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Abstract—Current thermal infrared satellite images are full
of mixed pixels. This work is a quantitative analysis, based on
radiative transfer modelling, of the distribution of mixed pixels
and their impact on the use of temperature and emissivity sep-
aration (TES). TES was applied to radiance images of the cities
of Basel and Heraklion simulated at different spatial resolutions
by the DART radiative transfer model with 3-D representations of
these cities. The accuracy of the TES was assessed by comparing
the retrieved land surface temperature and surface emissivity to the
input temperature and emissivity of DART. The spatial resolution
of 30 m appeared to be a crucial threshold for the presence of pure
pixels in these cities. When the spatial resolution reaches 30 m, the
percentage of mixed pixels shows significant growth. We evaluated
the performance of the TES algorithm on pure and mixed pixels.
For homogeneous, isothermal, flat, and shadowless pure pixels, the
variation of TES accuracy with the resolution is not obvious. For
mixed pixels or pure pixels with a high nonplanar structure, the
accuracy of TES even decreases with the increase of resolution.
The reason may be that higher spatial resolution enhances spatial
heterogeneity (due to shadow and pixel nonplanarity). A physically
acceptable average temperature and average emissivity can be
obtained even if TES is applied to mixed pixels. Our study stresses
the need to consider the spatial resolution variation effect when
applying the TES method to urban areas.

Index Terms—DART, land surface emissivity (LSE), land
surface temperature (LST), spatial resolution, temperature and
emissivity separation (TES), urban.
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I. INTRODUCTION

RBAN temperature, and in particular, the urban heat
island, is an essential concern in the context of urban

climate change [1], [2], [3], [4]. Accurate retrieval of land
surface temperature (LST) and land surface emissivity (LSE)
of cities is needed to monitor urban temperatures [5], [6], [7],
[8]. LST and spectral LSE can be derived from satellite passive
microwave (MW) [9], [10] and thermal infrared (TIR) [11], [12],
[13] observations. TIR is more commonly used for urban LST
and LSE retrieval [14]. Indeed, although it can overcome cloud
cover problems, MW data is low spatial resolution and is more
related to subsurface temperature than skin temperature [15],
soil humidity and surface roughness [16].

LST and LSE retrieval methods can be categorized according
to their calculation techniques: Stepwise and concurrent [14].
Stepwise methods calculate LSE first, then, retrieve LST using
the determined LSE. They include the single-channel method
[17], the multichannel method [18], and the multiangle method
[19]. However, their LST accuracy highly depends on the first
retrieved LSE. It underlines the interest in concurrent retrieval of
LST and LSE. The temperature and emissivity separation (TES)
algorithm [20] and its improvements [21], [22], [23], [24] are
among the most used TIR methods for LST and LSE concurrent
retrieval [25]. Its performance has been assessed concerning
various situations such as surface materials, atmospheric profiles
[26], and sky view factor [27] variations influence. However,
TES assumes that any pixel is isothermal, pure, and flat [20],
which is rarely the case with current TIR satellite image spatial
resolutions (i.e., 90 m for advanced spaceborne thermal emission
and reflection radiometer (ASTER)) [28]. A few TES-based
algorithms, such as thermal remote sensing unmixing for sub-
pixel temperature (TRUST) [22] and TRUST-day and night syn-
ergy (TRUST-DNS) [23], consider nonisothermal mixed pixels.
However, they are significantly influenced by spatial resolution
[22], [23].

Although the spatial resolution impacts TES results due to
spectral confusion and the difficulty of getting high-resolution
TIR images, its effect has not been extensively studied, es-
pecially in urban areas where significant heterogeneity exists.
Radiative transfer models combined with 3-D representations
of cities are potential tools to quantify this effect, provided
they efficiently simulate TIR images at any spatial resolution
and inform on each pixel’s components and temperature/optical
properties [29]. Here, we use the DART model [30], [31], [32],
[33], [34], [35], [36]. This 3-D radiative transfer model has al-
ready been validated in the visible and thermal infrared domains
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Fig. 1. Basel 3-D urban geometric database. (a) Top view. (b) Side view of
the red square in (a). Buildings (roofs: Dark, walls: Light grey), trees (green),
water (blue), and ground (yellow).

[37], [38], [39]. Its wide range of applications includes look-up
tables creation for the inversion of remote sensing images [40],
[41], [42], and validation works [43], [44], [45].

This work assessed the spatial resolution requirements for
the TES method in urban areas. We used 3-D urban structure
databases of the cities of Basel and Heraklion, and DART
simulated bottom of the atmosphere (BOA) radiance images
to identify the distribution of pure and mixed pixels over the
study areas for various spatial resolutions. The TES method was
applied to the DART images to retrieve LST and LSE, whose
accuracy was assessed by comparing them to the emissivity and
temperature input into DART.

II. STUDY AREAS AND METHODS
A. Study Areas

The studied cities, Basel and Heraklion, were research targets
of the urban anthropogenic heat flux from the earth obser-
vation satellites (URBANFLUXES) [46] project. Basel is on
the river Rhine in northwestern Switzerland, where the Swiss,
French, and German borders meet [47], [48]. Our study area
encompasses it almost completely (latitude from 47.5340°N
to 47.5784°N, and longitude from 7.5575°E to 7.6258°E). Its
geometric database is very detailed (Fig. 1). Heraklion is the
largest city in Crete, Greece. It is a rapidly growing urban
area with a mixed land utilization pattern, including residen-
tial, commercial, industrial, and rural [49]. Our study area
contains the center of Heraklion (latitude from 35.3015°N to
35.3469°N, longitude from 25.1045°E to 25.1587°E). Her-
aklion has a much less detailed geometric database (Fig. 2)
than Basel (e.g., all roofs are horizontal). These two cities are
characteristic European cities: Basel is a typical inland Euro-
pean city, and Heraklion is a common Mediterranean coastal
city. Therefore, our results can be extended to other European
cities.

The city 3-D mock-ups were initially prepared and used
by Landier et al. [47], [48], [50]. The land cover classes of
Basel and Heraklion include buildings, impervious, water, low
vegetation, bare soil, deciduous, and evergreen, according to the
URBANFLUXES project [51], [52]. We grouped some classes:
The tree class contains deciduous and evergreen vegetation; the
ground class contains impervious surface, low vegetation, and
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Fig. 2. Heraklion 3-D urban geometric database. (a) Top view. (b) Side view
of the red square in (a). Trees (green), ground (yellow), buildings (walls and
roofs: Gray), and water (blue).
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Fig. 3. Flowdiagram of our procedure. DART simulates BOA irradiance Sy,
and radiance L(x,y) images per pixel (x,y) for band k using temperature T;
and emissivity e ; per scene component i. Then, TES computes LST(x,y) and
LSEj(x,y) using Sy and Lg(x,y).

bare soils; and the building and water classes are the same as
in the URBANFLUXES project. Here, water is considered the
opaque plane. All urban components’ location and geometric
structure, including the local digital elevation model, are from
the local urban databases. Tree location, height, and crown di-
mensions are from field measurements. In DART, we simulated
trunks as regular octahedrons and crowns as ellipsoidal volumes
homogeneously filled with small triangles in order to mimic
the so-called turbid medium (i.e., infinite number of infinitely
small facets with a statistical angular orientation) commonly
used in modelling works for remote sensing studies. More
detailed information on the city databases can be found in the
literature [47].

B. Methods

Fig. 3 shows the flow diagram of our procedure for studying
the influence of spatial resolution on the TES method. First,
for each city, DART simulated the BOA irradiance Sj, and the
upwelling radiance Lg(x,y) image using its geometric urban
database and gave 3-D distributions of optical properties and
temperature values in the urban scene and atmosphere. Then,
TES derived the urban LSE and LST from the BOA irradiance
and upwelling radiance images. Finally, the retrieved urban LSE
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and LST were compared to those used as DART input parameters
to assess the TES algorithm’s accuracy.

1) DART Model: DART (https://dart.omp.eu) is a 3-D ra-
diative transfer model that has been developing since 1992 at
CESBIO, Toulouse, France, and patented in 2003. Its licenses
are free for research. It simulates remote sensing images and the
radiative budget of urban and natural landscapes from the visible
to thermal infrared domains. It has already been validated by
various works [53].

Here, DART was run with gas and aerosol models [54],
which were already used [47] to compute the time series of
radiative budget maps of Basel and Heraklion (Table III). We
investigated TES accuracy of did not study the influence of the
atmosphere on TES accuracy because it was studied before [27].
By importing urban geometric databases, DART created urban
mock-ups with four urban components (i.e., trees, buildings,
water, ground) made up of small facets, each with constant
optical properties from the ASTER or DART spectral library,
and resample them to the ASTER wavelength using the ASTER
spectral response function [55]. A typical class was chosen for
each land cover, and the median value of all spectral curves
under that class was taken as input. The roof, ground, and
water emissivities were selected from the ASTER spectral li-
brary. The general construction materials class was selected as
buildings optical property input, the spodosol class was selected
as ground optical property input, and the water class was se-
lected as water optical property input. The tree spectral was a
little special because the ASTER spectral library only provided
hemispherical reflectance for vegetation. However, the DART
model required inputting the leaf reflectance and transmittance.
Therefore, the vegetation input optical properties were selected
as the median value of all vegetation spectral with reflectance
and transmittance value in the DART database and resampled
to the ASTER wavelength using the ASTER spectral response
function.

We used the mean and delta value to describe the component
temperature for considering the difference between sunlit and
shaded parts. The mean and delta temperature values were
derived from the literature [7], [S6]. DART can calculate the
temperature of each facet based on the mean and delta temper-
ature, and these values were used to validate the accuracy of
the TES method. Therefore, even the same type of land cover
had different temperatures. The solar direction was selected as
the sun’s position on February 29, 2020, at 10:30 A.M. (local
time). This date was selected because the temperature values
were measured on that day, and the time was selected because it
corresponded to the common time of ASTER passing territory
(https://asterweb.jpl.nasa.gov/).

DART simulated BOA irradiance S; and nadir (i.e., view
zenith angle (VZA) equal 0°) radiance Lj images of the cities
at nine satellite spatial resolutions (5 m, 10 m, 30 m, 50 m, 70
m, 90 m, 120 m, 300 m, and 1000 m) for each band k of the
five ASTER TIR bands (Table III). It also simulated a spectral
nadir component radiance image per urban component (e.g.,
ground). A great feature of component images was to inform
the distribution of the mixed pixels.
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2) TES Method: The TES method used DART simulated
BOA TIR radiance Li(x,y) and atmosphere downwelling irra-
diance S images to derive LSE(x,y) images per band k and
a LST(x,y) image. Three successive modules iteratively pro-
cessed all pixels of the L, and S images: normalized emissivity
method (NEM) module [57], ratio algorithm (RAT) module
[58], and maximum-minimum apparent emissivity difference
(MMD) module [59]. They are briefly presented below. Detailed
information is given by Gillespie et al. [20].

- NEM module. 1t iteratively refines the temperature Tngm
and emissivity engwm,  that it links with

S
Ly = enxem,k - Bi (TNEM) + (1 — ENEM,k) . ?k (1)

with By(Tngwm) the Planck’s law and exgwm, i the emissivity for
band k. The first term of (1) is the radiance R emitted by the land
surface, and the second term is the downwelling atmospheric
radiance reflected by the land surface. Two expressions are used
to represent Ry,

S
Ry =Ly — (1 — enpmyk) - ?k (2)

Ry, = enem,k - Br (Tnem) - 3)

First, iteration O computes Rg with (2) and a maximum initial
€XEwm. k- usually 0.99. Then, ey . is refined [60]: Ty is derived
from E%EM) . and RY by applying the inverse Planck’s law to (3)
for each band k, and the highest 7} value is chosen as Ty
Then, (3) gives egyy 5> using Tigy and Ry In iteration 1, (2)
gives Ry using eypy ;- Then, Tygy is derived from Rj using
(3), and so on. The iterative process ends if the difference of Ry,
from two consecutive iterations is smaller than a given threshold
or if the number of iterations reaches a maximum value (usually
12) [60]. The threshold can be the radiance equivalent to the
noise equivalent temperature difference of the sensor [60] (i.e.,
3004£0.3 K for the ASTER sensor [20]). Then, a long procedure
[60] is checked to see if the 5§IEM, 1= 0.99 value can be refined
or not. If it can be refined, then a new initial EIQIEM, 5 1s used
to compute R% with (2) and restart the iterative processes (see
[60] for details). If it cannot be refined, then the existing engwm, &
values are further refined by the RAT and MMD modules.

- RAT module. 1t computes spectral indices S that do not
depend on temperature because ratios of spectral radiances are
assumed to be nearly independent of temperature

By = MR 4)

€

with & the mean value of exgwm, i over all k bands. Then, the
MMD module must scale 3y, to the actual emissivity values.

- MMD module. First, it computes the range MMD of [y,
values

MMD = max () — min () . (5)
Then, ey,;y, is computed as

a — bx MMD*®
0.983

(MMD > 0.03) 6
(MMD < 0.03) (

Emin =


https://dart.omp.eu
https://asterweb.jpl.nasa.gov/
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TABLE I
REGRESSION COEFFICIENTS AND DETERMINATION R> OF MMD MODULE

Sensors Coefficients R
a b c

ASTER  0.994 -0.687 0.737 0.983

TASI" 1.001 —=0.737 0.760 0.997

AHS™  1.000 -0.782 0.817 0.994

* TASI: Thermal Airborne hyper Spectral Imager.
** AHS: Airborne Hyperspectral Scanner sensor.

Building Water
B e W
/ Y
B BW WG
\
\
T \ G
\
N
N [ TBW BWG
N

TBWG

BG/
TWG -TBG —
TG

Fig. 4. Pixel type abbreviations: The first letter presents the component for
pure pixels, and a combination of the first letters presents components for mixed
pixels.

with a, b, and ¢ as sensor-dependent regression coefficients.
Table I lists the MMD coefficients of three sensors [21], [22].
We chose ASTER coefficients because we used the TIR bands
of the ASTER.

The TES-derived emissivity eTgg, ) is computed as:

Emin

ETES,k = Pk (min (ﬂk)) . @)

Then, the TES-derived surface temperature 7Trgg is computed

by applying the inverse Planck’s law in (3) using R, computed

in (2) with the maximum value of eTgg ;. Conversely to the

ASTER method [20], we did not use a final correction for

sky irradiance because the following versions reported that this

correction is limited and influenced by atmospheric correction
errors [60].

III. MIXED PIXEL DISTRIBUTION AND TES ACCURACY
ASSESSMENT

A. Mixed Pixel Distribution With Spatial Resolutions

We used the DART simulated component images to study
the mixed pixel effect in urban sites. For simplicity, we used
abbreviated letters to represent a specific pixel type. Fig. 4
details the abbreviation rules, and Fig. 5 shows the distribution
of components in mixed pixels in the scene as spatial resolution
functions. The total number of pixels for nine spatial resolutions
is shown in Table II. The analysis was done from 3 aspects:
component percentage variations, percentage variation of mixed
pixels, and pure pixel variation rate with spatial resolutions.

1) Component Percentage Variation: The spatial resolution
significantly influenced the percentage of pixels per component
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TABLE II
TOTAL NUMBER OF PIXELS FOR NINE SPATIAL RESOLUTIONS IN TWO
STUDY AREAS

. . Cities
Spatial resolution (m) -
Basel Heraklion
5 1070600 1000000
10 267650 250000
30 30082 27889
50 10706 10000
70 5548 5256
90 3420 3192
120 1935 1764
300 324 289
1000 36 25

(Fig. 5). For example, the percentage of pixels that contain
ground was 82.76% for Basel and 79.22% for Heraklion at 5-m
resolution; at 1000-m resolution, it increased up to 100.00%
for Basel and 100.00% for Heraklion. Pixels with water were a
small category. At 5-m resolution, their percentage was 4.89%
for Basel and 9.90% for Heraklion; at 1000-m resolution, it
increased up to 44.44% for Basel and 28.00% for Heraklion.
The spatial resolution affected the mixed pixel distribution of
trees and buildings more than that of ground and water. For
example, at 5-m resolution, the percentage of pixels with build-
ings was 31.75% for Basel and 32.58 % for Heraklion; at 1000-m
resolution, it increased up to 91.67% in Basel and 100.00% in
Heraklion. From 5 m- to 1000-m resolution, the percentage of
pixels with trees increased from 25.73% to 97.22% in Basel and
from 7.34% to 84.00% in Heraklion. These significant increases
could be due to trees and buildings being small size components
distributed over the whole urban area. Therefore, with spatial
resolution coarsening, the percentage of pixels containing trees
and buildings increased faster than ground and water.

2) Percentage Variation of Mixed Pixels: The spatial resolu-
tion also influenced the spatial distribution of pure and mixed
pixels (Fig. 5). As expected, the percentage of pure pixels
significantly decreased with the coarsening of spatial resolution
(Table IV). At 5-m resolution, it was 59.66% in Basel and
72.94% in Heraklion. At 1000-m resolution, it dramatically
decreased to 2.78% in Basel and 0.00% in Heraklion. From
5-m resolution to 1000-m resolution, the percentages of pixels
with two components decreased from 35.53% to 5.56% in Basel,
and from 25.09% to 12.00% in Heraklion. The total percent-
ages of three-component pixels increased with spatial resolution
coarsening, from 4.80% (Basel) and 1.98% (Heraklion) at 5-m
resolution to 47.22% (Basel) and 64.00% (Heraklion) at 1000-m
resolution in Basel. Four-component pixels appeared at 5-m res-
olution in Basel with 0.01% and at 30-m resolution in Heraklion
with 0.01%; at 1000-m resolution, these percentages increased
to 44.44% in Basel and 24.00% in Heraklion.

Depending on the study city, there were also variations in the
mixed pixels components’ proportions. In Basel city, the largest
proportion of combinations for the two-component pixels was
the TG pixels (18.34% at 5-m resolution and 5.56% at 1000
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Proportion of the pixels types as a function of the spatial resolution for Heraklion and Basel. Fig. 4 gives the meaning of the abbreviated titles. The x-axis

TABLE III
INPUT DART PARAMETERS FOR THE IMAGE SIMULATIONS

ki
Components Ti(mean, delta) 8.3um 8.65um 9.1um 10.64m 11.3um
Trees 305.65, 6.00 0.9726 0.9656 0.9573 0.9597 0.9628
Buildings 304.90, 4.50 0.9545 0.9511 0.9455 0.9305 0.9307
Water 302.42,0.00 0.9830 0.9838 0.9850 0.9906 0.9904
Ground 311.65, 17.00 0.9828 0.9822 0.9781 0.9703 0.9669
Cities VZAC) VAA() SZAC) SAA()
Basel 0 0 62.5 217.5
Heraklion 0 0 60.7 234.1

- Gas model: USSTD76 - Aerosol model: USSTD76 RURALV23
- Spatial resolution: 5 m, 10 m, 30 m, 50 m, 70 m, 90 m, 120 m, 300 m, 1000 m

Note: sun zenith and azimuth angle are set to the sun location of the corresponding city on February 29 2020, at 10:30 A.M. at the local time.

m), followed by the BG pixels (15.59% at 5-m resolution and
0.00% at 1000 m). The largest proportion of the combination
was the TBG pixels for the three-component pixels (1.98% at
5-m resolution and 60.00% at 1000 m). In addition, there were
nearly no TBW pixels. BG was the most extensive combination
of the two-component pixels in Heraklion city (19.75% at 5-m
resolution and 12.00% at 1000 m). TBG was the largest propor-
tion of the combination for the three-component pixels (1.98%
at 5-m resolution and 60.00% at 1000 m). There were nearly no
T, BW, TW, and TBW pixels.

3) Pure Pixel Variation Rate With Spatial Resolution: With
the image spatial resolution getting coarse, there was a sig-
nificant decrease in the proportion of pure pixels. Both two-
component and three-component pixels show a trend of increas-
ing first and then decreasing. The proportion of four-component
pixels increases with spatial resolutions.

The decrease in pure pixels shows a nonlinear relationship
with the decrease in spatial resolution (Fig. 5), with the threshold
at the 30-m spatial resolution. When the spatial resolution is
below 30 m, the proportion of pure pixels increases slowly
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TABLE IV
PERCENTAGE OF PURE PIXELS AT NINE SPATIAL RESOLUTIONS

. . Cities
Spatial resolution (m) Basel Heraklion
5 59.66% 72.94%
10 39.14% 55.31%
30 19.82% 33.39%
50 14.39% 24.20%
70 12.69% 19.10%
90 11.11% 15.63%
120 9.46% 11.51%
300 3.70% 6.23%
1000 2.78% 0.00%

with increasing spatial resolution. However, when the spatial
resolution is higher than 30 m, the proportion of pure pixels
increases rapidly with increasing spatial resolution. Therefore,
30 m can be considered a critical resolution threshold for some
algorithms that assume enough pure pixels in the images (i.e.,
TES) over the urban area. For spatial resolution decrease from 5
m to 30 m, pure building pixel decreased from 10.37% to 0.50%
in Basel and from 10.56% to 0.18% in Heraklion; pure ground
pixel decreased from 43.67% to 15.97% in Basel and from
52.45% t0 23.99% in Heraklion; pure water pixel decreased from
4.26% to 3.34% in Basel and from 9.65% to 9.22% in Heraklion.
Water and ground had a relatively less distinct variation in spatial
resolution due to their high spatial continuity. All pure pixels
are no longer present, except for the ground pure pixels in Basel
(2.78%) at the spatial resolution of 1000 m.

B. TES Accuracy With Varying Sensor Spatial Resolutions

The performance of TES for pure and mixed pixels was
assessed using DART simulated Ly and Sy, as input data of TES.
In this section, first, we defined the acceptable pixel of TES
of this article. Then, we studied the retrieved LSE and LST
distribution from TES. Finally, a detailed accuracy assessment
was carried out for TES performance evaluation.

1) Definition of the Acceptable Pixels: We use the definition
of r-emissivity (independent of temperature) [61], [62] as the
mixed pixel emissivity, and then the temperature derived using
the TES method from the mixed pixels can be considered the
equivalent average temperature. Determining the true LST value
of the mixed pixel is complex. We take an example of a flat and
nonisothermal mixed pixel comprised of two components. Then,
the radiance Ry, emitted by the mixed pixel at band k is [63]

R, = alfl,kBk (T1) + a252,kBk (TQ)
= (a1€1,5 + a2ea ) By (T) @®)

where a; and as are the area ratio for each component, ¢ ,
o, and Ty, Ty are the r-emissivity and temperature for each
component, and By, is the Planck function. By using the Taylor
expansion on (8) at 77 and 75, and omitting second-order and
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higher-order terms, we can get

0262,1«%|T:T1 (T>—T1) (9)

By (T) = By (T1) +

a1€1,ktaz28e2 k

5
a181,k3f?|T:T2(T2—T1)

Bk (T) - Bk (T2) - ai1€1,ktaze2k (10)

Based on (9) and (10), the equivalent average temperature T
should be between T; and T», and is a function of component
area ratio, emissivity and temperature difference. Therefore, we
assumed that the retrieved LSE and LST should lie within the
maximum and minimum range of the endmembers involved in
the mixing and an acceptable pixel as a pixel with a TES retrieved
value LST or LSE within the maximum and minimum value
plus the tolerance boundary. The tolerance boundary was set as
+3.9% for emissivity and £2K for temperature, according to
Carri6 et al. [64], who used high-resolution airborne images and
in situ data to evaluate TES accuracy on pure pixels over the
urban areas, which is consistent to our study target. Because the
tolerance boundary increased with the increase of components in
asingle pixel, a pixel was marked as acceptable if its emissivity in
all bands and its temperature were all in the acceptable boundary.
This definition aimed to give the number of pixels producing
problematic values and not quantify the accuracy of the mixing
emissivity and temperature obtained by the TES algorithm.
The statistical number of acceptable pixels was employed to
quantify the TES accuracy (Fig. 6). Indeed, this acceptable
boundary is a rough criterion for evaluating the accuracy of
the TES.

2) Retrieved LSE and LST: Figs. 7 and 8 show the retrieved
LSE and LST for Basel, respectively. Similarly, Figs. 9 and 10
show the retrieved LSE and LST for Heraklion, respectively.
Generally speaking, whether pure or mixed pixel, the value range
of LST and LSE from the TES inversion becomes wide as the
spatial resolution increases. We examined the simulated images
and found that this was due to the wide value range for the
pixel radiance in the high spatial resolution images because of
heterogeneity (i.e., shadow and pixel nonplanarity). Water is a
special case, and the retrieved LST and LSE of water nearly do
not vary with spatial resolutions because, in our simulation, it
is set very homogeneous (flat and isothermal, with nearly no
shadows on it). The retrieved temperatures of trees show a dra-
matic difference between Basel and Heraklion. The reason for
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Fig. 7.

TES retrieved pixelwise land surface emissivity for Basel at nine spatial resolutions. The vertical dashed lines present the acceptable boundaries for each

band. All subplots share the y-axis. The spatial resolutions with no violin indicate no corresponding pixels type at that spatial resolution. See Fig. 4 for the meaning

of the abbreviated titles of subplots.

this may be due to the distribution pattern in each city. In Basel,
trees are concentrated northeast of the city and form a small
forest. However, in Heraklion, trees are scattered throughout the
interior of the city.

TABLE V

RATIO & (TOTAL NUMBER OF ACCEPTABLE PIXELS DIVIDED BY THE TOTAL
NUMBER OF PIXELS) AT NINE SPATIAL RESOLUTIONS

. . Cities

3) Accuracy Assessment: To quantitatively evaluate the per- Spatial resolution (m) Basel Heraklion
centage of acceptable pixels in the images at the nine spatial 5 89.02% 79.18%
resolutions, we considered the ratio & to equal the “total number 10 95.75% 89.79%
of acceptable pixels divided by the total number of pixels” 30 9932?’ 96‘9124’
(Table V). The percentage of acceptable pixels increased with ;g Zg;;ﬁ: ggzé;‘:
spatial resolution coarsening. For example, at 1000-m resolu- 90 99188% 99:91%
tion, nearly all the pixels are within the acceptable boundary 120 100.00% 99.94%
in both Basel and Heraklion. Therefore, even for mixed pixels, 300 100.00% 100.00%
the TES algorithm can retrieve acceptable average emissivity 1000 100.00% 100.00%

and average temperature. However, this value is only 89.02%
in Basel and 79.18% in Heraklion at 5-m resolution. Reasons
for this may be two: First, the acceptable boundary increase
with the number of components in the pixel. Second, when the
resolution becomes high, the range of LST and LSE obtained

by TES become wide due to the enhancement of land cover
heterogeneity.

The better performance of Basel over Heraklion can be ex-
plained by the low performance of trees in both pure and mixed
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Fig. 8.

TES retrieved pixelwise land surface temperatures for Basel at nine spatial resolutions. The two vertical black dashed lines show the most tolerant

acceptable boundary. (Because shadows can lead to changes in temperature, the acceptable boundaries are different even for the same pixel type. So here we drew
the longest boundary of each type of pixel.) All subplots share the y-axis. See Fig. 4 for the meaning of the abbreviated titles of subplots. The spatial resolutions

with no violin indicate no corresponding pixels type at that spatial resolution.

pixels because trees are more scattered in Heraklion than in Basel
(Fig. 11). The buildings show a slightly different performance
between Basel and Heraklion. The accuracy of the roof in Basel
seems to slightly decrease with the resolution, while the accuracy
of the roof in Heraklion seems to slightly increase with the
resolution. Fig. 5 shows that the percentage of pure roof pixels
in Basel and Heraklion are almost identical. The main difference
between the Basel and Heraklion is the roofs being flat in the
mock-up of Heraklion, while its 3-D structure is very detailed
in Basel. Therefore, we guess the accuracy of pure flat pixel
increases slightly with resolution, while the accuracy of pure
nonflat pixel decreases slightly with resolution. The reason for
this may be due to the error induced by the 3-D structure of an
urban canyon [27].

The performance was poor for pure tree and building pixels.
Many works [65], [66], [67] have reported the low perfor-
mance of vegetation due to the low emissivity spectral contrast.
The building’s low performance can be due to the relatively

large MMD module error [26]. Besides, trees and buildings have
relatively small individual geometry sizes, making it much easier
to be influenced by their surrounding pixels. The mixed pixel
types containing trees or buildings (i.e., TB, TW, TG, TBG)
may also show low performance compared to others.

IV. DISCUSSION AND CONCLUSION
A. Discussion

1) Mixed Pixel Distributions: The sensor’s spatial resolution
is critical for urban studies due to the high heterogeneity within
urban areas [68]. Various spatial resolution thresholds have been
proposed for urban studies depending on the objectives of the
studies. For example, Zhang et al. [69] suggested that 30 m
is a too coarse spatial resolution (i.e., Landsat) for urban land
use and land cover studies based on visual interpretation due to
the widely existing mixed pixels effect. Our study confirms this
finding. Indeed, only 19.82% (Basel) and 33.39% (Heraklion) of
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Fig. 9. TES retrieved pixelwise land surface emissivity for Heraklion at nine spatial resolutions. The vertical dashed lines present the acceptable boundaries
for each band. All subplots share the y-axis. See Fig. 4 for the meaning of the abbreviated titles of subplots. The spatial resolutions with no violin indicate no

corresponding pixels type at that spatial resolution.

pixels are pure in the 30-m resolution image. Similarly, Sobrino
etal. [70] found that spatial resolution higher than 50 mis needed
to evaluate the urban heat island effect properly. In our study,
only 14.39% (Basel) and 24.20% (Heraklion) are pure pixels at
50-mresolution, suggesting that the 50 m resolution smooths out
the component temperature. Welch [28] demonstrated thata 0.5—
10 m spatial resolution is needed to capture the high frequency,
low-contrast features of cities.

The fact that the number of pure building pixels greatly
decreases when the satellite spatial resolution changes from 5
m to 30 m is also consistent with the common dimensions of
urban elements. For example, the width of streets and buildings
in downtown Nuremberg, Germany, is around 15 m [71]. Our
study stresses that the spatial resolution of the sensor strongly

influences the proportion of pure pixels of buildings and trees
in the city. It is related to urban design. Indeed, due to lighting
requirements, buildings tend to be distributed in a discrete linear
pattern so that the relative size of the width of buildings and the
sensor spatial resolution directly determine the percentage of
pure building pixels in images. A similar rule applies to trees
that also appear as lines on both sides of streets.

2) TES Accuracy: TES assumes that pixels are pure, isother-
mal, and flat, but the percentage of pure pixels in urban areas
greatly depends on the sensor spatial resolution, with 30 m
being a critical range, as shown by our work. The resolution
of remote sensing images should not be less than 30 m in order
to obtain LSE and LST of pure pixels. However, few thermal
infrared satellite sensors are currently available at this resolution
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Fig. 10.

TES retrieved pixelwise land surface temperature for Heraklion at nine spatial resolutions. The two vertical black dashed lines show the most tolerant

acceptable boundary. (Because shadows can lead to changes in temperature, the acceptable boundaries are different even for the same pixel type. So here we drew
the longest boundary of each type of pixel.) All subplots share the y-axis. See Fig. 4 for the meaning of the abbreviated titles of subplots. The spatial resolutions

with no violin indicate no corresponding pixels type at that spatial resolution.

[72]. For example, the resolution is 1000 m for the moderate
resolution imaging spectroradiometer (MODIS) and advanced
very high-resolution radiometer (AVHRR), 300 m for HJ-1A/B,
120 m for the resolution of the Landsat thematic mapper (TM),
60 m for the enhanced thematic mapper plus (ETM+-) and the
ECOsystem Spaceborne Thermal Radiometer Experiment on
Space Station, 100 m for the operational land imager/thermal
infrared sensor, and 90 m for the advanced spaceborne thermal
emission and reflection radiometer (ASTER). Even the future
satellite mission micro satellite for thermal infrared ground sur-
face imaging (MISTIGRI) only has a spatial resolution of 50 m.
Therefore, when applied to urban satellite images, TES usually
processes mixed rather than pure pixels. Airborne sensors, such
as the MODIS/ASTER airborne simulator with 5-50 m spatial

resolution depending on flight height and the hyperspectral ther-
mal emission spectrometer (HyTES) with a resolution equal to
3.64 m at 2000-m flight altitude, can give enough pure pixels for
urban studies. However, the use of airborne sensors is expensive
and time consuming. Besides, airborne images cannot provide
wide coverage and long observation period data like satellite
images.

We evaluate the TES accuracy on both pure and mixed pixels.
For both types of pixels, the increasing spatial resolution in-
creases the value range of TES retrieved LST and LSE. The
reason for this may be due to the increasing value range of
pixel radiance because of the high heterogeneity (i.e., shadow
and pixel nonplanarity) in the high-resolution images, and these
phenomena are smoothed in the coarse resolution remote sensing
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Components

Proportion of acceptable pixels & per pixel type at nine spatial resolutions: (a) 5 m, (b) 10 m, (¢) 30 m, (d) 50 m, (e) 70 m, (f) 90 m, (g) 120 m,

(h) 300 m, and (i) 1000 m. See Fig. 4 for the meaning of the letters on the horizontal axis. The difference between “0%” and “nan” is that “0%” means that there
are no corresponding acceptable pixels, but there is a corresponding type of pixel, while “nan” means that the corresponding type of pixel does not exist.

images. However, even if the pixel is not a pure isothermal pixel,
the average temperature and emissivity obtained by TES can
remain in an acceptable range. It should note that a different
acceptable boundary of the acceptable pixel may dramatically
change our results.

The analysis of TES intermediate results stressed that prob-
lematic pixels occur mainly in three cases: 1) The iterative

calculation of Ry, shows a divergence in the NEM module; 2)
The emissivity becomes too low, leading to negative Ry during
the iterations in the NEM module; 3) The error produced from
the MMD module.

Similar to other studies [26], buildings do not perform well.
One possible reason may be due to the MMD module. The MMD
coefficients (a = 0.994, b = —0.687, ¢ = 0.737) may not work
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well for manmade materials. In order to improve the ability
of the TES algorithm to retrieve temperature and emissivity in
cities, some studies [27] fit the coefficients of the MMD module
only using manmade spectral library, which can overcome the
low performance of TES algorithm in the manmade materials.
However, because our land cover is not limited to the manmade
land cover, and we want to get a general conclusion, we use the
coefficients (¢ =0.994, b = —0.687, c = 0.737) of ASTER in the
original paper. For studies that focusing on manmade materials,
fitting the MMD coefficients using only manmade materials is
recommended.

Considering that authentic remote sensing images are much
more complicated than simulated data (i.e., interclass spectral
variability), we believe that the proportion of mixed pixels in
the real case is much higher than the evaluation in this study,
which undoubtedly poses a challenge to the algorithm based on
the assumption of pure pixels. Therefore, our study stresses the
importance of using methods that consider mixed (i.e., TRUST
[22] or TRUST-DNS [23]) and nonflat pixel effects for LSE and
LST estimation over urban areas with the current satellite image
resolutions.

B. Conclusion

This article investigates the mixed pixel distribution in urban
areas and evaluates the TES performance at several satellite
spatial resolutions. Our approach is based on satellite radiance
images simulated by the DART model at nine spatial resolutions.
The main conclusions are summarized below as follows.

1) The 30-m spatial resolution appears to be a critical thresh-
old for the proportion of pure pixels in urban satellite
images. When the spatial resolution is below 30 m, the
percentage of pure pixels increases slowly with increasing
resolution; when the spatial resolution is above 30 m, the
percentage of pure pixels increases rapidly with increasing
resolution.

2) For the homogeneous, isothermal, flat, and shadow-free
land cover, the accuracy of TES performs stably with
the change of image spatial resolution. For the highly
heterogeneous land cover, the accuracy of the TES method
even decreases with the increase of spatial resolution. The
reason may be that higher spatial resolution enhances spa-
tial heterogeneity (due to shadow and pixel nonplanarity).

3) For mixed pixels, the average temperature and emissivity
obtained by TES are basically in an acceptable range.

Our study considers nonisothermal and mixed urban pixels
because current thermal infrared satellite sensors have a spatial
resolution coarser than 50 m. Our results contribute to the
selection and combination of endmembers in spectral mixing
models and the assessment of the robustness of the TES method
in urban studies. They can be extrapolated to other cities because
Basel and Heraklion are representative of many European cities.
Nevertheless, our study is obtained under a limited number of
conditions, and the variations of these factors may affect our
results, such as the change of observation angle, the selection
of error pixel boundary values, etc. Further works must be done
to extrapolate more conditions. Furthermore, the distribution of
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mixed pixels in actual satellite images is probably wider than in
simulated images. It stresses the need for more detailed urban
databases to bring the simulated pixel distribution closer to the
actual situation.
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