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Quantification of the Adjacency Effect on
Measurements in the Thermal Infrared Region

Xiaopo Zheng, Zhao-Liang Li, Xia Zhang and Guofei Shang

Abstract—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 our
knowledge, few studies have focused on quantifying this adjacency
effect on TIR measurements. In this study, 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.
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.

Index Terms—Adjacency effect, high-spatial-resolution,
radiative transfer model, thermal infrared.

I. INTRODUCTION

AND surface temperature (LST) is an important input

parameter for many domains, including evapotranspiration,
vegetation monitoring, and global climate change [1-5].
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 MWSs can penetrate
through clouds, MW measurements have low spatial resolution
[6]. 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 [7, 8]. TIR observations are
consequently more suitable for obtaining LSTs. A wide variety
of LST retrieval algorithms have been developed over several
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decades [5, 9]; these can be roughly classified into four
categories: single-channel methods [10-12], multi-channel
methods (such as the split window (SW) method [13-18] and
temperature emissivity separation (TES) method [19]), dual-
angle methods [20], and day/night methods [21, 22]. All of
these methods have been designed to remove atmospheric and
land surface emissivity (LSE) effects and perform well for
current TIR images [23-26]. However, to our knowledge, the
adjacency effect has not been considered during the derivation
of these LST retrieval methods. Because the adjacency effect is
either assumed to be already addressed in the pre-processing
steps or is considered to be negligible.

The adjacency effect is defined as sensor-observed energy
reflected or emitted from adjacent pixels [27, 28]. Its influence
has already been well addressed in the visible and near-infrared
(VIS-NIR) spectral region [29-32]. 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 [32-37], or on the
atmospheric point spread function (PSF), which has a specific
physical meaning but requires detailed atmospheric parameters
[30, 38-43]. The strength of the adjacency effect has been
shown to generally decrease with increasing wavelength [30, 39]
because the scattering intensity of atmospheric particles is
inversely dependent on wavelength [30, 39, 44-46]. Besides,
according to previous studies [31, 47, 48], 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 study 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 paper is organized as follows. Section Il describes the
development of the forward adjacency effect radiative transfer
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model. Section Il describes the input parameters for
experiments. Section IV compares the proposed model with
moderate resolution atmospheric transmission (MODTRAN)
code. Section V analyzes the adjacency effect for different
atmospheric and imaging conditions. Finally, section VI
summarizes the main findings.

[l. 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.

A. 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,
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. 1). The radiative transfer
equation of FAERTM can thus be expressed as follows:

s

i i

il

Ly =B, (Thr)=7262B, (Ts)+ 7, (1-¢2)Ly,
Lo,

+LT/1+L:M- +Ti(l*5i)lp S
“FAPA

o))

where A is the wavelength and By is the Planck function. Here,
Ty, is equivalent channel brightness temperature considering
the adjacency effect, 7, 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 (1) describe the adjacency effect: L, ; is the single
scattered adjacent pixel radiance (Fig. 1d) and L,, is the
adjacent pixel radiance that has been reflected by the
atmosphere  (Fig. le), 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)=2cB(Ty)+r(1-¢)(L, +1_Lpzs)+ Lr+1y o

with the subscript A omitted for simplicity.
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Fig. 1. Radiation sources of at-sensor observations. The surface pitches 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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B. Single Scattered Adjacent Pixel Radiance (L)

We assume an adjacent pixel 4; ; with LST and LSE of T; ;
and ¢&;;, respectively (Fig. 2). The emitted radiance of this
adjacent pixel (R; ;) can be given by:

Ri,j =4,iB( ) +1-¢ j)Ly 3
where L; is atmospheric downwelling radiance. Based on the
radiative transfer theory, the radiance (R1; ;) that arrives at an

infinite thin atmosphere (Cy) at height h in the instantaneous
field-of-view (IFOV) can be expressed by:

R, =, e ) @

i
where t(|m|) is the optical depth of the atmosphere
between 4;; and Cj,.

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

RIPT =Ry jdt™ . (5)

The fraction (1) 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 4; ; 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 [49]. If the sensor is considered as the
radiation source, ¥ 1 therefore equals the fraction of scattered
energy that is scattered into A; ; [50]:

wl= P(/l,a)Q,*ﬁCh . (6)
[ChAyy|ICRT]
vector C,4,, and C,T in Fig. 2. The letter T represents the
position of the target pixel and 'QAi,j_)Ch is the solid angle that
the adjacent pixel A;; expands to the scattering point Cj,. Both
'QAi,j_’Ch and 6 are related to imaging spatial resolution.

I the size of A;; fails to meet the small area assumption of
the reciprocity theorem, it can be divided into several small

pitches; 11 of each pitch can then be calculated. The sum of the
fractions for each small pitch describes y1 for 4; ;.

Assuming the atmospheric optical depth between €, and
sensor O is t(|C}T0|), the proportion of A;; emitted radiance
(R1;5™°T) that can be observed by the sensor is given by:

Here, 6 = arccos( ) is the angle between the

o)

Y]

RET™ = R T yle

3

Substituting (4)~(6) into (7), we get:

RET* =R, je_t(‘p"jch‘)e_t(‘cho‘)P(/1,9)9 A G, A (8)
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Fig. 2. lllustration of single scattered adjacent pixel radiance (L,).

When integrating R1;5"°°" vertically through the whole
IFOV, the contribution of A;; to the final observed radiance
(L%, ;) can be expressed by:

0 - .
L%,j = J.Ri,jet(Ai’jCh)et(ChO)P(lﬂ)QA,j»Chdtﬁca 9)

sca
ty

After integrating L}’j over all adjacent pixels, the single
scattered adjacent pixel radiance (L) can be given by:

400400

L = J' J.L}’jdidj

—00—00

(10)

where subscripts i,j represent the position of the adjacent
pixels.

C. 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. 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
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background pixels are Ty, and g, respectively, the radiance
(L,) emitted from the ground and reflected by the atmosphere
can be given by:

Ly =&y B (Tbck )S (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:

L _ &bek B (Thek ) S
1-pS 1-pS

(12)

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; ; is the PSF, or the ground
weighting function for a given atmosphere, then T, and €,
can be given by:

+00+00
Epck = I _[gi,jgi,jdidj (13)
+00+00
J. Iff‘i iB(Ti j)gi jdidj
Tbck - B~ 1| —0o—0 (14)

Ehck

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; ;, (9) in Section I1.B was reconsidered.
From (9), it can be easily shown that the unnormalized value of
gij (817" is defined as:

g:Jr}normaI I 4(‘%1'0'7‘) (‘C O‘) /19)QA —C rs]ca (15)

sca
ty

After normalization of g“"""”"“l, g;,; can be given by:

unnormal

9i,j

+00+00

j J' gunnormal didj

—00—00

9ij = (16)

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

L Epck B(Tpek ) S

RAD=r(l-¢) —2 = r(kg)M 17)
1-,05 1'(1"9bck )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) -

\\\\\\\\
Ai i P ITar: et T
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Fig. 3. lllustration of target-reflected adjacent pixel radiance.

D. Radiance Contributed by Target Pixel and Atmosphere

The first three terms on the right-hand side of (2) (Fig. 1(a)—
(c)) can be calculated after acquiring 7, Ly, and L. In this study,
MODTRAN was used to calculate these 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 (2)), the L, and L; should be the intrinsic atmospheric
radiance. 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, L and L, were calculated using MODTRAN by setting

=1.0, Ts = 0.00001 K and =0.0, Ts = 0.00001 K,
respectively.

E. Quantification of Adjacency effect on satellite TIR
measurements

If the adjacency effect terms [L,, t(

from (2), FAERTM can be reduced to the traditional thermal
infrared radiative transfer equation [13, 16, 21]:
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L=B(T)=wB(T)+r(1-c)Ly +Ly (18)

where T} is the equivalent channel brightness temperature of
the satellite TIR measurement, without considering adjacency
effect. In fact, (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
(4T}, between T, and T, will be used in the following sections:
ATy =T, -T. (19)
Additionally, land surface has always been assumed to be
homogenous in practical applications. In these cases, satellite
observed radiance can be given by:

1 Ly
L= B(Tb):rgB(TS)+r(lfg)(L¢ 1o

)+ Ly + Li]om

(20)

where L™ and L%°™ have the same meanings as in (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:

1
5Ty =T, - Tp 21)

I1l.  SIMULATION DESCRIPTION

A. Scenario Input Simulation Parameters

As shown in Section Il, in addition to direct atmospheric
transmittance, atmospheric downwelling, and upwelling
radiance, which can be obtained from MODTRAN [50],
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 [39,

46, 51]. 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
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 I.

TABLE I
SCENARIO INPUT SIMULATION PARAMETERS

Atmospheric conditions

1976 U.S. Standard
RURAL, URBAN
5, 10, 23, 40 km

Atmosphere model

Aerosol model

Atmospheric visibility
Imaging conditions

Wavelength

Image spatial resolution

8,9,10, 11,12 um

0.005, 0.01, 0.03, 0.06, 0.1,
0.25,0.5, 1.0 km

270, 290, 310 K

From TAT_LST-30K to
TAT_LST + 30 Kwith a

Temperature of target pixel (TAT_LST)
Temperature of adjacent pixels

step of 10 K
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

B. 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 [47, 52].
The scattering property of normal aerosol particles was
measured in a laboratory in 1983, at wavelengths ranging from
0.2 to 40 um [53]. Then, an ASPF database was built based on
the Mie scattering theory and embedded in MODTRAN [50].
The database was reported to approximate exact phase
functions within about 20% [50]. In this study, we used this
ASPF database to calculate the adjacency effect. As shown in
Fig. 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.
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Fig. 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.

C. 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) [54] 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) [55] and
Surface Emissivity (ASTO05) [56] 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. 5).
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i@ e N
# A
w,
z
S
£
S
® LST (K)
Lo 326.10
; 282.79
90°9'0"E 100°0'0"E  110°0'0™E
4 ~
» 100°15'0"E 100°45'0" EA
- ; ; ;
=/ ) LN
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~
z
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Lae]
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7
% 294.53
~

100°15'0"E 100°45'0"E
Fig. 5. LST images of the study area obtained from (a) MOD11 product of
MODIS observations, and (b) AST08 product of ASTER observations.

IV. CoMPARISON BETWEEN FAERTM AND MODTRAN

In MODTRAN, the adjacency effect is modeled by setting
the target pixel in a uniform background [57]. The background
is defined based on two parameters: ‘“area-averaged”
temperature and “area-averaged” emissivity [50, 58]. 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 (15) and (16).

A. 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 (Teagrra)
were calculated (Figs. 6(a) and 6(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 (Tpe=0 K) with those from a homogeneous surface
(Toek=270K, Twx=310 K), this portion of radiance calculated
from FAERTM (RADgagrry) Was also separately compared
with that from MODTRAN (RADyoprran) (Fig. 6(C)).
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Fig. 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 Figs. 6(a) and 6(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. 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 [50, 59-61]. 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. 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. 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 1.B and II.C. 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.

B. 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. 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 (15) and (16) given in Section I1.C. By

inputting the scenario parameters, the difference in simulated
satellite  brightness temperature between MODTRAN
(Tyoprran) @and FAERTM (Tgagrry ) Was calculated. The
results at 10.0 um were given as an example (Fig. 8).

size of 0.03 * 0.03 km.

0.15
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b
'_
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<
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'_
0.00 : ; :
5 15 25 35 45

Atmospheric visibility (km)
Fig. 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. 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 pm
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.
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V. RESULTS

A. Adjacency Effect Analysis 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 [62]. As shown in Fig. 9, aerosol scattering optical
depth quickly approximates zero above 3 km; this means that
calculation of scattered radiation > 3 km 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 [28, 39]. It is therefore necessary to
determine a horizontal and vertical cut-off distance for practical
calculations. According to [28], the horizontal range of the
adjacency effect usually has the same magnitude as the
boundary aerosol scale height. For simplicity, in Fig. 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.

g VIS=5 km
g o) VIS=10 km
ERRT —+—VIS=23 km
g 3 ——VIS=40 km
2
£ .
s S
£ 4
[s] o
& 3
2
g 8
g T T T T
S10 30 50 70 90

Altitude (km)
Fig. 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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/:/:—k—_

.

0.0
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Calculation range of adjacent effect (km)
Fig. 10. Adjacency effect as a function of calculation range for different
atmospheric visibilities (VIS). The wavelength, image spatial resolution,
aerosol type, and LSE were setas 10 pum, 30 m, RURAL, and 0.90, respectively.
The target and background temperature were the same, with LSTs of (a) 270 K
and (b) 310 K.

B. Adjacency Effect Analysis 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. 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 [63], 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.

15 2.0
(@) LST=270 K = Target pixel LSE=0.90 (b) LST=310K m Target pixel LSE=0.90
0 Target pixel LSE=0.98 O Target pixel LSE=0.98
15
1.0
< <
- < 1.0
[ &
< <
0.5
0.5
0.0 0.0

0.9 0.98
Adjacent pixel LSE

0.9 0.98
Adjacent pixel LSE

Fig. 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 K.
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C. Adjacency Effect Analysis on Aerosol Type and Image
Spatial Resolution

Results showed that the adjacency effect increased as image
spatial resolution improved, regardless of LST (Fig. 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.
1.2
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0.9 <|
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Fig. 12. Adjacency effect as a function of image spatial resolution for two
different aerosol types. The wavelength, atmospheric visibility, and LSE were
10 pum, 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.
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.

D. Adjacency Effect Analysis 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. 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 K to 0.91 K.

1.8
| Image Spatial Resolution=0.03 km
Image Spatial Resolution=0.5 km
1.2 A
<
=
)
<
0.6 1
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0.0 T T T
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18 A
%
=12
[ .
<
0.6 1
(b) LST=310K i
0.0 T

5.0 15.0 25.0 35.0

Atmospheric visibility (km)
Fig. 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 (a) 270
Kand (b) 310 K.

E. Adjacency Effect Analysis 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. 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. 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
(21)] (Fig. 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
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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

(@)
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Adjacency effect proportion in
1.0

total observed target radiance (%)

0.0

260.0

Target pixel LST=290 K
280.0 300.0 320.0
Adjacent pixel LST (K)

Fig. 14. The proportion of adjacency effect radiation in total observed target
Aerosol type, wavelength, image spatial resolution, and LSE were RURAL, 10

10

greater in cases where target pixel LST > adjacent pixel LST,
compared to cases with target pixel LST < adjacent pixel LST.
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radiation as a function of (a) adjacent pixel LST, and (b) target pixel LST.
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Fig. 15. Adjacency effect [defined as per (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 + 30 K, with a step of 10 K.
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Fig. 16. Same as Fig. 15 but with adjacency effect defined by (21).

F. Adjacency Effect Analysis 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 (9) and (17)].
As shown in Fig. 17, for both definitions (19) and (21), the
adjacency effect decreased as wavelength increased, except for
the wavelengths of 8.0 and 12.0 um. The irregularity of 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. 18. As expected, the smallest
atmospheric transmittance and smallest aerosol scattering
optical depth both occurred at 8 wm, resulting in a minimum
adjacency effect at this wavelength.
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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. 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 um to 12.0 pm, the adjacency
effect should decrease with wavelength if atmospheric
transmittances were the same at these wavelengths. However,
when considering atmospheric transmittances at wavelengths of
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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 compensated for by
the increase in atmospheric transmittance at 12.0 um; this is
expected to explain the small anomaly observed at 12.0 um.

G. 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 AST08 products
were used to provide the land surface radiation field. According
to location and acquisition time of the selected study area
images (see Section 111.C), 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. 19, the adjacency effect, defined
according to (19), was present in every pixel for both images.
For MODIS data with pixel size of 1000 m * 1000 m (Fig 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 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 (21).
As shown in Fig. 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. 19. Adjacency effect [defined as per (19)] results based on (a) MOD11 product (Band 31 with bandwidth of 10.78 ~ 11.28 pum), and (b) AST05 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, respectively.
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Fig. 20. Same as Fig. 19 but with adjacency effect defined by (21).

VI. 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 [13, 16, 64]. 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.

We found 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 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. We also found that, as wavelength increased, the
adjacency effect generally decreases, except at 8 pum; 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' cm™? cm™), compared with 2.28 x
108 (W Srtcm?cm?) 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.

Although FAERTM can quantify the adjacency effect in
different circumstances, some limitations are worth noting. All
results obtained in this study are based on flat land surfaces and
vertical observation assumptions. For rugged land surfaces,
some of the energy coming from adjacent pixels would be
directly reflected by the target pixel. Target-reflected adjacent
pixel radiance should therefore increase; this requires further
investigation. Moreover, the error in LST retrievals caused by
the adjacency effect has not yet been discussed. Future work
will focus on adding the three-dimensional structure of real land
surfaces into FAERTM and evaluate the impact of the
adjacency effect on LST retrieval results.
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