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Abstract: Accurately estimating land surface temperature (LST) is a critical concern in thermal infrared
(TIR) remote sensing. According to the thermal radiance transfer equation, the observed data in each
channel are coupled with both emissivity and atmospheric parameters in addition to the LST. To solve
this ill-posed problem, classical algorithms often require the input of external parameters such as land
surface emissivity and atmospheric profiles, which are often difficult to obtain accurately and timely, and
this may introduce additional errors and limit the applicability of the LST retrieval algorithms. To reduce
the dependence on external parameters, this paper proposes a new algorithm to directly estimate the LST
from the top-of-atmosphere brightness temperature in Landsat-9 two-channel TIR data (channels 10
and 11) without external parameters. The proposed algorithm takes full advantage of the adeptness
of the ensemble learning method to solve nonlinear problems. It considers the physical radiance
transfer process and adds the leaving-ground bright temperature and atmospheric water vapor index
to the input feature set. The experimental results show that the new algorithm achieves accurate LST
estimation results compared with the ground-measured LST and is consistent with the Landsat-9
LST product. In subsequent work, further studies will be undertaken on developing end-to-end deep
learning models, mining more in-depth features between TIR channels, and reducing the effect of
spatial heterogeneity on accuracy validation.

Keywords: land surface temperature; thermal infrared; remote sensing; ensemble learning; Landsat-9

1. Introduction

Land surface temperature (LST) is an important parameter affecting the energy and
moisture cycle between the land surface and the atmosphere, characterizing the spatial and
temporal distribution of the land surface thermal radiance, and plays a crucial role in vari-
ous fields such as environmental protection, ecology, and agriculture [1]. Thermal infrared
(TIR) remote sensing is an efficient approach to obtaining large-scale LST measurements
and has received wide attention. LST estimation from TIR remote sensing data is ill-posed
since the number of unknowns, including atmospheric parameters (upward radiance,
downward radiance, and transmittance) and land surface emissivity for each TIR channel
and LST is larger than the number of observed TIR channels [2]. In decades of studies,
a variety of LST retrieval algorithms based on the characteristics of different TIR remote
sensing data sources have been proposed, including the single-channel (SC) algorithm [3,4],
the split-window (SW) algorithm [5–7], the temperature and emissivity separation (TES)
algorithm [8–11], and the physics-based day/night (D/N) algorithm [12,13].

The above algorithms simplify the thermal radiance transfer process by setting some
assumptions to solve the ill-posed problem, which required accurately and timely obtaining
some additional parameters. For example, the SC algorithm requires both land surface
emissivity and atmospheric parameters to be known [14,15]. Although the SW algorithm
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can eliminate atmospheric effects based on the relationship between adjacent TIR channels,
it still requires the input of the land surface emissivity [5,7,16]. The TES and D/N algorithms
use the relationship between different channel emissivity values or two observations during
daytime and nighttime to estimate the LST and emissivity from the atmospheric corrected
TIR data [9,10]. However, accurately obtaining atmospheric parameters and retrieving the
land surface emissivity concurrently with satellite observations are often difficult, and the
inaccessibility and uncertainty of these external parameters directly reduce the performance
and applicability of the above algorithms [17–19]. Therefore, this paper aims to propose a
new algorithm for the direct retrieval of the LST from the original bright temperature (BT)
observed at the top of the atmosphere without requiring the input of external parameters to
enhance the feasibility and stability of LST retrieval under different observation conditions.

Benefitting from the ability to capture nonlinear correlations, machine learning meth-
ods, which can provide a direct solution by establishing a link between the input feature set
to the output results, have been applied for parameter retrieval from TIR remote sensing
data [20], including LST estimation from multiple-channel TIR data [21,22], LST residual
optimization from SW algorithm results [23], and the simultaneous retrieval of land surface
and atmospheric parameters from TIR hyperspectral data [24–26]. Ensemble learning meth-
ods, which can learn multiple hypotheses to solve a problem together by combining various
weak learning models, including bagging, boosting, and stacking techniques, have demon-
strated the ability to represent complex physical processes well and have been applied
to remote sensing applications with promising results, such as mapping natural hazards,
predicting crop yields, and spatial downscaling [20,27,28], and they can improve accuracy
and reduce overfitting by learning multiple hypotheses from training datasets [29]. In this
paper, the ensemble learning method was introduced into LST retrieval to capitalize on its
advantages to optimize the performance of the results. In addition, two physical-based new
features representing land surface and atmospheric conditions, namely, the leaving-ground
BT and water vapor index (WVI), were developed from the thermal radiance transfer
equation using the top-of-atmosphere BT [30], which, together with the top-of-atmosphere
BT form the input feature, was set to improve the accuracy further.

The proposed physical-based ensemble learning LST estimation algorithm was im-
plemented based on the latest Landsat-9 two-channel TIR data, and its effectiveness was
illustrated in the experimental results using the simulation dataset and the observed remote
sensing images. This paper is organized as follows: Section 2 gives the TIR simulation
dataset and the ensemble learning method. Section 3 describes the performance of the LST
estimation algorithm, the Landsat-9 image application, and accuracy verification results.
Sections 4 and 5 illustrate the discussion and conclusions separately.

2. Data and Methods

Figure 1 shows the flowchart of the proposed algorithm in this study, which includes
three steps: (1) TIR dataset simulation, (2) LST estimation model training, and (3) accuracy
verification. First, using global atmospheric profiles and an emissivity library, the MOD-
TRAN model was driven to obtain the simulated Landsat-9 TIR dataset under different land
surface and atmospheric conditions. Subsequently, the physics-based features, including
TOA BT, leaving-ground BT, and WVI, were developed to train the GBM model for LST
estimation. Finally, the LST estimation model was applied to authentic Landsat-9 TIR
images to obtain the LST estimation results and validated using ground measurement data
and Landsat-9 LST products.
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Figure 1. The flowchart of the proposed LST estimation algorithm.

2.1. TIR Simulation Dataset

The Landsat-9 satellite was launched on 27 September 2021, carrying the latest TIR
Sensor-2 (TIRS-2), which is capable of acquiring TIR remote sensing images at a 100 m spa-
tial resolution in 2 channels [31,32]. The spectral response functions of the Landsat-9 TIRS-2
data are shown in Figure 2. The spectral ranges of the 2 TIR channels are 10.45–11.20 µm
and 11:58–12:50 µm. The Landsat-9 TIR simulation dataset for different atmospheric and
land surface conditions was first built using the thermal radiance transfer process to de-
velop the LST estimation algorithm. The radiance observed by the satellite at the top of
the atmosphere (LTOA) consists of three components: the land surface emitted radiance, re-
flected atmospheric downward radiance, and atmospheric upward radiance. The radiance
transfer equation is shown in Equation (1):

LTOA = [ε · B(Ts) + (1 − ε) · Ld] · τ + Lu
= ε · B(Ts) · τ + (1 − ε) · Ld · τ + Lu

(1)

where ε is the land surface emissivity, Ts is the LST, B(.) is the Planck function, τ is the
atmospheric transmittance, and Ld and Lu are the atmospheric downward and upward
radiance, respectively. The land surface emitted radiance can be calculated as ε · B(Ts) · τ,
and the reflected atmospheric downward radiance follows Kirchhoff’s law.

For atmospheric conditions, 946 global clear-sky atmospheric profiles, including
236 tropical profiles, 258 mid-latitude profiles, and 452 polar profiles, chosen from the
Thermodynamic Initial Guess Retrieval (TIGR) database [33] were applied to simulate
the atmospheric parameters (Ld, Lu, and τ) during satellite observation by driving the
MODerate resolution atmospheric TRANsmission (MODTRAN) model. Moreover, for
land surface conditions, an emissivity set including 77 land surface types, which contained
14 vegetation samples, 36 soil samples, 23 rock samples, and 4 water samples, was built
from the ASTER [34] and UCSB [35] spectral library. Meanwhile, the LST was set as the sum
of the bottom air temperature of each atmospheric profile and a variation of [−15, 20] K (at
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5 K intervals). Therefore, a Landsat-9 TIR simulation dataset with 582,736 (946 atmospheric
profiles × 77 land surface samples × 8 LSTs) sets of data was obtained in this study. It is
worth noting that all channel-related parameters were calculated by integrating the spectral
response function with the parametric values in the wavelength range of [λ1, λ2], as shown
in Equation (2):

VTIRS−2 =

∫ λ1
λ2

SRF(λ) · V(λ)dλ∫ λ1
λ2

SRF(λ)dλ
(2)

where VTIRS-2 is the value of the channel-related parameter of the Landsat-9 TIRS-2 data,
SRF(λ) and V(λ) are the spectral response function and parameter value at wavelength
λ, respectively.
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2.2. Ensemble Learning Method

In this study, the gradient boosting machine (GBM) method, which is capable of
constructing new base learners that are highly correlated with the negative gradient of the
loss function associated with the entire ensemble [36], was chosen to estimate the LST due
to its demonstrated effectiveness in parameter retrieval from remote sensing data [37,38]. It
can be seen from Equation (1) that the TOA BT observed with the satellite couples with
both land surface and atmospheric parameters. Therefore, it is reasonable to assume that
it would be beneficial to estimate the LST more accurately if the relationship between the
BTs of different TIR channels could be used to develop new features that can express the
atmospheric conditions, drawing on the ideas of the SC and SW algorithms. In addition
to the observed TOA BTs of the two TIR channels, this study extracted two new features,
the leaving-ground BT and the atmosphere WVI, that consider the physical process of
thermal radiance transfer to represent land surface and atmospheric conditions at the time
of observation.

For the land surface condition, an SW-like algorithm was proposed for estimating
the leaving-ground BT (TLG) as B(TLG) = ε · B(Ts), using the top-of-atmosphere (TOA)
BTs based on the assumption that the SW terms

(
Ti − Tj

)
and

(
Ti − Tj

)2 can reduce the
majority of the effect from the reflected atmospheric downward radiance [39], as shown in
Equation (3):

TLG = a0 + a1Ti + a2
(
Ti − Tj

)
+ a3

(
Ti − Tj

)2
+ a4

Ti − Tj

Ti + Tj
(3)

where Ti and Tj are the TOA BTs of 2 Landsat-9 TIR channels, and an (n = 0, . . . , 4) are
the empirical coefficients fitted from the simulation dataset. In addition, according to the
evaluation of the Landsat-8 TIRS-1 sensor noise [40], Gaussian noise of 0.05 K was added
to the BTs to simulate the noise equivalent differential temperature (NE∆T) of the TIRS-2
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sensor. The RMSEs of the leaving-ground BT fits for the 2 TIR channels are 1.142 K (TIR1)
and 1.445 K (TIR2), respectively.

Regarding the atmospheric condition, the relationship between column water vapor
(CWV) and atmospheric parameters has been investigated [41], and it was found that the
polynomial model can be used to fit the relationship without bringing in considerable
errors. It can be seen in Figures 3–5 that there is a high correlation between the fit of each
parameter, and the first-order linear equation was chosen to ensure the stability of the
solution as follows:

Patm = k0 + k1 · CWV (4)

where Patm represents 1 type of atmospheric parameter (upward radiance, downward
radiance, or transmittance), and kn (n = 0, 1) represent the fitted empirical coefficients.
Substituting the linear model into the thermal radiance transfer equation (Equation (1)) and
approximating (1 − ε)·τ as a constant whose variation can be neglected, the ratio between
the leaving-ground radiance (B(TLG_i)) and the top-of-atmosphere radiance (B(Ti)) can be
fit using a linear model of a water vapor index that is related to the CWV, as shown in
Equation (5):

B(Ti) = [B(TLG_i) + b0] · WVIi + b1 (5)

where WVI is the atmospheric water vapor index, and the coefficients bn (n = 0, 1) are
composed of the empirical coefficients kn, the fitted empirical coefficients between the CWV
and different atmospheric parameters.
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In summary, the new algorithm proposed in this study is a direct approach for LST es-
timation from Landsat-9 TIR remote sensing data using the GBM ensemble learning model.
The input training feature set contains the TOA BT, leaving-ground BT, and WVI for each
TIR channel. The empirical coefficients of the algorithm can all be fitted from the simulation
dataset without relying on external inputs such as emissivity and atmospheric profiles.

3. Experimental Results
3.1. Ensemble Learning Results

To obtain the model capable of estimating the LST, 70% of the simulation dataset was
divided into the training dataset to train the ensemble learning model, and the remaining
30% of the data was split into the testing dataset to validate the model performance. The
histogram of the LST residual distribution of the LST estimation results using the ensemble
learning model is shown in Figure 6a, and the root-mean-square error (RMSE) of the results
is 1.496 K with a bias of 0.001 K. Among them, 72.8% of the LST residuals are located in
the interval [–1, 1] K and 88.2% in the interval [−2, 2] K. It can be seen that the proposed
algorithm has an accurate theoretical performance for LST estimation. The LST estimation
results of the ensemble learning model without adding the physical-based features were
also evaluated, and the histogram of the residual distribution is shown in Figure 6b. It can
be seen that the RMSE grew to 1.679 K, and the percentage of residuals within [−1, 1] K
decreased to 66.3%, and that within [−2, 2] K decreased to 85.0%. This indicates that
including the leaving-ground BT and WVI effectively improves the estimation accuracy.
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In addition, the accuracy of the model under different regional atmospheric conditions
was also evaluated separately. The histogram is shown in Figure 7. As can be seen in the
figure, the largest error is 2.160 K for the tropical atmospheric profiles, with residuals in the
ranges of [−1, 1] K and [−2, 2] K of 52.1% and 76.5%. The errors for the mid-latitude and
polar atmospheric profiles are 1.009 K and 0.638 K, respectively, corresponding to 2 residual
proportions of 76.9%/93.9% and 91.6%/97.9%. In contrast, for the model results that do
not include the physical-based features, the proportions of the LST residuals located at
[−1, 1] K and [−2, 2] K are reduced to 37.8%/66.3%, 70.4%/91.8%, and 86.5%/96.8% for
tropical, mid-latitude, and polar atmospheric conditions. Table 1 shows the LST RMSEs of
two LST estimation algorithms for different regions, which illustrates the effectiveness of
the proposed algorithm.
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Table 1. LST RMSEs of two LST estimation algorithms for different regions.

Algorithm Tropical Mid-Latitude Polar Overall

With physical-based features 2.160 1.009 0.638 1.496
Without physical-based features 2.441 1.142 0.761 1.679

3.2. LST Estimation Application

The proposed model was applied to the LST estimation of Landsat-9 remote sensing
images observed in February 2022, and the LST estimation results for the images located at
the GWN site and DRA site of the SURFRAD network [42] are shown in Figures 8a and 9a. A
comparison with the fully validated Landsat-9 LST product [32] (Figures 8b and 9b) shows
that the value ranges and spatial distributions of both regions are very close. The images
(Figures 8c and 9c) and distribution histogram (Figures 8d and 9d) of the LST differences
also show no obvious overestimated or underestimated anomalous regions, and the RMSEs
of the LST differences in the 2 regions are 0.771 K and 1.289 K. The proportions of the LST
differences in [−1, 1] K and [−2, 2] K are 87.1%/97.8% and 50.5%/88.1%, respectively. The
comparison results demonstrate that the results of the proposed algorithm were accurate
and had high stability.
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3.3. Accuracy Validation

The Copernicus Ground-Based Observations for Validation (GBOV) [43] ground mea-
surement data and additional Landsat LST products were used to validate the accuracy
of the proposed algorithm, and the results are shown in Figure 10a. A total of 44 pairs
of ground measurement sites with land cover types, including cropland, grassland, and
woodland, were selected, and the RMSE and bias of the LST estimation results using the
GBOV data were 2.508 K and −0.465 K with good consistency in the scatter distribution.
The estimated LST results were also cross-compared with the values of the Landsat-9
product at the site locations (Figure 10b), and the RMSE and bias between them reached
0.919 K and −0.500 K. The accuracy validation results also indicated that the ensemble
learning method considering the physical radiance transfer process could accurately obtain
the LST from the Landsat-9 remote sensing images.
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4. Discussion

The results of the LST estimation based on the simulation dataset showed that the
new algorithm has the best accuracy in polar regions and the worst in tropical regions,
and this decrease in accuracy may be due to the growth in atmospheric CWV. As seen
in Figure 5, the increase in CWV causes a reduction in atmospheric transmittance, which
reduces the land surface thermal radiance information contained in the TOA BT and leads
to an increment in the LST estimation error. Although adding WVI can reduce errors, the
trend remains the same. To improve accuracy further, multiple LST estimation models
were considered to be trained in different regions and various TOA BT ranges to describe
the relationship between the TOA BT and LST more accurately and reduce the interference
caused by spatial heterogeneity. Furthermore, an end-to-end deep learning model was
considered to automatically extract the deep features between the TOA BT of different
channels using neural networks [21,26] instead of manual feature engineering.

The new algorithm was proposed based on the Landsat-9 two-channel TIR data and
is theoretically applicable to most current TIR remote sensing data sources. However, for
TIR data containing more channels, such as MODIS, ASTER, Gaofen-5, etc., the algorithm
using only two channels does not take full advantage of the data. Therefore, the most
appropriate TIR channel input for LST estimation can be chosen by comparing the accuracy
of LST estimation with different channel combinations. The TES algorithm can also be
established using multi-channel TIR data to simultaneously estimate emissivity and the LST
by developing the empirical relationship of the maximum–minimum apparent emissivity
difference (MMD) [11,39,44]. In addition, there are significant differences in the spatial
resolutions of different satellite-based TIR images, ranging from 1 km to 10s of meters. With
an increase in spatial resolution, the incorporation of DSM data to express the influence of
the three-dimensional structure during the transfer process of thermal radiance from the
target pixels would be necessary for a land surface with complex structures such as urban
and mountainous areas [45–47].
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The accuracy validation results based on ground measurement data show that the
new algorithm can accurately estimate LST. It was also found that the estimated LSTs were
in better agreement with the Landsat-9 remote sensing products through cross-comparison,
which further demonstrated the validity of the proposed algorithm and also illustrated
that the direct comparison between the measured point data from ground sites and the
area data observed with the satellite may be influenced by the spatial heterogeneity of the
land surface. For the Landsat-9 TIR remote sensing image with a 100 m spatial resolution,
a pixel may still contain components with multiple land cover types and different LSTs,
so the variability introduced by mixed pixels should be addressed. Therefore, spatial
sampling methods that consider pixel heterogeneity [48,49] could be brought in to improve
the effectiveness of validation.

5. Conclusions

In this study, a new algorithm that can estimate LST accurately without requiring
external input parameters was proposed based on the ensemble learning method from
Landsat-9 TIR data. The input feature set consists of the observed TOA BT and the
derived leaving-ground BT representing land surface conditions and the WVI representing
atmospheric conditions. In terms of the ensemble learning models, the GBM was chosen
due to its promising performance in remote sensing parameter retrieval and trained using
the simulation dataset. The model training results show that the GBM model effectively
estimates LST with an overall RMSE of less than 1.50 K, and the inclusion of new physical-
based features successfully reduced the error by approximately 0.20 K. The performance of
the new algorithm under different atmospheric conditions in various regions was evaluated,
and it was found that the accuracy in polar regions was better than that in mid-latitude
regions, and the uncertainty in tropical regions was the largest, which was likely due to the
increased atmospheric water vapor content. The Landsat-9 LST estimation images were
obtained using the proposed algorithm, validated with the GBOV ground measurement
data, and cross-compared with Landsat-9 LST products. The accuracy validation results
show an RMSE of approximately 2.5 K verified with ground measurement data and good
consistency with the spatial distribution and numerical comparison of the remote sensing
products. Future work could include developing an end-to-end deep learning model to
automatically extract deep features, extending the proposed algorithm to more TIR data,
and introducing new sampling strategies and mixed pixel decomposition to improve the
reliability of validation.
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