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Abstract: Land surface temperature (LST) is a crucial input parameter in the study of land surface
water and energy budgets at local and global scales. Because of cloud obstruction, there are many gaps
in thermal infrared remote sensing LST products. To fill these gaps, an improved LST reconstruction
method for cloud-covered pixels was proposed by building a linking model for the moderate
resolution imaging spectroradiometer (MODIS) LST with other surface variables with a random
forest regression method. The accumulated solar radiation from sunrise to satellite overpass collected
from the surface solar irradiance product of the Feng Yun-4A geostationary satellite was used to
represent the impact of cloud cover on LST. With the proposed method, time-series gap-free LST
products were generated for Chongqing City as an example. The visual assessment indicated that the
reconstructed gap-free LST images can sufficiently capture the LST spatial pattern associated with
surface topography and land cover conditions. Additionally, the validation with in situ observations
revealed that the reconstructed cloud-covered LSTs have similar performance as the LSTs on clear-sky
days, with the correlation coefficients of 0.92 and 0.89, respectively. The unbiased root mean squared
error was 2.63 K. In general, the validation work confirmed the good performance of this approach
and its good potential for regional application.

Keywords: land surface temperature; MODIS; random forest; reconstruction; validation

1. Introduction

Land surface temperature (LST) has a deep influence in the study of water balance,
land surface energy and land surface processes at regional and global scales [1,2], and it
plays an essential role in various fields, such as monitoring soil moisture, evapotranspira-
tion, drought assessment, urban climate change, hydrological cycle research and disease
transmission [3–7]. Since the 1970s, the extraction of LST from airborne thermal infrared
data has attracted much attention [8]. Currently, the fast development of LST retrieval
algorithms enables relatively high accuracy for LST estimation which can reach within 1 K
in the uniform area of flat surface coverage [9,10].

LST products derived from the moderate resolution imaging spectroradiometer
(MODIS) have been extensively in different fields [11,12]. Most MODIS LST products
have a high temporal resolution, which are generally retrieved by the generalized split-
window algorithm [13,14]. However, data gaps are widespread in LST product retrieval
from TIR data due to cloud cover, which lead to great barriers when analyzing the spatio-
temporal variability of LST. Statistically more than 60% of the global MODIS LST datasets
are affected by cloud cover [15]. Therefore, to overcome the restriction of missing val-
ues resulting from clouds, a range of research has focused on developing reconstruction
methods [15–20].
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Currently, the reconstruction methods for cloud-covered pixel can be mainly sepa-
rated into three categories including spatial information-based methods, multi-temporal
information-based methods and hybrid methods. Spatial information-based methods are
the most common, such as inverse distance weighting, the Kriging method, Co-Kriging and
adjusted Kriging [21,22]. These geostatistical methods are based on the spatial correlation
between the missing LST data and their adjacent clear-sky pixels. Based on this theory,
Ke et al. [22] reconstructed LST time-series over mountainous areas; Fan, et al. [23] esti-
mated the LST in a flat terrain and fragmented landscape considering land cover and other
environmental elements; Hengl, et al. [24] built an interpolated model to generate daily
mean temperatures over a whole year period by using a time-series of auxiliary predictors.
Regrettably, the large numbers of missing LST data limits the applicability of geostatistical
interpolation methods. The second methods are based on the recognition of temporal
LST variations, whose performance is greatly impacted by close time gaps between two
cloud-free values. A variety of temporal interpolation methods have been suggested and
evaluated, such as Coops, et al. [25], who investigated differences between the MODIS
Aqua and Terra LST and derived the full diurnal LST; Xu and Shen [26] employed the Har-
monic Analysis of Time Series algorithm to remove cloud-covered pixels and reconstructed
the MODIS LST data in the Yangtze River Delta region. Since spatial interpolation methods
and temporal interpolation methods are often used to reconstruct the cloud-affected values,
the hybrid methods was proposed by combining the advantages of spatial and temporal
neighborhood information. Chen, et al. [27] used multiple temporally adjacent images
as reference and developed a best estimate for the clear-sky equivalent LST based on a
Bayesian approach. A reconstruction method reliant on spatial and temporal information
was applied to reconstruct MODIS LST products was developed by Kang, et al. [28].

All these methods can reconstruct the theoretical clear-sky LSTs values rather than
the actual LSTs which are normally influenced by cloud cover, so Zhao and Duan [29]
developed a novel approach for recovering the cloud-affected LSTs for MODIS daily
observations using a random forest (RF)-based approach. The major innovation of this
method was the use of the downward shortwave radiation flux (DSSF) product from
Meteosat Second Generation (MSG) geostationary observations to describe the effect of
cloud cover on LST. Because of the high time resolution of MSG products, it can well
reflect the influence of the cumulative radiation factor in the area covered by clouds. With
this solar radiation factor and other environmental factors as the predictor variables, this
method was fitted by RF regression method with clear-sky pixels and then applied to the
cloudy pixels to estimate the actual LST. As a machine learning method, it represented
the interaction between LST and the most relevant LST influencing variables, and it was
relatively simple for this approach to fit reconstruction functions. Moreover, a visual
inspection, using Global Land Data Assimilation System NOAH LST data and ground-
based air temperature data partly confirmed the reliable performance of the reconstructed
LST. However, a direct validation with ground-based LST measurements was lacking in
this study.

Here, a time-series LST product was generated based on the RF method, and an
evaluation study was conducted in this study to further evaluate the performance of the
reconstruction model. The Chongqing city in southwest China was selected as the study
area and the in situ LST measurements from four sites, including Caoshang (CS), Hutoucun
(HTC), Jinfoshan (JFS) and Qingmuguan (QMG), in this region were used to validate the
reconstructed LST.

2. Materials and Methods
2.1. Study Area

Chongqing is located in southwest China, between 105◦11′–110◦11′ E and 28◦10′–
32◦13′ N (Figure 1). The climate is subtropical humid, with a mean annual rainfall of
1240.9 mm and an average annual temperature of 14.6–15.6 ◦C. It has complex topographic
features with elevation changing from 73 to 2796 m. The western Chongqing is located in
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the Sichuan Basin, and the east gradually uplifts eastward. As an inland city, Chongqing
is characterized by its cloudy and foggy weather. The statistics based on MODIS daily
observations in 2018 indicate that the number of the days with valid values for each
pixel in this region accounts for 38 to 135. Therefore, it is a good place to evaluate the
LST reconstruction study. To obtain more valid pixels for modeling, the study area was
extended to cover the whole Chongqing city as shown in Figure 1.
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Figure 1. The location of the study area and location of validation stations.

2.2. Methodology and Data
2.2.1. Random Forest-Based Reconstruction Model

LST is impacted by incident surface radiation, topography, meteorology, land cover,
latitude and elevation. Under cloud cover conditions, the incident solar radiation is blocked
by cloud cover, which influences the evolution of LST in obscured areas. To effectively
express the influence of environmental variables on effective LST, Zhao, et al. [30] con-
structed a LST linking model. Based on this LST linking model, Zhao and Duan [29]
proposed a RF-based approach to reconstruct LST under the cloud cover. Compared with
other reconstruction methods, this method is relatively independent from in situ mea-
surements and shows high flexibility due to the large number of decision trees generated
by splitting at each tree node by the random selection of a subset of training samples
and a subset of variables. The predictors are NDVI (VNDVI), EVI (VEVI), NDWI (VNDWI),
albedo (VALB), elevation (VELV), slope (VSLP), latitude (VLAT) and solar radiation factor
(VSOL). VSOL is estimated based on the cumulative value of surface solar irradiance between
sunrise and the satellite overpass time. In this study, because the surface albedo product
was strongly contaminated by frequent cloud cover in this region, a slight improvement
was introduced in the reconstruction method of this study by excluding VALB from the
reconstruction process to avoid the impacts of cloud cover. The detailed flowchart of the
reconstruction process was shown in Figure 2. The RF-based approach was firstly used
to establish the LST linking model with the observations from clear-sky pixels. Then,
the established linking model was applied to the cloud-covered pixels to estimate the
actual LST values. During the estimation process, there should be enough clear-sky pixels
available for the linking model construction to effectively capture the complex relation-
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ship between LST and these predictor variables. After many tests, a threshold of 30% of
clear sky pixels are needed to determine whether the training samples are appropriate to
reconstruct the LSTs under cloud cover. For days with less than 30% valid LST pixels, the
reconstruction will not be conducted on these days. As shown in Figure 3, the number
of the days passing the above requirement is only 102 in 2018. Before fitting the model,
two important parameters need to be specified: The number of variables to be selected at
each split (mtry) and the total number of trees to be grown (ntree). In this study, the ma-
chine learning library (Scikit-Learn 0.24.2) was used to build the link model in Python 3.8
(https://www.python.org/downloads/release/python-380/, accessed on 1 June 2021),
and the ntree and mtry values were 500 and 3, respectively, which were selected based on
several tests.
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Finally, the in situ LST measurements acquired from the longwave radiation ob-
servations at four stations were used to validate the recovered LST and evaluate the
reconstruction method.

2.2.2. MODIS Products

In this study, we selected the 1 km MOD11A1 product to implement the reconstruction
of LSTs. The cloudy and low-accuracy pixels, with error larger than 1K, were removed
according to the data quality control flags. Then the 3σ-edit rule, a widely used method for
outlier detection [31], was used to remove outliers to obtain robust statistics for LST validation.

The surface reflectance data and the vegetation indices data were selected from
MOD09A1 and MOD13A2 products, respectively, in this study. NDWI was calculated
based on MOD09 A1 products. NDVI and EVI were available from MOD13A2 products.
These datasets were used as related impact factor data to deduce the interrelationship
between LST and its variables. The quality of vegetation indices is affected by various
factors, such as the noise of anisotropic reflectance, electronic unstable errors, artificial
data resampling and atmospheric condition. To reduce the noise induced by clouds, a
temporal filter method, the Savitzky–Golay filtering (SG) technique [32,33], was used to
smooth vegetation indices (NDVI and EVI) time-series products before running the RF-
based reconstruction model. For the SG method, Lara and Gandini [32] have evaluated
its performance and found that it showed more reliable results than other smoothing
functions on a complex and heterogeneous landscape. All the MODIS datasets are down-
loaded from NASA’s Earthdata website (https://search.earthdata.nasa.gov/, accessed on
20 August 2020) for free.

2.2.3. Topographic Parameters

To obtain the terrain information, the freely available Advanced Land Observing
Satellite (ALOS) 30-m DEM data was downloaded from the website (https://www.eorc.
jaxa.jp/ALOS/en/aw3d30/, accessed on 20 August 2020). According to the DEM data,
surface slope and elevation are calculated to be the terrain factors in the reconstruction
process, and they were aggregated into 1 km matching the MODIS LST data using the
bilinear interpolation method.

2.2.4. Solar Radiation Factor Estimation

VSOL represents the cumulative value of surface solar radiation from sunrise to satellite
observing time. For pixels with permanent cloud cover, the VSOL value should be very
small and its value will show a general increasing trend with the increase of the clear-sky
duration. Therefore, it can represent the impact of cloud cover during the diurnal warming
process. Regarding the advantage of high-temporal-resolution, FY-4A L2 Surface Solar
Irradiance (SSI) data was selected in this study. FY-4A was launched on 11 December 2016.
It is equipped with an advanced geosynchronous radiation imager (AGRI), which can
provide a high-temporal-resolution (60-min) and a coarse-resolution (4-km) SSI product.
SSI product was downloaded for free from the FENGYUN Satellite Data Center (http:
//data.nsmc.org.cn, accessed on 1 June 2021). To match the spatial resolution of the MODIS
LST data, the FY-4A SSI product was interpolated to 1 km using a bilinear interpolation
method. After this, the VSOL values were estimated by integrating the instantaneous data
from sunrise to satellite observing time.

2.2.5. Validation Data

Four sites (shown in Figure 1) provide the in situ LST data estimated by the longwave
radiation data to validate the reconstruction results. Before validation, it is necessary to
verify that the in situ (point) datasets are representative on the satellite pixel scale [31]. Here
the 90-m ASTER LST product downloaded from the website (https://search.earthdata.
nasa.gov/, accessed on 15 January 2021) was selected to assess the spatial homogeneity of
these stations.

https://search.earthdata.nasa.gov/
https://www.eorc.jaxa.jp/ALOS/en/aw3d30/
https://www.eorc.jaxa.jp/ALOS/en/aw3d30/
http://data.nsmc.org.cn
http://data.nsmc.org.cn
https://search.earthdata.nasa.gov/
https://search.earthdata.nasa.gov/
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Based on the thermal radiation transfer function, the in situ LST measurements can be
estimated by the following function [34]:

Ts =

[
Lu − (1− εb)Ld

εbδ

] 1
4

(1)

where Lu is the surface upwelling longwave radiation; Ld is the surface downwelling
longwave radiation; εb is the surface broadband emissivity; δ is the Stefan–Boltzmann
constant (5.67 × 10−8 Wm−2 K−4); and Ts is the in situ LST value. From this, εb can be
estimated through the following form [35]:

εb = 0.2122ε29 + 0.3859ε31 + 0.4029ε32 (2)

where ε29, ε31 and ε32 are the surface narrow-band emissivities of MODIS bands 29
(8.3 µm), 31 (10.8 µm) and 32 (12.1 µm), respectively, which are available from MOD11C1
monthly dataset.

3. Results
3.1. Visual Assessment for the Reconstruction LST
3.1.1. Original LST

To present the reconstruction effect, four scenes at different seasons (the day of the
year (DOY) 9, 92, 203 and 283 in 2018) were selected as examples. As shown in Figure 4,
(DOY) 9, 92, 203 and 283 represented the winter, spring, summer and fall of the year,
respectively. The data missing from these four days is serious, and the percentage of
valid value in these images is 66.6%, 55.7%, 44.4% and 20.3%, respectively, and the pixels
without data are mainly distributed in the northeast and southeast of Chongqing. The
significant LST difference of these days can represent the distribution characteristics in one
year, hence the reason for choosing these four days. The histogram profile of LST, elevation
and NDVI on these four days is shown in Figure 5. The clear-sky pixels are distributed
in both high elevation and high NDVI regions, as well as low latitude and low NDVI
regions, that can describe the altitudinal and environmental temperature features and
capture the characteristics of predictor variables. The input data including low LST and
high LST pixels in a single day is beneficial to derive the complex relationships between
LST and the variables. In addition, the size of pixels with value in four days is different,
which can further demonstrate the impact of different sizes of input data on the accuracy
of model construction.
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3.1.2. The Impact of Cloud

Along with the model fitting, clouds play an important role. Figure 6 shows the cu-
mulative value of surface solar irradiance of these four days, which can present the impact
of the cloud cover on solar radiation during the surface warming process. Comparing the
cumulative SSI (Figure 6) with the original LST (Figure 4), the low value pixels of SSI and
the blank areas of LST obscured by clouds have a similar spatial distribution. The moun-
tains in the northeast and southwest are frequently covered by clouds that the cumulative
SSIs are usually low. The cumulative SSI can account for the influence of cloud cover with
different duration times. Therefore, based on the time-series FY-4A SSI product, the impact
from different solar radiation conditions can be accurately monitored. Accordingly, the RF
model effectively obtained the relationship between the LST and different surface variables,
especially cloudy information.
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3.1.3. Reconstructed LST

As shown in Figure 7, the density plots between the recovered LSTs and the valid
LSTs illustrate the good performance of the LST linking model fitting. The coefficient
of determination (R2) is above 0.98 and the root mean squared error (RMSE) is lower
than 0.1 K; this demonstrates that the RF model maintains a relatively stable performance
for different seasons with close agreement between the untrained LST values and the
reconstructed LST values. Meanwhile, the input dataset was randomly divided into the
training part and test part, containing 90% and 10% of the dataset, which was applied for
cross-validation. The average out-of-bag score was above 0.98, that indicated the fitted
model well describes the interactions between LST and the predictor variables. Along
with the model fitting, the average variable importance scores for each variable of the
reconstructed days is shown in Table 1. The high score values of VELV , VLAT and VSOL
is 0.299, 0.209 and 0.148, respectively, which present the strong correlation with LST. As
shown in Figure 8, the reconstructed LST images have strong spatial continuity without
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abrupt increase or decrease. According to the spatial distribution of the reconstructed LSTs
in these four days, it can be found that there is a similar increasing trend of LSTs from
north to south. The LST variation associated with surface elevation can be clearly detected
in all four images. The high elevation regions in the north and middle part of the study
area usually have low LST, while the low elevation regions in the west part have high
LST. Based this method, the reconstructed LST images clearly show the impact from the
mountain ranges in the middle and western part of this region.
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Table 1. The average variable importance scores of the reconstructed days.

VNDVI VEVI VNDWI VLAT VELV VSLP VSOL

0.113 0.080 0.086 0.209 0.299 0.065 0.148

3.2. Validation of the Reconstructed LSTs
3.2.1. Evaluation of the Spatial Representativeness of In Situ LST Observations

Prior to the validation of the reconstructed LSTs, the spatial standard deviation (STD)
of LSTs was calculated using a subset of 11× 11 ASTER pixels corresponding to the MODIS
pixel centered on each site [31]. The STDs of HTC and JFS sites are considerably larger than
that of the other two sites shown in Table 2. However, all sites have a spatial STD lower
than 1.7 K; therefore, they can be considered relatively homogeneous and can be used to
directly validate the LSTs at MODIS scale.

Table 2. The spatial standard deviation (STD) of validation sites used in this study.

Sites CS HTC QMG JFS

STD(K) 1.03 1.59 0.78 1.62

Meanwhile, the measurements from these sites were selected to assess the accuracy of
the original MODIS LST product. The scatter plot shown in Figure 9 indicates that there
is good correlation between two datasets with the R2 of 0.92 and the unbiased root mean
squared error (ub RMSE) less than 3 K. However, there is a systematic negative bias in the
MODIS LST product.
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3.2.2. Validation with In Situ measurements

Figure 10 shows the reconstructed LSTs versus in situ measurements of four sites after
removing the systematic biases. The scatter plot generally shows that the reconstructed
LSTs at these four sites have a good correlation with the in situ data with an R2 value of
0.89 and the ubRMSE of 2.63 K. Additionally, most of the reconstructed LST values are
concentrated near the 1:1 line, which demonstrates that the reconstructed LSTs have a good
agreement with the original LSTs, and this method provides a reliable, robust filling result.
Although the R2 is slightly lower than the comparison for cloud-free LST pixels, the bias is
a little smaller according to the absolute value.
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To further analyze the validation effects at different sites, the accuracy of the recon-
structed LSTs was evaluated separately with in situ measurements at each site. Table 3
summarizes the statistics of these comparisons. For these four sites, the bias varies from
3.00 K to 4.87 K, meaning that a slightly systematic overestimation happens at all sites.
The comparison results indicated that the validation at the JFS site is worse than other
sites, especially in terms of bias. Combined with the STDs of four sites shown in Table 2,
one possible reason for the significant discrepancies is spatial heterogeneity of LST at
this site. Furthermore, the comparison results display that although some sites show a
relatively large bias, the overall results generally present the strong correlation between
two original LSTs and in situ LSTs. Therefore, we can conclude that the RF-based approach
has satisfactory performance in reconstructing the LSTs under cloud cover.

Table 3. Bias, R2, RMSE and ub RMSE of difference between the reconstructed LSTs and in situ for
four sites.

Sites CS HTC QMG JFS

Bias (K) 3.00 3.61 3.05 4.87

R2 0.88 0.90 0.88 0.68

RMSE (K) 4.11 4.32 3.78 5.79

ub RMSE (K) 2.81 2.38 2.24 3.13

4. Discussion

In this study, a RF-based approach was used restore the missing LST values affected by
clouds. Although a visual comparison and ground-based measurements show satisfactory
performance, there are various advantages and disadvantages in this research.

According to the statistics in 2018, there were only 38 to 135 days with valid values
for each pixel in the study area. While this study area is continually and widely covered
by clouds, it has complex terrain features. Therefore, the MODIS LST products are hardly
available, which severely impedes regional research such as climate change assessments,
agricultural drought monitoring and urban heat monitoring. In this paper, the RF approach
performs well in reconstructing missing LST values in such a complex area. As Figure 8
shows, there is no extreme overestimation or underestimation in reconstructed LST and the
cloud cover pixels were effectively filled. Meanwhile, the experimental results also infer
that the RF approach is effective in reconstructing the missing values.
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Zhao and Duan [29] used the Meteosat Second Generation (MSG) downward surface
shortwave flux product to depict the impact of cloud cover on LST. Here, the FY-4A SSI
product was selected to estimate the cumulative downward surface solar irradiance during
the surface warming process. FY-4A is the first Chinese next-generation geostationary
meteorological satellite. It was launched in 2016 and began operating in 2018. A comparison
obviously displays that the spatial distribution of the invalid LST (Figure 4) from MODIS
suffering from cloud cover is highly consistent in low value areas of the cumulative SSI
images (Figure 6). Besides, Figure 11 shows a comparison of the in situ LST (orange curve)
and the cumulative value of SSI (blue curve) with the day of the year. As shown in the
Figure 11, these two curves exhibit good coherence and change similarly, which could
suggest that the cumulative value of SSI sufficiently captured the impact of cloud cover on
LST. Therefore, based on the FY-4A SSI product, the cloud-covered information of MODIS
LST values between sunrise and satellite overpass time can be accurately estimated. VSOL
can be obtained by the FY-4A SSI product, and the RF approach can be applied to the entire
hemisphere’s LSTs with a longitude centered at 104◦42′ E, theoretically. Compared with
other methods [34,36], this reconstruction method is much more practical and independent,
with the auxiliary data obtained from the FY-4A SSI product to describe the change of LST
impacted by the cloud-covered conditions.
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Despite the good performance of the result with the RF approach, some limitations
still exist. First, the performance of the RF model depends on a sufficiently large data
sample. Therefore, as many valid pixels as possible should be selected to fit the model.
Based on empirical assumption, a cloud-free fraction of at least 30% is needed for the
reconstruction studies in this study. To select abundant valid pixels to train the model, the
data input used here covers the entire study area. Moreover, the fitted model has some
inherent uncertainty associated with input datasets. For instance, the vegetation indices
are smoothed by the SG filter, which leads to uncertainty in describing the actual surface
circumstance for one specific day. To reduce the uncertainty of variables, the quality and
error of datasets should be controlled before reconstruction.

Second, there are many challenges in validation. Due to the limited availability
of ground-based observations, there is a lack of abundant sites and measurements at a
complete time-series for validation in the complex area. Moreover, because of the special
spatial position in this region, the LST products reconstructed by this method are not
compared with other reconstructed LST products [34,37]. Additionally, it is difficult to
validate the LST products in such a heterogeneous region. As shown in Figure 12, a set
of ASTER pixels (corresponding to the MODIS pixel) centered on each site (marked in
Figure 1) were acquired in CS, HTC and QMG on 14 August and in JFS on 2 January under
a clear-sky condition. Figure 12 indicates that for four sites in diurnal LST experiments,
the LSTs in QMG demonstrate weaker heterogeneous structural characteristics than the
other sites, whose LST difference at one MODIS LST pixel with a temperature of ~10K.
Associated with the STDs of four sites shown as Table 2, there are large spatial variations in
LST over the sites, which is influenced by strong convection systems, such as strong wind,
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heavy precipitation and rapid transition among the air masses. Therefore, it is necessary to
ensure spatial homogeneity of the satellite pixel and high-quality in situ measurements
before validation.
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5. Conclusions

This study presented an evaluation of time-series LST reconstruction products under
the influence of cloud coverage, based on the RF method. The time-series FY-4A SSI product
was selected to obtain the relationship between the LST and the cloud cover. Through
visual assessment and direct validation with in situ LST data collected from four sites in
the study area, this evaluation indicated that the reconstruction method can sufficiently
capture the spatial and temporal variations of LST under different land surface conditions.
The topographic influence was clearly presented in the reconstructed LSTs. Furthermore,
the quantitative validation also showed that the reconstructed LSTs have good correlation
with in situ LST measurements with the R2 of 0.89. In general, the evaluation study
confirmed the reliability of the reconstruction method in estimating LST under cloud-
covered conditions. However, the size of the training dataset has a direct influence on the
model accuracy, and the validation suffers from the topographic impacts. Therefore, how
to improve the accuracy of this reconstructed method and validation in complex region
should be investigated in further study.
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