could influence the ecosystems at both regional and global scales (Hulley et al., 2019; King,
1999; Merchant et al., 2013). All the Earth surface processes relating to the energy and
hydrology balance could be parameterized by the LST directly or indirectly (Jackson et al.,
1985; Jackson et al., 1977; Running et al., 1994; Sellers et al., 1988; Vining and Blad, 1992).
Thus, it is required in a variety of the researches including the monitoring of the urban
environment (Anderson et al., 2008; Karnieli et al., 2010; Kustas and Anderson, 2009; Li
etal., 2013a; Zhang et al., 2008). As we all know, cities always act as the center of a certain
region in many spheres such as the population, administration, transportation, economy,
education, culture, et. al, that are crucial for human civilizations (Gu et al., 2012; Guo et
al., 2019). According to the Population Reference Bureau in 2019, more than half of the
populations in the world live in the urban areas and the number is still rising (Bureau, 2019).
Therefore, it is very important to study the urban environment in detail, which requires the
accurate urban LST as one of the most essential input parameters (Jiang et al., 2018; Lau
et al., 2016; Oltra-Carrio et al., 2014; Voogt and Oke, 1997).

Benefiting from remote sensing technology, the regional and global LSTs nowadays
could be efficiently retrieved from the thermal infrared (TIR) and microwave (MW)
measurements of the Earth surface (Duan et al., 2017; Martins et al., 2019; Zhang et al.,
2019). However, the MW measurements generally have low spatial resolution and are very
sensitive to soil moisture and surface roughness. Besides, they yield the “sub-surface
temperature” instead of the “skin temperature” provided by TIR remote sensing. The TIR
observations are consequently more suitable for obtaining high accuracy LSTs (Cook et al.,
2014; Freitas et al., 2013; Malakar et al., 2018; Spacesystems and Team, 2001a; Wan, 2014;
Wan et al., 2015a).

After decades of development, a wide variety of LST retrieval algorithms have been
developed for different kinds of TIR sensors, on the basis of which, most of the current
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LST products have been generated (Li et al., 2013a; Sattari and Hashim, 2014). It can be
concluded that, for most circumstances regarding to natural flat surfaces and moderate/low
spatial resolution TIR images, the LST could be retrieved within the accuracy of 1.0 K
using the existing LST retrieval algorithms. However, these algorithms still have their
limitations especially regarding to the accurate urban LST retrieval from high spatial
resolution satellite TIR measurements.

First, the regardless of the adjacency effect in the TIR spectral region.

In fact, the adjacency effect has been confirmed to be significant in the visible and near
infrared spectral region and has already been well studied (Duan et al., 2015; Sanders et al.,
2001; Tanreetal., 1981; Vermote et al., 1997). It is shown that the strength of the adjacency
effect generally decreases with increasing wavelength (Reinersman and Carder, 1995;
Sanders et al., 2001) and decreasing image spatial resolution (Duan et al., 2015; Kaufman,
1982; Kaufman et al., 1994). Therefore, the adjacency effect has always been neglected
with commonly used TIR images since they have relatively long observation wavelengths
and coarse spatial resolutions. However, with continued development of remote sensing
technology, high spatial resolution TIR images are attainable nowadays and the spatial
resolution could increase further. Consequently, the adjacency effect could also increase
significantly (Zheng et al., 2019b). But the adjacency effect in the TIR domain still does
not attract enough attention and few studies focus on this topic (Duan et al., 2020). The
regardless of the adjacency effect may result in additional biases in the retrieved LSTs.
Thus, there is a need to quantitatively discuss the magnitude of the adjacency effect on such
high spatial resolution TIR images, and to make an effort to take the adjacency effect into

account in the retrieval of accurate LSTSs.

Second, the impact of the three-dimensional (3-D) structures and their radiation on

the TIR measurements.

When referring to the urban areas, the 3-D structures of the Earth surface would make
the TIR radiative transfer processes more complex comparing with that of flat Earth surface
(Oke, 1987; Qu, 2011). First of all, a certain amount of energy would be trapped inside the
3-D structures due to the multiple reflections, which could introduce additional radiations
to the satellite TIR measurements (Fontanilles et al., 2010; Fontanilles et al., 2008).
Additionally, during daytime of a cloudless day, the obstructions of solar irradiance
inevitably exist in urban areas leading to the temperatures of sunlit and shadowed areas
significantly different, which aggravate the thermal heterogeneity of the urban areas
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(Fontanilles et al., 2008; Gastellu-Etchegorry et al., 2015). Moreover, as the viewing angle
changes, the compositions inside the sensor’s IFOV may be different resulting from the
occlusions between the 3-D manmade constructions, leading to the anisotropic satellite
observed signals through various viewing angles (Baghdadi and Zribi, 2016; Jiang et al.,
2018). All these could have nonnegligible impact on the satellite observed radiance but
have not been considered into the existing LST retrieval algorithms yet. Therefore, the
quantitative relationships between the parameters of urban street canyons and their
corresponding impact on the TIR measurements need to be well studied and addressed to
improve the LST retrieval accuracy in urban areas.

Third, the dependence of the existing LST retrieval algorithms on the accurate prior
knowledge of the atmosphere and/or the Earth surface emissivity.

Although many excellent LST retrieval algorithms have already been proposed, they all
require accurate prior knowledge (atmospheric parameters and/or emissivity of the Earth
surface) to retrieve LST from satellite TIR measurements (Zheng et al., 2019a). That being
said, the performances of the existing LST retrieval algorithms have been greatly dependent
on the accuracy of the prior knowledge (Li et al., 2013a; Sattari and Hashim, 2014).
However, such prior knowledge is not always obtainable in actual applications at pixel
scale (Ren et al., 2020). Consequently, the LST retrieval accuracy may be unable to meet
the requirement of better than 1.0 K as required by many other disciplines under certain
circumstances (Sobrino et al., 2016). Improvements on existing LST retrieval algorithms
or new LST retrieval methods are demanded to retrieve accurate LST from satellite TIR

measurements directly without dependence on any prior knowledge.

1.2. Objectives and structures of this thesis

This thesis is dedicated to the investigation of the factors influencing the satellite TIR
measurements and the LST retrieval accuracy, the final purpose of which is to develop an
improved LST retrieval method for high spatial resolution satellite TIR measurements of
urban areas.

Specifically, four research objectives have been involved in this thesis as below:

(1) To quantitively investigate the adjacency effect in the TIR spectral region under
different atmospheric and imaging conditions.

(2) To quantitively investigate the impact of the 3-D structures and their radiation on the
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TIR measurements.

(3) To explore some new methods which could be used to retrieve accurate LST from
satellite TIR measurements directly without dependence on the prior knowledge.

(4) To make a primary exploration on developing an improved LST retrieval method for
high spatial resolution satellite TIR measurements of urban areas on the basis of the
researches aiming at the first three objectives.

Additionally, the relationships between these four specific research objectives have been
illustrated in the Fig. 1-1.

Quantitative modelling of adjacency effect Development of a
for: Prior-Knowledge-Free (PKF) method for
2-D surfaces 3-D surfaces accurate LST retrieval
Objective - (1) Objective - (2) Objective - (3)
\ |
v

Development of an accurate LST retrieval
method for high-spatial-resolution TIR
measurements of urban areas

Objective - (4)

Fig. 1-1. Illustration of the relationships between the four specific research objectives of this thesis.

Following the research objectives, this thesis is organized into six chapters:

Chapter 1 gives a general introduction over the LST retrieval researches, including the
analyses of the factors that may influence the LST retrieval accuracy from high spatial
resolution satellite TIR measurements of urban areas, and the objectives and organizations
of this thesis.

The following three chapters (chapter 2 aiming at the first objective, chapter 3 aiming at
the second objective, and chapter 4 aiming at the third objective) are based on three
published articles during my doctoral study.

Chapter 2 presents the forward adjacency effect radiative transfer model (FAERTM), on
the basis of which, the adjacency effect under different atmospheric and imaging conditions
for flat surfaces has been well studied. From another aspect, this chapter provides a useful
tool to address the adjacency effect from the satellite TIR measurements. (Based on X.
Zheng, Z.-L. Li, X. Zhang, and G. Shang, ‘“Quantification of the adjacency effect on

measurements _in _the thermal infrared region,” |EEE Transactions on Geoscience and
Remote Sensing, vol. 57, no. 12, pp. 9674-9687, Jul. 2019.)
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Chapter 3 presents the analytical thermal infrared radiative transfer model over urban
areas (ATIMOU), which provides quantitative relationships between the parameters of
urban street canyons and their corresponding impact on the TIR measurements. That is, a
method which could be used to correct the impact of the 3-D structures and their radiation
on the TIR measurements has been proposed in this chapter. (Based on X. Zheng, M. Gao,
Z.-L.Li, K.-S. Chen, X. Zhang, and G. Shang, “Impact of 3-d structures and their radiation
on thermal infrared measurements in urban areas,” |EEE Transactions on Geoscience and

Remote Sensing, vol. Early Access, no. Early Access, pp. 1-15, May 2020.)

Chapter 4 develops a new LST retrieval method, which could be used to retrieve the
accurate LST from satellite TIR measurements directly without dependence on the prior
knowledge of atmospheric parameters and the Earth surface emissivities. (Based on X.
Zheng, Z.-L. Li, F. Nerry, and X. Zhang, “A new thermal infrared channel configuration

for accurate land surface temperature retrieval from satellite data,” Remote Sensing of

Environment, vol. 231, no. (2019) 111216, pp. 1-12, May 2019.)

Chapter 5 covers a preliminary exploration on developing an improved LST retrieval
method for high spatial resolution satellite TIR measurements of urban areas on the basis

of the researches in chapter 2, chapter 3, and chapter 4.

Chapter 6 summarizes the conclusions and perspectives.
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2 ‘Quantiﬁcation of the adjacency

effect on measurements in the TIR

region

Sensor-observed energy from adjacent pixels, known as the adjacency effect,
influences land surface reflectivity retrieval accuracy in optical remote sensing.
As the spatial resolution of thermal infrared (TIR) images increases, the
adjacency effect may influence land surface temperature (LST) retrieval accuracy
in TIR remote sensing. However, to my knowledge, few studies have focused on
quantifying this adjacency effect on TIR measurements. In this chapter, a forward
adjacency effect radiative transfer model (FAERTM) was developed to quantify
the adjacency effect on high spatial resolution TIR measurements. The model was
verified to be in good agreement with moderate resolution atmospheric
transmission (MODTRAN) code, with a discrepancy < 0.15 K. The adjacency
effect on target pixel observations was found to be negligible beyond 3 km from
the line of sight. Variations in aerosol type only slightly influenced adjacency
effect magnitude. However, the adjacency effect quickly increased with
increasing image spatial resolution, adjacent pixel temperature, and aerosol
density. According to simulation results, the adjacency effect can be > 3 K in
some cases. These findings indicate that the adjacency effect should be
considered when retrieving LSTs from TIR measurements, at least in some
specific conditions. The proposed FAERTM provides a useful model for

quantifying and addressing the adjacency effect on TIR measurements.
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2.1. Introduction

Land surface temperature (LST) is an important input parameter for many domains,
including evapotranspiration, vegetation monitoring, and global climate change (Anderson
et al., 2008; Karnieli et al., 2010; Kustas and Anderson, 2009; Li et al., 2013a; Zhang et al.,
2008). Remote sensing provides an efficient method for obtaining regional and global LST
images. LSTs are generally retrieved using microwave (MW) and thermal infrared (TIR)
spectral measurements. However, even though MWs can penetrate through clouds, MW
measurements have low spatial resolution (Liu et al., 2013). Furthermore, these yield the
“sub-surface temperature” instead of the “skin temperature” provided by TIR remote
sensing, and MW measurements are also sensitive to soil moisture and surface roughness
(Duan et al., 2017; Wen et al., 2003). TIR observations are consequently more suitable for
obtaining LSTs. A wide variety of LST retrieval algorithms have been developed over
several decades (Li et al., 2013a; Sattari and Hashim, 2014); these can be roughly classified
into four categories: single-channel methods (Jimenez-Munoz and Sobrino, 2003; Ottle and
Vidal-Madjar, 1992; Qin et al., 2001b), multi-channel methods (such as the split window
(SW) method (Becker and Li, 1990; Coll and Caselles, 1997; McMillin, 1975; Qin et al.,
2001a; Sobrino et al., 1996; Wan and Dozier, 1996) and temperature emissivity separation
(TES) method (Gillespie et al., 1998)), dual-angle methods (Chedin et al., 1982), and
day/night methods (Wan and Li, 1997; Watson, 1992). All of these methods have been
designed to remove atmospheric and land surface emissivity (LSE) effects and perform
well for current TIR images (Becker, 1987; Becker and Li, 1995; Li and Becker, 1993; Li
et al., 2013b). However, to our knowledge, the adjacency effect has not been considered
during the derivation of these LST retrieval methods.

The adjacency effect is defined as sensor-observed energy reflected or emitted from
adjacent pixels (Burazerovic et al., 2013; Richter et al., 2006). Its influence has already
been well addressed in the visible and near infrared (VIS-NIR) spectral region (Duan et al.,
2015; Sanders et al., 2001; Tanre et al., 1981; Vermote et al., 1997). Existing methods for
addressing the adjacency effect in this region are based either on empirical relations to
avoid time-consuming operations, which is practical for operational purposes (Ouaidrari
and Vermote, 1999; Richter, 1990, 1998; Tanre et al., 1987; Tanre et al., 1981; Thome et
al., 1998), or on the atmospheric point spread function (PSF), which has a specific physical
meaning but requires detailed atmospheric parameters (Kaufman, 1984; Otterman and

Fraser, 1979; Pearce, 1986; Reinersman and Carder, 1995; Sanders et al., 2001; Semenov
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et al., 2011; Yang et al., 2009). The strength of the adjacency effect has been shown to
generally decrease with increasing wavelength (Reinersman and Carder, 1995; Sanders et
al., 2001) because the scattering intensity of atmospheric particles is inversely dependent
on wavelength (Angstrém, 1929; Eck et al., 1999; Kaskaoutis and Kambezidis, 2006;
Reinersman and Carder, 1995; Sanders et al., 2001). Besides, according to previous studies
(Duan et al., 2015; Kaufman, 1982; Kaufman et al., 1994), the adjacency effect is usually
not significant in low-spatial-resolution images. Therefore, the adjacency effect has
generally been neglected with current TIR images, since they have long observation
wavelengths and coarse spatial resolutions. However, with continued development of
remote sensing technology, high spatial resolution TIR images can now be acquired, and
there is therefore a need to quantitatively discuss the magnitude of the adjacency effect on
such high spatial resolution TIR images.

The objective of this chapter is to develop a forward adjacency effect radiative transfer
model (FAERTM) in order to quantify the adjacency effect for different atmospheric and
imaging conditions, especially for high spatial resolution TIR measurements.

This chapter is organized as follows. Section 2.2 describes the development of the
forward adjacency effect radiative transfer model. Section 2.3 describes the input
parameters for experiments. Section 2.4 compares the proposed model with moderate
resolution atmospheric transmission (MODTRAN) code. Section 2.5 analyzes the
adjacency effect for different atmospheric and imaging conditions. Finally, section 2.6
summarizes the main findings.

2.2. Development of the forward adjacency effect radiative

transfer model

In MODTRAN, the adjacency effect can only be simulated if image spatial resolution is
ignored. To quantitatively study the adjacency effect for various atmospheres and image

spatial resolutions, the FAERTM is therefore developed.
2.2.1. Radiative transfer equation of FAERTM

For simplification purposes, the following three assumptions were adopted. First, the land
surface is flat, without rugged terrain and buildings. Second, observations are acquired
vertically, which is usually true for high spatial resolution images. Third, the proportion of
energy that has been scattered more than twice is insignificant. With these assumptions,
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adjacent pixels can only affect observed target radiance through atmospheric scattering.
Bearing in mind that the energy source in the TIR region is thermal radiation (rather than
sunlight), the total spectral radiance (L,) received by the remote sensor can be divided into

five components (Fig. 2-1). The radiative transfer equation of FAERTM can thus be
expressed as follows:

L.
L& = B/I(Tbﬂ)z‘[/lgﬂBﬂ (TS)+T/1(1_81)L¢2 +LT/1+LM +7, (1_81')1_pi/18/1 Eq 2-1

where A is the wavelength and B, is the Planck function. Here, T}, is equivalent
channel brightness temperature considering the adjacency effect, t, is direct atmospheric
transmittance, &; and T, are LSE and LST, L;; and L,; are atmospheric downwelling
and upwelling radiance respectively, p, is land surface reflectance, and S, is atmospheric
spherical albedo at the bottom of the atmosphere. The last two items on the right-hand side
of Eq. 2-1 describe the adjacency effect: L,; is the single scattered adjacent pixel radiance
(Fig. 2-1d) and L,, isthe adjacent pixel radiance that has been reflected by the atmosphere
(Fig. 2-1e), with (1 — p;S;) representing illumination enhancement due to the trapping
mechanism. The critical problem of FAERTM is then to model L, and L,:

L=B(Ty)=reB(Ts)+7(1-¢)(L, +1L—28)+LT+L1 Eq.2-2
P
with the subscript 2 omitted for simplicity.
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Fig. 2-1. Radiation sources of at-sensor observations. The surface patches with and without shading
represent target and adjacent pixels, respectively. Solid cubes indicate emission sources. The five sources
include (a) target-emitted radiance; (b) target-reflected atmospheric downwelling radiance; (c)
atmospheric upwelling radiance; (d) single scattered adjacent pixel radiance; and (e) adjacent pixel

radiance that has been reflected by the atmosphere and then reflected by the target pixel.
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2.2.2. Single scattered adjacent pixel radiance (L{)

We assume an adjacent pixel A;; with LST and LSE of T;; and ¢; ;, respectively (Fig.
2-2). The emitted radiance of this adjacent pixel (R; ;) can be given by:

Rij=2¢,;B( ;) +1-& ;)L Eq. 2-3

where L, is atmospheric downwelling radiance. Based on the radiative transfer theory,
the radiance (R1;;) that arrives at an infinite thin atmosphere (Cj) at height h in the
instantaneous field-of-view (IFOV) can be expressed by:
Rli,j _ Ri,je—t(‘pﬁ,jch‘) Eq. 2-4

where t(|A ,Cn|) is the optical depth of the atmosphere between A;; and Cj,.

Let dt;* be the atmospheric scattering optical depth of the infinite thin atmosphere Cj,.
The scattered radiance (R1;5") when light passes through dt;¢¢ is given by:

REF =Ry jdtz™ Eq. 2-5

The fraction (y1) of scattered energy that is scattered into the sensor direction can be
calculated by introducing the scattering phase function (P), which is related to the
wavelength and scattering angle. Assuming that the area of A;; and the sensor are both
small, according to the reciprocity theorem, the fraction of scattered energy is the same
when source and receiver are exchanged (Jarosz, 2008). If the sensor is considered as the
radiation source, 1 therefore equals the fraction of scattered energy that is scattered into
A;; (Kneisys et al., 1996):

l//l= P(A'Q)QA,j_)Ch Eq 2-6

hl]h

Here, 6 = arccos (——
|ChAL]||ChT|

) is the angle between the vector C,A,; and C,T in Fig.

2-2. The letter T represents the position of the target pixel and {24;;-c, is the solid angle

that the adjacent pixel A;; expands to the scattering point C,. Both £24;,-¢c, and 6 are

related to imaging spatial resolution.

If the size of A;; fails to meet the small area assumption of the reciprocity theorem, it
can be divided into several small patches; y1 of each patch can then be calculated. The
sum of the fractions for each small patch describes 1 for A;;.
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Assuming the atmospheric optical depth between C, and sensor O is t(|C,0|), the

proportion of A;; emitted radiance (R1;5"°°") that can be observed by the sensor is given
by:

Rlsensor Rlscawle (‘ﬁ)‘)

Eq. 2-7
Substituting Eq. 2-4 ~ Eq. 2-6 into Eq. 2-7, we get
Rl‘sensor _t(‘m‘)e_t(‘ﬁ‘) P(2,0)Q Ao dtsca Eq. 2-8
Sensor (O)
J;“y\ % t?‘lca — 0
IFOVJ;;\ 3
i “5 , H
Atmosphere || i
rl“ “'\ /
\‘ ,IC]] i
""""""""""""" sca:
ol
’ / I": “. 1
.QA =C /I '-,':’: "\ h% :
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Il’ "-"' : i 3 i th — tH
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Fig. 2-2. Illustration of single scattered adjacent pixel radiance (L,)
When integrating R175™°"

vertically through the whole IFOV, the contribution of A;;
to the final observed radiance (L} j) can be expressed by:

0

Eq. 2-9
After integrating L} ;

over all adjacent pixels, the single scattered adjacent pixel radiance
(L,) can be given by:

+00+00

L = J' j L} ;didj

Eq. 2-10
where subscripts i,j represent the position of the adjacent pixels
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2.2.3. Target-reflected adjacent pixel radiance (RAD)

While the target pixel reflects atmospheric downwelling irradiance upward, the
atmosphere can also reflect ground upwelling radiance downward, i.e., back to the ground
(Fig. 2-3). This atmosphere-reflected downward radiance can be reflected by the target
pixel into the sensor, contributing to the adjacency effect.

Assuming that land surface temperature and emissivity for background pixels are Tj ¢
and &, respectively, the radiance (L,) emitted from the ground and reflected by the
atmosphere can be given by:

Lo = &pek B(Toek ) S Eq. 2-11

where S is the atmospheric spherical albedo at the bottom of the atmosphere. Considering
the trapping mechanism between land surface and atmosphere, an illumination
enhancement factor, which is actually the sum of a geometric sequence, is introduced to
compensate for atmosphere-reflected ground radiance:

Ly _ 2ok B(Thek)S Eq.2-12
1-pS 1-pS

here, p = 1 — &, representing land surface reflectance.

If the land surface is heterogeneous, Ty, and &, should refer to averaged land surface
temperature and emissivity, which can be estimated by introducing the PSF as the ground
weighting function. Assuming g; ; isthe PSF, or the ground weighting function for a given

atmosphere, then T, and &, can be given by:

+00+00

fook = | [ 0, jdic Eq. 2-13

—00—00

+00+00
I Jgi,jB(ri,j)gi,jdidj
g1| e Eq. 2-14
Ehek

Tbck =

where subscripts i,j represent the position of the land surface pixels. B~ is the inverse
of the Planck function.

In order to obtain g; ;, EQ. 2-9 in Section 2.2.2 was reconsidered. From Eq. 2-9, it can be

easily shown that the unnormalized value of g; ; (g}f}m"rmal) is defined as:
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gtmnormal J' (‘A Ch‘) —t(‘ChO‘) P(4, Q)QA
tSCa

L, 5™ Eq. 2-15
After normalization of g}f}m‘”mal, g;; can be given by

gunnormal
1)

9i,j =

+00+00

Eq. 2-16
J’ J'g:mnormaldldj

Finally, by combining Eq. 2-12 ~ Eq. 2-16, the target-reflected adjacent pixel radiance
(RAD) can be acquired by:

RAD=r(1-¢) Ly

—e) &bck B (Thek ) S

Eq. 2-17
1-(1-epek )S

where 7 is direct atmosphere transmittance and ¢ is target pixel emissivity. When the
land surface is homogenous, &,., should be the same as ¢

Sensor (O) -

i
I

IFOV;ﬂ '

i

A DONNNWAANN
i

T T
) \\Ql\ Ei\K)

Fig. 2-3. Illustration of target-reflected adjacent pixel radiance
2.2.4. Radiance contributed by target pixel and atmosphere
The first three terms on the right-hand side of Eq. 2-2 (Fig. 1-1(a)—(c)) can be calculated
after acquiring 7, L,;, and L

In this study, MODTRAN was used to calculate these
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parameters for different atmospheric conditions. Since the single scattered adjacent pixel
radiance (L,) and the target-reflected adjacent pixel radiance (RAD) were considered
separately in FAERTM (see Eq. 2-2), the L, and L; should be the intrinsic atmospheric
radiance which is actually the atmospheric radiance neglecting the scattered radiation from
ground. However, the MODTRAN output path thermal radiance (related to L) and ground
reflected radiance (related to L,;) would contain the contribution of land surface radiation
if the land surface temperature was left as default in MODTRAN. Therefore, in order to
exclude the influence of land surface radiation on intrinsic atmospheric quantities, in this
study, Ly and L; were calculated using MODTRAN by setting £=1.0, Ts = 0.00001 K
and £=0.0, Ts= 0.00001 K, respectively.

2.2.5. Quantification of adjacency effect on satellite TIR measurements

If the adjacency effect terms [L,, 7(1 — &) %] are omitted from Eq. 2-2, FAERTM

can be reduced to the traditional thermal infrared radiative transfer equation (Becker and
Li, 1990; Wan and Dozier, 1996; Wan and Li, 1997):

L=B(Ty)=wB(Ty)+r(1-2)Ly +Ly Eq.2-18

where T2 is the equivalent channel brightness temperature of the satellite TIR
measurement, without considering adjacency effect. In fact, Eqg. 2-18 is the basic function,
based on which commonly-used LST retrieval algorithms were developed. However,
because the temperature and emissivity of adjacent pixels are always not equal to zero, the
scattered adjacent pixels’ radiation will also contribute to observed target pixel radiance.
When using existing LST retrieval algorithms, target pixel temperature retrieval accuracy
can therefore be affected, even if adjacent pixels have the same temperature and emissivity
as the target pixel. The adjacency effect (here defined as observed target radiation
difference between a case with adjacent pixels’ radiation and one without) therefore merits
further research. In order to intuitively represent the adjacency effect, the difference (AT),)
between T, and T, will be used in the following sections:

AT, =T, —T0 Eq. 2-19

Additionally, land surface has always been assumed to be homogenous in practical
applications. Under such circumstance, a simplified radiative transfer equation using the
total transmittance (direct plus diffuse) was presented in the previous study (Adler-Golden
et al., 2014). In the radiative transfer equation Eq. 2-18, if the total transmittance is also
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used rather than the direct one, the diffuse transmittance will provide the adjacency radiance
from background. Consequently, the adjacency effect arises only from target-background
contrast. In this study, instead of simply replacing the direct transmittance with total
transmittance in Eq. 2-18, a more detailed equation Eq. 2-20 was provided to calculate the
satellite-observed radiance of homogenous surfaces, as expressed by:

hom
L=8(Ti | =B (T, )+ o(L-¢) (L, + ]I._—ZpS)+ Ly + Ljom Eq. 2-20

where L™ and L%°™ have the same meanings as in Eq. 2-2 but are calculated under
the assumption that adjacent pixels have the same temperature and emissivity as the target
pixel. The adjacency effect, now defined as observed target radiation difference between a
case with target-to-background-radiation-contrast and one without, should thus be explored.
Therefore, the difference (6T},) between T, and T, was also investigated in this study:

STy =T, —Ti Eq. 2-21

2.3. Simulation description

2.3.1. Scenario input simulation parameters

As shown in Section 2.2, in addition to direct atmospheric transmittance, atmospheric
downwelling, and upwelling radiance, which can be obtained from MODTRAN (Kneisys
et al., 1996), FAERTM also requires the temperature and emissivity of the target and
adjacent pixels, scattering phase function, scattering optical depth, and atmospheric
spherical albedo at the bottom of the atmosphere to calculate the adjacency effect. Different
simulation input combinations were selected to provide a variety of atmospheric and
imaging scenarios. According to previous studies, in the TIR region, scattering is mainly
caused by aerosol particles for flat surfaces, and the adjacency effect in TIR spectral region
therefore depends mainly on aerosol (Angstrém, 1929; Cimini et al., 2010; Reinersman and
Carder, 1995). In this study, two typical aerosol types and four visibilities were used as
simulation inputs. The required direct atmospheric transmittance and atmospheric
downwelling and upwelling radiance were calculated using the 1976 U.S. Standard
atmosphere profiles as an example, because the adjacency effect performs similarly for
other atmospheric types provided input aerosol parameters remain unchanged. In terms of
imaging conditions, the adjacency effect was studied with varying wavelengths, image
spatial resolutions, and temperatures and emissivities of target and adjacent pixels. Five
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pre-set ranges were given to study the spatial extent of the adjacency effect. Moreover, the
remote sensor was placed on a satellite platform at an altitude of 705 km. The detailed input
simulation parameters are listed in Table 2-1.

Table 2-1. Scenario input simulation parameters

Atmospheric conditions

Atmosphere model 1976 U.S. Standard
Aerosol model RURAL, URBAN
Atmospheric visibility 5,10, 23, 40 km
Imaging conditions
Wavelength 8,9,10,11, 12 pm
Image spatial resolution 0.005, 0.01, 0.03, 0.06, 0.1, 0.25,0.5, 1.0 km
Temperature of target pixel

270,290, 310K
From TAT LST —-30K to TAT LST + 30 K with a step of

(TAT LST)

Temperature of adjacent pixels

10K
Emissivity of target pixel 0.90, 0.98
Emissivity of adjacent pixels 0.90, 0.98
Calculation range of adjacency effect 1.0,2.0,3.0,4.0, 5.0 km
Sensor altitude 705 km

2.3.2. Scattering phase function of FAERTM

Another important input of FAERTM is the aerosol scattering phase function (ASPF),
which determines the radiation intensity of a certain direction after scattering (Kaufman et
al., 1994; Liou, 2002). The scattering property of normal aerosol particles was measured in
a laboratory in 1983, at wavelengths ranging from 0.2 to 40 um (Kneizys et al., 1983). Then,
an ASPF database was built based on the Mie scattering theory and embedded in
MODTRAN (Kneisys et al., 1996). The database was reported to approximate exact phase
functions within about 20% (Kneisys et al., 1996). In this study, we used this ASPF
database to calculate the adjacency effect. As shown in Fig. 2-4, most scattered energy is
concentrated in the forward direction within a scattering angle < 60< which means that
distant adjacent pixels would make an insignificant contribution to the final adjacency
effect.

17



Chapter 2: Quantification of adjacency effect in TIR region
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Fig. 2-4. Aerosol scattering phase function used in this study. Wavelengths of 8 and 12 um were used as
examples for two aerosol types: (a) RURAL and (b) URBAN.

2.3.3. Actual satellite data

In order to preliminarily investigate the adjacency effect in real satellite data, MODIS
(Moderate Resolution Imaging Spectroradiometer) Land Surface Temperature and
Emissivity (MOD11) (Wan et al., 2015a) data, with pixel size of 2000 m * 1000 m, were
introduced to represent low spatial resolution data. ASTER (Advanced Spaceborne
Thermal Emission and Reflectance Radiometer) Surface Kinetic Temperature (ASTO08)
(Spacesystems and Team, 2001a) and Surface Emissivity (AST05) (Spacesystems and
Team, 2001b) data, with pixel size of 90 m * 90 m, were used to represent high spatial
resolution data. The study area was Zhangye, China (100°26'59" E, 38°55'33" N), where
the main surface coverage types are the Gobi Desert and oases. The data used in this study
were acquired on April 24, 2013 onboard the same platform TERRA (Fig. 2-5).
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Fig. 2-5. LST images of the study area obtained from (a) MOD11 product of MODIS observations, and
(b) ASTOS product of ASTER observations.

2.4. Comparison between FAERTM and MODTRAN

In MODTRAN, the adjacency effect is modeled by setting the target pixel in a uniform
background (Berk et al., 2008). The background is defined based on two parameters: “area-
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averaged” temperature and “area-averaged” emissivity (Clough et al., 1992; Kneisys et al.,
1996). These parameters are usually obtained by convoluting background LST and LSE
with the atmospheric PSF. In this section, target and adjacent pixels were first assumed to
be homogeneous. Our results are thus comparable with those from MODTRAN, without
requiring calculation of the atmospheric PSF. Second, a scenario with two different surfaces
was assumed, as can usually be found at the seashore. In this case, the land surface is
heterogenous and the PSF is therefore needed, which can be estimated from Eq. 2-15 and
Eq. 2-16.

2.4.1. For homogeneous land surfaces

In this case, adjacent pixels have the same LST and LSE as the target pixel. LSE was
fixed at 0.9 while two LSTs (270 K, 310 K) were considered. The aerosol type was set as
RURAL. Differences in simulated satellite brightness temperature between MODTRAN
(Tyoprran) and FAERTM (Trarrrm) Were calculated (Fig. 2-6(a) and (b)). In addition,
considering that the target-reflected adjacent pixel radiance (RAD) can be obtained in
MODTRAN by comparing radiances reflected from a target pixel (LST=270 K, LST=310
K) and a non-emitted background (Twx=0 K) with those from a homogeneous surface
(Toex=270K, Tuek=310 K), this portion of radiance calculated from FAERTM (RADgagrrm)
was also separately compared with that from MODTRAN (RADyoprran) (Fig. 2-6 (C)).
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Fig. 2-6. Difference in satellite brightness temperature and target-reflected adjacent pixel radiance
between MODTRAN and FAERTM simulations. LSE and aerosol type were fixed as 0.9 and RURAL,
respectively. (a) Simulated satellite brightness temperature difference as a function of wavelength, with
atmospheric visibility of 10 km and image spatial resolution of 0.03 km. (b) Simulated satellite
brightness temperature difference for different atmospheric visibilities (VIS) and image spatial
resolutions, with wavelength of 10 um. (c) Difference in simulated target-reflected adjacent pixel

radiance as a function of wavelength, with atmospheric visibility of 10 km.

As shown in Fig. 2-6(a) and (b), compared with MODTRAN, the proposed model slightly
underestimated the adjacency effect for most of the spectral region. Since the difference in
target-reflected adjacent pixel radiance between MODTRAN and FAERTM is small (Fig.
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2-6(c)), the underestimation is likely caused by the neglect of multiple scattering in the L,
calculation in this study; conversely, this is calculated in MODTRAN (lsaacs et al., 1987,
Kneisys et al., 1996; Wang and Ryan, 1983; Wiscombe and Grams, 1976). Because more
multiple scattering occurs in a turbid atmosphere than in a clear atmosphere, the difference
between the proposed model and MODTRAN also increased as atmospheric visibility
decreased (Fig. 2-6(b)). In addition, it is noticed that the discrepancies between the two
models seem to follow the shape of the atmospheric transmissivity spectrum (Fig. 2-6(a)).
The possible reason may be that the adjacency effect is in fact suppressed by atmospheric
transmittance in both FAERTM and MODTRAN when considering satellite observations,
because atmospheric optical depth was used to model the adjacency effect, as discussed in
Sections 2.2.2 and Section 2.2.3. Therefore, smaller atmospheric transmittance would
decrease the adjacency effect in both models, leading to a relatively smaller discrepancy
between the two models in contrast to cases with larger atmospheric transmittances, and
then making the discrepancies follows the shape of the atmospheric transmissivity spectrum
along wavelength. But overall, even in extreme conditions, with atmospheric visibility of
5 km, LST of 310 K, and wavelength of 10 um, the difference was no larger than 0.15 K
with respect to an adjacency effect of 2.3 K calculated by MODTRAN. Therefore, the
proposed model is accurate for capturing signal variation caused by the adjacency effect.

2.4.2. For heterogeneous land surfaces

In this case, a scenario with two different surfaces was considered, with the left part
having emissivity of 0.9 and the right part having emissivity of 0.98 (Fig. 2-7). The
temperature of the right part was fixed at 290 K while the temperature of the left part varied
from 270 K to 310 K, with a step of 20 K. The target is located on the left border of the
right part, with a pixel size of 0.03 * 0.03 km. Atmospheric visibility was set at 10 km and
aerosol type was set as RURAL. The PSF required in this case was estimated from Eq. 2-15
and Eqg. 2-16 given in Section 2.2.3. By inputting the scenario parameters, the difference in
simulated satellite brightness temperature between MODTRAN (T 0prran) @Nd FAERTM
(T agrTm) Was calculated. The results at 10.0 um were given as an example (Fig. 2-8).
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Fig. 2-7. Assumed scenario with two different surfaces. The target has the pixel size of 0.03 * 0.03 km.
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Fig. 2-8. Difference in simulated satellite brightness temperature between MODTRAN and FAERTM at
10 um for the assumed scenario. The left part has emissivity of 0.9 and the right part has emissivity of
0.98. The temperature of the right part was fixed at 290 K while the temperature of the left part varied
from 270 K to 310 K, with a step of 20 K. The aerosol type was set as RURAL.

As shown in Fig. 2-8, the differences in simulated satellite brightness temperature
between MODTRAN and FAERTM coincide with those obtained for a homogeneous land
surface. In fact, the results at wavelengths of 8.0, 9.0, 11.0 and 12.0 um were also calculated
and the difference was found to be smaller than that of 10.0 um. For common cases, the
validation results therefore showed that the discrepancy between FAERTM and
MODTRAN is usually < 0.15 K.

2.5. Results

2.5.1. Adjacency effect dependence on horizontal and vertical calculation
range

The integration range of the adjacency effect should be infinite horizontally and over the

entire atmosphere vertically. However, aerosol density quickly decreases as altitude

increases (Qiu et al., 2005). As shown in Fig. 2-9, aerosol scattering optical depth quickly
approximates zero above 3 km; this means that calculation of scattered radiation > 3 km
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only makes a very limited contribution to the total adjacency effect but increases calculation
time. Additionally, when the adjacent pixel is far from the target pixel, the scattering angle
increases, resulting in small ASPF values. Consequently, similarly to the VIS-NIR region,
adjacency effect radiation is mainly related to adjacent pixels within several kilometers of
the target pixel and scattered by the bottom atmospheres (Reinersman and Carder, 1995;
Richter et al., 2006). It is therefore necessary to determine a horizontal and vertical cut-off
distance for practical calculations. According to (Richter et al., 2006), the horizontal range
of the adjacency effect usually has the same magnitude as the boundary aerosol scale height.
For simplicity, in Fig. 2-10, the same value was therefore used both horizontally and
vertically for each pre-set calculation range. Results showed that the adjacency effect first
increased with the calculation range and then stabilized at about 3 km. The results for other
input parameters such as LST, wavelength, and image spatial resolution showed a similar
pattern. The horizontal and vertical cut-off range in this study was therefore set at 3 km.
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Fig. 2-9. Aerosol scattering optical depth as a function of altitude for different atmospheric visibilities
(VIS). The wavelength and aerosol type were set as 10 um and RURAL, respectively. The logarithmic

y-axis was used.
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Fig. 2-10. Adjacency effect as a function of calculation range for different atmospheric visibilities (VIS).
The wavelength, image spatial resolution, aerosol type, and LSE were set as 10 pm, 30 m, RURAL, and
0.90, respectively. The target and background temperature were the same, with LSTs of (a) 270 K and
(b) 310K.
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2.5.2. Adjacency effect dependence on target and adjacent pixel
emissivity

When the LSE of the target pixel decreased, the reflectance of the target pixel increased.
As a result, the adjacency effect increased because more energy was reflected as the target
pixel LSE changed from 0.98 to 0.90 (Fig. 2-11). However, the amount of increase was
quite small, and different LSTs and atmospheric visibilities showed similar values. In fact,
the proportion of energy scattered backward by the atmosphere in the TIR region is usually
insignificant (Reck, 1976), indicating that the contribution of target-reflected adjacent pixel
radiance is limited. Consequently, varying the target pixel LSE made no significant impact
on the final sensor-observed radiance.
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Fig. 2-11. Adjacency effect for different target and adjacent pixel emissivity combinations. The
wavelength, image spatial resolution, aerosol type, and atmospheric visibility were 10 pm, 30 m,
RURAL, and 10 km, respectively. The target and background temperature were the same, with LSTs of
270 K or 310 K.

2.5.3. Adjacency effect dependence on aerosol type and image spatial

resolution

Results showed that the adjacency effect increased as image spatial resolution improved,
regardless of LST (Fig. 2-12). For example, the adjacency effect was only about 0.3 K in
images with a pixel size of 1.0 x 1.0 km. However, the adjacency effect increased by about
three times as image spatial resolution increased to 5.0 x 5.0 m. When image spatial
resolution was better than 0.03 km, the adjacency effect was no longer dominated by image
spatial resolution but was mainly controlled by other parameters, such as LST.
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Fig. 2-12. Adjacency effect as a function of image spatial resolution for two different aerosol types. The
wavelength, atmospheric visibility, and LSE were 10 um, 10 km, and 0.98, respectively. Target and
background temperature were the same, with LSTs of (a) 270 K and (b) 310 K.

Results also showed that the adjacency effect was more pronounced for RURAL than for
URBAN aerosol types (Fig. 2-12). The difference varied from about 0.1 K to 0.2 K when
image spatial resolution increased from 1.0 km to 5.0 m. However, in other respects, the
adjacency effect for these two typical aerosol types was similar. The RURAL aerosol type
was therefore used in the following analysis as an example.

2.5.4. Adjacency effect dependence on atmospheric visibility

Atmospheric visibility describes the scattering ability of the atmosphere. The lower the
atmospheric visibility, the higher the atmospheric particle density, meaning that there
should be a greater adjacency effect.

As shown in Fig. 2-13, when atmospheric visibility decreased, the adjacency effect soon
became significant, reaching up to 1.6 K even for a cold surface with LST of 270 K.
Additionally, the adjacency effect increased much more rapidly under conditions of large
LST and high image spatial resolution. For example, in the case of an image spatial
resolution of 0.03 km and LST of 310 K, the adjacency effect increased from 0.27 K to
2.25 K as atmospheric visibility decreased from 40.0 km to 5.0 km. In a case with image
spatial resolution of 0.5 km and LST of 270 K, the adjacency effect only changed from 0.13
Kto 0.91 K.
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Fig. 2-13. Adjacency effect as a function of atmospheric visibility. The aerosol type, wavelength and
LSE were RURAL, 10.0 um and 0.98, respectively. The target and background temperature were set the
same with the LST of (a) 270 K and (b) 310 K.

2.5.5. Adjacency effect dependence on target and adjacent pixel

temperature

For a specific atmospheric profile, transmitted target pixel radiance and adjacency effect
radiance are the two ground energy sources that affect the final sensor-observed radiation.
Fig. 2-14 showed that the contribution of adjacent pixels to total observed radiance
increased as adjacent pixel LST increased or target pixel LST decreased. The adjacency
effect on satellite measurements therefore increased with increasing adjacent pixel LST
(Fig. 2-15). Conversely, as target pixel LST increased, the adjacency effect decreased. We
take as an example a common imaging condition with atmospheric visibility of 10 km,
image spatial resolution of 30 m, and target pixel LST of 290K. Increasing adjacent pixel
LST from 270 K to 310 K could result in the adjacency effect increasing by about 0.8 K
(from 0.7 K to 1.5 K). Conversely, increasing target pixel LST from 270 K to 310 K leads
to a decrease in the adjacency effect of about 0.4 K (from 1.3 K to 0.9 K), with maintaining
adjacent pixel LST at 290 K.

In addition, we studied the adjacency effect, when defined as the observed target radiation
difference between a case with target-to-background-radiation-contrast and one without
[see Eq. 2-21] (Fig. 2-16). Results showed that, using this definition, the adjacency effect
exists only when target pixel LST is different from adjacent pixel LST. The greater the
difference, the larger the adjacency effect. For instance, given a common imaging condition
with atmospheric visibility of 10 km, image spatial resolution of 30 m, and target pixel LST
of 290 K, the adjacency effect increased from null to about 0.5 K with an increase in target-
to-background-contrast from null to 30 K. With a fixed target-to-background-contrast, the
adjacency effect was a little greater in cases where target pixel LST > adjacent pixel LST,
compared to cases with target pixel LST < adjacent pixel LST.
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Fig. 2-14. The proportion of adjacency effect radiation in total observed target radiation as a function of
(a) adjacent pixel LST, and (b) target pixel LST. Aerosol type, wavelength, image spatial resolution, and
LSE were RURAL, 10 um, 30 m, and 0.98, respectively.
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Fig. 2-15. Adjacency effect [defined as per Eq. 2-19] as a function of adjacent pixel temperature. Aerosol
type, wavelength, image spatial resolution, and LSE were RURAL, 10 pum, 30 m, and 0.98, respectively.
Target pixel temperature (TAT LST) was (a) 270 K, (b) 290 K, and (¢) 310 K. Adjacent pixel
temperature varied from TAT LST —30 K to TAT LST + 30 K, with a step of 10 K.
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Fig. 2-16. Same as Fig. 2-15 but with adjacency effect defined by Eq. 2-21.

2.5.6. Adjacency effect dependence on wavelength

Changing the simulated wavelength produced different adjacency effect, mainly because
some parameters used in FAERTM are wavelength-dependent, such as aerosol scattering
optical depth and atmospheric transmittance [see Eq. 2-9 and Eqg. 2-17]. As shown in Fig.
2-17 for both definitions Eq. 2-19 and Eqg. 2-21, the adjacency effect decreased as

wavelength increased, except for the wavelengths of 8.0 and 12.0 um. The irregularity of
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these two positions could be explained through analysis of aerosol scattering optical depth
and atmospheric transmittance of the five wavelengths.

Given the 1976 U.S Standard atmospheric type and 10 km atmospheric visibility,
transmittances were 0.51, 0.75, 0.73, 0.72, and 0.85 for wavelengths of 8.0, 9.0, 10.0, 11.0,
and 12.0 um, respectively. Aerosol scattering optical depth as a function of wavelength is
given in Fig. 2-18. As expected, the smallest atmospheric transmittance and smallest
aerosol scattering optical depth both occurred at 8 um, resulting in a minimum adjacency

effect at this wavelength.

35 1.0
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Fig. 2-17. Adjacency effect results, with this defined as per (a) Eq. 2-19, and (b) Eq. 2-21, as a function
of wavelength for different atmospheric visibilities (VIS). Aerosol type, image spatial resolution, and
LSE were RURAL, 30 m, and 0.98, respectively. Target and adjacent pixel temperatures were set as 290
K and 310 K, respectively.
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Fig. 2-18. Aerosol scattering optical depth (sum of the lower 3 km) as a function of wavelength for
different atmospheric visibilities (VIS). Wavelength and aerosol type were set as 10 um and RURAL,

respectively.

Since aerosol scattering optical depth decreases with an increase in wavelength from 9.0
pum to 12.0 um, the adjacency effect should decrease with wavelength if atmospheric
transmittances were the same at these wavelengths. However, when considering
atmospheric transmittances at wavelengths 0f 9.0, 10.0, 11.0, and 12.0 um, the former three
have similar values, but there is larger atmospheric transmittance at 12.0 um. The decrease

in the adjacency effect caused by decreasing aerosol scattering optical depth is therefore
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compensated for by the increase in atmospheric transmittance at 12.0 um; this is expected

to explain the small anomaly observed at 12.0 pm.

2.5.7. Adjacency effect analysis on actual satellite data

In addition to the above point-based simulations, experiments using actual satellite data
were also conducted, to preliminarily interpret adjacency effect magnitude in actual satellite
measurements. MOD11, ASTO05, and ASTO08 products were used to provide the land
surface radiation field. According to location and acquisition time of the selected study area
images (see Section 2.3.3), atmospheric transmittance, downwelling, and upwelling
radiance were calculated by using the Mid-Latitude Winter atmospheric type provided in
MODTRAN. The RURAL aerosol type and atmospheric visibility of 10 km were used to
compute single scattered and target-reflected adjacent pixel radiance. Since FAERTM is a
monochromatic model, the adjacency effect was first calculated wavelength by wavelength,
then weighted using the MODIS and ASTER channel spectral response function (SRF).
The results for Band 31 of MODIS and Band 14 of ASTER are given as examples. As
shown in Fig. 2-19, the adjacency effect, defined according to Eqg. 2-19, was present in
every pixel for both images. For MODIS data with pixel size of 1000 m * 1000 m (Fig.
2-19(a)), the maximum influence caused by the adjacency effect was about 0.5 K. For
ASTER data with pixel size of 90 m * 90 m (Fig. 2-19(b)), even the minimum influence of
the adjacency effect was > 1.0 K.

We also considered the adjacency effect, using its definition as observed target radiation
difference between a case with target-to-background-radiation-contrast and one without Eq.
2-21. As shown in Fig. 2-20, under this definition, there was very limited influence of the
adjacency effect on satellite measurements for MODIS imagery. In the case of the ASTER
image, which has much higher spatial resolution, the adjacency effect for pixels at radiation
edges (such as river or lake shores) was as high as 0.35 K. It can be assumed that in cases
with higher spatial resolution measurements and larger target-background-contrast, the
adjacency effect could be a little bit higher.
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Fig. 2-20. Same as Fig. 2-19 but with adjacency effect defined by Eq. 2-21.

2.6. Discussions and conclusions

Prior works have documented the development of a number of LST retrieval algorithms
over the last several decades, such as the split window method, which has been successfully
used to generate global LST products (Becker and Li, 1990; Wan, 2014; Wan and Dozier,
1996). Existing LST retrieval algorithms assume a negligible adjacency effect or consider
this to be already well addressed by TIR signals. To our knowledge, no studies have focused
on quantifying the adjacency effect on TIR observations. As the TIR image spatial
resolution improves nowadays, the adjacency effect on TIR satellite measurements needs
to be studied to further improve LST retrieval accuracy. In this study, a physical adjacency
effect simulation model, FAERTM, was developed. After comparison with MODTRAN,
FAERTM was used to quantify the adjacency effect on TIR observations for different

atmospheric and imaging conditions.

It is shown that the adjacency effect mainly originates from pixels within 3 km of the
target and is not sensitive to aerosol type and LSE. Additionally, in contrast to scenarios

with clear atmospheres, coarse image spatial resolution, and cold adjacent pixels, adjacency
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effect magnitude increased with a decrease in atmospheric visibility, an improvement in
image spatial resolution, or an increase in adjacent pixel radiation. In extreme conditions,
the adjacency effect magnitude may even exceed 3.0 K. It is also shown that, as wavelength
increased, the adjacency effect generally decreases, except at 8 um; at this wavelength,
atmospheric transmittance and aerosol scattering optical depth are both quite small, leading
to most adjacency effect radiance being absorbed and thus not being observed by the sensor.
This phenomenon has been confirmed using simulated path scattered radiance values from
MODTRAN; the 8 um wavelength always has lower values than other wavelengths. For
example, in a moderate humidity (3.62 g/cm?) and turbid (10 km) atmosphere, path-
scattered radiance at 8 um is about 4.63 x 10 (W Sr!' em™ cm™), compared with 2.28 x
10 (W Sr! em™ em™) at 9 pm.

These findings clearly show that the adjacency effect should be considered in the TIR
region, at least for some specific cases, such as the atmospheric visibility is smaller than 23
km or the image spatial resolution is higher than 1.0 km. Otherwise, significant
underestimations would be introduced to the satellite observations. For the purpose of
further improving LST retrieval accuracy, the adjacency effect should either be
independently addressed from TIR signals before applying commonly used LST retrieval
algorithms or should be integrated into existing LST retrieval algorithms to develop new
ones. For each of the two potential approaches, the proposed FAERTM could be a useful
tool because it can be used to quantitatively calculate this effect for given atmospheric and

land surface conditions.
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3 Modelling of the impact of 3-D

structures and their radiation
on TIR measurements in urban

areas

Land surface temperature (LST) is a key parameter for many fields of study.
Currently, LST retrieved from satellite thermal infrared (TIR) measurements is
attainable with an accuracy of about 1.0 K for most natural flat surfaces. However,
over urban areas, TIR measurements are influenced by three-dimensional (3-D)
structures and their radiation that could degrade the performance of existing LST
retrieval algorithms. Therefore, quantitative models are needed to investigate
such impact. Current 3-D radiative transfer models are generally based on time-
consuming numerical integrations whose solutions are not analytical, and are
therefore difficult to exploit in the methods of physical retrieval of LST in urban
areas. This paper proposes an analytical thermal infrared radiative transfer model
over urban areas (ATIMOU) that considers the impact of 3-D structures and their
radiation. The magnitude of this impact on TIR measurements is investigated in
detail, using ATIMOU, under various conditions. Simulations show that failure
to acknowledge this impact can potentially introduce a 1.87 K bias to the ground
brightness temperature for street canyon whose ratio “wall height / road width”
is 2.0, wall and road temperature is 300 K, wall emissivity is 0.906, and road
emissivity is 0.950. This bias reaches 4.60 K if road emissivity decreases to 0.921,
and road temperature decreases to 260 K. ATIMOU is also compared to the
discrete anisotropic radiative transfer (DART) model. Small mean absolute error
of 0.10 K was found between the models regarding the simulated ground
brightness temperatures, indicating that ATIMOU is in good agreement with
DART.
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3.1. Introduction

Land surface temperature (LST) is one of the most important Earth surface parameters,
as it is the key factor affecting the energy balance of the Earth and is required by studies of
global warming, evaporation, urban heat islands, et. al (Anderson et al., 2008; Karnieli et
al., 2010; Kustas and Anderson, 2009; Li etal., 2013a; Zhang et al., 2008). Thermal infrared
(TIR) remote sensing provides a suitable and efficient way to obtain accurate LST
information from the Earth’s surface. Regional and global LST may be obtained, based on
TIR measurements, using existing LST retrieval algorithms. After decades of improvement,
various types of LST retrieval algorithms have been developed (Coll and Caselles, 1997,
Jimenez-Munoz and Sobrino, 2003; Li et al., 2013a; Sattari and Hashim, 2014) and have
achieved great success for natural flat surfaces (Chedin et al., 1982; Gillespie et al., 1998;
McMillin, 1975; Ottle and Vidal-Madjar, 1992; Qin et al., 2001b; Sobrino et al., 1996; Wan
and Li, 1997). However, in urban areas, three-dimensional (3-D) structures and their
radiation affect satellite TIR measurements, especially in high spatial resolution images
(Fontanilles et al., 2008; Pallotta et al., 2006), because the observed radiance would
increase due to the radiation of the surroundings and reflections inside 3-D structures; the
observed signal would be anisotropic through various viewing angles. Consequently, the
performance of existing LST retrieval algorithms may deteriorate significantly if this
impact is not well addressed in observed signals. Therefore, quantitative models are needed
to investigate the impact of 3-D structures and their radiation on TIR measurements in

urban areas.

To understand the anisotropic thermal behavior of urban areas, a number of previous
researches have studied the 3-D surface modelling. Johnson et al. (Johnson et al., 1991)
proposed the surface heat island model (SHIM) to address the effects of building 3-D
geometries. Voogt (Voogt, 1995) developed a model to estimate the observed radiance in
urban areas by considering five components: roof, sunlit and shadowed ground, sunlit and
shadowed walls. Later, Krayenhoff et al. (Krayenhoff and VVoogt, 2007) proposed a more
detailed model—temperatures of urban facets in 3-D (TUF-3D)—to study urban surface
temperatures for a variety of surface geometries and properties. In their model, buildings
were divided into cubic cells and internal building temperature was also considered. These
three models are excellent thermal tools with which to estimate energy balance and study
urban climate (Masson, 2000); however, they do not allow for analysis of the dominating

factors that impact satellite-observed TIR signals at the sensor level in detail (Fontanilles
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et al., 2008). Gastellu-Etchegorry et al. (Gastellu-Etchegorry et al., 2004; Gastellu-
Etchegorry et al., 2015; Guillevic and Gastellu-Etchegorry, 2003) extended the discrete
anisotropic radiative transfer (DART) model to the TIR region, providing a modified model
capable of simulating the sensor-observed TIR spectral radiance of 3-D scenes. Although
the current version of DART can also allow a term by term analysis of the radiative
contributors on the signal at sensor level, the model should be run several times which is
not convenient for schematic case studies (Fontanilles et al., 2008; Pallotta et al., 2006).
Thus, Pallotta et al. (Pallotta et al., 2006) developed another model to estimate the sensor-
observed radiance. However, vertical surfaces such as building walls could only be
processed approximately because this model used a regular grid to digitalize the relief.
Fontanilles et al. (Fontanilles et al., 2008) proposed the thermal infrared radiance
simulation with aggregation model (TITAN), which is able to study the main radiative
sources in the urban areas observed by satellite. However, these three models all rely on
discrete 3-D scenes of the Earth’s surface and outputs were calculated based on time-
consuming numerical integrations (Fontanilles et al., 2008). Additionally, as no analytical
solutions have been provided for these models due to the complex calculation process
involved, it is difficult to develop physical LST retrieval models for urban areas directly
based on them. To our knowledge, the currently available analytical model for 3-D surface
modelling is the one proposed by Caselles and Sobrino (Caselles and Sobrino, 1989), which
was designed for orange groves but could be applied to urban areas assuming the emissivity
of roof is the same as the building walls. However, this model was derived on the basis of
the linearization of Planck function using the first-order Taylor expansion, which maybe
not accurate when the temperatures of each component inside the street canyon is not close
to the overall effective brightness temperature. Besides, all the multi-reflections have been
ignored in their model leading to the increase of bias as emissivity decreases. Therefore, to
study the relationships between parameters of street canyons and their corresponding TIR
measurements, a more accurate analytical TIR radiative transfer model with consideration
of the impact of 3-D structures and their radiation is required.

This chapter proposes a new model, the analytical thermal infrared radiative transfer
model over urban areas (ATIMOU), which could provide analytical solutions of the ground
and satellite TIR measurement in urban areas. Application of this model to different street
canyon scenarios allows for detailed quantitative investigation of the impact of 3-D
structures and their radiation on the TIR measurements. The ATIMOU is also compared to
other existing models including the DART. This paper is organized as follows: Section 3.2
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describes the mathematical formulations of the proposed model. Section 3.3 analyzes the
magnitude of the impact of 3-D structures and their radiation on TIR measurement under
different conditions. Section 3.4 provides the results of comparison between the proposed
ATIMOU and other models. Finally, Section 3.5 summarizes the main findings.

3.2. Methodology

In this study, a street canyon in an urban area is defined as two buildings situated on
either side of a road and oriented in a north-south direction. The 3-D structure is illustrated
in Fig. 3-1. with W, L, and H representing the road width, road length, and wall height,
respectively. Atmospheric spherical albedo at the bottom of the atmosphere is represented
by p.,and L* is the atmospheric downwelling radiance (wavelength A is omitted here and
hereafter for simplicity). The cross-section of the atmosphere above the road at the roof
level, i.e. the plane A1A>AzA4 in Fig. 3-1., is denoted A. The emissivity of the roof, left wall
(LW), road (Rd), and right wall (RW) are symbolized as & , €1, Erg,» and &gy ,
respectively, while LST, , LST, , LST; , and LST;, are the corresponding
temperatures. Moreover, two additional assumptions have been made for simplicity: (a) the
walls of the building are all perpendicular to the ground and have the same height; (b) all
facets are Lambertian and flat. Using the parameters of the scenario described above, the

ATIMOU is developed in the following sections.

Roof
-aofs LST .
ki) o R

(£ roofs LS Troo,f)

Road (Rd)
(£gas LSTRa)

' Atmosphere (A) H

1 Lt |

|~ Pa, L) s A

\ - -

23 23

[ = =
HH == R

123 Z s

e £

i L2

H [~

1

A

Fig. 3-1. Illustration of a street canyon in an urban area. W, L, and H are the road width, road length, and
wall height, respectively. »a is the atmospheric spherical albedo at the bottom of the atmosphere and
L" is the atmospheric downwelling radiance. €wor, €w, &, and €w are the emissivity of roof, left
wall, road, and right wall respectively, whereas LSTwos , LST. , LSTa | and LSTay are the

corresponding temperatures.
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3.2.1. Development of the analytical model for radiative transfer over a

street canyon

When considering 3-D structures in urban areas, the compositions inside the
instantaneous field of view (IFOV) may vary with viewing angle and IFOV size.
Consequently, the impact of 3-D structures and their radiation on ground observed radiance
of the target pixel could be different for different conditions.

To determine the ground observed radiance of the target pixel, the 3-D structure of an
urban area was first projected onto the ground along the direction of view. Then the solid
angles of the projections of each composition inside the IFOV of the sensor were calculated
(Fig. 3-2), allowing the proportion of each composition in the target pixel to be determined.
Finally, the ground observed radiance of the target pixel could be estimated using the
weighted sum method Eg. 3-1. However, the radiance of each composition used in the
weighted sum method should not be their self-emitted radiance; rather, it should be their
surface-leaving radiance considering the impact of 3-D structures and their radiation. Since
building roofs are not affected by 3-D structures and their radiation in urban areas, the
corresponding ground observed radiance of a roof can be calculated using Eq. 3-2,
according to the traditional radiative transfer model (Becker and Li, 1990; Wan and Dozier,
1996; Wan and Li, 1997).
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Fig. 3-2. Illustrations of (a) the viewing geometry of the 3-D structures in urban areas, (b) the two-
dimensional projection of 3-D structures in urban areas. The solid angle of the entire IFOV of the sensor
is represented by €2rov , Whereas <Zoor , 20w, and 2., are the solid angles of the projections

regarding to the components of roof, road, and wall inside the IFOV of the sensor, respectively.
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Gnd
Lroof

= Eroof B(LSTroof )+(1_groof ) |_L Eq 3-2

[ Gnd_3D T Gnd_3D

where and are, respectively, the ground observed radiance and
brightness temperature of the target pixel with impact of 3-D structures and their radiation;
B(T) is the Planck function at temperature T; £2,, is the solid angle of the entire IFOV of
the sensor; 2., 2.4, and 2, are the solid angles of the projections regarding to the
components of roof, road, and wall inside the IFOV of the sensor, respectively, which are
not only dependent on the viewing zenith and azimuth angles, but also dependent on the
geometric parameters of the street canyon. Besides, the parallel projection method has been
used in this study to determine the projected area of each component inside the sensor’s
IFOV along the viewing direction; Ly is the ground observed radiance of the roof and
will not be affected by the 3-D structures and their radiation; and Ly’ -*° and LSx-*° are,
respectively, the ground observed radiance of the road and wall with the impact of 3-D
structures and their radiation. Moreover, because the parallel projection method has been
used as stated above, only one building wall could be observed by the remote sensor given
a specific viewing direction. Therefore, assuming L%y-*® and Lay-*" are the ground

observed radiance of the left wall and right wall with the impact of 3-D structures and their

radiation, respectively, Lou-*" is then equal to LSy-*" or Lay-*° depending on the
viewing angle. As a result, Loy’-*°, L30-*°, and Lgy-*" are the critical parameters for

developing the analytical model.

When the 3-D structures in urban areas are taken into consideration, the environmental
radiance above the road and wall is no longer determined solely by atmospheric
downwelling radiance, but also by the radiation of surroundings and the reflections inside
the 3-D structures. Inside the street canyon, energy is mainly exchanged among four
components: the atmosphere, left wall, road, and right wall (Fig. 3-1.). As stated above, the
ground observed radiance of the road is L%'-*°, then the power that leaves the surface of
road (@) can be expressed by Eg. 3-3.

Qg =L-W -zl Eq. 3-3

In addition, considering that the emissivity and temperature of the road are &gy and

LST;, respectively, the power that comes from the surroundings and arrives at the road is

w7, then the power that leaves the surface of road (Qg, ) can also be expressed by:

Qrg = LW -7y B(LSTey )+ (16 ) Qug Eq. 3-4
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Combining Eqg. 3-3 and Eq. 3-4, Eq. 3-5 could be obtained:

LW - 7150 = L-W - 754 B(LSTey )+ (1-6gq ) Qay™° Eq.3-5

in which
Qu =P = LW -z P - Fy g+ L H L3 7 Ry g + L H 2L - Py g Eq.3-6

where L5-*° s the radiance of the atmosphere with the impact of 3-D structures and

their radiation, and F, .z, isthe view factor from surface X to surface Rd (X = A, LW, RW),
which represents the fraction of energy leaving surface X that reaches surface Rd.

Substituting Eq. 3-6 into Eq. 3-5, the equation below can be obtained:

Gnd_3D Gnd_3D Gnd_3D
-W- LRd +(1'5Rd )(W ' FAARd : I-A +H- FLW»Rd : I-|_w

Eq. 3-7
+H - Fryra - Lo ~2) +W - £ B(LST,y ) =0

Similarly, three equations can be obtained for the surfaces of atmosphere (A), left wall
(LW), and right wall (RW) as below [see Eg. 3-8 ~ Eg. 3-10]:

W . Lind_sD"'pA(H ’ LEC:_SD ) FLW»A +W- Ligd_w ’ FRd%A Eq' 3-8
+H L Py ) +W - L =0

—H - L0+ (1-e YW - L3P F Ly +W - L= Fog Eq. 3-9
+H LY - oy )+ H -6, B(LST,, )=0
—H Ly 04 (L )W - LS Fy o +H LS " - Flyrw Eq. 3-10
+W - L% Foy aw )+ H - €0y B(LSTgy ) =0
where F»_ o represents the view factor from surface P to surface Q (P, Q = Rd, A, LW,

RW and P#Q). Combining Eq. 3-7 — Eq. 3-10, an equation system can be obtained with
four unknowns, three of which are the required parameters Lgy'-*°
[see Eq. 3-11].

Gnd_3D Gnd_3D
, Liw=", and Lgy-

A[LGZdJD [Cnd_3D |Gnd_sD | Gnd_sD ]T -B Eq 3-11
R A Lw RW
in which
-w (1'5Rd )W “Fasre (1'5Rd ) H - Fowsra (1'5Rd )H “Frwore
A= PN - Feya -W PaH -Fy PaH -Foy_a Eq. 3-12
(1'5Lw )W : FRd~>LW (1'5LW )W ) FAALW -H (l'gLW ) H- FRW»LW
(1-8RW )W ) FRd—)RW (1-SRW )W : FA—>RW (1'3RW ) H- FLW—>RW -H
B=[W-£,B(LSTy) WL —H-,B(LST,) —H-g,B(LST,,)] Eq. 3-13

After the matrix manipulation of A-1B, the four unknowns can be obtained and L*-*°
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can be expressed by an analytical equation after combining Eq. 3-1, Eq. 3-2, Eq. 3-11, Eq.
3-12, and Eq. 3-13, provided that the geometric and radiative properties of the street canyon
are known. In addition, according to the traditional radiative transfer model, the satellite
observed radiance (L™-*°) and brightness temperature (T**-*°) of the target pixel over a
street canyon with impact of 3-D structures and their radiation could be expressed by:

| TOASD _ B(TTOA_BD) =7(0) [Gnd_3D 1 0) Eq. 3-14

where 7(0) and L'(9) are the total atmospheric transmittance and atmospheric
upwelling radiance along the viewing direction with zenith angle of 6, respectively.

3.2.2. Simplification of the analytical model for radiative transfer over a

street canyon

Gnd_3D Gnd_3D
LRd LA

;Lo and Lo -*° have

been provided in the matrix form (AB), because their analytical forms are very complex.

In previous section, the exact solutions of :
Therefore, they are very difficult to use to analyze the relationships between the input
parameters and the magnitude of the impact of 3-D structures and their radiation. In this
section, these analytical solutions have been simplified after applying some reasonable
assumptions.

Considering that the two walls are parallel to each other, some of the view factors in Eqg.
3-12 are therefore equivalent. Assuming that the length of road and building is infinite,
these view factors can be classified into two types: one is the view factor between “two
infinitely long, directly opposed parallel plates of the same finite width” (Howell et al.,
2010) represented by Frya, Fasres Fawoww . Fuworw 5 the other is the view factor
between “two infinitely long plates of unequal widths, having one common edge, and at an
angle of 90° to each other” (Howell et al., 2010) represented by Fu v, Frosiw s Fasew
Feoorws Fuwoas Fawoas Fiwsre s and Fry e - According to previous study (Howell et al.,
2010), the former can be calculated using Eq. 3-15 and Eq. 3-16 while the latter can be
calculated using Eqg. 3-17 and Eq. 3-18.

HY _H Eq.3-15
Fraca = Frasa = Fara = 1"'[\/7) W a

F F

RWe=lw — TRwosw = Fiwsrw =

Foo 1+(V_V)2_Vl Eq. 3-16
H) H
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2
H H )
FA,Rd—>LW,RW =Faw = Fraoiw = Fasew = Frasew =05 V_V+1_ (V_V) +1 Eq. 3-17
i 2
W W )
FLW,RW—)A,Rd =Fuwoa=Fawoa =Fawore = Fawore =05 ﬁ"'l_ (EJ +1 Eq. 3-18
After applying Eq. 3-15 ~ Eq. 3-18, the analytical solutions of LS-*° L[S0 =[S0
and L3"-* then can be expressed as follows:
e ] [ w '(Cu_pACl)'ngB(LSTRd)+W'declz'Ij'*'H “Pra (pAFRd‘:‘A_‘_l)CZ |
R W -m_denom
[ Gnd_3D w '(Cu _deC1)' L +W P, 'SRdB(LSTRd )+ H-p, (de Fraea +1)C2
A _ W -m_denom Eq. 3-19
.Gnd_3D H '(C31 _prcs)'ng B(LSTLW )+H PwCa  Erw B(LSTRW )+W Puw (PRW Fawiw +1)C4
H H-m_denom
ngjD H '(C31_prcs)'5RwB(LSTRW )+H “PrwCa 'gLWB(LSTLW )+W "Prw (PLW Fowerw +1)C4
B L H-m_denom ]
in which
Eq. 3-20
2 q
C,=1- Faw—1wPLwPrw
Eq. 3-21
Ci = Fiw rwoars Fardsuw aw (ZFRW;LWpLWpRW +PLw +pRW)
Eq. 3-22
C12 = FRd\ﬁAcll +C1
Eq. 3-23

C, =Fw rwoard ((FRW:LWPRW +1)5LWB(LSTLW )+(FRW:LWP|_W +1) gRWB(LSTRW ))
m_ denom = ( Fde;‘ApAde _1)( FRZW:LWPLWPRW _1) Eq. 3-24
_(de +pA(2FRd:Ade +1))(pRW +PLw (ZFRW:LWPRW +1)) Fardoiw rw Fow qw s ard

Eq. 3-25
2
Cao =1-FryaPaPra

Eq. 3-26
Cs = Fuw rwoard Fardsow rw (ZFRd#ApAde * Pry +pA)

Eq. 3-27

Cyp = FRW\iLW Cyu+GC;
Eq. 3-28

Cs = Farasiw rw (( FracaPa +1) EreB ( LSTgq )+(FRd#Ade +1) Li)

Please note that these solutions contain all the energy exchanges inside the street canyon
including the entire multiple reflections. However, they are still complex. Considering that
the items regarding to the radiation that having been reflected more than once would add
only a negligible contribution to the observed signals, it is reasonable to ignore them to
simplify the analytical model.

In addition, if the emissivities of the left and right walls are assumed to be the same, i.e.,
then Lif-*", L0 L%-*° LS-* in Eq. 3-19 could be simplified

further after complex mathematical derivation as follows:

Ew=Crw = Evall » '
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o207 fng B(LSTRd ) + PreH  Fiw Sra€uan B(LST ) . PreH - Fawre G B(LST ) 4+ Pr Fasra L
Rd w (1_ Faw <t Puai ) W (l_ Faweiw Puan ) 1- Faw e Puan

L4 PaH  Fiwaguan B (LSTuy ) . PaH  FawafuanB (LS Tew ) 4 PaFrosafesB(LSTyy)

_ W (1 FRW\:\L\praII) W (1 FRW;\LpraII) 1= Faw e P Eq 3-29

{ .
Hpv\@llvv.ﬁ + Pual FRW*}LW Ewall B ( LST ) pwaIIW FRdHLW Frd B ( LSTRd )
(1_ Faw et Puai ) H (1_ Faw 0w Pua )
1 .
Hpvwallvv'w + Puall FLW—>RW Eall B ( I‘STLW ) + pwa"W FRd%RW Ers B ( LSTRd )
(l_ Faw et Puan ) H (1_ Faw et Puan )

where o, =1-¢,., represents the reflectance of the wall, and pg, =1-¢, represents

LGnd_3D

I—f\nl\?_3D waII ( I‘STLW )

LGnd_3D

B(LSTqy )+

Ewall

the reflectance of the road.

After simplification, each analytical solution in Eq. 3-29 consists of four parts with

L3P as an example, the term &yB(LSTy) on the

specific physical meanings. Taking
right side of the equation represents the radiation from the road itself. The second term,

deH FLW»Rd wauB(LST )
w (1_ Few i pwall)

reaches the road surface and is reflected by the road into the sensor. To be specific, two

, represents the radiation that is emitted by the left wall, then

radiative transfer processes are included in this term: (a) the left wall-emitted radiation
reaches the road surface directly, then is reflected by the road; (b) the left wall-emitted
radiation is firstly reflected between the two walls for multiple times, then reaches the road
surface and is reflected by the road. The physical meanings of the third term

H - Fayrg€aan B (LST Foral
PraH P i B (LT ) and the fourth term —2R¢A-kd

w (1_ Few < Lw Pua ) 1-Fow—ow Puan

are similar to the

second term but are regarding to the radiation emitted by the right wall and atmosphere,

respectively. Besides, the remaining three analytical solutions ( L$-*°, L%-*°, and L)

can also be interpreted similarly.

Provided that the road width, wall height, temperature and emissivity of road and wall,
atmospheric spherical albedo at the bottom of the atmosphere, and the atmospheric
downwelling radiance are known in advance, the radiance of each component inside the
street canyon with the impact of 3-D structures and their radiation can be obtained using

[ Gnd_3D

Eqg. 3-29 easily. Consequently, the ground observed radiance ( ) and brightness

T Gnd_3D

temperature ( ) of the target pixel over a street canyon affected by the 3-D structures

and their radiation can be simplified in Eqg. 3-30, whereas the satellite observed radiance

( [ TOA_3D T TOA_3D

) and brightness temperature ( ) of the target pixel over a street canyon

influenced by the 3-D structures and their radiation can also be simplified in Eq. 3-31.
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| Gnd_3D _ B(Tcndjo) —M-N Eq. 3-30
LTOA_3D _ B(TTOA_3D):T(9)(M . N)+L¢(6’) Eq. 3-31
in which
M :|: QTOOf Qroad Qwall :| Eq 3-32
QIFov QIFov QIFov
Eroof B ( LSTroof )+(1-groof ) LL
N = e B(LST )+ PreH - FlwsreGuan B(LSTLW ) + PraH - Fow reGua B(LSTRW ) 4+ Pra Fassra L Eq 3-33
- R R
’ ‘ w (1_ Faw e w Pwan ) w (1_ Faw = uw Puan ) 1-Faw o ow Puan
W-F L' W-F B(LST
Epan B ( LST,an « ) + PuaT Taova s + Puan Fuan yowall_xEwall B ( LST y ) + Puc ol ( = )
_ H (1, Foaw tw Pt ) - - - H (1* Faw = 1w Puan )

The subscripts “wall_x" and “wall_y” in Eq. 3-33 identify the left wall or right wall,
which are dependent on the viewing angles because only one building wall could be
observed by the remote sensor given a specific viewing direction as stated in Section 3.2.1.
According to Eq. 3-29, the “wall_x” should be “LW” and “wall_y” should be “RW” if the
left wall is inside the sensor’s IFOV; while the “wall_x should be “RW” and “wall_y”
should be “LW” if the right wall is inside the sensor’s [FOV.

Finally, the ATIMOU can be successfully developed on the basis of the solutions of

Gnd_3D Gnd_3D
LRd LA

, ., Low-*f land LS9 In fact, three options have been provided to calculate
these four parameters. First, on the basis of Eq. 3-11, which is in matrix form, but provides
the most accurate solutions and requires the least assumptions. Second, on the basis of Eq.
3-19, which is in analytical form and includes the entire multiple reflections. Third, on the
basis of Eq. 3-29, which is simplified from Eq. 3-19 assuming that the two walls have same
emissivity, and the items regarding to the radiation that having been reflected more than
once are negligible. Considering that the third option gives the simplest solutions with
acceptable accuracies for most cases, they have been used in the following sections to study
the magnitude of the impact of 3-D structures and their radiation under different conditions.
However, if more accurate results are required, particularly for situations in which facets
have low emissivity inside a street canyon, more exact solutions given by Eq. 3-19 and Eq.
3-29 with entire multi-reflections should be used in ATIMOU. In addition, since the
obstructions of solar irradiance inevitably exist in urban areas during the daytime of a
cloudless day, the input LSTiw, LSTrw, and LSTrq in ATIMOU then should be given as their
effective temperature with consideration of the temperature difference in the sunlit and
shadowed areas. In this way, the ATIMOU is applicable to both night-time and daytime

conditions.
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3.2.3. Qualification of the impact of 3-D structures and their radiation on

TIR measurements over a street canyon

From the analysis above, the ground and satellite TIR measurements with consideration
of the impact of 3-D structures and their radiation could be expressed by Eq. 3-30 and Eg.
3-31, respectively. If the 3-D structures are not considered, then ground and satellite TIR
measurements irrespective of the impact of 3-D structures and their radiation could be
expressed by Eq. 3-34 and Eq. 3-35, respectively, according to the traditional radiative
transfer model.

Lo — BTS™) = M .V Eq. 3-34
LT = B(T™) = 7(6) (M -V )+L' (6) Eq. 3-35

oot B ( LSTroof )+(1_‘9roof ) L‘L
V= £y B(LSTe )+ (160 )L Eq. 3-36
Egan B < I‘STwaII_x )+(1_gwall ) LL

wall

where L° and T represent the ground observed radiance and brightness temperature

LTOA T TOA

of the target pixel over a street canyon, respectively, with and representing the
satellite observed radiance and brightness temperature of target pixel over a street canyon,
respectively, none of which take into account the impact of 3-D structures and their
radiation. In this study, the magnitude of the impact of 3-D structures and their radiation
on ground and satellite TIR measurements over a street canyon have been defined as Eq.

3-37 and Eq. 3-38, respectively.

ATS(IBDn—dZD _TGnd_3D _TGnd Eq. 3-37

ATsleogD _TTOASD _TTOA Eq. 3-38

3.2.4. Qualification of the contribution of atmosphere and wall to ground
TIR measurements over a road

If the target has been observed obliquely, the TIR measurement may be a mixed signal
of roof, wall, and road. Under such cases, it is difficult to quantitively investigate the
contribution of each radiation source to the total TIR measurements. Therefore, it is
assumed that the target is to be observed vertically and the footprint of the IFOV is to be

. . . . . . Qroof Qwall Qroad —
filled only with road in this section, suggesting ——=—"-=0 and " =1, Then,
Q||=ov Q IFOV Q IFOV
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Eq. 3-30 could be simplified further as:

PraH - Fiw e € B(LSTLW )

w (l_ I:RW:LW Puwan ) Eq. 3-39
PraH - Fow ra€uan B ( LSTay )+ PraFasra L

w (1_ Faw ow P ) 1-Fwew Puan

L5 = o B(LSTy )+

Based on Eq. 3-39, the contribution of each radiation source inside the 3-D structures to
the total ground TIR measurements over a road can be obtained. The contribution of

OnRoad
TA

atmosphere to the ground TIR measurements (A ) over a road can be expressed by:

{
ATO®oad _ g1 o B(LST.. )+ Faormal™ | B[ s B(LST Eq. 3-40
A Rd ra )T Rd Rd

~ Frw=Lw Pwall

where B~ is the inverse Planck function.

Similarly, the contribution of the two walls to the ground TIR measurements (AT, )

over a road can be expressed by:

PraH  Fiw rauan B ( LST,, )

wall

ATORe gl B(LST, )+

wall

w (1_ Fow e Puan ) Eq. 3-41

+ PraH  Faw ra€uan B ( LSTqy, )]_ Bt |:ng B ( LST,, ):|

w (1_ Faw = 0w Puat )

3.3. Simulation results

3.3.1. Simulation inputs

To investigate the impact of 3-D structures and their radiation on the satellite TIR
measurements, the geometric and radiative properties of the scenario are needed. From Eq.
3-30 — Eq. 3-33, it is shown that six parameters could affect the magnitude of satellite TIR
measurement: atmospheric type, temperature and emissivity of building walls, temperature
and emissivity of a road, and the ratio between wall height and road width (hereafter
referred as “H/W?). Please note that the temperatures of left and right wall have been set to
be the same during the analyses in the following sections for simplification (i.e.
LST,,,=LST,=LST, ), although they can be different in the proposed ATIMOU. Besides,
since the building walls are assumed to have the same height, the energy exchange inside
the street canyon will not be affected by the roof-emitted radiance. Therefore, the
dependency of the impact of 3-D structures and their radiation on roof emissivity and

temperature will not be discussed in this study. Additionally, simulated results at 10 pm
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have been presented as an example because the results are similar in other TIR wavelengths.
Aerosol type has been set as Urban with the visibility of 10 km and MODerate resolution
atmospheric TRANsmission model (MODTRAN) (Berk et al., 2006; Berk et al., 2004) has
been introduced to calculate the atmospheric transmittance, upwelling, downwelling
radiance, and the atmospheric spherical albedo at bottom of atmosphere. The IFOV
footprint is assumed to be filled only with road at nadir. A series of H/W is set to represent
different street canyon structures. Besides, we have obtained the minimum, maximum, and
mean emissivities at 10 pm for commonly used construction materials of roof, wall, and
road respectively on the basis of the ECOSTRESS emissivity library
(https://speclib.jpl.nasa.gov) to represent the emissivity variations in urban areas. When
studying the dependency of the magnitude of 3-D structures and their radiation on a specific
parameter, the rest arguments have been set as their mean value (tagged as the ‘default’

value in Table 3-1). Detailed configurations for simulation inputs are listed in Table 3-1.

Table 3-1. Simulation inputs for studying the magnitude of the impact of 3-D structures and their

radiation on TIR measurements

Geometric properties
H/W 0.5, 1.0, 2.0 (Default), 4.0

Radiative properties

Emissivity (Min, Mean, Max) Temperature (K)
Wall 0.415, 0.906 (Default), 0.967 260, 280, 300 (Default). 320, 340
Road 0.921, 0.950 (Default), 0.973 260, 280, 300 (Default). 320, 340
Roof 0.016, 0.813 (Default), 0.988 260, 280, 300 (Default). 320, 340

Atmospheric parameters

Atmospheric type
Tropical (4.11 g/cm? / 300.15 K), Mid-Latitude Summer (2.92 g/cm?® /

(Total water vapor 29415 K), Mid-Latitude Winter (0.85 g/cm? / 272.15 K), 1976 US Standard
content / bottom (142 g/cm? /288.15 K, Default)

layer temperature)

Viewing angles
Zenith angle 0° ~ 50° Azimuth angle 0° ~ 360°

3.3.2. Analysis of the impact of 3-D structures and their radiation on TIR
measurements over a street canyon

According to Eq. 3-31 and Eq. 3-33, atmospheric transmittance, H/W, road reflectance,
wall radiation, and viewing direction are the five main factors that exert the strongest
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influence on the TIR measurements after considering the 3-D structures and their radiation
in the radiative transfer model. Therefore, the influence of these first four parameters in
function of view geometric conditions on the magnitude of the impact of 3-D structures and
their radiation is further investigated using Eq. 3-30 — Eq. 3-38 in this section.

3.3.2.1. Dependency of the impact of 3-D structures and their radiation on
atmospheric type

Four atmospheric types were used to represent different atmospheric conditions in this
section. Using Eq. 3-38, the magnitude of the impact of 3-D structures and their radiation
on satellite TIR measurement was considered for different atmospheric types (Fig. 3-3).
Results are presented utilizing a polar coordinate system with color representing the
magnitude of the impact of 3-D structures and their radiation, the length of radius
representing the viewing zenith angle, and the radius angle representing the viewing
azimuth angle. As the results show, the magnitude of the impact of 3-D structures and their
radiation in a hot, humid atmosphere (e.g., Tropical with total water vapor content of 4.11
g/cm? and bottom layer temperature of 300.15 K) is about 0.52 K, which is much smaller
than that in a cold and dry atmosphere (e.g., Mid-Latitude Winter with total water vapor
content of 0.85 g/cm? and bottom layer temperature of 272.15 K) with a magnitude of about
1.78 K. In fact, the difference in the magnitude of the impact of 3-D structures and their
radiation for different atmospheres is mainly caused by the variation of atmospheric
transmittance. As the atmosphere becomes humid and hot, atmospheric transmittance
decreases, indicating that the contribution of 3-D structures and their radiation will be
suppressed in the satellite observed signals. This effect explains why the magnitude of the
impact of 3-D structures and their radiation in cold and dry atmospheres is always larger
than those in hot and humid atmospheres.

Additionally, for each atmospheric type, the impact of 3-D structures and their radiation
decreases as viewing zenith angle increases, including the north-south direction. This is
believed to be caused by the decrease of atmospheric transmittance with increasing view
zenith angle. Moreover, around the west-east direction, IFOV may be partly or entirely
filled with building roofs as the viewing zenith angle increases to a certain value.
Consequently, with increasing zenith angle, the magnitude of the impact of 3-D structures
and their radiation decreases faster towards the west-east direction than those around north-
south direction, because the building roofs are not affected by the 3-D structures and their
radiation.
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Fig. 3-3. The magnitude of the impact of 3-D structures and their radiation on satellite TIR measurements
over a street canyon for different atmospheric types on the basis of Eq. 3-31, Eq. 3-35, and Eq. 3-38.

Additional required parameters have been set as the default values listed in Table 3-1.

3.3.2.2. Dependency of the impact of 3-D structures and their radiation on road
emissivity

From Eq. 3-33, it is shown that H/W is a factor that governs the energy exchange inside
the street canyon. Besides, road reflectance that directly multiplies the H/W is also an
important parameter determining the simulated TIR measurements, especially for nadir
observations. Moreover, road reflectance determines not only the amount of reflected
environmental radiance, but also the self-emitted radiance of the road (&g =1 pgy). In this
section, Eq. 3-37 is employed under different combinations of road emissivity and H/W to
study the impact of 3-D structures and their radiation on ground TIR measurements (Fig.
3-4).

Results show that the impact of 3-D structures and their radiation increases with
increasing H/W around the north-south direction. For example, when road emissivity is
0.921, the magnitude of the impact of 3-D structures and their radiation increases from
about 1.44 K to 3.47 K as H/W increases from 0.5 to 4.0 (Fig. 3-4a, b, and c). However, as
H/W increases from 0.5 to 2.0, the impact of 3-D structures and their radiation increases by
about 1.54 K (from 1.44 K to 2.98 K). When H/W continually increases from 2.0 to 4.0,
the impact of 3-D structures and their radiation only increases by about 0.49 K (from 2.98
K to 3.47 K), indicating the increasing rate of impact of 3-D structures and their radiation

decreases as H/W continually increases. This is because the view factors from wall to road
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first increase quickly with increasing H/W, then tend to become stable as they approach 0.5,
suggesting that the possibility of energy leaving the wall and reaching the road tends to be
stable with increasing H/W. Moreover, when H/W is large (e.g., H/'W > 2.0), for those cases
with a viewing azimuth angle away from the north-south direction and viewing zenith angle
larger than 20< there will be no impact of 3-D structures and their radiation on the TIR
measurement because the IFOV is only filled with building roofs. But when H/W is small
(e.g., H/W = 0.5), the impact of 3-D structures and their radiation exists for all viewing
angles.

Results also show that road emissivity significantly affects the magnitude of the impact
of 3-D structures and their radiation. When road emissivity decreases from 0.973 to 0.921,
the contribution from 3-D structures and their radiation to the TIR measurements increases
by 0.96 K (from 0.48 K to 1.44 K) for the cases with H/W = 0.5, while could increase by
2.30 K (from 1.17 K to 3.47 K) for the cases with H/W=4.0. In fact, as the road emissivity
decreases, the target reflected environmental radiance increases, leading to the proportion
of the target reflected environmental radiance in the total TIR measurement increases
directly. Besides, according to the Kirchoff's law, the road self-emitted radiance decreases
at the same time, which could also indirectly result in the increase of the proportion of the
target reflected environmental radiance in the total TIR measurement. Therefore, the
magnitude of the impact of 3-D structures and their radiation is very sensitive to the road

emissivity.

0° 0" 80°
(8) £ra=0.973, H/W =05 (h) £gy=0.973, H/W'=2.0 (i) £ra=0.973, H/W=4.0

Fig. 3-4. The magnitude of the impact of 3-D structures and their radiation on ground TIR measurements
over a street canyon under different combinations of road emissivity and H/W on the basis of Eq. 3-30,
Eq. 3-34, and Eq. 3-37. Additional parameters have been set as the default values listed in Table 3-1.
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3.3.2.3. Dependency of the impact of 3-D structures and their radiation on wall
temperature

For nadir observations, the larger the radiation of the building walls, the larger the impact
of 3-D structures and their radiation on the observed TIR measurements, provided that the
other parameters remain unchanged. In fact, both wall temperature and wall emissivity
determine the radiation emitted by building walls, but the magnitude of the impact of 3-D
structures and their radiation is more sensitive to the wall temperature than that to the wall

emissivity. As shown in Eq. 3-33, self-radiation of a wall increases with increasing wall

H - P ora e B ( LSTow ) + PraH - Fowrauan B ( LSTey )
w (1_ Faw = uw P ) W (1_ Faw < P )

But the denominator increases as well, which counteracts the increases in the numerator. In

o p :
emissivity (i.e., the numerator of increases).

i
Prd FA—)Rd

addition, the contribution of the atmosphere (i.e., ) also decreases,

1-Fy =Lw Pwall

counteracting the increases in the wall’s self-radiation as well. However, as the wall
temperature increases, the denominator and the contribution of the atmosphere both remain
unchanged which do not counteract the increases of the wall’s self-radiation. Consequently,
the magnitude of the impact of 3-D structures and their radiation is more dependent on the
wall temperature than the wall emissivity, which is also confirmed by the results presented
in Section 3.3.3.1 below. Therefore, only wall temperature has been changed to represent
the differing radiation magnitude of building walls in this section. Using Eq. 3-37, the
impact of 3-D structures and their radiation on ground TIR measurement is considered
under different combinations of wall temperature and H/W (Fig. 3-5).

In Fig. 3-5, it can be seen that the magnitude of the impact of 3-D structures and their
radiation on the TIR measurement increases with increasing wall temperature. For cases of
nadir observations, as wall temperature increases from 260 K to 340 K, the magnitude of
the impact of 3-D structures and their radiation increases from about 0.31 K to about 1.75
K if H/W is 0.5. When H/W increases to 4.0, there will be a more significant impact of 3-
D structures and their radiation on the TIR measurement, with the magnitude increasing
from 0.77 K to 4.21 K. The magnitude of the impact of 3-D structures and their radiation
seems to be more affected by wall temperature than by road emissivity when compared

with Fig. 3-4. The possible reason is that the term

PraH  Fw Sra€van B ( LST,, ) + PraH * Faw raEuan B ( LSTqy )
w (1_ Faw = uw P ) W (l_ Faw = P )

magnitude of the impact of 3-D structures and their radiation. Provided that the other

from Eqg. 3-33 is the main influence on the
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parameters remain unchanged except pg, and LST,,,, it is shown that pg, in Fig. 3-4
has changed from 0.050 to 0.079 and 0.027, respectively, i.e., representing 58% and 46%
of the variation in road reflectance, whereas LST,,, has changed from 300 K to 340 K and
260 K, respectively, i.e., 77% and 53% of the variation exhibited by wall radiance, which
is larger than the variation of pg, in Fig. 3-4. Thus, the magnitude of the impact of 3-D

structures and their radiation is smaller with decreasing road emissivity from 0.973 to 0.921
(Fig. 3-4) than that with increasing wall temperature from 260 K to 340 K (Fig. 3-5).

180°

(a) LST, ;=260 K, H/W=0.5 (b) LST,,,=260 K, H/W=2.0 (c)LST,,,,=260 K, H/W=4.0
0 [ o

2.8

o ()

AT,

180° 180° 180°
(g) LST,,,=340 K,H/W=0.5 (h) LST,,,=340 K, H/W=2.0 (i) LST, ;=340 K, H/W=4.0

Fig. 3-5. The magnitude of the impact of 3-D structures and their radiation on ground TIR measurements
over a street canyon under different combinations of wall temperature and H/W on the basis of Eq. 3-30,
Eq. 3-34, and Eq. 3-37. The temperatures of left and right wall have been set to be the same for
simplification (i.e. LST,,=LST,,=LST,.,). Additional parameters have been set as the default values listed
in Table 3-1.

3.3.2.4. The impact of 3-D structures and their radiation on TIR measurements for

extreme cases

According to the simulated results above, there generally exists non-negligible impact of
3-D structures and their radiation on the ground TIR measurements for typical street
canyons. The magnitude of this impact may be even larger for extreme cases, such as the
street canyons regarding to a warm road reflected by a low-emissivity wall and a hot wall
reflected by a low-emissivity road. In this section, the results of these two scenarios have
also been simulated in detail (Fig. 3-6). It should be noticed that the minimum emissivity
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of road has been set as 0.415 in Fig. 3-6b (i.e. the same as the minimum emissivity of wall),
because the typical minimum emissivity of road according to the ECOSTRESS emissivity
library (i.e. 0.921) is too high to represent the extreme condition. The H/W has been set as
1.0 and the width of the IFOV has been set as three times as the road width to allow a better
capture of the signals from walls for oblique viewing angles.

As shown in Fig. 3-6a, the magnitude of the impact of 3-D structures and their radiation
is only about 0.12 K for nadir observations. This is because the road emissivity is high
(0.973), indicating less environmental radiance could be reflected. Moreover, the wall
emissivity is low (0.415), leading to less environmental radiance arriving at the road.
However, as viewing zenith angle increases, the proportion of the wall inside the IFOV
increases. The radiance from a warm road will be reflected by a low-emissivity wall.
Therefore, the impact of 3-D structures and their radiation on TIR measurements increases
quickly to 9.91 K. As the viewing zenith angle continually increases, the proportion of roof
inside the IFOV increases while the proportion of wall decreases. Thus, the impact of 3-D
structures and their radiation on TIR measurements decreases as shown in Fig. 3-6a.

For the case regarding to a hot wall reflected by a low-emissivity road as shown in Fig.
3-6b, the impact of 3-D structures and their radiation is maximum for nadir observations
with the magnitude of 12.30 K. As the viewing zenith angel increases, the proportion of
road decreases while the proportion of wall and roof increases inside the IFOV. But less
environmental radiance could be reflected by wall because of the high emissivity of wall
and the low emissivity of road, leading to the impact of 3-D structures and their radiation
decreases. It is predictable that there will be no impact of 3-D structures and their radiation
on the TIR measurements if the viewing zenith angle is large enough to make the IFOV

entirely fulfilled by roof.
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ATS3,p (K)

Fig. 3-6. The magnitude of the impact of 3-D structures and their radiation on ground TIR measurements
over a street canyon under two extreme scenarios. The temperatures of left and right wall have been set
to be the same for simplification (i.e. LST, =LSTq, =LSTy ). (a) &wa =0415  LST,, =300K |
£0a =0.973  and LSTy =340K ; (b) &, =0.967 | LST,, =340K &, =0415 and LST, =300K  The

wall wall

H/W has been set as 1.0 and the width of the IFOV has been set as three times as the road width.

Additional parameters have been set as the default values listed in Table 3-1.

3.3.3. Analysis of the contribution of atmosphere and wall to total ground
TIR measurements over a road

The separate contribution of atmosphere and wall to the total ground TIR measurements
is also worthy of study. Assuming the target has been observed vertically and the IFOV
footprint is filled only with road, the contribution of atmosphere and building wall to the
total ground TIR measurements over a road can be studied in detail using Eq. 3-40 and Eq.
3-41, respectively.

3.3.3.1. Dependency of the contribution of atmosphere and wall to total ground TIR
measurements with variable wall temperature and wall emissivity

When 3-D structures in urban areas are considered, the building walls together with
atmospheric downwelling radiance are expected to contribute to the environmental
radiance above the road. As the wall temperature and emissivity increase, more energy is
emitted from the building walls, provided that the other input parameters remain unchanged
(Fig. 3-7). Consequently, the environmental radiance reflected by a road increases as well.
But according to Eq. 3-40, the contribution of atmosphere to the TIR measurements would
not change with variation of wall temperature (Fig. 3-7). In addition, as shown in Fig. 3-7,
the contribution of atmosphere is also not sensitive to the wall emissivity. Furthermore, the
magnitude of the contribution of atmosphere to total TIR measurements is small. For
example, when H/W is 2.0, the magnitude is only about 0.22 K for all combinations of wall
temperature and emissivity.
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Moreover, although the self-emitted radiance of a wall decreases as wall emissivity
decreases, more environmental radiance will be reflected by the wall simultaneously.
Therefore, the contribution from building walls does not change considerably with slight
variation of wall emissivity (e.g. from 0.967 to 0.906) as shown in Fig. 3-7. Only if the wall
emissivity changes greatly (e.g. from 0.906 to 0.415), the contribution of a building wall
would significantly affect the total ground TIR measurements. However, increasing wall
temperature could significantly increase the contribution of building walls. For example, as
wall temperature rises from 260 K to 340 K, the magnitude of the contribution of the
building wall could increase from about 1.14 K to 4.22 K for cases with H/W of 2.0 and
wall emissivity of 0.967.
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Fig. 3-7. Respective contributions of atmosphere and building wall to total ground TIR measurements
with variation of wall temperature and wall emissivity. The temperatures of left and right wall have been
set to be the same for simplification (i.e. LST.w=LSTq,=LST,.). Additional parameters have been set as
the default values listed in Table 3-1.

3.3.3.2. Dependency of the contribution of atmosphere and wall to total ground TIR
measurement with variable road temperature and road emissivity

The value of road emissivity determines how much environmental radiance could be
reflected into the remote sensor. Unlike natural surfaces, the emissivity of manmade
materials generally has a large range, implying the reflectivity may be high in urban areas.
For example, the emissivity of paving materials such as concrete and asphalt can be < 0.95
at 10 um according to the ECOSTRESS Spectral Library, Version 1.0

(https://speclib.jpl.nasa.gov/). As a result, large environmental radiance could be reflected

making the contribution of building wall to total ground TIR measurement significant. As
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shown in Fig. 3-8, the contribution of a building wall is < 2.0 K when road emissivity is
0.973, but quickly increases by about 3 times as road emissivity decreases to 0.921.

Moreover, results show that the contribution of a building wall increases with decreasing
road temperature. In fact, the absolute value of road-reflected environmental radiance
remains the same with varying road temperature, according to Eq. 3-41. However, the self-
emitted radiance of a road decreases as road temperature decreases, making the proportion
of road-reflected environmental radiance in the total TIR measurements relatively increase.
Consequently, the contribution of a building wall and atmosphere to the total TIR
measurements both increase with decreasing road temperature. For example, when H/W is
2.0 and road temperature decreases from 340 K to 260 K, the contribution of a building
wall increases from 2.71 K to 5.89 K for cases with road emissivity of 0.921, whereas the
contribution of atmosphere increases from 0.18 K to 0.39 K. If road emissivity increases to
0.973, the contribution of a building wall could only increase from 0.90 K to 1.97 K and
the contribution of the atmosphere is almost negligible at a magnitude of < 0.13 K. It is
shown that the atmosphere does not make significant contribution to the total TIR
measurements for the cases above. But if the road emissivity is low, such as 0.415 (the
same as the minimum wall emissivity used in this study), the magnitude of the atmospheric
contribution increases significantly to 2.92 K with the other parameters setting as the
default values listed in Table 3-1.
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Fig. 3-8. Respective contributions of atmosphere and building wall to total ground TIR measurements
with variation of road temperature and road emissivity. Additional parameters have been set as the
default values listed in Table 3-1.
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3.4. Comparison with other models

As demonstrated in Section 3.2.2, once the energy exchange inside a street canyon has
been calculated, the traditional TIR radiative transfer model could be used to obtain the
satellite observed radiance of a target pixel in ATIMOU. Hence, the key procedure of the
proposed model is the calculation of ground brightness temperature (Tg). Validation of
ATIMOU could be achieved by comparing the simulated T4 with referenced values.

An additional 3-D radiative transfer model has been introduced in this study for
intercomparison. Considering that the DART model is one of the most commonly used 3-
D radiative transfer models in use and has the ability of simulating radiative transfer in the
system “Earth-Atmosphere” from visible to thermal infrared wavelengths (Gastellu-
Etchegorry et al., 2004; Gastellu-Etchegorry et al., 2015; Guillevic and Gastellu-
Etchegorry, 2003), it has been chosen to provide the reference Ty (tagged as DART
hereafter). In DART, an Earth scene with the total size of 50 m * 50 m and a cell dimension
of 0.5 m * 0.5 m * 0.5 m has been introduced to contain the scenario shown in Fig. 3-1..
The type of roof has been set as plate without thickness. The surfaces of urban element in
DART have been set to have no spatial variability in emissivities and temperatures. The
road width, wall height, and other parameters have been set according to the preset values
listed in Table 3-1. Then, the scenario of the whole urban area could be generated by
repeating this basic Earth scene. Considering the IFOV may be covered with hundreds of
cells, the TIR measurements of all the cells inside the IFOV will be averaged to obtain the

final simulated results.

In addition, the analytical model proposed by Caselles and Sobrino (Caselles and Sobrino,
1989) (tagged as Caselles 1989 hereafter) has also been applied to urban areas to provide
the simulated results for inetercomparison. Besides, to study the bias introduced by
simplifying Eqg. 3-19 to Eqg. 3-29, the simulated results of ATIMOU using the exact
solutions of Eq. 3-19 have also been provided (tagged as ATIMOU_Exact hereafter). Since
road emissivity, H/W, wall temperature, and road temperature are the main factors that
affect the contribution of 3-D structures and their radiation to total TIR measurements, the
simulated Tg4 using different models has been compared with each other by varying these
factors under nadir (Fig. 3-9a ~ Fig. 3-9¢) and non-nadir conditions (Fig. 3-9f). Besides,
since the roof and wall are supposed to be the same component in Caselles_1989, the roof
emissivity has been set as the same as the wall emissivity during the comparison of the four
models in this section.
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For all the cases, it is shown in Fig. 3-9 that the simulations from ATIMOU_Exact are
the closest to DART while the simulations from Caselles_1989 are the most different from
DART. The ATIMOU almost provides the same results as the ATIMOU_Exact with the
biases of only about 0.05 K. However, as the road emissivity or wall emissivity decreases,
the ATIMOU underestimates the Tg comparing with ATIMOU_Exact because of the
simplification made in Section 3.2.2, leading to the simulations from ATIMOU less than
DART. For example, when all parameters have been set as default values except that road
emissivity decreases from 0.973 to 0.921, the difference between ATIMOU and DART
increases from 0.02 K to 0.07 K (Fig. 3-9c), which is still acceptable. But if wall emissivity
decreases from 0.967 to 0.415 while the other parameters remain as the default values, the
difference between ATIMOU and DART increases quickly from 0.01 K to 0.50 K (Fig.
3-9e). As a contrast, the difference between ATIMOU_Exact and DART never exceeds
0.02 K except the one with the wall emissivity of 0.415 (Fig. 3-9e), for which the difference
is still not large with the magnitude of 0.08 K.

When comparing ATIMOU with Caselles 1989, the difference is small only if the
emissivities of each component inside the street canyon are not too low and the
temperatures of each component are close to each other. For example, as shown in Fig.
3-9b the difference between ATIMOU and Caselles_1989 is only around 0.1 K when the
road temperature is 300 K and the other parameters have been set as default values. As the
road temperature decreases away from 300 K to 260 K, the difference between ATIMOU
and Caselles_1989 soon increases to 0.53 K. Besides, when the road temperature increases
away from 300 K to 340 K, this difference also increases to a larger magnitude (0.26 K).
When the other parameters have been set as the default values but the wall temperature
varies from 300 K to 260 K or 340 K, the difference between ATIMOU and Caselles 1989
also increases quickly to 0.28 K and 0.45 K, respectively (Fig. 3-9d). This is because
Caselles 1989 introduces the first-order Taylor expansion to linearize the Planck function,
which maybe not accurate when the temperatures of each component inside the street
canyon is not close to the effective temperature. It is also shown that the difference between
ATIMOU and Caselles 1989 becomes large when road emissivity or wall emissivity
decreases. As shown in Fig. 3-9c and Fig. 3-9e, this difference increases from 0.05 K to
0.15 K as road emissivity decreases from 0.973 to 0.921, while increases from 0.03 K to
0.35 K as wall emissivity decreases from 0.967 to 0.415. This phenomenon is because all
the multi-reflections have been ignored in Caselles_1989 but some of the multi-reflections

has been retained in ATIMOU owing to the “gain factor - (1— Faw—w pwa..) ” in the
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denominator.

The simulated results of these four models under non-nadir conditions have also been
compared as shown in Fig. 3-9f. The azimuth angel has been set as 90< which is
perpendicular to the street direction and zenith angles of 0< 10< 20< 30< 40< and 50°
have been used as examples. It is shown that the ATIMOU_Exact is still the closest to
DART while the Caselles 1989 is the most different from DART. The simulations from
the ATIMOU, ATIMOU_Exact, and Caselles_1989 are generally similar to each other, but
the differences between them and DART increase a little as viewing zenith angle increases.
This is perhaps because that the street canyon has been discretized in DART, indicating
there may exist variations among the small voxels that constitute the wall or road after
calculating the multi-reflections inside the street canyon. When the viewing zenith angle
increases, the scenario inside the IFOV changes resulting from the obstruction of buildings.
The simulations of DART vary not only because the proportion of each component inside
the IFOV changes, but also because the voxels regarding to each component inside the
IFOV are different. However, the surfaces of the wall and road are all considered as
Lambert plates in the rest three models, indicating the simulations of these three models
vary only because the proportion of each component inside the IFOV changes.
Consequently, the difference between DART and the rest three models increases a little
with increase of viewing zenith angle. However, if the viewing zenith angle continually
increases, only roof could be observed inside the IFOV, leading to the simulated results of
the four models are all the same (Fig. 3-9f).

Moreover, to provide an overall comparison between these four models, a series of
scenarios have been made to represent different street canyons with varying the H/W, &€, ,
LST,.i, €re, and LSTg, according to the preset parameters in Table 3-1. The other
parameters have been set as default values and the viewing direction has been set as nadir.
Then, the minimum, mean, and maximum absolute differences between any two of the
models have been calculated and listed in Table 3-2 on the basis of these scenarios. It is
shown that ATIMOU Exact and DART provide the most similar simulations while
Caselles 1989 and DART provide the most different simulations.
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Fig. 3-9. The intercomparison between the simulated ground brightness temperature (7,) of the DART,
ATIMOU_Exact, ATIMOU, and Caselles 1989 models. The temperatures of left and right wall have
been set to be the same for simplification (i.e. LSTy =LSTyy =LST,. ). For (a) ~ (e), the IFOV is assumed
to only be filled by road, viewing zenith and azimuth angles are fixed at 0°. For (f), the viewing zenith

angle varies from 0° to 50° and the azimuth angle is fixed at 90°.
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Table 3-2. The Minimum/Mean/Maximum absolute difference of the simulated ground brightness

temperature (7,) between any two of the models.

DART ATIMOU_Exact ATIMOU Caselles_1989
DART - 0.00 K/0.02 K/0.17K 0.00 K/0.10 K/0.50 K 0.02 K/0.32 K/1.93 K
ATIMOU_Exact - - 0.01 K/0.09 K/0.42 K 0.02 K/0.31 K/1.87 K
ATIMOU - - - 0.00 K/0.22 K/1.55 K

Caselles_1989 - - - -

3.5. Discussion and conclusion

In this study, a new analytical TIR radiative transfer model, ATIMOU, was introduced
that considers the impact of 3-D structures and their radiation on TIR measurements. In this
model, viewing factors between a road and its surrounding infrastructure were used to
calculate the energy exchange inside a street canyon. On the basis of this model, the impact
of 3-D structures and their radiation on the TIR measurements over a street canyon was
quantitively evaluated under different viewing angles after accounting for obstructions
caused by walls of buildings. The respective contributions of the atmosphere and walls to
total ground TIR measurements at nadir were also investigated to further characterize the
impact of 3-D structures and their radiation. Finally, the fidelity of the proposed model was
tested by a comparison with the DART model. Small mean absolute error < 0.10 K was
found in the simulated ground brightness temperatures, indicating that the proposed model
is in good agreement with DART.

For the simulations over a street canyon, results show that the magnitude of the impact
of 3-D structures and their radiation on satellite TIR measurements is different under
different atmospheric types. Generally, the magnitude of the impact of 3-D structures and
their radiation in a hot, humid atmosphere is smaller than that in a cold, dry atmosphere,
and is believed to be caused by the variation of atmospheric transmittance as demonstrated
by Eq. 3-31 and Eq. 3-35. Results also show that the impact of 3-D structures and their
radiation is always largest at nadir, because the IFOV may be partly, and even entirely,
filled with building roofs as the viewing zenith angle increases. However, the building roofs
are not affected by the radiation of the 3-D structures. Moreover, increasing H/W,
decreasing road emissivity, and increasing wall temperature could all increase the
magnitude of the impact of 3-D structures and their radiation on a TIR measurement,
according to the simulations. For nadir observations of a scenario with a wavelength of 10
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um, road and wall temperatures of 300 K, road emissivity of 0.950, and wall emissivity of
0.906, as H/W increases from 0.5 to 4.0, the impact of 3-D structures and their radiation on
the ground TIR measurement increases by about 1.28 K from 0.90 K to 2.18 K. If H/W is
fixed at 2.0, while road emissivity decreases from 0.973 to 0.921, the impact of 3-D
structures and their radiation could increase from 1.00 K to 2.98 K. If wall temperature
increases from 260 K to 340 K while the other parameters remain at default values, the
impact of 3-D structures and their radiation increases rapidly from 0.66 K to 3.62 K. In
addition, based on results in Section 3.3.2, the minimum magnitude of the impact of 3-D
structures and their radiation on ground TIR measurements is about 0.31 K in cases with
road temperature of 300 K, road emissivity of 0.950, H/W of 0.5, wall emissivity of 0.906,
and wall temperature of 260 K; whereas a maximum value of about 4.21 K may be obtained
in cases with road temperature of 300 K, road emissivity of 0.950, H/W of 4.0, wall
emissivity of 0.906, and wall temperature of 340 K.

The respective contributions of atmosphere and building wall to total ground TIR
measurements over a road were also considered. According to the simulations, the
contribution of a building wall to the total ground TIR measurements can be greatly affected
by radiation from 3-D surroundings. For nadir observations of a scenario with wavelength
of 10 pum, the contribution of a building wall is more significant in cases with lower road
emissivity and higher wall temperature, because more environmental radiance would be
reflected into the remote sensor by the target pixel. For example, if H/W is fixed at 2.0,
road temperature is fixed at 300 K, wall emissivity is fixed at 0.906, and road emissivity is
fixed at 0.950, the contribution of a wall increases from 1.12 K to 4.12 K with increasing
wall temperature from 260 K to 340 K. When wall temperature is fixed at 300 K, the
contribution of the wall would increase rapidly from 1.69 K to 3.69 K as road emissivity
decreased from 0.973 to 0.921. Results also show that even though the absolute value of
road-reflected environmental radiance remains the same if only the road temperature varies,
the contributions of atmosphere and wall to total ground TIR measurement still change.
This is because the self-emitted radiance of the road decreases as road temperature
decreases, allowing for the proportion of road-reflected environmental radiance in the total
TIR measurements to increase. For example, for the cases with H/W of 2.0, wall
temperature of 300 K, wall emissivity of 0.906, and road emissivity of 0.921, the
contribution of a wall could increase from 2.71 K to 5.89 K as road temperature decreases
from 340 K to 260 K, whereas the contribution of atmosphere also increases from 0.18 K
to 0.39 K. In fact, based on the results presented in Section 3.3.3, the radiation from a
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building wall is the primary cause of the impact of 3-D structures and their radiation on
TIR measurement, because the maximum magnitude of the contribution of atmosphere to
the total ground TIR measurements is < 0.40 K. However, if road emissivity is low, both
contributions from the building wall and from the atmosphere cannot be ignored.

To summarize, the impact of 3-D structures and their radiation on the TIR measurements
generally cannot be neglected except that the emissivities of the components inside that
street canyon are low. Otherwise, the proposed ATIMOU provides a convenient tool to
calculate the magnitude of this impact quantitatively and accurately. Since the ATIMOU
could provide analytical solutions, it has the potential to be combined with the traditional
LST retrieval algorithms to develop new LST retrieval methods with consideration of the
urban 3-D structures. Consequently, for high spatial resolution TIR images in which the 3-
D structures of the street canyon could be recognized, the LST retrieval accuracy should be
greatly improved, indicating that the relevant studies which require the urban LST, such as
urban heat island, urban energy balance, et. al., could all benefit from the more accurate
urban LST retrievals.
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4 Development of a prior-
knowledge-free (PKF) method for

accurate LST retrieval from

satellite data

Land surface temperature (LST) is an important parameter in many research
fields. Many algorithms have been developed to retrieve LST from satellite
thermal infrared (TIR) measurements; of these, the most widely used are the split
window (SW) and temperature—emissivity separation (TES) methods. However,
the performance of the SW and TES methods can be limited by the difficulty in
obtaining sufficiently accurate prior knowledge—specifically, input land surface
emissivity (LSE) for the SW method and atmospheric parameters for the TES
method. In this chapter, a procedure was proposed for selecting specific channel
pairs in the TIR spectral region to accurately retrieve ground brightness
temperatures without prior atmospheric knowledge, using a method similar to the
SW method. Subsequently, the TES method is applied to the retrieved ground
brightness temperatures to separate the LST and LSE. In numerical simulations,
the three ground brightness temperatures corresponding to 8.6 um, 9.0 um, and
10.4 um are acquired with an accuracy of about 0.65 K by using five channels
centered at 8.6 pum, 9.0 um, 10.4 um, 11.3 pm, and 12.5 pm, each with a width of
0.1 pm. When inputting the three retrieved ground brightness temperatures into
TES method, LST could be recovered with an accuracy of 0.87 K. Finally, the
proposed method is preliminarily applied to actual satellite data from the
Atmospheric InfraRed Sounder (AIRS) and the retrieved results are compared
with the pixel-aggregated Moderate Resolution Imaging Spectroradiometer
(MODIS) LST product. For the study area of Australia, discrepancies between
our result and the MODIS LST product appear to be about 1.6 K during the day
and 1.0 K at night, indicating that the new channel configuration can be used to

retrieve accurate LST from satellite measurements.
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4.1. Introduction

Land surface temperature (LST) is a key physical measurement of surface energy and
water balance processes at both regional and global scales (Jackson et al., 1985; Jackson et
al., 1977; Running et al., 1994; Sellers et al., 1988; Vining and Blad, 1992); it is used within
many research fields, including hydrology, meteorology, and climatology (Anderson et al.,
2008; Karnieli et al., 2010; Li et al., 2009; Tomlinson et al., 2011). Satellite remote sensing
using measurements in the microwave (MW) and thermal infrared (TIR) spectral regions
provides an efficient way to obtain the LST over extended regions (Becker and Li, 1990;
Dash et al., 2001; Dash et al., 2002; Duan et al., 2017; McFarland et al., 1990; Schmugge
et al., 1998; Yu et al., 2005). Although MW can penetrate through clouds, the resulting
measurements have low spatial resolution and yield the “subsurface temperature” instead
of the “skin temperature” provided by TIR remote sensing (Choudhury et al., 1982; Duan
etal., 2017; Liu et al., 2013; Simmer, 1999). Furthermore, MW measurements are sensitive
to soil moisture and surface roughness (Choudhury et al., 1979; Njoku and Entekhabi,
1996). Because of these shortcomings, TIR measurements are more widely used than MW
measurements for LST retrieval. However, to determine an accurate LST, the data from
satellite TIR measurements must be corrected for the effects of atmosphere and land surface
emissivity (LSE) (Becker, 1987; Sobrino et al., 1991). In recent decades, many algorithms
have been developed for this purpose (Dash et al., 2002; Li et al., 2013a; Prata et al., 1995;
Sattari and Hashim, 2014); they can be roughly classified into four types (Li et al., 2013a;
Li et al., 2013b): the single-channel (Jimenez-Munoz and Sobrino, 2003; Ottle and Vidal-
Madjar, 1992; Qin et al., 2001b), day/night (Wan, 2008; Wan, 2014; Wan and Li, 1997,
Wan and Li, 2008), split window (SW) (Becker and Li, 1990; Coll and Caselles, 1997;
McMillin, 1975; Qin et al., 2001a; Wan and Dozier, 1996), and temperature-emissivity
separation (TES) (Gillespie et al., 1998) methods. With the use of these methods, LSTs
have been successfully retrieved from satellite measurements under specific assumptions.

As documented in previous studies (Li et al., 2013a; Li et al., 2013b; Sattari and Hashim,
2014), these commonly used methods have advantages as well as disadvantages. The single
channel method utilizes a simple inversion of the radiative transfer equation and requires
accurate LSE and atmospheric profiles in order to provide accurate LST retrievals (Ottle
and Vidal-Madjar, 1992). In comparison, the day/night method only needs the shape
information of the atmospheric profiles and can retrieve the LST and LSE simultaneously;

however, large errors may be introduced into the retrieved results if the temporal images
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are geometrically misregistered or the LSE changes significantly from day to night (Wan
and Li, 1997). In addition, the complexity of the equation-solving task also limits this
method’s application. Alternatively, the SW method can accurately eliminate atmospheric
effects by combining measurements from two adjacent channels. This method represents
the LST as a polynomial function of the two channel brightness temperatures and is easy
to apply; however, LSEs of the two channels must be known accurately to provide good
LST retrievals (Becker, 1987). The TES method can also separate the LST and LSE
simultaneously, although it requires accurate ground brightness temperatures as input,
meaning that the performance of the TES method is dependent on the accuracy of
atmospheric correction (Gillespie et al., 1998). Each of these existing method has
limitations and may be unable to meet the LST retrieval accuracy of <1.0 K that is required
by many disciplines under certain circumstances (Sobrino et al., 2016). Considering the
complementary advantages and disadvantages of the SW and TES methods, a hybrid
method was proposed by Ren et al. (Ren et al., 2018) to improve LST retrieval accuracy.
That being said, the improvements are questionable because this method still does not
address the accurate atmospheric correction required by the TES algorithm. To overcome
this problem, this study proposes a procedure to select specific channel pairs in the TIR
spectral region for retrieving accurate ground brightness temperatures from satellite
observations by using a method that is similar to the SW method. When applying the TES
method to these retrieved ground brightness temperatures, the LST can be accurately
retrieved without any prior LSE or atmospheric knowledge.

This chapter is organized as follows: Section 4.2 demonstrates the theoretical basis of the
proposed method; Section 4.3 describes the method for determining the new channel
configuration; Section 4.4 presents a sensitivity analysis of the proposed method; and
Section 4.5 covers a preliminary application and validation with real satellite data. Finally,

Section 4.6 summarizes our main findings.

4.2. Methodology

Drawing on the SW method, a procedure was deduced for acquiring accurate ground
brightness temperatures. The general radiative transfer equation for TIR remote sensing can
be formulated as follows (Becker and Li, 1990, Wan and Dozier, 1996, Wan and Li, 1997):

B(T)) = v;B(T,) + L} Eq. 4-1
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with

B(Tg:) = &B(Ty) + (1 — &)L, Eq. 4-2

where subscript i is channel i; T; and Tg; are the brightness temperature and ground
brightness temperature of channel i, respectively; B represents the Planck function; g;
and T, are the LSE and LST; t; denotes the atmospheric transmittance of channel i; and
L and L! are the atmospheric downwelling and upwelling radiance of channel i. When
employing the mean value theorem (Coll et al., 1994; McMillin, 1975; Prata, 1993), L!
can be expressed by

L= (1-1)B(Ty), Eq. 4-3

where T,; is the effective mean atmospheric temperature. Substituting Eq. 4-3 into Eq.
4-1 produces

B(T) = t;B(T,;) + (1 — 7)) B(Tyy). Eq. 4-4
Eq. 4-4 can also be applied to another channel, j:
B(T;) = t;B(T,;) + (1 — 7,)B(T,;). Eq. 4-5

Assuming that the ground brightness temperature, effective mean atmospheric
temperature, and brightness temperature of channels i and j are close to each other, the first-
order Taylor series of the Planck function can be applied to Eq. 4-4 and Eq. 4-5 around T;,
as follows:

Ty =T = 1i(Tgi — Tai) Eq. 4-6

T,; can be expressed as a linear function of T,
Tai = mTa] +n, Eq 4-8

where m and n are constants related to channels. By combining Eq. 4-6, Eq. 4-7, and Eq.

4-8, and eliminating T,; and T,;, Ty; could be written as a function of T; and Tj, as in
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the SW method:

with
n(r; — D(r; - 1)
k = Eq. 4-10
m‘c](l — Ti) — Ti(l — Tj) d
(Tj — 1) -m(t; — 1)
= Eq. 4-11
m‘rj(l - Ti) - Ti(l - Tj) d
(. —-1)
= Eq. 4-12
1 m‘rj(l - Ti) - Ti(l - Tj) !
S 571 iR ¢ VR Eq. 4-13
mrtj(1-t)-1;(1-7;) > 9J gtJ- q. 4-

When the atmospheres are not too wet, the coefficients of k, p and q can be considered
as constants. If the channel combination of i and j meets at least one of these conditions for
different atmospheres and land surfaces—(1) A is close to zero, (2) A is a linear function
of T;, or (3) A is a linear or quadratic function of (T; — Tj)—then Tg; can be directly
retrieved from satellite measurements, as with the SW method for the sea surface [Eq. 4-14]:

Ty = Ao + ATy + Ay (T: — T;) + A5 (T; — Tj)?, Eq. 4-14

where A,, A;, A,, and A; are constants. The introduction of the quadratic item
A;(T; — Tj)2 further improves the retrieval accuracy of Tg;, as in the SW method (Coll
and Caselles, 1997; Coll et al., 1994; Du et al., 2015; Galve et al., 2008; Sobrino et al.,
1993; Wan, 2014).

After obtaining accurate T;, the TES method can be applied to retrieve the LST with
high accuracy. Because the TES method requires at least three Tg; as inputs (Sobrino and
Jiménez-Muroz, 2014), it is critical to find a minimum of three channel pairs that can be
applied to Eq. 4-14 to obtain at least three accurate Ty; in the TIR region. Subsequently,
the LST can be accurately retrieved using the TES algorithm, provided that the spectral
locations of Ty; provide a good empirical relationship between the minimum emissivity
(&min) @and maximum-minimum emissivity difference (MMD) (Gillespie et al., 1998; Hu
et al., 2015). An illustration of the proposed method is shown in Fig. 4-1.
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Fig. 4-1. Illustration of the proposed method for accurate LST retrieval.

4.3. Determination of the new channel configuration

Because the commonly used TIR images do not provide the channel pairs required by the
method described in Section 4.2, a new channel configuration needs to be determined. First,
a simulation dataset was made using the MODerate resolution atmospheric TRANsmission
(MODTRAN) code (Berk et al., 2005). Then, channel pairs that were eligible to retrieve
accurate Ty; using Eq. 4-14 were searched iteratively in the TIR region with the help of
the simulation dataset. Finally, the spectral locations of the eligible channels were

optimized manually. A detailed flow diagram of this process is shown in Fig. 4-2.
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4.3.1. Simulation dataset for determining a new channel configuration

By using MODTRAN, the satellite channel brightness temperatures in the TIR region
can be simulated given the LSE, LST, atmosphere profiles, and channel filter functions. As
in the method suggested by (Sobrino and Jiménez-Mufbz, 2014), the channel filter function

was simulated as a composite form of the Gaussian and triangle functions. The equations

can be expressed as

it (1- ) Ao — FWHM < ) < 2, — XM
FWHM FWHM 2
_ (A-2p)? FWHM FWHM
f(/l)— exp[—T] AO_T<A<AO+ 2 5
(14 22) 2+ <A< Ao + FWHM
FWHM FWHM 2
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where f (A1) is the channel filter function; A is the wavelength; FWHM, the full width
at half maximum, is the channel width; A, is the channel center; and o isthe width of the
Gaussian function, which is related to the FWHM by ¢ = FWHM/(2V2In2) =~
0.42FWHM. In this study, the spectral region from 8.0 um to 14.0 um was considered,
with channel center intervals of 0.1 um. The FWHM of each channel was initially set as 0.1

um. Thus, 59 successive channel filter functions were generated using Eq. 4-15 (Fig. 4-3).

—— Band1l —— Band2 —— Band3 —— Band 4
—— Band 56 —— Band 57 —— Band 58 —— Band 59

8.0 8.1 8.2 8.3 13.7 138 139 140
Wavelength (um)

Channel filter function
0.0 0.2 04 0.6 08 1.0

Fig. 4-3. Simulated channel filter functions.

Following the research of Chen et al. (Chen et al., 2017), 65 LSE spectra were selected
from the ECOSTRESS Spectral Library, Version 1.0 (https://speclib.jpl.nasa.gov/) to
represent different land surface coverages, including 52 soil, 4 vegetation, and 9
water/ice/snow samples (Fig. 4-4a, b, and c). Additionally, 98 atmosphere profiles were
selected from  the  Thermodynamic  Initial  Guess Retrieval (TIGR,
http://ara.abct.Imd.polytechnique.fr/) database, with the water vaper content ranging from
0.09 g/cm? to 6.15 g/cm?. The input LST was assigned according to the bottom layer
temperature To of each atmosphere profile. If To > 280 K, then the LST varied from To —5
K to To + 15 K with intervals of 5 K. Otherwise, the LST varied from To—-5Kto To + 5K
with intervals of 5 K (Chen et al., 2017). With the input parameters described above, 29,640

cases were generated in the simulation dataset.
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Fig. 4-4. (a) LSE spectra of the 52 soil samples, (b) LSE spectra of the four vegetation samples, (c) LSE
spectra of the nine water/snow/ice samples, and (d) scatter plot of the bottom layer temperature and

water vaper content of the 98 atmosphere profiles.

4.3.2. Selection of eligible channel pairs for retrieving ground brightness

temperature

Theoretically, there are 3,363 possible two-channel combinations using the 59 simulated
channels, although some of them do not meet the conditions that eligible channel pairs
conform to; that is, the value of 4 in Eq. 4-9 is neither close to zero, nor a linear function
of T;, nor a linear or quadratic function of (T; — T;). In this study, the root-mean-square
error (RMSE) of the retrieved T,
met at least one of these conditions. A threshold (i.e., C1 in Fig. 4-2) of 0.7 K was used to

was chosen as an indicator of whether a channel pair

find all eligible channel pairs. This threshold was determined by trial-and-error to allow the
final LST to be retrieved within the expected accuracy of 1.0 K. After filtering by the
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threshold and excluding channels inside the ozone absorption band from 9.4 um to 10.0 pm,

44 eligible channel pairs associated with 28 individual channels remained (Fig. 4-5).
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Fig. 4-5. The spectral centers of eligible channel pairs. The retrieval RMSE of the ground brightness

temperature of channel i (Ty;) is represented by the color scale.

4.3.3. Optimization of eligible channel locations

Some of the 28 channels composing the 44 remaining eligible channel pairs from Section

4.3.2 were very similar, as a result of the channel filter functions being generated with a

small channel center interval of 0.1 um. Thus, it was reasonable to reduce the total number

of channels; specifically, some channels were removed so that adjacent channel center

intervals were greater than or equal to 0.2 pm. This process was done manually in order to

evenly distribute the locations of the remaining channels. After refinement, 16 of the 28

individual channels remained (marked by triangles in Fig. 4-6a), forming 18 eligible

channel pairs (Fig. 4-6b).
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Fig. 4-6. Optimization of the eligible channel locations. (a) Channels remaining after refinement are
indicated by triangles; (b) eligible channel pairs remaining after refinement for retrieving the ground
brightness temperature of channel i (T;).

4.3.4. Retrieval of ground brightness temperature and LST

Using the refined eligible channel pairs, seven highly accurate T,; were retrieved. Note
that the Ty at 10.2 pm and 10.4 pum could be retrieved repeatedly by combining with
different T; (Fig. 4-6b). Therefore, the retrieved Ty; of the channels at 10.2 um and 10.4
um were averaged respectively before applying the TES algorithm. Numerical simulations
indicated that the spectral locations of Tg; provided a good &,,;,, ~ MMD relationship
(Fig. 4-7a) and LST could be retrieved to within 1.0 K by using the refined eligible channels
(Fig. 4-7b).
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Fig. 4-7. (a) The empirical relationship between ¢,,;,, and MMD, based on the 65 samples described in
Section 4.3.1. Diamonds represent two additional rock samples used in Section 4.4.3 for sensitivity
analysis. (b) Histogram of the residuals between the retrieved and true LSTs.
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Previous studies indicated that three Ty; can meet the minimum requirement of the TES
algorithm (Gillespie et al., 1998; Sobrino and Jiménez-Mufbz, 2014). Considering 16
individual channels connected with the 18 remaining eligible channel pairs is unreasonable
when developing an instrument; therefore, only three eligible channel pairs were selected
to study the performance of the proposed method. To accurately retrieve the LST, the
spectral locations of the Ty; should provide enough emissivity contrast to estimate the
&min- Detailed information about the three channel pairs used in this study is listed in Table
4-1. Retrieval results indicated that the T, at 8.6 um, 9.0 pm, and 10.4 um could be
acquired with accuracies of approximately 0.65 K using Eq. 4-14 (Fig. 4-8a), and showed
that the LST could be retrieved with an accuracy of <1.0 K using these three Ty; (Fig.
4-8b). Therefore, in the following sections, a configuration of 8.6 um, 9.0 um, 10.4 pm,

11.3 um, and 12.5 pm for the five channels was used as an example, although other
appropriate options may also exist.

Table 4-1. The three recommended channel pairs for retrieving Ty; and the fitted coefficients of

Eq. 4-14.
Center of Center of A, A, A, A, T, retrieval
channel i (um)  channel j (um) RMSE (K)
8.6 125 -6.75 1.03 0.39 0.02 0.64
9.0 125 -3.79 1.02 0.30 0.02 0.66
104 11.3 0.27 1.00 1.04 0.20 0.65
a . ——86pum b RMSE=0.87 K
S (@)  RMSE=0.64 K o | (b) n
|[|Bias=0.07 K
= ] - - 9.0pm ~ M
S RMSE=0.66 K > o |
> > 1
[&] (&]
§ o4 T o 1(1.4 pm §
=1 } RMSE=0.65 K 3 |
o o
L Y L
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Fig. 4-8. (a) Histograms of the residuals between the retrieved and true ground brightness temperature
(Ty;) for different channels. (b) Histogram of the residuals between the retrieved and true LST.
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4.4. Sensitivity analysis

4.4.1. Sensitivity analysis to channel noise and channel width

4.4.1.1. Sensitivity analysis to channel noise with a channel width of 0.1 pm

Instrumental noise causes actual observed channel brightness temperatures to contain
random errors that could affect LST retrieval accuracy. Therefore, a sensitivity analysis
was performed by adding a noise-equivalent differential temperature (NEAT) to the
simulated channel brightness temperatures before applying the proposed method. The
results showed that the RMSEs of the three retrieved Tgy; increased with the channel
NEATS, and the channel at 10.4 um was more sensitive to channel noise than the other two
channels (Fig. 4-9a). The biases of the retrieved LST indicated that the results were
overestimated,; this is believed to be caused by the introduction of the quadratic item in Eq.
4-14 (Fig. 4-9b). Results also showed that the RMSE of the retrieved LST slightly increased,
but was still accurate to within 1.0 K, when the NEAT was below 0.1 K; however, accuracy
was only within 1.2 K and 1.4 K when noise levels of 0.2 K and 0.3 K, respectively, were
added to the channel brightness temperatures (Fig. 4-9b). Therefore, channel noise must be
well controlled to accurately retrieve LSTs using the proposed method.

3 — g : : — R
é - —0— 8.6 pm é —o0— RMSE e Q
|_'aN —0—9.0 pm b) :_ —O— Bias o © :
3 T N (o]
2 > ] o 3
s 9 2 / < >
L b o o .=
s < =7 o ° =
L.
w @ | ‘46 © D/ / ~ HS
9 o W S fo) ° .
> 2 o 3
“ o z © (b)| o @
C5 T T T T o T T T T O
0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3
NEAT (pum) NEAT (K)

Fig. 4-9. (a) The RMSEs of the retrieved ground brightness temperatures for different channels (T;) as
a function of channel NEAT. The channel FWHM was fixed at 0.1 pm. (b) The LST retrieval RMSE and

bias as a function of channel NEAT.
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4.4.1.2. Sensitivity analysis to channel width without channel noise

The retrieval accuracies of T,; and LST may also affected by the channel witdth. To
evaluate the impact of this factor, a sensitivity analysis was performed by varying the
channel FWHM before obtaining the simulated channel brightness temperatures. As the
channels broadened, the retrieval accuracy of the Ty; at 8.6 um rapidly decreased (Fig.
4-10a). Although the RMSEs of the other two channels also generally increased with the
FWHM (Fig. 4-10a), they were less affected when the channel FWHM was in some certain
ranges (0.1-0.4 pum for the channel at 9.0 pm and 0.3—0.5 um for the channel at 10.4 pum).
Additionally, LST retrieval accuracy decreased to about 1.0 K as the FWHM increased to
0.3 um, whereas the RMSE of the retrieved LST only slightly increased as channel width
continuously increased (Fig. 4-10b); this variation pattern was similar to that for the
retrieval accuracy of Ty at 10.4 pm. This may have occurred because, in the TES
algorithm, LST is always calculated from the channel with the highest emissivity. For most
land surface coverages, the emissivity of the channel at 10.4 pm is larger than that of the
other two channels. Thus, LST retrieval accuracy was more influenced by the T; retrieval

accuracy for the channel at 10.4 pm.
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Fig. 4-10. (a) The RMSE of retrieved ground brightness temperature for different channels (Ty;) as a
function of channel FWHM. The channel NEAT was fixed at 0.0 K. (b) The LST retrieval RMSE and
bias as a function of channel FWHM.

4.4.1.3. Sensitivity analysis to channel width with channel noise

Since channel noise is related to channel width, the accuracy of retrieved LST for
different combinations of channel NEAT and channel FWHM was also analyzed. The
results showed that the RMSE of the retrieved LST increased with FWHM up to 0.3 um
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and then stabilized (Fig. 4-11). A maximum error of about 0.3 K was introduced to LST
retrievals as the channel width was broadened from 0.1 um to 0.6 um. Furthermore, LST
retrieval accuracy was more influenced by the channel noise because the NEAT was
magnified twice and transferred to the final LST retrievals (Fig. 4-11). As shown in Fig.
4-11, when both factors are considered, the LST should be retrieved within the accuracy of
about 1.2 K and 1.5 K for sensors with a channel NEAT of 0.1 K and 0.2 K, respectively.
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Fig. 4-11. The LST retrieval RMSE as a function of channel FWHM for different levels of channel
NEATs.

4.4.2. Sensitivity analysis to the channel center

For actual satellite instruments, the channel filter functions are not ideal mathematical
functions (in contrast with the Gaussian and triangle functions used in Section 4.3.1), which
may lead to the shift of effective channel centers. Therefore, impact of channel-center shifts
on LST retrieval accuracy using the proposed method was evaluated. Offsets of -0.2 um to
0.2 um, with intervals of 0.1 um, were added to the spectral centers of the five channel filter
functions before simulating the satellite brightness temperatures. For simplicity, the same
offset value was used for all five involved channels each time. The results showed that the
retrieval accuracies of Ty; at 8.6 pm and 10.4 pm decreased along with the shifting of
channel centers. Additionally, these two Ty were retrieved less accurately when the
channel centers shifted to shorter wavelengths than when they shifted to longer wavelengths
(Fig. 4-12a). The retrieval accuracy of Ty at 9.0 um was unaffected by channel-center
shifts, except for those of -0.2 um (Fig. 4-12a). With the shifting of channel centers,
retrieved LSTs were overestimated and retrieval accuracy decreased to greater than 1.0 K

(Fig. 4-12b). These results indicate that a shift of channel centers introduces large errors to
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the retrieved Ty and LST. Therefore, it is highly recommended to keep the channel
centers at their initial locations when possible.
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Fig. 4-12. (a) The RMSE of retrieved ground brightness temperature for different channels (Ty;) as a
function of channel-center shifts. (b) The LST retrieval RMSE and bias as a function of channel-center
shifts.

4.4.3. Sensitivity analysis to atmospheric downwelling radiance and LSE

characteristics

The original TES algorithm requires the atmospheric downwelling radiance in order to
refine the retrieved LST and LSE. The above results are all based on the simulated
atmospheric downwelling radiance of the three selected channels (L} um» Ly, um» and
LYo um) Without uncertainties. Therefore, it is necessary to investigate the influence on
LST retrieval accuracy when real atmospheric measurements, or products containing errors,
are used. In this study, sensitivity analysis was conducted by adding relative errors to
Lt 6 yms Lo yms and Ly 4 4 before applying the TES algorithm. Since Ly 6 ym. Lbo um.
and L%, um are highly correlated with each other, the empirical relationships between
Lo um and Lig um, and between Lig, um and Lyg ., Were first built using quadratic
functions with an intercept of zero (Fig. 4-13a). Then, relative errors from -40% to 40%,
with intervals of 10%, were added to L} . um- Using the two empirical relationships shown
in Fig. 4-13a, LY, um and Lioa um With relative errors could also be acquired.
Subsequently, the LST was retrieved using these inaccurate atmospheric downwelling
radiance measurements instead of the simulations without uncertainties.

Results showed that the RMSE of the retrieved LSTs increased as relative errors were
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introduced into the atmospheric downwelling radiance (Fig. 4-13b). Overestimation of the
atmospheric downwelling radiance had slightly a larger influence on LST retrieval
accuracy than underestimation. However, the LST retrieval results were still acceptable,
with an RMSE <1.0 K, even when a relative error of 40% was added to the atmospheric
downwelling radiance (Fig. 4-13b). One possible reason for this phenomenon is that the
final LST is always calculated from the channel with the largest emissivity in the TES
algorithm (Gillespie et al., 1998).

Previous studies (Gillespie et al., 1999; Jimenez-Munoz et al., 2014) have also shown
that errors in estimating atmospheric downwelling radiance are of minor significance for
LST retrieval in most situations when using the TES algorithm. However, for warm
atmospheres over cold and highly reflective ground surfaces, such errors may become
significant enough to limit the TES algorithm’s performance (Gillespie et al., 1998). In fact,
the impact of inaccurate atmospheric downwelling radiance to the TES is complicated
because the reflected atmospheric downwelling radiance is corrected based on the
estimated emissivity, which may already be in error (Gustafson et al., 2006). To investigate
the impact of these two coupled error sources on LST retrieval accuracy, biases were added
to both the atmospheric downwelling radiance and ¢,,;,. Considering that ¢,,;,, can be
obtained with an uncertainty of about 0.006, using its relationship with MMD as illustrated
in Fig. 4-7a, a value of 0.015 was used as the maximum bias introduced to &,,;,. The
maximum bias used for the atmospheric downwelling radiance was 40%. As shown in Fig.
4-13c, the impact of inaccurate atmospheric downwelling radiance on LST retrieval
accuracy depends on the emissivity error. For cases in which these two source errors have
opposite signs, their impact on the retrieved LST is reduced; otherwise, it is amplified. We
also found that the LST could be retrieved with an accuracy of 1.0 K for most cases in
which the uncertainty in the estimated ¢,,;,, was less than 0.0075. To illustrate the impact
of surface emissivity characteristics on the retrieved LST, two additional LSE spectra (Fig.
4-14a) with different shapes from the previous 65 LSE samples (Fig. 4-4) were used. As
shown in Fig. 4-7a (the diamond symbols), although the two LSE spectra are different from
the 65 LSE spectra used in Section 4.3, provided that the surface spectra follow the &,,;,
~ MMD relationship, the LST for these two rocks can be retrieved using our proposed
method with an accuracy better than 0.6 K (Fig. 4-14b).
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4.5. Application

The proposed method and suggested channel configuration were also applied to real
satellite data to preliminarily verify its accuracy. Because no existing sensors have such a
channel configuration, the level 1C hyper-spectral radiance of the Atmospheric InfraRed
Sounder (AIRS_L1C) was introduced to calculate the theoretical measurements of the five
required broad channels by using simulated channel filter functions (Moustafa, 2015). The
pixel size of the AIRS image is 13.5 km = 13.5 km at nadir and is difficult to patch with
ground truth measurements. Therefore, retrieval results were validated by comparison with
the Land Surface Temperature/Emissivity 5-Min L2 Swath 1 km product (MYD11_L2)
acquired by the Moderate Resolution Imaging Spectroradiometer (MODIS) (Wan et al.,
2015b). A detailed processing flow diagram is shown in Fig. 4-15.

AIRS L1C hyper- Filter functions of MYDI11 I2LST
spectral radiance the five selected product
(13.5 x 13.5km) channels (1.0 x 1.0 km)

[ I ‘

v

Select pixels with
Spectral convolution by P
. reported accuracy better
channel filter functions
than 1 5K

Radlance of the five High qualltv
selected channels MODIS LST pixels
(13.5 x 13§km) (10x10km}

Aggregatlon and
The proposed method geometric registration to
AIRS plxels

The retrieved LST The reference LST
(13‘§x 13.5km) (13‘-'sx 13.5km)

Comparison and accuracy assessment

Fig. 4-15. The flow diagram of application based on real satellite data.

In one process, the LST was retrieved by using the proposed method on the theoretical
multichannel observations acquired from AIRS hyper-spectral radiance. As demonstrated
in Section 4.4.3, the impact of atmospheric downwelling radiance on the retrieved LST is
small. Therefore, in this study, the required atmospheric downwelling radiance was

estimated using MODTRAN with an atmospheric profile selected from the five standard
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profiles (Tropical, Mid-Latitude Summer, Mid-Latitude Winter, Sub-Arctic Summer, Sub-
Arctic Winter) using the method proposed by Harris (Harris, 2009) with the data acquisition
month and the pixel geolocation (latitude). In another process, the MODIS LST product
(MYD11_L2) was aggregated to match the AIRS spatial resolution for comparison using
the area-weighted pixel aggregation algorithm (Gao et al., 2012; Qian et al., 2013). Detailed
procedures are shown in Fig. 4-16. First, the MODIS LSTs were converted to radiance.
Then, the weight of each MODIS pixel was calculated from the relationships between
MODIS and AIRS pixel coordinates. Next, the radiance of all MODIS pixels inside or
overlapped by the AIRS pixel were weighted to obtain the aggregated MODIS radiance
with the spatial size of AIRS pixel. Finally, the aggregated MODIS LST was calculated
from the aggregated radiance using the inverted Planck function.
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Fig. 4-16. (a) Flow diagram of the MODIS LST aggregating process, where N is the total number of
MODIS pixels u inside or overlapped by one AIRS pixel v. (b) Illustration of the relationship between
AIRS and MODIS pixel coordinates, where S,,,, is the area of overlap between pixels # and v and S,

is the total area of pixel u.

Note that four restrictions were applied to refine the validation pixels. First, the
“Error LST” layer in the MYD11 L2 product was used to select cloud-free MODIS pixels
that did not have any quality problems. Second, any MODIS pixels that produced an LST
error larger than 1.5 K were eliminated according to the “QC” layer. Since uncertainties
may be reduced by the aggregation process, the accuracy of the aggregated MODIS LST
should be better than the accuracy of the original 1.0-km MODIS LST (i.e., better than 1.5
K). Third, when aggregating the MODIS pixels into the AIRS pixel scale, there should be
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no invalid MODIS pixels inside the AIRS footprint and the standard error of the MODIS
pixels should be less than 2.0 K (to retain the homogeneity of the validation pixels). Fourth,
only pixels with an observation angle of less than 20 =from nadir were selected because the
coefficients acquired in Table 4-1 are only applicable for nadir observations. Note that the
thresholds used in the third and fourth restrictions were chosen to balance the quantity and
quality of the intercomparison pixel pairs. In this study, considering the fact that
intercomparison was only performed if all MODIS pixels within one AIRS pixel have the
uncertainty of LST about 1.5 K, consequently, a standard error of 2.0 K for all MODIS-
derived LSTs within one AIRS pixel was chosen to guarantee the relatively homogeneous
pixels in LST, and also to minimize the impact of spatial overlap error between aggregated
MODIS pixels and AIRS pixels in the LST comparison. Moreover, both MODIS and AIRS
have large viewing angles—up to about 50< However, the coefficients listed in Table 4-1
were obtained from simulated data at the nadir. As there are very limited MODIS and AIRS
pixel pairs available at the nadir, according to previous studies (Becker and Li, 1990;
Sobrino et al., 1994; Wan and Dozier, 1996), the coefficients in the SW-like equation [Eq.
4-14] derived for nadir views can still be used without introducing significant error to
viewing angles less than 20< a viewing angle threshold of 20=was chosen to not only
increase the total number of intercomparison pixel pairs, but also minimize the error
introduced by a larger viewing angle.

In this study, Australia was chosen as a study area because it has a variety of land surface
coverages and many cloudless days. Moreover, it has a relatively flat terrain, which can
help to further suppress LST mismatches caused by instrumental observation angles.
Because AIRS and MODIS are on board the same satellite platform (AQUA) and observe
the same land surface patch within about five minutes, it was possible to preclude the
possibility of LST mismatches associated with observation time. At last, 20 appropriate
images were obtained from May 2018—10 during the day and 10 at night (Fig. 4-17a);
additionally, 21 appropriate images were obtained from September 2018—nine during the
day and 12 at night (Fig. 4-17b).
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Fig. 4-17. The validation pixels collected in Australia and acquired in (a) May 2018, and (b) September
2018. Yellow indicates that the pixels are covered by both daytime and nighttime observations, green
indicates the pixels are only covered by nighttime observations, and red indicates the pixels are only

covered by daytime observations.

Since individual validation image pairs have fewer pixels because of the four restrictions
placed on them, the observations acquired in the same month were merged as one image
for each of these two months. The daytime and nighttime observations were processed
separately from the statistics of the retrieval residuals. Compared with the MODIS LST
product, the LST could be retrieved with an accuracy of <1.3 K for May (Fig. 4-18a and b)
and <1.7 K for September (Fig. 4-18c and d). The biases indicated that our results
overestimated the LST compared with the MODIS LST product. The LST retrievals at night
had an accuracy of about 1.0 K compared with MODIS LST product and were always better
than those from during the day. One reason for this result is that the LST was closer to the
effective mean atmospheric temperature for nighttime, indicating that the errors resulting
from the linearization of the Planck function in Eq. 4-14 were smaller than those for the
daytime. Alternatively, this result could be attributed to the fact that larger errors, due to
the replacement of 4 in Eq. 4-9, were introduced to the retrieved T,; for daytime
observations because the LST during the day is usually higher than that at night. Another
possible reason is that the TIR radiance of the land surface is more homogenous at night.
In this case, errors owing to the process of aggregating MODIS pixels to AIRS pixel scales
should be smaller than those of the more heterogenous land surfaces found in daytime
observations. Additionally, scatter plots showing the MODIS LST and the LST retrieval
errors demonstrate that LST was overestimated to a greater extent for daytime than for
nighttime observations (Fig. 4-19). More pixels were retrieved with discrepancies larger
than 2.0 K from MODIS LST product as the LST approached 320 K.
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4.6. Conclusions

Prior works have documented that the SW and TES algorithms are the two most widely
used LST retrieval methods. However, the SW method requires accurate LSE information
and the TES method requires accurate atmospheric correction. In this study, a procedure
was proposed to find a new channel configuration in the TIR region, based on which ground
brightness temperatures could be retrieved accurately by using a method similar to the SW
method [Eq. 4-14]. Subsequently, the TES algorithm could be used to retrieve the LST
without using additional atmosphere and LSE information. Finally, the proposed method
and the suggested channel configuration were applied to the AIRS hyper-spectral radiance
and validated by comparison with the MODIS LST product.

Results showed that the three ground brightness temperatures corresponding to 8.6 pum,
9.0 um, and 10.4 pm could be acquired at an accuracy of about 0.65 K using the channel
pairs of 8.6 um and 12.5 pm, 9.0 um and 12.5 pm, and 10.4 pum and 11.3 um (width of 0.1
um), respectively. The LST could be retrieved at an accuracy of within about 0.9 K using
this TIR channel configuration. Sensitivity analyses indicated that the proposed method
was not sensitive to channel FWHM and atmospheric downwelling radiance, but was
sensitive to channel-center shifts and channel noise. When the channel centers shifted by -
0.1 pm and -0.2 um, the LST retrieval accuracy dropped to 1.5 K and 1.4 K, respectively.
As the channel centers shifted to longer wavelengths, the LST retrieval accuracy dropped
as well—to 1.1 K and 1.0 K with channel-center shifts of 0.1 um and 0.2 um, respectively.
Moreover, when random noise was added to the channel brightness temperatures, LST
retrieval accuracy decreased from 0.97 K to 1.43 K, along with an increase in channel noise
from 0.1 K to 0.3 K. All these results indicate that the location of the channel center and

channel noise must both be well controlled for good LST retrieval results.

In addition to analysis using a simulation dataset, the proposed method was also applied
to real AIRS images. The retrieved LST was compared with the aggregated MODIS LST
product, showing that the discrepancies between the retrieved result and the MODIS
product were better for nighttime observations than for daytime observations, with LST
retrieval RMSE of about 1.0 K and 1.6 K, respectively. Note that these discrepancies not
only included the mismatch in retrieval methods, but also included the mismatch in
observation time and angles. Additionally, when considering that the MODIS LST product
itself contains an uncertainty of approximately 1.5 K, it is reasonable to conclude that the
proposed method can be used to achieve LST retrievals that coincide with the MODIS
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products.

Our findings indicate that the proposed method could be used to retrieve LST with high
accuracy, based on the suggested TIR channel configuration. In comparison with the
traditional SW and TES algorithms, the proposed method requires neither accurate LSE

information nor precise atmospheric correction.
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5 Primary exploration on

developing an improved LST
retrieval method for high spatial
resolution TIR measurements of

urban areas

The temperature of urban areas is one of the most important parameters to study
the urban environment. But according to chapter 2 and chapter 3, the adjacency
effect and the impact of 3-D structures and their radiation both could make
nonnegligible influences on the satellite TIR measurements which may
deteriorate the performance of the current LST retrieval algorithms. Although
efforts have already been made to assess or improve the urban LST retrieval
accuracies, rare study considers both the adjacency effect and the impact of 3-D
structures and their radiation in the urban LST retrievals. This chapter attempts
to develop an improved method for accurate LST retrieval in urban areas from
high spatial resolution satellite TIR measurements with consideration of these
effect and impact. The above proposed FAERTM and ATIMOU are introduced
as adequate tools to address the adjacency effect and the impact of 3-D structures
and their radiation in the satellite TIR measurements, respectively. After
combining with the PKF LST retrieval method proposed in chapter 4, an
improved LST retrieval method for urban areas have been developed eventually.
On the basis of simulated data, this improved LST retrieval method has been
applied and evaluated preliminarily. Results show that an improvement of about
2.27 K could be achieved regarding to the RMSE of the retrieved LST, indicating

the good performance of the proposed urban LST retrieval method.
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5.1. Introduction

Urbanization is a crucial process of human civilization (Gu et al., 2012; Guo et al., 2019).
Since cities always act as the center of a certain region in many spheres such as the
population, administration, transportation, economy, education, culture, et. al, the stability
of which is therefore very important for each country and even for the entire world (Gong
et al., 2012). In urban areas, the environment has been transformed from natural surfaces
to artificial ones, leading to the radiative behavior, hydrologic and aerodynamic
characteristics of such areas all changed greatly, not only because of the different thermal
properties of manmade materials, but also because of the 3-D structures of street canyons
(Oke, 1987). Consequently, the natural balance regarding to energy, hydrology and other
aspects in the urban areas may have been distorted (Oke, 1987; Qu, 2011). Thus, many
environmental issues (e.g. urban heat island, air quality, water shortage and pollution, et.
al.) arise along with the rapid urbanization process (Guo et al., 2019; Qu, 2011). These
issues should be studied in detail and well addressed because more than half of the
populations in the world live in the urban areas according to the Population Reference
Bureau in 2019 (Bureau, 2019). As documented in previous researches, the temperature of
urban areas is one of the most important parameters to study the urban environment (Jiang
et al., 2018; Lau et al., 2016; Oltra-Carrio et al., 2014; Voogt and Oke, 1997). Comparing
with the traditional ground-based method, thermal infrared remote sensing provides a better

approach to acquire the urban LST (Jiang et al., 2018; Wang et al., 2018; Yang et al., 2020).

With the development of the thermal infrared remote sensing, the LST of the Earth
surface nowadays could be obtained efficiently at regional and even global scales. Aiming
at the specific features of different TIR measurements, enormous LST retrieval algorithms
have been developed (Li et al., 2013a) and great successes have been achieved for natural
flat surfaces using moderate/low spatial resolution TIR images. However, when trying to
retrieve the LST of urban areas from high spatial resolution TIR measurements, there are
still some limitations in the existing LST retrieval methods. First, the neglect of the
adjacency effect (Duan et al., 2020; Zheng et al., 2019b); Second, the regardless of impact
of 3-D structures and their radiation (Fontanilles et al., 2008; Oltra-Carri6 et al., 2012;
Oltra-Carrio et al., 2013; Zheng et al., 2020). Third, the dependence on the accurate
atmospheric parameters and/or LSE information (Ren et al., 2020; Zheng et al., 2019a);
Although efforts have already been made to assess or improve the urban LST retrieval
accuracies (Jiang et al., 2018; Oltra-Carri6 et al., 2012; Oltra-Carrio et al., 2013; Yang et
al., 2020), studies that simultaneously consider the three mentioned factors influencing the

88



Chapter 5: An improved LST retrieval method for urban areas

urban LST retrieval accuracy are rarely reported so far.

In this chapter, primary attempts have been made to explore an improved LST retrieval
method for high spatial resolution TIR measurements of urban areas. Firstly, the PKF LST
retrieval method (in chapter 4) has been applied to the urban TIR measurements directly to
get the initial LST retrievals. Then, the FAERTM (in chapter 2) and ATIMOU (in chapter
3) have been combined with the PKF LST retrieval method to address the adjacency effect
and the 3-D impacts, respectively. Lastly, with the help of an iteration process, the improved
urban LST could finally be retrieved. This chapter is organized as follows: Section 5.2
demonstrates the methodology; Section 5.3 describes the simulated dataset; Section 5.4
presents and compares the LST retrieval results of the traditional TES algorithm and the

proposed method; Section 5.5 summarizes the main findings.

5.2. Methodology

For those moderate or low spatial resolution TIR images of natural flat surfaces, there is
no impact of 3-D structures and their radiation and the adjacency effect is also negligible
based on the studies in previous chapters. However, in urban areas, especially for high
spatial resolution TIR observations, the adjacency effect and the impact of 3-D structures
and their radiation both could influence the satellite TIR measurements (Zheng et al., 2020;
Zheng et al., 2019b). On the basis of the traditional TIR radiative transfer theory, FAERTM
(Eq. 2-2 in chapter 2), and the ATIMOU (Eq. 3-14 in chapter 3), the satellite observed TIR

radiance in urban areas could be expressed by:

LTOA_Ubn _ B(TTOA_Ubn ) :TLBOA_Ubn + LT + Ll +RAD Eq. 5-1
in which
RAD=7(1-¢) Lo Eq. 5-2
1-pS 4

where L™A- and 717" are respectively the satellite observed radiance and
effective brightness temperature of the target pixel in urban areas at top of atmosphere
(TOA) level; 7 is the direct atmospheric transmittance; L®°*-"" is the ground observed
radiance of the target pixel in urban areas at bottom of atmosphere (BOA) level which can
be obtained according to Eq. 3-30 in chapter 3; L; is the atmospheric upwelling radiance;

L, is the single scattered adjacent pixel radiance at TOA level which can be obtained

according to Eq. 2-10 in chapter 2; RAD is the target-reflected ground radiance at TOA
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level which can be obtained according to Eq. 2-17 in chapter 2; ¢ is the emissivity of the
target pixel in urban areas; L, isthe radiance emitted from the ground and reflected by the

atmosphere; p is the reflectance of the ground; and S is the atmospheric spherical

albedo at the BOA level.

To retrieve the accurate LST of urban areas from high spatial resolution TIR
measurements, the adjacency effect (L + RAD ) and the impact of 3-D structures and their
radiation in the item of L8 both should be corrected during the LST retrieval.
Fortunately, the FAERTM and ATIMOU provide two very useful tools, on the basis of
which and together with the PKF LST retrieval method proposed in chapter 4, an improved
LST retrieval method designed for high spatial resolution TIR measurements of urban areas

is proposed. The overall scheme design is shown in Fig. 5-1 as below:
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Fig. 5-1. Overall scheme design of the improved LST retrieval method for high spatial resolution TIR

measurements of urban areas
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In fact, correction of the adjacency effect and the 3-D impact requires the urban LST and
LSE that are to be retrieved. Thus, an iterative strategy has been used to remove the
adjacency effect and the 3-D impact from the measurements and to refine the final Urban

LST and LSE retrievals. The detailed implementation of this method is described as below:

Step 1: Obtain the initial urban LST ( LSTyreyious ) and LSE by applying the PKF LST

retrieval method to the urban TOA measurements directly without any corrections.

Step 2: Estimate the adjacent effect using the FAERTM and the initial urban LST and LSE
obtained in Step 1. Additionally, the atmospheric visibility and profile are also necessary
inputs in the FAERTM. The former can be obtained from existing measurements or
products. The latter can be obtained from some approximated information, such as the
MODIS retrievals and the 6 standard atmospheres embedded in the MODTRAN model,

which should be sufficient for the estimation of the adjacency effect.

Step 3: Remove the adjacency effect from the urban TOA measurements and retrieve the
urban BOA radiance using the SW-like method (Eq. 4-14).

Step 4: Estimate the 3-D impact using the ATIMOU and the initial urban LST and LSE
obtained in Step 1. The required geometric parameters and optical properties of the building

walls are assumed to be known in advance according to ground surveys.

Step 5: Remove the 3-D impact from the urban BOA radiance obtained in Step 3 and obtain
the updated urban BOA radiance.

Step 6: Retrieve the urban LST ( LST,ren: ) @nd LSE using the traditional TES method.

Step 7: Compare LSTprevious and  LSTeyrrent . If the difference is >0.05 K, then update the
initial urban LST and LSE as the current retrievals and go to Step 1 for next iteration.
Otherwise, if the difference is <0.05 K or the iterations >10, then stop iteration and output

the current retrievals as the final retrieved urban LST and LSE.

5.3. Simulation description

To preliminarily investigate the performance of the proposed LST retrieval method for
urban areas, simulated high spatial resolution TIR measurements of urban areas have been

made firstly on the basis of Eq. 5-1.

The street canyon shown in Fig. 3-1 in chapter 3 has been duplicated horizontally and

vertically to generate the simulated urban scenario. For simplicity, the wall height and road
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width have been set as fixed values of 20 m and 10 m, respectively. It is also assumed that
the ground has been observed vertically and the center of the sensor’s IFOV is located at
the center of the road with the width of 10 m, implying the target pixel has been filled only
with the road.

Previous studies show that the empirical relationship between minimum emissivity ( &y, )
and the maximum-minimum emissivity difference (MMD) is an important factor
influencing the performance of the TES algorithm. This relationship has been proven to be
stable for natural land surfaces but is not applicable to metal surfaces (Gillespie et al., 1998;
Payan and Royer, 2004). Therefore, all the metals and the samples with metals (such as
some spray, paint, et. al.) should be excluded when building the &, ~MMD empirical
relationship. In this chapter, the LSE spectra of six roofing material samples (Fig. 5-2a),
eight paving material samples (Fig. 5-2b), and 18 construction material samples (Fig. 5-2¢)

from the ECOSTRESS Spectral Library, Version 1.0 (https://speclib.jpl.nasa.gov/) have

been introduced to respectively represent different kinds of roof, road, and wall in the street
canyon finally. Additionally, the six standard atmosphere profiles in the MODTRAN model
with the water vaper content ranging from 0.42 g/cm” to 4.11 g/cm? have been used to
represent different atmospheric conditions (Fig. 5-2d). The LST of roof, road, and wall have
been assigned varying from To-10 K to To+20 K with the interval of 10 K, in which Ty is
the bottom layer temperature of each atmosphere profile. With the input parameters

described above, 331,776 cases have been generated using Eq. 5-1 in the simulation dataset.
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Fig. 5-2. (a) LSE spectra of the six roofing material samples, (b) LSE spectra of the eight paving material
samples, (c) LSE spectra of the 18 construction material samples, and (d) scatter plot of the bottom layer

temperature and water vaper content of the 6 standard atmosphere profiles in MODTRAN model.

5.4. Results

5.4.1. LST retrieval results using traditional TES algorithm

Before implementing the proposed LST retrieval method, the traditional TES algorithm
has been applied to provide referenced results. The empirical relationship of &y, ~ MMD
has been obtained on the basis of the mentioned 32 manmade samples (Fig. 5-3a). It is
shown that the error introduced in the reproduced LSE using this empirical relationship
becomes larger for manmade samples with an RMSE of 0.017, comparing with an RMSE
of 0.006 for the 65 natural surface samples illustrated in Fig. 4-7a. After inputting the
simulated BOA radiance of target pixel ( L®**-“* ) and the accurate atmospheric
downwelling radiance, the LST of target pixel could be retrieved with an RMSE of 1.74 K
(Fig. 5-3b). Nevertheless, it should be noticed that the error in the retrieved LST is not only
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because of the ¢, ~MMD relationship, but also because of the impact of 3-D structures
and their radiation on the measured BOA radiance of target pixel (L2°*-*"). Additionally,
the radiance from 3-D surroundings is generally larger than the atmospheric downwelling
radiance. Thus, the BOA radiance of target pixel has been overestimated, leading to the
overestimation of the retrieved LST as confirmed by the positive bias 1.62 K (Fig. 5-3b).
However, if the impact of 3-D structures and their radiation on the BOA radiance of the
target pixel has been well addressed before applying the TES algorithm, the LST retrieval
accuracy could be improved significantly with an RMSE of 0.86 K and a bias of 0.22 K

representing the intrinsic error of the TES algorithm itself in urban areas (Fig. 5-3c).
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Fig. 5-3. (a) The empirical relationship between émi» and MMD, based on the 32 samples described in
Section 5.3. (b) Histogram of the residuals between the retrieved and true LSTs, in which the retrieved
LSTs have been obtained based on the BOA radiance of the target pixel without correcting the impact
of 3-D structures and their radiation. (c) Same as (b) except that the impact of 3-D structures and their

radiation on the BOA radiance of the target pixel has been well addressed before retrieving the LSTs.
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5.4.2. LST retrieval results using the proposed method

When applying the PKF LST retrieval method directly to the urban TOA measurements,
the initial urban LST (LSTpreyious ) could be obtained. Since both adjacency effect and 3-D
impacts have not been corrected at this stage, a large positive bias of 3.15 K has been
introduced to the retrieved LST leading to the bad LST retrieval accuracy with a RMSE of
3.33 K (Fig. 5-4a). However, if following the method proposed in Section 5.2, the adjacency
effect and the impact of 3-D structures and their radiation could both be well addressed
after several iterations. Results show that the overestimations in the final LST retrievals has
been greatly suppressed. The RMSE of the retrieved LST also decreases significantly to

1.06 K, which is comparable to the intrinsic accuracy of the TES algorithm in urban areas
(Fig. 5-3c¢).
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Fig. 5-4. Histogram of the residuals regarding to (a) the initial urban LST retrievals obtained by applying
the PKF LST retrieval method directly to the urban TOA measurements, and (b) the final urban LST

retrievals obtained by implementing the method proposed in Section 5.2.

To investigate how much uncertainties have been introduced to the final LST retrievals
by the adjacency effect and the 3-D impacts separately. The proposed LST retrieval method
has been applied to the urban TOA measurements again, but instead of correcting both
adjacency effect and 3-D impacts during the iterations, only one of them has been taken
into consideration each time. It is shown that a RMSE of 2.10 K regarding to the final LST
retrievals could be obtained if the adjacency effect has been considered in the proposed
LST retrieval method but neglecting the correction of the 3-D impacts (Fig. 5-5a). On the
contrary, consideration of the 3-D impacts while ignoring the correction of adjacency effect

in the proposed LST retrieval method has led to a RMSE of 1.69 K regarding to the final
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LST retrievals (Fig. 5-5b). The results also indicate that both adjacency effect and 3-D
impacts could introduce nonnegligible errors to the final LST retrievals. Moreover, the bias
introduced to the final LST retrievals resulting from the 3-D impacts is slightly larger than
that resulting from the adjacency effect.
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Fig. 5-5. Histogram of the residuals regarding to (a) the final urban LST retrievals obtained by
implementing the proposed method with correction of the adjacency effect but without correction of the
3-D impacts, and (b) the final urban LST retrievals obtained by implementing the proposed method
without correction of the adjacency effect but with correction of the 3-D impacts.

5.5. Conclusions

To our knowledge, neither adjacency effect nor 3-D impacts have been considered in the
currently most commonly used LST retrieval algorithms (e.g. SW and TES algorithm). For
moderate/low spatial resolution TIR images or regarding to the natural flat surfaces,
regardless of the adjacency effect and 3-D impacts perhaps would have no significant
influence on the final LST retrieval accuracy. However, if the spatial resolution of TIR
images improves or regarding to the ragged terrain such as urban areas, the influences
resulting from the adjacency effect and the 3-D impacts would become larger. Thus, the
performance of the currently existing LST retrieval algorithms may be deteriorated under
such circumstances. In this chapter, a primary exploration has been provided on developing
an improved LST retrieval method for high spatial resolution TIR measurements of urban

areas in which both adjacency effect and 3-D impacts have been considered.

Simulated results show that the performance of the PKF LST retrieval method could be
significantly influenced by the adjacency effect and the 3-D impacts for the high spatial
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resolution TIR measurements of urban areas with the LST retrieval RMSE of 3.33 K. The
proposed LST retrieval method for urban areas, in which an iterative process has been used
to address the adjacency effect and the 3-D impacts, has the ability of improving the final
LST retrieval accuracy. Simulations show that the RMSE of the retrieved LST decreased to
1.06 K after implementing the proposed method, which is comparable to the intrinsic
accuracy of the TES algorithm in urban areas with the LST retrieval RMSE of 0.86 K.
Moreover, the uncertainties introduced to the final LST retrievals regarding to the
adjacency effect or the 3-D impacts have also been separately investigated. Results show
that regardless of the adjacency effect in the proposed LST retrieval method could result in
the LST retrieval RMSE increasing from 1.06 K to 1.69 K, while the LST retrieval RMSE
increases from 1.06 K to 2.10 K if the 3-D impacts has been neglected. This indicates that
both adjacency effect and 3-D impacts should be considered when retrieving the urban LST

from high spatial resolution TIR measurements.

Nevertheless, this chapter only provides a primary exploration on developing an
improved LST retrieval method for high spatial resolution TIR measurements of urban
areas. More scenarios are planned to be introduced to study the performance of the
proposed method further. Besides, field experiments in urban areas are also desired to

validate the absolute accuracy of the retrieved LSTs in detail.
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6 ‘ Conclusions and perspectives

6.1. Conclusions

Although many LST retrieval algorithms have already been developed over the last
decades and achieved great success in generating global LST products (Becker and Li, 1990;
Wan, 2014; Wan and Dozier, 1996), there still exist limitations in these algorithms
especially for the cases regarding to accurate LST retrieval from high spatial resolution
satellite TIR measurements of urban areas. To my knowledge, existing LST retrieval
algorithms have been developed regardless of the adjacency effect which may introduce
additional biases to the retrieved LST from high spatial resolution satellite TIR
measurements. The impact of 3-D structures and their radiation existed in urban areas has
also not been considered in these existing LST retrieval algorithms. Moreover, the accurate
atmospheric parameters and/or LSE are demanded by these existing LST retrieval
algorithms, leading to the LST retrieval accuracy dependent on the uncertainties of the prior
knowledge. Therefore, this thesis concentrates on the development of an improved LST
retrieval method aiming at improving the LST retrieval accuracy in urban areas from high
spatial resolution satellite TIR measurements. Compared with existing LST retrieval
algorithms, the main progresses made in the proposed method could be generalized as three
points: (1) the correction of the adjacency effect, (2) the correction of the impact of 3-D
structures and their radiation on the TIR measurements, and (3) the less dependence on the
accurate prior knowledge of atmospheric and surface parameters during LST retrieval. The
corresponding researches involved in each point have been well investigated in three
respective chapters, on the basis of which, the final explorations have been made on
developing the improved LST retrieval method for high spatial resolution TIR

measurements of urban areas.

In chapter 2, aiming at the first specific objective, a physical adjacency effect simulation
model, FAERTM, has been developed and used to quantify the adjacency effect on TIR
measurements for different atmospheric and imaging conditions. It is show that the
adjacency effect mainly originates from pixels within 3 km of the target and is not sensitive
to aerosol type and LSE. Additionally, in contrast to scenarios with clear atmospheres,
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coarse image spatial resolution, and cold adjacent pixels, adjacency effect magnitude
increases with a decrease in atmospheric visibility, an improvement in image spatial
resolution, or an increase in adjacent pixel radiation. In extreme conditions, the adjacency
effect magnitude may even exceed 3.0 K. It is also shown that, as wavelength increased,
the adjacency effect generally decreases, except at 8 um; at this wavelength, atmospheric
transmittance and aerosol scattering optical depth are both quite small, leading to most
adjacency effect radiance being absorbed and thus not being observed by the sensor. These
findings clearly show that the adjacency effect should be considered in the TIR region, at
least for some specific cases, such as the atmospheric visibility is smaller than 23 km or the
image spatial resolution is higher than 1.0 km. Otherwise, significant underestimations
would be introduced to the satellite TIR measurements. For the purpose of further
improving LST retrieval accuracy, the adjacency effect should either be independently
addressed from TIR signals before applying commonly used LST retrieval algorithms or
should be integrated into existing LST retrieval algorithms to develop new ones. The
proposed FAERTM could serve as a very useful tool for both approaches.

In chapter 3, aiming at the second specific objective, a new analytical TIR radiative
transfer model (ATIMOU), that considers the impact of 3-D structures and their radiation
on TIR measurements, has been developed. On the basis of this model, the impact of 3-D
structures and their radiation on the TIR measurements over a street canyon has been
quantitatively evaluated under different viewing angles after accounting for obstructions
caused by walls of buildings. It is shown that the magnitude of the impact of 3-D structures
and their radiation on satellite TIR measurements is different under different atmospheric
types. Generally, the magnitude of the impact of 3-D structures and their radiation in a hot,
humid atmosphere is smaller than that in a cold, dry atmosphere, and is believed to be
caused by the variation of atmospheric transmittance. It is also shown that the impact of 3-
D structures and their radiation is always largest at nadir, because the IFOV may be partly,
and even entirely, filled with building roofs as the viewing zenith angle increases. However,
the building roofs are not affected by the radiation of the 3-D structures. Moreover,
increasing H/W, decreasing road emissivity, and increasing wall temperature could all
increase the magnitude of the impact of 3-D structures and their radiation on a TIR
measurement, according to the simulations. Besides, the radiation from a building wall is
the primary cause of the impact of 3-D structures and their radiation on TIR measurement
compared with that from the atmosphere. However, if road emissivity is low, both
contributions from the building wall and from the atmosphere cannot be ignored. Under
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both circumstances, the proposed ATIMOU provides a convenient tool to address the
impact of 3-D structures and their radiation during the urban LST retrieval.

In chapter 4, aiming at the third specific objective, a procedure has been proposed firstly
to find a new channel configuration in the TIR region. On the basis of this TIR channel
configuration and the two most widely used LST retrieval methods (SW and TES), a prior-
knowledge-free (PKF) method has been developed which could be used to retrieve LST
accurately without using additional atmosphere and LSE information. According to
simulations, the three ground brightness temperatures corresponding to 8.6 um, 9.0 um,
and 10.4 pm could be acquired at an accuracy of about 0.65 K using the channel pairs of
8.6 um and 12.5 pm, 9.0 um and 12.5 pm, and 10.4 um and 11.3 pm (width of 0.1 pm),
respectively. The LST could be retrieved at an accuracy of within about 0.9 K using this
TIR channel configuration. When applying the proposed method to the real AIRS images
and comparing to the MODIS LST product, it is shown that the discrepancies between the
retrieved result and the MODIS product are better for nighttime observations than for
daytime observations, with the LST retrieval RMSE of about 1.0 K and 1.6 K, respectively.
These findings indicate that the proposed PKF LST retrieval method could be used to
retrieve LST with high accuracy, based on the suggested TIR channel configuration. In
comparison with the traditional SW and TES algorithms, the proposed PKF LST retrieval

method requires neither accurate LSE information nor precise atmospheric correction.

In chapter 5, aiming at the fourth specific objective, a primary exploration has been
provided on developing an improved LST retrieval method for high spatial resolution TIR
measurements of urban areas. Specifically, both adjacency effect and the impact of 3-D
structures and their radiation have been considered into the PKF LST retrieval method
proposed in chapter 4 to improve the urban LST retrieval accuracy from high spatial
resolution satellite TIR measurements. Simulated results show that the improved LST
retrieval method proposed in this chapter, in which an iterative process has been used to
address the adjacency effect and the impact of 3-D structures and their radiation, has the
ability of improving the urban LST retrieval accuracy from high spatial resolution satellite
TIR measurements. It is shown that the urban LST could be retrieved with an RMSE of
about 3.33 K when applying the PKF LST retrieval method directly to the satellite TIR
measurements. After implementing the proposed method, the RMSE of the retrieved LST
decreased to 1.06 K, which is comparable to the intrinsic accuracy of the TES algorithm in
urban areas with the LST retrieval RMSE of 0.86 K. It is also shown that the regardless of
the adjacency effect in the proposed LST retrieval method could result in the LST retrieval
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RMSE decreasing from 1.06 K to 1.69 K, while the LST retrieval RMSE decreases from
1.06 K to 2.10 K if the impact of 3-D structures and their radiation has been neglected. This
indicates that both adjacency effect and the impact of 3-D structures and their radiation
should be considered and well addressed when retrieving the urban LST from high spatial
resolution satellite TIR measurements. Furthermore, it can be concluded that the researches
conducted in this thesis provide a very practical approach for accurate urban LST retrieval.

6.2. Perspectives

This thesis has investigated the factors influencing the satellite TIR measurements and
the LST retrieval accuracy, based on which, a primary exploration has been provided on
developing an improved urban LST retrieval method for high spatial resolution satellite
TIR measurements. Nevertheless, the study still poses limitations and requires some

additional researches in the future.

(1) In FAERTM, the nadir observations have been assumed for simplification. Besides,
the atmosphere has also been assumed to be horizontally uniform. Then, for the adjacent
pixels that have identical distance from the target pixel, their optical paths of the radiative
transfer process are all the same, leading to the same contribution of adjacency effect on
the satellite measurements. But if the satellite observations have been taken obliquely, the
situations will be different. Under such cases, the radiation emitted from the adjacent pixels
on the near side of the sensor will have shorter optical paths but larger scattering angles
than those adjacent pixels with same distance from target pixel but on the far side of the
sensor. Therefore, the contribution of each adjacent pixel on the satellite measurements

needs to be studied further.

(2) In ATIMOU, a symmetric scenario with two equal-height buildings has been used for
simplification. However, the two buildings may have different heights in actual canopies.
For such cases, there exists energy exchange between the lower building roof and the
opposite building wall, leading to the irradiance above the lower building roof dependent
on the urban 3-D geometry. Consequently, the current equation system describing the
energy conservation inside the street canyon (Eg. 3-7 ~ Eq. 3-10) would be affected by the
building roof provided that the heights of the two buildings are different. If this asymmetric
street canyon has been considered as the combination of one symmetric street canyon
similar to Fig. 3-1. and an extra building on top of one building roof, the energy exchange
inside the asymmetric street canyon then could be modelled. Besides, the temperature
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differences between the sunlit and shadowed areas during daytime currently has been
modeled by using the concept of “effective brightness temperature”. More equations are
planned to be introduced to take the influence caused by the solar loadings into
consideration. The corresponding derivations will be managed in our future work to
improve the proposed ATIMOU.

(3) Inreference to the PKF LST retrieval method, there are presently no TIR sensors with
such a channel configuration. Therefore, the method has only been verified based on
simulated channel filter functions. It is planned to collect and combine actual channel filter
functions from several operational TIR sensors in the future in order to generate a more
practical simulation dataset, based on which the proposed method will be further evaluated.
Additionally, the coefficients in the SW-like equation are only applicable to vertical
observations. The viewing angles have not been considered yet. Besides, similar to the
improvement made to the SW method, the retrieval accuracy for ground brightness
temperatures may improve if they are considered as a function of atmospheric water vaper
content or using multi-channel observations. Therefore, efforts are needed to improve the
performance of the PKF LST retrieval method further in the future and an intercomparison
experiment with the MODIS LST product in the global scale is under planning.

(4) As to the improved LST retrieval method for high spatial resolution satellite TIR
measurements of urban areas, only a primary exploration has been provided. The
atmospheric profiles and street canyon scenarios used to make the simulation dataset are
very limited. More simulated experiments are needed to study the performance of the
improved LST retrieval method further. Besides, the cases regarding to oblique
observations should also be considered and investigated, in which the building walls will
also contribute to the sensor’s IFOV directly. Moreover, efforts should be made to develop
new LST retrieval methods with considering the adjacency effect and 3-D impacts in theory.
In addition, instead of staying at the simulation stage, actual satellite measurements and
field experiments in urban areas are desired to validate the absolute accuracy of the final
urban LST retrievals in detail.
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Déermination de la tempé&ature de surface urbaine a

partir des donnés ahaute réolution spatiale

1. Introduction

1.1. Contexte

La tempé&ature de la surface terrestre (LST) est I’une des plus importantes données du
systéme terrestre, qui pourrait influencer les é&osysténes a 1I’échelle régionale et mondiale.
Tous les processus de surface de la Terre lié au bilan éergé&ique et hydrologique
pourraient &re paraméré directement ou indirectement par la LST (Hulley et al., 2019).
Ainsi, il est requis dans une varié&ée de recherches, y compris la surveillance de
I’environnement urbain (Anderson et al., 2008). Comme nous le savons tous, les villes
agissent toujours comme le centre d’une certaine région dans de nombreux domaines tels
que la population, 1I’administration, les transports, I’économie, 1’éducation, la culture, etc.,
qui sont cruciaux pour les civilisations humaines. Selon le Population Reference Bureau en
2019, plus de la moitiéde la population mondiale vit dans les zones urbaines et le nombre
continue d’augmenter (Bureau, 2019). Par conséquent, il est trés important d’étudier
I’environnement urbain en détail, ce qui né&essite la LST urbain preéeise comme 1’un des

parametres d’entrée les plus essentiels.

Par rapport aux mesures au sol, la té&éléection infrarouge thermique offre un moyen plus
efficace d’obtenir les LST régionaux et mondiaux de la Terre. Aprés des décennies de
développement, une grande variété d’algorithmes de déermination du LST ont &é
développé& pour diffé&ents types de capteurs TIR et ont connu un grand succes (Li et al.,
2013). On peut conclure que, pour la plupart des circonstances concernant les surfaces
planes naturelles et les images TIR aréolution spatiale moyenne/basse, la LST pourrait
é@re r&up&éavec une preeision de 1,0 K en utilisant les algorithmes de déermination du
LST existants. Cependant, ces algorithmes ont encore leurs limites, notamment en ce qui
concerne la déermination preeise du LST urbain apartir de mesures TIR par satellite &
haute réolution spatiale.

En 1°" lieu la non prise en compte de I’effet d’adjacence dans la région spectrale TIR.

Selon des études précédentes, la force de 1’effet d’adjacence diminue généralement avec

I’augmentation de la longueur d’onde et la diminution de la résolution spatiale de I’image.
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Ainsi, ’effet d’adjacence a toujours été négligé avec les images TIR couramment utilisés
car elles ont des longueurs d’onde d’observation relativement longues et des résolutions
spatiales basses. Cependant, avec le déseloppement continu de la technologie de la
té&léection, les images TIR ahaute ré&olution spatiale sont rélisables de nos jours et
I’effet d’adjacence pourrait augmenter de maniére significative (Zheng et al., 2019b). Par
conségyuent, la preeision de la dé&ermination LST peut diminuer si I’effet d’adjacence reste

ignoré

Deuxiemement, I’impact des structures tridimensionnelles (3-D) et de leur
rayonnement sur les mesures TIR.

Les structures tridimensionnelles dans les zones urbaines rendent €&videmment les
processus de transfert radiatif TIR plus complexes par rapport aux surfaces planes (Zheng
et al.,, 2020): Premiérement, les réflexions multiples a 1’intérieur des structures
tridimensionnelles pourraient introduire des radiations supplé@nentaires dans les mesures
TIR par satellite. Deuxi@nement, la diff&ence de tempé&ature entre les zones ensoleillées
et ombragees aggrave 1’hétérogénéité thermique des zones urbaines pendant la journée.
Troisiémement, les compositions a I’intérieur de 'IFOV du capteur changent avec 1’angle
de vue, conduisant ades signaux anisotropes observés par satellite Tous ces ééments
pourraient avoir un impact non négligeable sur la radiance observée par satellite mais n’ont

pas encore éépris en compte dans les algorithmes existants de déermination de la LST.

Troisi@nement, la déendance des algorithmes de déermination de LST existants

de la connaissance préalable précise de ’atmosphére et/ou de la surface de la Terre.

Les algorithmes de déermination du LST existants nésessitent des connaissances
pré&lables preeisse (paramétres atmosph&iques et/ou émissivitéde la surface de la Terre)
pour réupé&er la LST apartir des mesures TIR par satellite (Zheng et al., 2019a).
Cependant, une telle connaissance préalable n’est pas toujours disponible dans des
applications rélles a 1’échelle des pixels. Par conséquent, la précision de déermination du
LST peut ne pas étre en mesure de répondre a I’exigence de mieux que 1,0 K, comme

I’exigent de nombreuses autres disciplines dans certaines circonstances.

1.2. Objectifs de la these

Cette thése est consacrée al’&ude des facteurs influenGnt les mesures TIR par satellite
et la preision de la déermination LST, dont le but est d’am@iorer la preeision de la
déermination LST dans les zones urbaines apartir de mesures TIR par satellite ahaute
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résolution spatiale.

Plus preéeisénent, quatre objectifs de recherche ont &&impliqués dans cette thése comme
suit:

(1) Etudier quantitativement I’effet d’adjacence dans la ré&gion spectrale TIR dans
diffé&entes conditions atmosphé&iques et d’imagerie.

(2) Etudier quantitativement I’impact des structures 3-D et de leur rayonnement sur les
mesures TIR.

(3) Explorer de nouvelles mé&hodes qui pourraient &re utilisés pour obtenirr directement
la LST preeise apartir de mesures TIR par satellite sans dépendre de connaissances
pré&lables.

(4) Explorer le déseloppement d’une mé&hode am@&ioré de déermination de laLST pour
les mesures TIR par satellite &haute réolution spatiale des zones urbaines sur la base des
recherches impliquées dans les trois premiers objectifs.

2. Quantification de I’effet d’adjacence sur les mesures dans la
region TIR

Pour éudier quantitativement I’effet d’adjacence pour diverses atmospheres et
résolutions spatiales d’images, un modée de transfert radiatif & effet d’adjacence
(FAERTM) a &édéveloppé A des fins de simplification, les trois hypothéses suivantes ont
éé¢é adoptéss. Tout d’abord, la surface du terrain est plane, sans terrain accidentés ni
baiments. Deuxianement, les observations sont acquises verticalement, ce qui est
géné&alement vrai pour les images ahaute réolution spatiale. Troisi@nement, la proportion
d’énergie qui a @édiffuse plus de deux fois est insignifiante. Avec ces hypotheses,
I’é&uation de transfert radiatif de FAERTM peut ainsi s’exprimer comme suit:

L=B(Ty)=2B(Ts)+z(1-£)(L, +1L—28)+L¢+L1 Eq. 1
P

dans lequelle, B est la fonction de Planck. T, est la temp&ature de rayonnement du
canal &uivalente compte tenu de I’effet d’adjacence, t est la transmittance atmosph&ique
directe, ¢ and T, sont LSE et LST, L, and L; sont respectivement les radiances
ascendantes et ascendantes de I’atmosphée, p est la réflectance de la surface terrestre, et
S est I’albélo sphé&ique atmosphé&ique au fond de I’atmosphere. L, est la radiance de
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pixel adjacent disperséen premié&e incidende et L, est la radiance de pixel adjacent qui a
é@érdl&hi par I’atmosphére, avec (1 — pS) repré&entant I’illumination due au méanisme
de pi€geage.

L effet d’adjacence est alors défini comme la diffé&ence de tempé&ature de rayonnement
cible observée entre un cas avec un rayonnement de pixels adjacents et un cas sans
rayonnement de pixels adjacents:

ATb =Tb —Tbo Eq' 2
dans lequel,

L=B(T§)=wB(T,)+r(1-2)Ly +Ly Eq. 3

Diffé&entes combinaisons d’entrées de simulation ont &é&séectionnées pour fournir une
variée de scénarios atmosphé&iques et d’imagerie pour éudier quantitativement I’effet
d’adjacence (Table 1).

Table 1. Paramétres de simulation d’entrée de scénario

Conditions atmosphériques

Modg¢le d’atmosphére 1976 U.S. Standard
Modéle aérosol RURAL, URBAN
Visibilité atmosphérique 5,10, 23,40 km
Conditions d’imagerie
Longueur d’onde 8,9,10,11, 12 um
Résolution spatiale de I’image 0.005, 0.01, 0.03, 0.06, 0.1, 0.25, 0.5, 1.0 km
Température du pixel cible (TAT LST) 270,290, 310K
Température des pixels adjacents  De TAT LST —30 K a TAT LST + 30 K avec un pas de 10 K
Emissivité du pixel cible 0.90, 0.98
Emissivité des pixels adjacents 0.90, 0.98
Rayon de calcul de I’effet d’adjacence 1.0, 2.0, 3.0,4.0, 5.0 km
Altitude du capteur 705 km
24 (@) VIS=5km VIS=10 km 30 (b) VIS=5 km VIS=10 km
V18=23 km ——VI1S=40 km o | VIS=23 km ——V1$=40 km
18
% o ] LST=270K %1'8 1 LST=310K
> S 12
06 - i 06 1
00— ‘ ‘ | o0 — ‘
1.0 2.0 3.0 40 5.0 1.0 20 30 40 50
Calculation range of adjacent effect (km) Calculation range of adjacent effect (km)

Fig. 1. Effet d’adjacence en fonction du rayon de calcul pour différentes visibilités atmosphériques (VIS).
La longueur d’onde, la résolution spatiale de I’image, le type d’aérosol et le LSE étaient 10 um, 30 m,
RURAL et 0,90, respectivement. La température cible et la température du sol étaient les mémes. LST
varie de (a) 270 K et (b) 310 K.
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Fig. 2. Effet d’adjacence pour différentes combinaisons d’émissivité cible et pixels adjacents. La
longueur d’onde, la résolution spatiale de I’image, le type d’aérosol et la visibilité atmosphérique étaient
respectivement de 10 um, 30 m, RURAL et 10 km. La température cible et la température du sol étaient
les mémes, avec des LST de (a) 270 K ou (b) 310 K.
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Fig. 3. Effet d’adjacence en fonction de la résolution spatiale de I’image pour deux types d’aérosols. La
longueur d’onde, la visibilité atmosphérique et la LSE étaient respectivement de 10 um, 10 km et 0,98.

La température cible et la température de sol étaient les mémes, avec des LST de (a) 270 K et (b) 310

K.
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Fig. 4. Effet d’adjacence en fonction de la visibilité atmosphérique. Le type d’aérosol, la longueur d’onde

et le LSE étaient respectivement RURAL, 10,0 um et 0,98. La température cible et la température de sol
étaient les mémes avec des LST de (a) 270 K et (b) 310 K.

125



Résumé des travaux en francais

3.6 3.6 3.6
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Fig. 5. Effet d’adjacence en fonction de la température des pixels adjacents. Le type d’aérosol, la
longueur d’onde, la résolution spatiale de I’image et le LSE étaient respectivement RURAL, 10 pm, 30
m et 0,98.

(a) VIS=5 km VIS=10 km
VIS=23 km ——V1S=40 km
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Wavelength (um)

Fig. 6. L’effet d’adjacence en fonction de la longueur d’onde pour différentes visibilités atmosphériques
(VIS). Le type d’aérosol, la résolution spatiale de I’image et le LSE étaient respectivement RURAL, 30

m et 0,98. Les températures des pixels cibles et adjacents étaient 290 K et 310 K, respectivement.

Les Fig. 1 &kig. 6 pré&sentent I’ amplitude de I’effet d’adjacence en fonction de la rayon de
calcul, du LSE, de la résolution spatiale de I’image, de type d’aérosol, de la visibilité
atmosphé&ique, du LST et de la longueur d’onde, respectivement. Il est dénontréque I’effet
d’adjacence provient principalement de pixels amoins de 3 km de la cible et n’est pas
sensible au type d’aé&osol et au LSE. Contrairement aux scénarios avec des atmospheres
claires, une résolution spatiale d’image basse et des pixels adjacents froids, I’amplitude de
I’effet d’adjacence a augmentéavec la diminution de la visibilité atmosphé&ique, une
am@ioration de la résolution spatiale de I’image ou une augmentation du rayonnement des
pixels adjacents. Dans des conditions extré@mes, la magnitude de I’effet d’adjacence peut
méne dépasser 3,0 K. Il est éalement montréque, amesure que la longueur d’onde
augmente, I’effet d’adjacence diminue gen&alement, sauf &8 um; acette longueur d’onde,
la transmittance atmosphé&ique et la profondeur optique de diffusion des aé&osols sont
toutes deux assez faibles, ce qui entrame I’absorption de la plupart des radiations aeffet
d’adjacence et qui ne donc pas observépar le capteur.
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3. Moddisation de I’impact des structures 3-D et de leur

rayonnement sur les mesures TIR en zones urbaines

Le processus de transfert radiatif sera beaucoup plus complexe dans les zones urbaines
avec des structures 3-D par rapport acelui des surfaces planes. Pour éudier I’impact des
structures 3-D et leur rayonnement sur les mesures TIR, le modée analytique de transfert
radiatif infrarouge thermique sur les zones urbaines (ATIMOU) a éédéveloppé

Tout d’abord, un canyon de rue dans une zone urbaine est défini comme deux b&iments

parallées situés de chaque c&éd’une rue et orientés dans une direction nord-sud (Fig. 7).

W F
&
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Atmosphere (A)
(Pa: L)
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(e ST )

Right Wall (RW)

1
1
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Road (Rd)
(£gar LST ga)

Fig. 7. Illustration d’un canyon de rue dans les zones urbaines.

Ensuite, lamesure TIR par satellite en tenant compte de I’impact des structures 3-D et de
leur rayonnement a @émodéisé comme:

LTOA73D — B(TTOA73D) _ 2_(9) LGnde_'_L? (9) Eq. 4
LGnd_3D _ B(-I-Gnd_aD) _ gg;roof L?;§+ Qroad L(;Ed_aD_F Qwau k‘ilfrw Eq. 5
IFOV IFOV IFOV
dans lequel, L™-*° et T™*-*® repré&entent respectivement la radiance et la tempé&ature

de rayonnement du pixel cible sur un canyon de rue observés par satellite, en tenant
compte de I’impact des structures 3-D et de leur rayonnement. 7(6) et L'(9) sont la

transmittance atmosphé&ique totale et le radiance d’upwelling atmosphé&ique le long de la

[ Gnd_3D T Gnd_3D

direction d’observation avec un angle zéithal de 6, respectivement. et
repré&sentent la radiance et la tempé&ature de rayonnement du pixel cible sur un canyon de
rue observeé depuis le terrain, respectivement, en tenant compte de I’impact des structures
3-D et de leur rayonnement. 2o, est I’angle solide de I’IFOV entier du capteur; 2 ,
0.4 , et 2, sont respectivement les angles solides des projections par rapport aux

composants du toit, de la rue et du mur al’inté&ieur du IFOV du capteur. Lo est la

127



Résumé des travaux en francais

radiance du toit observédepuis le terrain; et Li'-*® et Lin-*" sont, respectivement, le

radiance de la rue et du mur observédepuis le terrain avec I’impact des structures 3-D et
leur rayonnement.

L impact des structures 3-D et de leur rayonnement sur les mesures TIR sur un canyon

de rue observé depuis le terrain (AT,,;) et par satellite (AT,5%) a @éddini par les

&juations suivantes comme:

Eq. 6
AT3%nE2D :Tend_sD T Gnd q
Eq. 7
AT31I—DO:A2D :TTOA_SD _TTOA q
LTOA _ B(TTOA) _ ’[(9) LGnd+LT (0) Eq 8
LGnd — B(-I-Gnd) — gg;roof L<r3;0df+§road L(;gd_'_ Qwall L‘(Z,;fl Eq 9
IFOV IFOV IFOV
dans lequelles, L™ et T™" repré&entent respectivement la radiance et la tempé&ature de

rayonnement du pixel cible sur un canyon de rue observee par satellite, sans tenir compte
de I’impact des structures 3-D et de leur rayonnement. L° et T°“ repréentent
respectivement la radiance et la tempé&ature de rayonnement du pixel cible sur un canyon
de rue observeés depuis le terrain, sans tenir compte de I’impact des structures 3-D et de leur
rayonnement. Loy’ et Lon sont, respectivement, le radiance de la rue et du mur observé
depuis le terrain sans I’impact des structures 3-D et de leur rayonnement.

Diff&ents scénarios simulés ont &éérailiseés pour éudier quantitativement I’amplitude de
I’impact des structures 3-D et de leur rayonnement dans diffé&entes conditions (Table 2).

Table 2. Entrées de simulation pour étudier I’impact des structures 3-D et leur rayonnement.

Propriétés géométriques
H/W 0.5, 1.0, 2.0 (Défaut), 4.0

Propriétés radiatives

Emissivité (Min, Mean, Max) Température (K)
Mur 0.415, 0.906 (D&aut), 0.967 260, 280, 300 (Déaut). 320, 340
Rue 0.921, 0.950 (Défaut), 0.973 260, 280, 300 (Déaut). 320, 340
Toit 0.016, 0.813 (Défaut), 0.988 260, 280, 300 (Déaut). 320, 340

Parameétres atmosphériques

Type atmosphérique Tropical (4.11 g/lem?/ 300.15 K), Mid-Latitude Summer (2.92 g/cm?
(Teneur totale en vapeur /294 15 K), Mid-Latitude Winter (0.85 g/em? / 272.15 K), 1976 US

d’eau / température de la - Standard (1.42 g/em? / 288.15 K, Défaut)
couche inférieure)

Angle d’observation
Angle zénith 0° ~50° Angle 0° ~360°
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Fig. 8. Amplitude de I’impact des structures 3-D et de leur rayonnement sur les mesures TIR sur un
canyon de rue observé par satellite pour différents types atmosphériques. Les paramétres

supplémentaires requis ont été¢ définis comme valeurs par défaut répertoriées dans Table 2.

180°
(1) g = 0.950, H/W = 4.0
o

180° 180° 180°
(8) £¢a=0.973, H/W =05 (h) £x0=0.973, H/W=2.0 (i) £gq=0.973, H/W = 4.0
Fig. 9. Amplitude de I’impact des structures 3-D et de leur rayonnement sur les mesures TIR sur un

canyon de rue observé depuis le terrain sous différentes combinaisons d’émissivité et H/W. Les

paramétres supplémentaires ont été définis comme valeurs par défaut répertoriées dans Table 2.
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Fig. 10. Amplitude de I’impact des structures 3-D et de leur rayonnement sur les mesures TIR sur un
canyon de rue observé depuis le terrain sous différentes combinaisons de température de mur et H/W.
Les températures du mur gauche et droit ont ét¢ définies pour étre les mémes pour simplification. Les

paramétres supplémentaires ont été définis comme valeurs par défaut répertoriées dans Table 2.

La Fig. 8 montre que, sur un canyon de rue, I’ amplitude de I’impact des structures 3-D et
de leur rayonnement sur les mesures TIR par satellite dans une atmosphé&e chaude et
humide est plus petite que celle dans une atmosphe&e froide et seshe. Il est éalement
montréque I’impact des structures 3-D et de leur rayonnement est toujours le plus important
au nadir. De plus, I’augmentation de H/W, la diminution de I’@nissivitéde la rue et
I’augmentation de la tempé&ature des murs pourraient tous augmenter I’amplitude de
I’impact des structures 3-D et de leur rayonnement sur une mesure TIR (Fig. 9 - Fig. 10).

4. Développement d’une méhode sans connaissance prélable
(PKF) pour une déermination preeise du LST a partir de
donnéss satellitaires

Les avantages et les inconvéients complénentaires des algorithmes SW et TES ont &é
éudié pour développer une nouvelle méhode qui ne requiert aucune connaissance
pr&lable (PKF : Prior-Knowledge-Free) pour une déermination preeise du LST apartir
des données satellite. Premiéement, des paires de canaux speeifiques dans la région
spectrale TIR ont &é&déerminées pour obtenir des tempé&atures de rayonnement au niveau

du sol apartir d’observations par satellite en utilisant une mé&hode similaire ala mé&hode
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SW (Eq. 10). Ensuite, la LST peut &re obtenue avec preéision, sans aucune connaissance
pré&lable de LSE ou de paramétres atmosphéiques, apres application de la mé&hode TES a
ces tempé&atures au niveau du sol (Fig. 11).

Ty = Ag + ArT; + Ap(T; — T;) + As(T; — T)? Eq. 10

dans lequelle, I’indice i, j sont le canal i et le canal j; Ty;, T; et T; sontrespectivement
la tempé&ature de rayonnement sol, la tempé&ature de rayonnement du canal i et la
tempé&ature de rayonnement du canal j; A,, A;, A, et A; sont des constantes.

/ Satellite brightness temperature /

1 1 T T

i j m n

v E 9 o3V
(1, T) ((I,71,) (T,,T,) -
Selecting channel pairs for ground
brightness temperature retrieval

Selection of eligible
channel pairs

Applying SW-like method
to retrieve ground brightness
temperature
¥
Accurate ground brightness
temperature (at least three)

T.L'-" Ty T;'

Correction of
atmospheric effect

Applying TES method to separate
LST and LSE

and LSE

¥

/ Retrieved 1.ST and L.SE /

Fig. 11. Illustration de la méthode proposée pour une détermination précise du LST.

" Separation of
LS

La procélure utilisée pour déerminer les paires de canaux @igibles pour une
déermination preeise de la tempéature de rayonnement sur le terrain est donné dans la
Fig. 12.
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Fig. 12. Organigramme pour déterminer la nouvelle configuration de canal. Ty, T;, et T; sont des
températures de rayonnement de canal, C; est une constante pour tester si une paire de canaux est éligible

pour récupérer une température de rayonnement sur le terrain précise.

Enfin, cinq canaux centré sur 8,6 um, 9,0 um, 10,4 um, 11,3 um et 12,5 um ont &é&
sdectionn& comme option appropri€e. Selon des simulations, le Ty; a8,6 um, 9,0 um et
10,4 um pourrait &re acquis avec une preeision d’environ 0,65 K (Fig. 13a), et la LST

pourrait étre récupéré avec une précision de <1,0 K en utilisant ces trois Ty; (Fig. 13b).

a . ——86pum b RMSE=0.87 K
=h (@) ~ RMSE=0.64K o - (b) T
: Bias=0.07 K
~ I~ - 90pum —~ i
S S RMSE=0.66 K S o |
> > I
(&) o
§ ol F 7 -e 1(1.4 pm §
= RMSE=0.65 K g . |
o o
o YA o
O Iﬂ- T T T T T T O T T T T v T T T
-4 -3 -2 -1 0 1 2 3 4 4 -3 -2 -1 0 1 2 3 4
AT (K) ALST (K)

Fig. 13. (a) Histogrammes des résidus entre la température de rayonnement sol obtenue et vraie (Ty;)

pour différents canaux. (b) Histogramme des résidus entre la LST obtenue et vraie.

Cette configuration de canal séectionnée a éalement &é&appliquée aux observations
satellitaires reéelles d’AIRS en Australie et comparée au produit MODIS LST (Fig. 14).
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Fig. 14. Histogrammes résiduels de la LST obtenue pour les observations de 1’ Australie acquises (a)
la nuit en mai 2018; (b) pendant la journée de mai 2018; (c) la nuit en septembre 2018; et (d) pendant la
journée de septembre 2018.

Il est démontréque les eearts entre le résultat obtenu et le produit MODIS est  meilleurs
pour les observations nocturnes que pour les observations diurnes, avec une RMSE de
déermination de la LST d’environ 1,0 K et 1,6 K, respectivement.

5. Exploration pour le développement d’une mé&hode am@ioree
de déermination du LST pour les mesures TIR a haute
résolution spatiale en zones urbaines

Sur la base des recherches dans les trois sections ci-dessus, une exploration primaire sur

le développement d’une mé&hode am@ioree de déermination du LST pour les mesures TIR
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ahaute réolution spatiale des zones urbaines a &&donné (Fig. 15). Pour &re preeis, tout
d’abord, la mé&hode PKF a é&éappliquée directement aux mesures TIR urbaines pour
obtenir les premiées déerminations de la LST. Ensuite, le FAERTM et I’ATIMOU ont &é&
combinés avec la mé&hode PKF pour traiter I’effet d’adjacence et les impacts 3-D. Enfin, &
I’aide d’un processus d’ité&ation, la LST urbain amé&iorés a pu enfin &re obtenue.

~ Urban TOA measurements of the 3
selected channels

Apply PKF LST
retrieval method

L2
Initial urban LST and LSE
(LSTTMWS) _/ -

Approximated
atmosphere
profiles

Urban geometric
v v parameters
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Atmospheric
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Remove adjacency effect| ! [Estimation of the
from TOA measurements adjacency effect

.

1
I
1
I 1
=8 :
E2 y .
| 5.5/ Updated urban TOA *\ !
1 o £( measurements ofthe 5 ) |
= selected channels !
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I 1 ..
I i Urban BOA Update initial
| SW-like method 'yl radiance of 3 Est; 1Ea)1t111(:ln :jtthe urban
| : chmme]s P LST and LSE
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or Iterations>107?

C Final retrieved urban LST and LSE )

Fig. 15. Conception globale du schéma de la méthode améliorée de détermination de la LST pour les

No

mesures TIR a haute résolution spatiale en zones urbaines.

Sur la base des profils atmosphéiques typiques, des spectres d’@missivitédes mat&iaux

de construction et des paraméres géameériques d’un canyon de rue, un ensemble de
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données de mesures TIR simulés ahaute réolution spatiale des zones urbaines a &érélisé

Au total, 331,776 cas ont @€ géé&eés, sur la base desquels, la mé&hode am@&ioré de
déermination du LST a @ééé&valuee (Fig. 16 - Fig. 17).

o o
| RMSE=3.33 K ~ |RMSE=1.06 K
Bias=3.15 K Bias=-0.04 K

Sk S
> 2 o
c c
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O LO o
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8 6 -4 -2 0 2 4 6 8 5-4-3-2-101234TG5
ALST (K) ALST (K)

Fig. 16. Histogramme des résidus concernant (a) les déterminations initiales de la LST urbaine obtenues
en appliquant la méthode PKF directement aux mesures TOA urbaines, et (b) les déterminations finales
de la LST urbaine obtenues en appliquant la méthode proposée.

Lo
—

o
RMSE=2.10 K — | RMSE=1.69 K
Bias=1.78 K Bias=1.21 K
Sk S
& 2
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- 1@ - (b? | | | .
8 6 -4 -2 0 2 4 6 8 4 2 0 2 4
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Fig. 17. Histogramme des résidus concernant (a) les déterminations finales de la LST urbaine obtenues
en appliquant la méthode proposée avec correction de I’effet d’adjacence mais sans correction des
impacts 3-D, et (b) les déterminations finales de la LST urbaine obtenues en appliquant la proposition

sans correction de I’effet d’adjacence mais avec correction des impacts 3-D.

Il est dénontréque le RMSE du LST ré&upé&éest passéde 3,33 K al,06 K apreés la mise
en ceuvre de la méthode proposée. De plus, indépendamment de 1’effet d’adjacence dans la
méhode de déermination LST proposé, le RMSE de la déermination LST pourrait
passer de 1,06 K al,69 K, tandis que le RMSE de la dé&ermination LST passerait de 1,06
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K &a2,10 K si les impacts 3-D ont &éné&liges. Cela indique que I’effet d’adjacence et les
impacts 3-D doivent &re pris en compte lors de la déermination du LST urbain apartir de
mesures TIR ahaute ré&olution spatiale.

6. Conclusions and perspectives

Cette these se concentre sur I’é&ude des facteurs influengnt les mesures TIR par satellite
et la preéeision de la déermination de la LST, dont le but final est de développer une
méthode de déermination de la LST am@iorée pour les mesures TIR par satellite &haute

résolution spatiale en zones urbaines.

Tout d’abord, un modée de simulation d’effet d’adjacence physique, FAERTM, a &é&
développéet utilisépour quantifier I’effet d’adjacence sur les mesures TIR pour diffé&entes
conditions atmosphé&iques et d’imagerie. Il fournit un outil utile pour traiter I’effet

d’adjacence.

Deuxienement, un nouveau modéke analytique de transfert radiatif TIR (ATIMOU), qui
tient compte de I’impact des structures 3-D et de leur rayonnement sur les mesures TIR, a
éedéveloppé€ qui pourrait &re utilis€pour corriger I’impact des structures 3-D et de leur

rayonnement pendant la déermination de LST urbaine.

Troisienement, une mé&hode sans connaissance pré&lable (PKF) a éedéveloppeé qui
pourrait &re utilisé& pour ré&upé&er LST avec pre&sision sans utiliser d’informations
supplénentaires sur I’atmosphere et LSE sur la base d’une nouvelle configuration de

canaux TIR.

Enfin, une exploration primaire a &ée fournie sur le déeloppement d’une meéhode
am@ioree de déermination du LST pour les mesures TIR ahaute ré&olution spatiale des
zones urbaines baseé sur le FAERTM, I’ATIMOU et la mé&hode de PKF LST. Nous
considé&ons pense que la mé&hode amédioreée de déermination de la LST est en mesure

d’am@iorer considéablement la preeision de la dé&ermination de la LST urbaine.

Né&nmoins, cette these a ses limites et né&essite des recherches supplénentaires a

I’avenir :
(1) Les angles de vision devront &re pris en compte dans I’FAERTM.
(2) Les canyons de rue asymériques devront &re pris en compte dans I’ATIMOU.

(3) Les angles de vision, la teneur en vapeur d’eau, et les observations multi-canaux
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pourraient &re pris en compte dans la mé&hode de PKF LST pour am@iorer ses

performances.

(4) Plus d’expé&iences simulées et des expé&iences sur le terrain dans les zones urbaines
sont souhaitées pour valider I’exactitude absolue des LST urbaines obtenues. Et les
nouvelles mé&hodes de ré&upé&ation du LST avec prise en compte de I’effet d’adjacence et
I’impact des structures 3-D et de leur rayonnement en théorie doivent &re développéss.
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Résumé

Mots-clés: LST, TIR, transfert radiatif, effet d’adjacence, tridimensionnel

La température de la surface terrestre (LST) est un paramétre trés important. Cependant, certains facteurs
influencent encore la précision de la récupération du LST dans les zones urbaines, mais n’ont pas encore été
bien pris en compte dans les algorithmes de récupération du LST existants: (1) I'effet d’adjacence dans la région
spectrale infrarouge thermique (TIR); (2) I'impact des structures tridimensionnelles et de leur rayonnement; (3)
la dépendance de la connaissance préalable de I’'atmosphere et/ou de I’émissivité de la surface terrestre. Dans
cette thése, deux modeles de transfert radiatif et une nouvelle méthode de récupération du LST ont été
développés pour traiter ces trois facteurs, sur ces modeles, une méthode de récupération du LST urbain a partir
de mesures TIR a haute résolution spatiale a été donnée. Les résultats montrent que la précision de
récupération du LST urbain pourrait étre améliorée d'environ 2,0 K, indiquant les bonnes performances de la
méthode proposée.

Résumé en anglais

Keywords: LST, TIR, radiative transfer, adjacency effect, three-dimensional

Land surface temperature (LST) is an important parameter of the Earth surface. However, there are still some
factors influencing the urban LST retrieval accuracy but have not been well addressed in existing LST retrieval
algorithms: (1) the adjacency effect in the thermal infrared (TIR) spectral region; (2) the impact of the three-
dimensional structures and their radiation on the TIR measurements; (3) the dependence of existing LST
retrieval algorithms on the information of atmosphere and/or the Earth surface emissivity. In this thesis, two
forward radiative transfer models and one new LST retrieval method have been developed to deal with these
three factors, based on which, a preliminary exploration on developing an improved urban LST retrieval method
from high spatial resolution satellite TIR measurements has been given. Results show that the urban LST
retrieval accuracy could be improved by about 2.0 K, indicating the good performance of the proposed method.




