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An Integrated Method for Reconstructing Daily
MODIS Land Surface Temperature Data
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Abstract—Land surface temperature (LST) is a critical param-
eter in land surface process. The Moderate Resolution Imaging
Spectroradiometer (MODIS) can be used to generate various
LST data products, and these data have been widely applied in
many studies. Unfortunately, cloud contamination brings about
numerous missing or abnormal values, which negatively affect
the application of LST data. To reconstruct missing values and
improve data quality, this paper proposes an integrated method
for reconstructing LST data under two conditions: Clear sky and
cloudy sky. For the clear-sky condition, the MODIS eight-day LST
(MOD11A2) product is used to be interpolated into the low-quality
daily LST dataset using the harmonic analysis of time series
(HANTS) algorithm. And then the linear regression algorithm is
implemented on the original good-quality pixels of the MODIS
daily LST (MOD11A1) product. After that, seamless processing
on the reconstructed low-quality daily LST dataset is carried using
the Poisson image editing method, and finally the high-quality
daily LST dataset under clear-sky condition are then obtained.
For the cloudy-sky conditions, the revised neighboring-pixel
(NP) algorithm that originates from the surface energy balance
theory is used to reconstruct the real LST data. To evaluate
the reconstruction performance under clear-sky condition, a
simulated dataset is generated from simulated missing pixels with
good quality that are randomly chosen from 98 available LST
images in the year 2010. Meanwhile, the real LST measurements
collected from ground sites are used to assess the reconstructed
results under cloudy-sky condition. Satisfactory validation results
show that the proposed integrated method effectively reconstructs
the missing information and low-quality pixels caused by cloud
cover and other factors. The filled data can seamlessly preserve
the temporal and spatial consistence of the daily LST data, which
do promote the practical utility of the MODIS LST product.
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I. INTRODUCTION

LAND surface temperature (LST) playsan essential role in
understanding the energy exchange between land and at-

mosphere, urban climatology, and global environment change
[1]–[3]. LST observations are therefore widely used in various
scientific fields, including climatology, hydrology, agriculture,
ecology, environmental science, and military reconnaissance
[4]–[8]. Due to the large spatial heterogeneity of land cover and
the complexity of the spatiotemporal distribution of surface tem-
perature, conventional ground stations cannot collect spatially
consistent and temporally continuous measurements over a wide
area. In contrast, satellite-based thermal remote sensing is the
only effective technique available to provide LST observations
at regional and global scales with acceptable temporal resolu-
tion and completely spatial coverage [9]–[11]. Since the urgent
need for long-term remotely sensed LST data in globe warming
studies, the retrieval of the LST from remotely sensed thermal
infrared (TIR) data has attracted much attention from remote
sensing researchers in recent decades. Several classical retrieval
methods, such as the split-window algorithm, the monowindow
algorithm, and the single-channel algorithm, have been widely
used in LST retrieval for various satellite data [12]–[17]. The
Moderate Resolution Imaging Spectroradiometer (MODIS) on-
board the Terra (morning) and Aqua (afternoon) platforms can
provide successive daily LST products on a global scale that
are retrieved with the generalized split-window algorithm [18].
However, a key issue should be noted that all the algorithms
mentioned above can only work well when the data are acquired
under clear-sky condition without any instrument faults. Unfor-
tunately, the cloudy-sky condition in reality takes more than half
of the actual day-to-day weather around the globe [19]. The op-
tical band signals from the land surface cannot penetrate clouds.
If solar radiation were obstructed by cloud and/or impacted by
other atmospheric disturbances, land surface spectral signals
would be mixed with or totally blocked by the cloud. Half of
the total pixels would be missing if cloudy areas in the image
were excluded during further analysis. The incompleteness and
uncertainties caused by cloud coverage seriously hinder sub-
sequent performance of satellite-derived LST data in realistic
applications.
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On the purpose of improving the practical utilities of remotely
sensed LST data, techniques are requiring to effectively fill data
gaps and eliminate cloud interference. Satellite-derived LST
measurements are unavailable under prolonged periods with
overcast skies [20]. Few studies have focused on the reconstruc-
tion techniques in two different sky conditions, i.e., clear sky
and cloudy sky. For the clear-sky condition, the spatial informa-
tion and multitemporal observations are usually used to estimate
the missing LST values. Typical examples of spatial informa-
tion based methods are the inverse distance weighting, spline
function, geostatistical interpolation method, and multivariable
interpolation algorithm [20]–[23]. The spatial information based
methods rely only on limited spatial information and climate fac-
tors that are difficult to obtain precisely. That usually leads to an
unsatisfactory accuracy of the reconstructed LST data. In addi-
tion, [24] proposed a spectral-angle distance-weighting recon-
struction method, in which the land surface was quantitatively
considered by calculating spectral angles of original multispec-
tral images, but the climate factors were not taken into account.
Different from the spatial information based methods, the tem-
poral information based methods use more information acquired
from the data at other times. Crosson et al. [25] used LST from
the Terra/MODIS (morning overpass) to fill missing LST data
of the Aqua/MODIS (afternoon overpass). Xu and Shen [11]
used the harmonic analysis of time series (HANTS) algorithm
to reconstruct the MODIS eight-day LST via removing cloud-
affected observations by pixel-by-pixel harmonic fitting in time
domain. Unfortunately, extreme events may not be well charac-
terized in the HANTS algorithm. After that, [26] developed a
multitemporal classifier and a robust temporal regression algo-
rithm to fill invalid LST values, which reconstructed LST values
accurately, with much less reference data. Recently, [27] pro-
posed a remotely sensed daily LST reconstruction (RSDAST)
model to fill the gaps in the MODIS daily LST product. The
model assumes that the LST difference between nearby pixels
is small during a short time period. One of the common defi-
ciencies of aforementioned reconstructed methods is that they
deal with the problem of ideal clear-sky LST values rather than
the real LST under cloudy-sky condition.

Actually, the clouds significantly affect the surface energy
budget resulting that the cloud-covered LST is lower than that of
cloud-free during daytime. The cloud effects then should be con-
sidered in the reconstruction process to reconstruct the LST data
under cloudy-sky condition. Jin [19] proposed a “neighboring-
pixel” (NP) approach on the basis of surface energy balance
principle. The NP approach fills the LST of cloudy pixels by
using the spatially and temporally neighboring clear pixels,
and several factors, such as the net solar radiation, net long-
wave radiation, latent heat flux, and other drive variables should
be precisely determined. After that, [9] estimated the LST of
cloudy pixels by exploiting the temporal domain offered by
the Spinning Enhanced Visible and Infrared Imager onboard
the geostationary Meteosat Second Generation. Then, a spa-
tial and temporal NP algorithm was proposed to reconstruct
cloud-contaminated pixels in daily MODIS LST product [28].
Later, [29] combined MODIS and AMSR-E data with Bayesian
maximum entropy method to reconstruct high-quality LST data.

Recovering real LST data under cloud depends on a complicated
physical relationship between clear and cloudy LST. Additional
variables of these above-mentioned methods are mandatorily
required to estimate regional parameters and build the physical
relationship. That makes the above-mentioned methods difficult
to implement in realistic applications. In response to the above-
mentioned problems, [30] has developed a method for cloudy
LST information reconstruction. However, this method is not
suitable for the reconstruction of long time-series data and large
area missing data.

The object of this study is to reconstruct the daily MODIS
LST products by developing an integrated method, where the
temporal domain information based strategy is used to estimate
the missing LST pixels under clear-sky condition, and the re-
vised NP method is used to fill the gaps of the LST pixels under
cloudy-sky condition. Different from other study, we fully con-
sider the LST reconstruction under two different sky conditions,
the integrated method is more flexible in response to different ap-
plication purposes. In particular, the revised NP method makes
it easier to implement with fewer parameters.

The arrangement of the paper is as follows. Section II
describes the dataset including satellite and ground-based
measurements. Section III presents the methodology of the
integrated method. Section IV shows experimental results from
the integrated method and HANTS algorithm, and the qual-
itative and quantitative evaluation results are compared with
the measurements recorded at ground level under different sky
conditions. In the end of this section, some discussions will be
made for the results. Section V draws conclusions of the paper.

II. DATA

A. MODIS Data

The MODIS LST products are generated as a sequence
of products beginning with a swath (scene) and progressing,
through spatial and temporal transformations, to daily, eight
day and monthly global gridded products with different spa-
tial resolutions [31]. In this study, we selected Collection-5
MODIS Terra LST products (MOD11A1 and MOD11A2) at
1-km spatial resolution for the year 2010. MOD11A1, the daily
LST product, is used to develop the proposed method and val-
idate results. MOD11A2, the eight-day LST product, is used
to interpolate the daily LST as the auxiliary data. Only day-
time LST (about 10:30 A.M.) of the tile h10v05 was chosen
as the experimental data. Also, the MODIS normalized dif-
ference vegetation index (NDVI) products were chosen as an
auxiliary data to determine the location of similar pixels and
to assist in calculating LST from surface measurements. In or-
der to maintain spatial and temporal consistency with surface
temperature data, we selected MOD13A2, the 16-day NDVI
product, at 1-km spatial resolution for the year 2010 of the
tile h10v05. All the datasets were downloaded from website of
NASA’s Earth Observing System Data and Information System
(http://reverb.echo.nas.gov/reverb/). The MODIS Reprojection
Tool (MRT) was used to read files in HDF-EOS format, perform
geographic transformations, clip the test data products, and to
write the output to file formats other than HDF-EOS. Finally,
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Fig. 1. Location of the study area and the distributions of the SURFRAD
ground stations.

a subimage of 342 × 286 pixels located between 88.5 °E and
91.5 °E, and 33.0 °N and 36.0 °N was then extracted from
all data products. As shown in Fig. 1, this area is located in
midsouth of the United States, covering one Goodwin Creek
(GWN) ground station of the Surface Radiation (SURFRAD)
budget network. In addition, the Global Land Surface Satellite
(GLASS) downwelling shortwave radiation product [32] pro-
vides shortwave radiation at 5-km resolution and was used in
NP method. This dataset was downloaded from the website
http://www.esrl.noaa.gov/gmd/grad/surfrad/.

Several preprocessing work was required for these MODIS
data to ensure the successful operation of verification exper-
iments. First, the cloud-contaminated pixels and other low-
quality pixels were excluded with the help of the MODIS LST
quality control (QC) flags, and the good-quality pixels recog-
nized by QC flags were used to reconstruct contaminated pixels.
Second, some good-quality pixels of the MOD11A1 products
were masked randomly by different percentages as the simu-
lated missing observations. All these simulated masked pixels
would be reconstructed by our proposed method. The simulated
missing observations are used to make a quantitative assess-
ment. Third, we normalized LST, NDVI, and GLASS products
through dividing all pixel values by 50, 10 000, and 100, re-
spectively. Finally, the GLASS downward shortwave radiation
product was resampled into 1-km spatial resolution.

B. Surface Measurements

The SURFRAD budget network was established in 1993
through the support of NOAA’s Office of Global Programs,
and its primary objective is to support climate research
with accurate, continuous, long-term measurements per-
taining to the SURFRAD budget over the United States
(http://www.esrl.noaa.gov/gmd/grad/surfrad/overview.html)
[33], [34]. The network has been used to provide the LST ground
truth information for satellite-derived LST validation since the
good continuity and high quality of the measurements [10].

TABLE I
DESCRIPTION OF MANDATORY QA FLAGS FOR THE MODIS LST PRODUCT [31]

Fig. 1 shows that a total of seven SURFRAD sites are located
in Montana, Colorado, Illinois, Mississippi, Pennsylvania,
Nevada, and South Dakota. In this study, the ground-
measurements from the Goodwin Creek (GWN) ground station
were used to verify the performance of the reconstruction
method. In order to keep the time consistent with the surface
temperature data, we obtained the continuous upwelling and
downwelling TIR radiation observations from this station in
each morning of the year 2010 and used them to retrieve LST
[35] with the following:

LST = [Fup − (1 − ε)Fdn ] /(εσ)1/4 (1)

where Fup and Fdn are the upwelling and downwelling TIR radi-
ation observations, respectively, and σ is the Stefan–Boltzmann
constant. The broadband surface emissivity ε is estimated from
the NDVI by employing the log linear relationship [36]

ε = 1.0094 + 0.047 ln(NDVI) (2)

where NDVI is obtained from MOD13A2 product, and ln is the
log operators. Equation (2) is obtained from regression analysis
in NDVI values between 0.2 and 0.7, and it is not suitable for
low NDVI values. The GWN ground station is located in the
area of vegetation cover, and the NDVI has large values and
could meet the requirement of (2).

C. Quality Analysis of the Test LST Data

The MODIS LST product provides QC information, and the
QC can be used to determine the usefulness of the LST data for
a user’s needs [31]. The bit 1&0 of the QC scientific datasets
(SDS), named as mandatory quality assurance (QA) flags, gen-
erally define the quality and application levels of each pixel (see
Table I).

In this study, we analyzed the quality of the MODIS LST
data for the study area. Fig. 2(a) shows the data quality of 365
MOD11A1 LST images in 2010. The percentages of high-
quality LST values (QA = 00), low-quality LST values (QA =
01), missing LST values due to cloud coverage (QA = 10), and
missing LST values due to other factors (QA = 11) are 32.06%,
9.35%, 55.59%, and 3%, respectively. Fig. 2 shows that many
LST pixels are almost missing due to cloud coverage. Mean-
while, a single pixel appears to be continuous deletion in its
long time series. The general spatial interpolation methods and
time domain filtering methods cannot reconstruct the missing
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Fig. 2. Time variation of QA (refer to Table I) for the MODIS LST product.
(a) Time variation of QA for MOD11A1 product. (b) Time variation of QA for
MOD11A2 product.

information effectively. Therefore, it is of great significance to
reconstruct the missing information by means of some auxiliary
data.

Fig. 2(b) shows the data quality of 46 MOD11A2 LST im-
ages in 2010. The percentages of high-quality LST values (QA
= 00), low-quality LST values (QA = 01), missing LST val-
ues due to cloud coverage (QA = 10), and missing LST values
due to other factors (QA = 11) are 71.09%, 14.99%, 9%, and
4.92%, respectively. Compared with MOD11A1, the quality of
MOD11A2 has been greatly improved. The explanation for that
is the eight-day composite products improve the temporal and
spatial integrity of the MODIS LST data to a certain degree. But
the MOD11A2 still has missing information and low-quality
information, and the adopted simple composite algorithms do
not fully eliminate the cloud coverage. Fig. 2 shows that the
missing pixels and the low-quality pixels have the smallest pro-
portion in spring and winter, whereas they occupy the largest
proportion in summer. The climate of study area is warm and
humid, and particularly, its summer is wetter and lasts long. The
proportions of both missing pixels and low-quality pixels of the
synthetic data can reach up to more than 70%. Therefore, the
quality of the composited LST data needs improving, and the
temporal filter is usually an efficient strategy.

In addition, Fig. 3 shows the spatial distribution of missing
information (QA = 10) percentage of the two sets of data at the
pixel level over the whole year. For MOD11A1, more than half
of the total pixels have more than 50% cloud coverage in one
year, and only a small proportion of all pixels have less than
48% missing percentages through a year. For daily LST dataset,

Fig. 3. Spatial distribution of invalid data percentages in the MODIS LST
data. (a) MOD11A1 product. (b) MOD11A2 product.

single pixel time series is prone to be continuous deletion in
one year. In contrast, the missing proportions of most pixels
in MOD11A2 product is less than 10.8%, and only a small
proportion of missing pixels is greater than 17.4%. The quality
of the composite LST data is much higher than that of the daily
LST data, and therefore, we used eight-day composite LST
product as auxiliary data for daily LST data reconstruction.

III. METHODOLOGY

Spatio-temporally complete daily MODIS LST data are gen-
erated by reconstructing the LST data in two conditions: 1) the
clear-sky condition; and 2) the cloudy-sky condition. The first
condition is to reconstruct low-quality LST pixels (QA = 01)
and the missing LST pixels (QA = 11) due to other factors under
clear-sky condition. In this condition, the missing LST pixels
(QA = 10) due to cloud cover are also reconstructed, where
the results are assumed under clear-sky condition. The second
condition is to reconstruct the missing LST pixels (QA = 10)
due to cloud cover spatially and temporally using the revised
NP method. Fig. 4 shows the general process of the integrated
method.

A. LST Reconstruction Under Clear-Sky Condition

MODIS daily LST products are with high cloud coverage in
both spatial and temporal domain, and it results in a wide range
of deletions in space and a continuous absence in time series.
Using the auxiliary data is of great significance in reconstructing
the daily LST products. LST is sensitive to the effects of sur-
face roughness and vegetation, and is affected from land cover
changes, and therefore we did not use the multiyear LST prod-
ucts as the auxiliary data. In order to satisfy the requirements of
daily LST reconstruction, the MODIS eight-day LST products
are selected. The right part of Fig. 4 shows the flow chart of its
processing steps.

1) High-Quality Eight-Day LST Reconstruction: The eight-
day LST still have pixel deletion and low-quality data. There-
fore, it is necessary to promote the product quality before further
applications. The HANTS algorithm [37], [38], developed based
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Fig. 4. General process of the integrated method.

on the Fourier transform, is an effective approach to reconstruct
time series of remotely sensed products, such as NDVI, en-
hanced vegetation index (VI), and leaf area index [39]–[42]. It
selects only the most significant frequencies in the time profiles
and uses a least squares curve fitting procedure based on the
harmonic components [43], shown as follows:

ỹ = a0 +
nf
∑

k=1

[ak cos(2πfk t) + bk sin(2πfk t)] (3)

y(t) = ỹ(t) + ε(t), t = 1, . . . , N (4)

where y, ỹ, and ε are the original time series, the reconstructed
time series, and the error series, respectively. t is the time note of
y, N is the length of the time series. ak and bk are the coefficients
of the trigonometric components with the frequencies fk , and
nf is the number of harmonics associated with the frequencies
fk . It is an iterative process when implemented on time-series
data, and the specific steps are described as follows [39].

1) Reject the pixels outside the valid range of data. For ex-
ample, the valid range for LST can be 325–250, and the
pixel values outside this range will be rejected.

2) Fit the remaining valid pixels by solving (3) using the
least square method.

3) Repeat the algorithm until the maximum error between
the current curve and the input data is smaller than a
given threshold or the number of the remaining pixels is
unnecessary for the reconstruction process.

Many studies have validated that LST varies periodically with
season changes [44]–[46], and the HANTS algorithm has been
proved to be successful in MODIS eight-day LST reconstruction
[11]. So we implemented the HANTS algorithm in our study,
and several parameters are carefully determined when applied
to LST products. Table II shows that the SF was set at “low”
because the presence of undetected clouds lowers the temper-
ature of total pixels, thereby reducing surface temperature. By
referring to other literature [11], the range of valid values is set

TABLE II
PARAMETER SETTINGS OF HANTS IN THIS STUDY

within 250–325 K, and the FET is set as 6 K. The “NOF” is set
as 3 through the parameter sensitivity analysis in Section IV.

Low-Quality Daily LST Reconstruction: This part is to recon-
struct the low-quality daily LST dataset. As shown in Fig. 4,
we first temporally interpolated the high-quality eight-day LST
data into the coarse daily LST dataset by using the HANTS al-
gorithm. The fitting result from the HANTS algorithm indicates
the intra-annual variations of LST. We further obtained the inter-
polated daily LST data, and that properly indicates the periodic
patterns of LST in time domain rather than the real LST. So
some strategies are required to adjust the interpolated LST data
into the real. In fact, the original MODIS daily LST products
contain many good-quality pixels (QA = 00), and these pixels
can be used to adjust the interpolated LST data. In this study,
we adjusted the values of the interpolated LST data by estab-
lishing linear regression relationships between the good-quality
pixels (QA = 00) of the original MODIS daily LST products
and corresponding pixels of the interpolated daily LST data in
pixel time series level. The original daily LST values were re-
constructed where the pixels were flagged as good quality (QA
= 00).

High-Quality Daily LST Reconstruction: After the last step,
we obtained the normalized daily LST data. But some seams
usually exist in the boundary between the good-quality areas
and the reconstructed areas. We adopted the Poisson equation
based interpolation machinery to seamlessly edit the image re-
gions. The idea is the Poisson partial differential equation with
Dirichlet boundary conditions, and it specifies the Laplacian of
an unknown function over the domain of interest, along with
the unknown function values over the domain boundary [47].
The Poisson equation can be solved by minimizing a L2-norm
problem, and it computes the function whose gradient is the
closest to some prescribed vector field under given boundary
conditions. The basic equation is described as

min
g

∫∫

B

|∇g − v|
2

with g |∂B = g∗ |∂B (5)

where ∇. = [ ∂ .
∂x , ∂ .

∂y ] is the gradient operator. B is a closed
subset of A + B with boundary ∂B. g is an unknown scalar
function defined over the interior of B. g∗ is a known scalar
function defined over A. v is guidance of vector field of a source
closed subset C with function f .

The minimizer must satisfy the associated Euler–Lagrange
equation and the unique solution follows Poisson equation with
Dirichlet boundary conditions

Δg = div v over B, with g |∂B = g∗ |∂B (6)
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Fig. 5. Guided interpolation notations.

where Δ. = ∂ 2 .
∂x2 + ∂ 2 .

∂ y 2 is the Laplacian operator, and div v =
∂u
∂x + ∂v

∂x is the divergence of v = (u, v).
The above-mentioned step is applied to all the reconstructed

images because of the inevitable seams on the boundary between
the reconstructed area and the original area. The boundary and
seams can be identified according to QA flags. The QA = 00
and QA � 00 transition places are the boundary where the seam
exists, andB in Fig. 5 points to the reconstructed area obtained
by linear regression. The pixel values of the area need to be
corrected. v is the gradient field calculated based on guidance
area C. This area does not need to have the true value, but it must
have effective gradient information. The gradient information is
obtained from the interpolated daily LST data from the HANTS
algorithm. Although the reconstructed values of the intermediate
product cannot represent the true value, it has the approximate
correct gradient information. In conclusion, the guidance field
of C is used to adjust the values of B via the Poisson equation
with Dirichlet boundary conditions.

B. LST Reconstruction Under Cloudy-Sky Condition

The LST under clouds differ from that under clear-sky condi-
tion, due to the fact that clouds change the energy budget of the
ground. In this study, we introduced the revised NP approach
to reconstruct the LST under cloud [9], and the shortwave ra-
diation data was chosen as the auxiliary data. The revised NP
approach was developed on the basis of the theory of surface
energy balance [19].

1) Revised NP Approach: Over the land surface, the rela-
tionship between energy fluxes is formulated as follows:

Sn − Fn = G + H + LE (7)

where Sn is net solar (or shortwave) radiation deriving from
incoming shortwave radiation minus outgoing shortwave radi-
ation, and Fn is upwelling longwave radiation minus down-
welling longwave radiation. G is the ground heat flux, and H
and LE denote sensible heat flux and latent heat flux, respec-
tively. For each item of (7), the partial derivative of Ts is obtained
as follows:

∂G

∂Ts
=

∂Sn

∂Ts
− ∂Fn

∂Ts
− ∂Shle

∂Ts
(8)

where Shle is the sum of H and LE. ∂Sn/∂Ts does not mean
net solar radiation, but is a function of Ts and it is only valid
because Sn is equal to the Ts-related energy terms from (7).
Using the conventional force-restore method [19], [48], [49],

the ground heat flux is calculated by

G = kg
∂T

ΔZ
= kg

Ts − Td

ΔZ
(9)

where kg is the thermal conductivity of the ground soil in units
Wm−1K−1 , ΔZ is the penetration depth defined as a function
of the thermal diffusivity which is the ratio of thermal conduc-
tivity to volumetric specific heat, and Td is the temperature at the
subsurface layer. The subsurface layer temperature Td is much
less sensitive than skin temperature to surface insolation [50],
and the equation for two similar pixels can be written as

∂G

∂Ts
=

∂

∂Ts

[

kg
Ts − Td

ΔZ

]

≈ kg

ΔZ
. (10)

The linear relationships between Fn and Sn , and Shle and Sn

have been established by [19], which can be written as

Fn = a0 + aSn (11)

Shle = b0 + bSn (12)

where a is a coefficient related to surface soil properties and
b is a coefficient related to local surface and soil properties.
Therefore, (11) and (12) can be written as follows:

∂Fn

∂Ts
≈ ΔFn

ΔTs
=

ΔFn

ΔSn

ΔSn

ΔTs
= a · ΔSn

ΔTs
(13)

∂Shle

∂Ts
≈ ΔShle

ΔTs
=

ΔShle

ΔSn

ΔSn

ΔTs
= b · ΔSn

ΔTs
. (14)

Combining (10), (13), and (14), we can obtain (15) based on
the assumption that the difference in net solar radiation as well
as in surface temperature between two pixels or moments is only
caused by clouds

ΔTs =
ΔZ

kg
(1 − a − b)ΔSn =

1
K

ΔSn (15)

where 1/K = ΔZ/kg (1 − a − b), ΔTs is the difference of LST
between two similar pixels, and ΔSn is the difference of net
shortwave radiation between the two similar pixels.

Therefore, the LST under cloud can be written as

Tcloud(i) = Tclear(j) +
1
K

ΔSn (i, j) (16)

where Tcloud is the LST pixel under cloud, Tclear is the spatially
or temporally similar LST pixel under clear sky. K is the func-
tion of soil thermal conductivity, and ΔSn is the difference of
net shortwave radiation between the two similar pixels.

2) LST Reconstruction: Equation (16) indicates that the
change of surface temperature not only has linear relation with
the change of shortwave radiation, but also has direct relation
with soil thermal conductivity. In this study, we assume that soil
thermal conductivity will not change in a given range of regions
and solve (16) by means of multiple regressions.

Accurate selection of similar pixels guarantees high preci-
sion reconstruction. Because of large amount of missing space
in the surface temperature data, the target pixel value cannot
be obtained, and the similar pixel extraction cannot be carried
out using the LST data. The LST has a strong relation with
the VI [51], [52]. Therefore, the MODIS 16-day NDVI data
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(MOD13A2) is used as the assistant data for similar pixel ex-
traction. A moving weighted harmonic analysis method [43]
was utilized to improve the quality of the NDVI dataset. And an
adaptive determination procedure for the similar pixel selection
is then employed [53]. We choose the closest NDVI data to LST
data in time as the reference data, and similar pixels are searched
from common pixels using the following constraint:

|Vi − Vt | ≤ Δ (17)

Δ =
√

∑n

i=1
(Vi − μ)2 (18)

where Vt is the NDVI corresponding to the target LST, Vi is
the ith similar NDVI, and Δ is the threshold value representing
the local similarity related to the smoothness of adjacent areas,
which is adaptively calculated by the local standard variation. μ
is the mean value of all the NDVI in the local area (e.g., 5 × 5).

After determining the location of similar pixels by NDVI data,
we remove the invalid positions in the three days before and after
the date of a given cloudy pixel that were acquired using the QA
information. An adaptive searching window centered on each
contaminated pixel was used to select the similar pixels. If the
desired number of similar pixels (e.g., 20) is not satisfied, the
window size will be enlarged until the maximum size (e.g., 11
× 11).

IV. RESULTS AND DISCUSSION

The integrated method generates spatio-temporally complete
MODIS daily LST data. This is accomplished by analyzing
one year of the MOD11A1 and MOD11A2 data from Terra on
the test area as mentioned in Section II in order to illustrate
the status of the test data. To evaluate the performance of the
integrated method, we carried out the simulated and real experi-
ments respectively. For the simulated experiments, we obtained
simulated missing pixels where QA = 00 with different percent-
ages for each of the images. The simulated missing pixels were
reconstructed by the proposed method under clear-sky condi-
tion, and then they were compared with the original pixels. For
the real experiments, the reconstructed pixels under two condi-
tions were compared with the ground site measurements. The
experimental results were quantitatively assessed using three
statistical metrics. The following sections detail the qualitative
and quantitative assessments for two conditions of the proposed
method.

A. Evaluation Metrics

The first metric is the Pearson correlation coefficient (CC),
which measures the degree of similarity between the recon-
structed values and the original values as follows:

CC =

∑M
j=1 (gre(j ) − gre)(gor(j ) − gor)

√

∑M
j=1 (gre(j ) − gre)

2(gor(j ) − gor)
2

(19)

where gre(j ) and gor(j ) are the jth reconstructed and the original
LST, respectively. gre and gor are their mean values, respectively,

Fig. 6. Variations of RMSE and AAD with the NOF.

and M is the total number of contaminated pixels. The higher
the metric value CC, the closer the two groups of values.

The second metric is the average absolute differences (AAD),
which measures the amount of difference between the recon-
structed data and the original data as follows:

AAD =
1
M

M
∑

j=1

(
∣

∣gor(j ) − gre(j )
∣

∣) (20)

where M is the total number of contaminated pixels. gre(j )
and gor(j ) are the reconstructed and original values jth missing
pixels, respectively.

The third metric is the root mean square error (RMSE). The
metric is used to assess the deviation between reconstructed
values and the original values. It is defined as

RMSE =
√

∑M

j=1
(gre(j ) − gor(j ))

2/(M − 1) (21)

where M is the total number of contaminated pixels. gre(j )
and gor(j ) are the reconstructed and original values jth missing
pixels, respectively. A smaller value indicates a closer similarity
between the two groups of values.

B. Parameter Sensitivity Analysis

The number of frequencies (NOF) is the main factor affecting
the reconstruction accuracy. To determine the optimal setting for
NOF, we carried out sensitivity analysis of the reconstruction
accuracy to various NOF values.

For the composited LST products, the missing pixel values
have no corresponding original LST observation data. There-
fore, the missing pixels cannot be used to evaluate the recon-
structed results. In order to evaluate the reconstruction results
effectively, it is an effective method to evaluate the reconstructed
results by selecting good-quality (QA = 00) pixels in surface
temperature data as reference data. In this study, we selected two
scene datasets on March 30, 2010 and October 12, 2010 to carry
out the evaluation. We first make the simulated missing pixels
with QA = 00 in different percentages on the two images. Then
the simulated missing pixels were reconstructed by HANTS,
so we obtained the reconstructed pixels and the original pixels.
Fig. 6 shows the variations of RMSE and AAD with NOF varies
from 1 to 8. The two quantitative metrics have similar tendency
with the changing NOF. When the NOF is within 1–3, the two
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Fig. 7. Reconstruction daily LST on June 6, 2010 obtained from each step of
the integrated method. The rectangles with solid line are the simulated missing
area. (a) Original daily LST. (b) Simulated missing daily LST. (c) Eight-day to
daily LST. (d) Normalized daily LST. (e) Poisson daily LST. (f) HANTS daily
LST.

quantitative metrics show a decreasing trend. When the NOF
is within 3–8, the two quantitative metrics show an increas-
ing tendency. The two quantitative metrics reach the minimum
when the NOF is 3. The smaller the two quantitative metrics,
the smaller the deviation between the reconstructed data and the
original data, and the higher the reconstruction accuracy. Thus,
NOF was finally identified as 3 to reconstruct high-quality eight-
day LST data.

C. LST Quality Assessment Under Clear-Sky Condition

In this part, we selected HANTS algorithm for comparison,
because of its excellent performance in time-series data recon-
struction. In order to evaluate the reconstructed results, we make
the simulated missing pixels with QA = 00 randomly for the
available data. Quality analysis results (in Section II) show that
the amount of cloud cover varies among different days, and
we selected 98 images with less than 65% cloud cover as the
available data to evaluate the reconstructed results. After the
reconstruction, the RMSE, AAD, and CC are calculated by
comparing the reconstructed pixels with the original pixels of
the simulated missing parts.

1) Qualitative Assessment: In order to demonstrate the grad-
ual reconstruction process and to test the effectiveness of the
LST reconstruction under clear-sky condition at a regional scale,
we showed the examples of the original LST data, each step of
the reconstruction LST data and the HANTS reconstructed LST
data for the test area. With the consideration of the space lim-
itations, we only listed the results of the LST data on June 6,
2010 and October 1, 2010 in Fig. 7 and Fig. 8, respectively. The
results explain that this step of the integrated method recon-
structs the visually spatial continuous LST data under clear-sky
condition on the whole. Specifically, Figs. 7(a) and 8(a) show

Fig. 8. Reconstruction daily LST on October 1, 2010 obtained from each step
of the integrated method. The rectangles with solid line are the simulated missing
area. (a) Original daily LST. (b) Simulated missing daily LST. (c) Eight-day to
daily LST. (d) Normalized daily LST. (e) Poisson daily LST. (f) HANTS daily
LST.

Fig. 9. Zoomed-in images of the simulated missing area 1–4 in Fig. 7, respec-
tively.

the original daily LST data, where the cloudy pixels and the
low-quality pixels are masked using the QA information. More
than 50% missing information needs to be reconstructed. Figs.
7(b) and 8(b) show the simulated missing daily LST data, where
some good-quality pixels have been masked randomly, shown as
the places covered by blue rectangles. In this step, a number of
points are generated randomly within the study area, and buffers
with ten pixels as the radius are generated based on these points.
The intersection of these buffers with high-quality pixels is the
simulated missing part. Figs. 7(c) and 8(c) show the interpolated
daily LST data from eight-day LST data by HANTS. Although
the daily LST data can be interpolated by eight-day LST data,
there is a serious inconsistency between the interpolation results
and the original data, as the zoom-in images [1, 2, 3, 4 (a, c)
in Fig. 9 and 1, 2, 3, 4, 5 (a, c) in Fig. 10] show that the LST
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Fig. 10. Zoomed-in images of the first simulated missing area 1–5 in Fig. 8,
respectively.

TABLE III
QUANTITATIVE EVALUATION OF THE TWO IMAGES

Bold entities indicate the optimal results.

with same land cover type displays inconsistency between the
interpolated results and the original data. Figs. 7(d) and 8(d)
show the normalized daily LST data obtained by linear regres-
sion based on original LST values. Although all the gaps have
been filled, some seams appear clearly at the boundary between
good areas and the reconstructed areas, as the zoom-in images
[1, 2, 3, 4 (d) in Fig. 9 and 1, 2, 3, 4, 5(d) in Fig. 10] show that
the LST with same land cover type displays nonconsistent color
appearance between the good areas and the reconstructed areas.
Figs. 7(d) and 8(d) show the high-quality daily LST obtained
after the Poisson image editing. All the seams are removed, and
the land surface objects show normal LST [as zoomed in 1, 2,
3, 4 (e) in Fig. 9 and 1, 2, 3, 4, 5 (e) in Fig. 10], which are
very close to the original LST [as zoomed-in images 1, 2, 3,
4 (a) in Fig. 9 and 1, 2, 3, 4, 5(a) in Fig. 10]. Figs. 7(f) and
8(f) show the reconstructed daily LST obtained from HANTS
algorithm. The results illustrate that HANTS algorithm can gen-
erate spatio-temporal seamless LST data. However, the result
value generally increases by comparing with the original data.
Table III also shows that the Poisson daily LST has the optimal
results. The LST data in Fig. 7 was selected on June 6 and is
within the summer season, and hence the LST values show a

Fig. 11. Comparison curves of three evaluation metrics obtained from eight-
day to daily LST, normalized daily LST, Poisson daily LST, and HANTS daily
LST for the 98 selected images.

clear grade division. In contrast, the LST data shown in Fig. 8
was selected in autumn season, and the LST values show a lower
level. The LST results shown in Figs. 7 and 8 are consistent with
their seasonal features. All the results show that this method can
fill data gaps seamlessly and maintains the spatial and temporal
integrity of the daily LST data.

2) Quantitative Assessment: In this paper, the quantitative
assessment is implemented to evaluate the integrated method.
For the quantitative assessment, we made simulated missing
pixels with different percentages for each of the 98 available
images. The simulated missing pixels were reconstructed by the
proposed method and the HANTS algorithm. Then the quanti-
tative assessment was given in three metrics by comparing the
reconstructed values obtained from each step of the integrated
method and the HANTS algorithm with the original values of
the simulated missing areas.

We plotted the comparison curves of the three evaluation
metrics for the 98 selected results obtained from each step of the
integrated method and the HANTS algorithm in Fig. 11. And we
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Fig. 12. Boxplot of three evaluation metrics obtained from eight-day to daily
LST, normalized daily LST, Poisson daily LST and HANTS daily LST for the
98 selected images.

also carried on the statistical analysis using the three evaluation
metrics for the 98 selected results obtained from each step of
the integrated method and the HANTS algorithm in the form of
boxplots in Fig. 12. The results of Poisson daily LST are much
better than the other results, especially the results of HANTS
daily LST. Specifically, RMSE and AAD preserve a high degree
of consistency on the curve. The result curves before the Poisson
image editing process fluctuate greatly, and it indicates that a
large deviation exists between the reconstructed pixel values and
the original pixel values. The result curves of HANTS algorithm
perform worse. After Poisson image editing, the fluctuations of
the curves are kept within a smaller numerical range, the upper
limit of RMSE and AAD in Fig. 12 is less than 1.5 °C after the
Poisson image editing process, and the median is kept within
the range of 1 °C. The upper limit values of RMSE and AAD
are close to 7 °C for the other results, especially the results of
HANTS daily LST, and the distance between the upper four
and the lower four points is large, indicating that the RMSE and
AAD are highly variable. In Fig. 11, most CC values are less
than 0.8 for the results before Poisson image editing and the
HANTS daily LST. However, almost all of the CC values are
greater than 0.85 for the results of Poisson daily LST. As can
be seen from Fig. 12, the statistics of the 98 images CC values
are in the vicinity of 0.8 before the Poisson image editing and
the HANTS algorithm. However, the results of Poisson daily
LST show that the upper and lower bounds and the upper and
lower four points are within a very small range, indicating that
the reconstruction results of all the selected images are of high
accuracy.

In addition, the overall quantitative evaluation of all the miss-
ing pixels in the selected 98 images was also presented in this
study. As shown in Table IV, the value of CC is increased from
0.9307 to 0.9926, and the RMSE and AAD are also improved
by about 2 °C after the Poisson image editing. The HANTS

TABLE IV
OVERALL QUANTITATIVE EVALUATION OF THE MISSING PIXELS IN

THE SELECTED 98 IMAGES

Bold entities indicate the optimal results.

Fig. 13. Comparison of scatterplot of the reconstructed results of eight-day to
daily LST, normalized daily LST, Poisson daily LST, and HANTS daily LST
versus the original values for all the simulated missing pixels of the selected 98
images (note: R = CC ).

daily LST has the worst performance for the three metrics.
Fig. 13 shows the comparison of the scatterplot of the recon-
structed results of eight-day to daily LST, normalized daily LST,
Poisson daily LST, and HANTS daily LST versus the original
values for all the simulated missing pixels of the selected 98
images. The pixel values of the Poisson daily LST are highly
similar to the original pixel values, and these pixel values of the
other daily LST are discrete to the original pixel values. All the
verification results prove that the Poisson image editing method
has played an important role in improving the accuracy of re-
construction results. And the part of the integrated method is
superior to the HANTS algorithm in reconstructing LST under
the clear-sky condition.

D. LST Quality Assessment Under Cloudy-Sky Condition

In order to better evaluate the accuracy of the reconstructed
LST under cloud, we used the ground measurements as the real
data to calculate the quantitative metrics. Also, quantitative and
qualitative evaluations are still performed in this part.

1) Qualitative Assessment: In order to intuitively evaluate
the reconstructed results under cloud, we carried out a compar-
ison between the results under clear-sky condition and under
cloudy-sky condition, as shown in Figs. 14 and 15. As a whole,
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Fig. 14. Comparison of the reconstruction results under clear-sky conditions
and under cloudy-sky conditions on June 6, 2010. (a) Original LST data.
(b) Reconstructed result under clear-sky conditions. (c) Reconstructed result
under cloudy-sky conditions. (d) Zoomed-in image of (b). (e) Zoomed-in image
of (c).

Fig. 15. Comparison of the reconstruction results under clear-sky conditions
and under cloudy-sky conditions on October 1, 2010. (a) Original LST data.
(b) Reconstructed result under clear-sky conditions. (c) Reconstructed result
under cloudy-sky conditions. (d) Zoomed-in image of (b). (e) Zoomed-in image
of (c).

the results under the cloud are different from those under clear-
sky conditions, especially on June 6th, which is consistent with
the previously described. The zoomed-in images illustrate that
most of the reconstructed pixel values under the cloud are lower
than those under clear-sky condition. But some pixel values are
still higher than those in clear sky. Moreover, the reconstruc-
tion results after NP method are not maintaining spatial detail
information, as shown in the red oval of the zoomed-in images.
Some explanations have been described in discussion.

In addition, we also compared the reconstructed results to the
ground measurements in time domain. The SURFRAD GWN
site is located in this test area, from which we can obtain the

Fig. 16. Comparison of temporal variations between any two datasets. (a)
Comparison between the ground observations and the reconstructed LST under
clear-sky condition. (b) Comparison between the ground observations and the
reconstructed LST under cloudy-sky condition. (c) Comparison between the re-
constructed LST under clear-sky condition and that under cloudy-sky condition.

high-quality upwelling and downwelling TIR data to accurately
retrieve the LST data. To keep in line with the MODIS Terra
satellite transit time, we chose the retrieved LST data for each
morning of the year 2010 as the ground truth to compare with
the reconstructed data in the corresponding location. Fig. 16
shows the comparison of temporal variations between any two
datasets. The reconstruction results under clear-sky condition
differ slightly from those of reconstructed under cloud. How-
ever, the temporal variation trends of the two datasets remained
highly consistent. The temporal variation trends of the two
datasets are consistent with the ground measurements, although
there are some differences compared with the measured data.
More specifically, the reconstructed LST under cloud are closer
to the ground measurements by visual inspection.

2) Quantitative Assessment: We further calculated RMSE,
AAD, and CC to evaluate the reconstructed results under differ-
ent sky conditions. There are nine invalid data and 356 valid data
in the 365 ground observations, and 201 valid days are under
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Fig. 17. Comparison of temporal variations between any two sets of data.
(a) Comparison between the ground observations and the reconstructed LST
under clear-sky condition. (b) Comparison between the ground observations and
the reconstructed LST under cloudy-sky condition. (c) Comparison between
the reconstructed LST under clear-sky condition and those under cloudy-sky
condition.

cloud cover. Three metrics are calculated based on the 356 valid
data. Fig. 17(a) shows that the CC between the reconstructed
LST under clear-sky conditions and the ground measurements
is 0.8451, and RMSE and AAD are 4.9779 and 4.0320 °C, re-
spectively. Fig. 17(b) shows that after the revised NP method,
the CC, RMSE, and AAD between ground measurements and
the reconstructed LST are 0.8754, 4.7812 and 3.6405 °C, re-
spectively. Although the differences of the three metrics are
very small, it shows that the reconstructed LST after the re-
vised NP method are closer to the ground measurements. In
other words, shortwave downwelling radiation data play a key
role in reconstructing the LST under cloud. We also compared
the reconstructed LST under clear-sky condition and those un-
der cloudy-sky condition. The three metrics (CC, RMSE, and
AAD) are 0.9487, 2.3761, and 1.5488 °C, respectively. These
three quantitative evaluation results indicate that there is a high
correlation between the reconstructed LST under different sky
conditions, and the clouds can do to reduce the LST by about 2
°C. Overall, the reconstructed LST after the revised NP method
are prior to those under the clear-sky condition.

E. Discussion

The simulated experiments indicated that the proposed
method effectively reconstructs LST under clear-sky condition.
All the LST of the reconstructed pixels were highly consis-
tent with that of the original pixels. The real experiments also
illustrated that the reconstructed MODIS LST values are quite
approaching the ground measurements. Therefore, the proposed
method can reconstruct MODIS LST accurately under different
sky conditions. However, some factors that affect the accuracy
of the results need to be discussed.

1) Necessity of the Eight-Day LST Product: The daily LST
data not only contain a large amount of missing information in
space, but also show a continuous absence in time. The classical
gap-filling methods are difficult to effectively reconstruct the
missing information of these data due to unavailable reference
data. Also, the temporal filter methods cannot fit the right curves
to reflect the real change trend in a continuous absence. There-
fore, the auxiliary data are needed to provide effective reference
data as much as possible. In this study, the eight-day LST prod-
ucts were used due to their higher quality after the composite
method and some temporal filter methods were proven to be
effective in reconstructing high-quality remotely sensed com-
posited products. The eight-day LST product fits the complete
temporal variation information of LST after the high-quality
reconstruction, which could be used in the daily LST product
reconstruction.

2) Cloud Effects: The QA flag records the quality of each
pixel in the LST products, indicating the available pixels and
the cloud-cover pixels. The locations of clouds were determined
by the MODIS cloud mask algorithm using a series of visible
and infrared threshold. However, effects of cloud edges, such
as cloud shadows, have a very substantial impact on satellite
land products. They degrade the quality of clear-sky composite
products and bring about systematic biases in long-term data
records [27], [54]. Although we have masked all the pixels
except these pixels with good quality (QA = 00), it might fail
to mask the edge of the clouds, as the images in Figs. 7(a)
and 8(a) show that many red and trivial patches appear on the
edge of valid data regions. Apparently, this effect would bring
about errors to our reconstructed results. Therefore, we carried
out corrosion algorithm to clear these red and trivial patches,
as the images denoted in Figs. 7(b) and 8(b) show, in order to
minimize the influence of the cloud edge.

3) Downwelling Shortwave Radiation Product Effect: In
this study, the revised NP method was used to reconstruct the
LST under cloudy-sky condition. The NP method regarded that
the change of surface temperature not only has linear relation
with the changing shortwave radiation, but also has direct rela-
tion with soil thermal conductivity. Actually, soil thermal con-
ductivity is affected by many other parameters and is difficult
to obtain. Therefore, an assumption was made that soil ther-
mal conductivity did not change in a given range of regions,
and the downwelling shortwave radiation data were chosen as
the only auxiliary data. This assumption may lead to a lot of
errors to the reconstructed results, as shown in the red oval
of the zoomed-in images in Figs. 14 and 15. In addition, the
downwelling shortwave radiation data in this paper were cal-
culated by complementary calculation of the data of various
sensors, and we confirmed by the producer that there were
indeed some of the outliers in the data and they were diffi-
cult to be identified. Although many methods have been de-
veloped for removing noises, it is difficult to eliminate these
outliers correctly in this paper. So some errors have been in-
troduced leading to some of the reconstructed pixel values un-
der the cloudy-sky condition higher than those under clear-sky
condition.
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V. CONCLUSION

MODIS LST products are negatively affected by cloud and
cloud shadows resulting in many invalid or missing LST val-
ues. An analysis of the MODIS LST product in 2010 for the
test area indicated that the percentage of high-quality LST val-
ues in the daily LST product for this region was only 32.06%,
whereas the percentage of low-quality LST values was 9.35%,
and the percentage of missing LST values due to cloud cover-
age was 55.59%. MODIS daily LST data are heavily affected
by cloud cover, and it is of great significance to reconstruct
the missing information caused by cloud cover. Although the
eight-day composite LST products are with higher quality, the
integrity of this data needs to be improved before their further
applications.

In this study, an integrated method has been developed to
reconstruct the MODIS daily LST product, which consists of
two parts. First, the LST reconstruction under clear-sky con-
dition, where the MODIS eight-day LST product was used to
be interpolated into the low-quality daily LST dataset using the
HANTS method before the linear regression based on the orig-
inal good quality pixels of the MODIS daily LST product. And
then the Poisson image editing method was used for seamless
processing of the reconstructed low-quality daily LST dataset
to generate high-quality daily LST dataset under clear-sky con-
dition. Second, the LST reconstruction under cloudy-sky con-
dition, where the revised NP approach based on the theory of
surface energy balance was used to reconstruct the real LST un-
der cloud with the help of the downwelling shortwave radiation
data.

The reconstructed LST under clear-sky condition was eval-
uated using the simulated experiments by masking the good
quality pixels and then reconstructing valid LST pixels. We
have calculated the CC, RMSE, and AAD for each of the se-
lected 98 images as well as the overall simulated missing pixels
between reconstructed pixel values and the original pixel values.
The reconstructed LST shows the overall accuracy with CC of
0.9926, and RMSE of 1.0832 °C, and AAD of 0.7344 °C. All
the results show that the Poisson image editing method plays
an important role in improving the accuracy of reconstruction
results. We have evaluated the reconstruction results under dif-
ferent sky conditions by comparing the reconstructed results to
the ground measurements. The evaluated results (CC, RMSE,
and AAD) under clear-sky condition are 0.8451 are 4.9779 and
4.0320 °C, as well as those under cloudy-sky condition are
0.9487, 2.3761°C, and 1.5488°C, respectively. The comparison
between the results under clear-sky and cloudy-sky conditions
indicate that there is a high correlation between the reconstructed
LST under different sky conditions, and the clouds can do to
reduce the LST by about 2 °C. In conclusion, the proposed
method can reconstruct high-quality MODIS daily LST data
products.
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