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Abstract: In this study, we evaluated three different downscaling approaches to enhance spatial
resolution of thermal imagery over Alpine vegetated areas. Due to the topographical and land-cover
complexity and to the sparse distribution of meteorological stations in the region, the remotely-sensed
land surface temperature (LST) at regional scale is of major area of interest for environmental
applications. Even though the Moderate Resolution Imaging Spectroradiometer (MODIS) LST fills
the gap regarding high temporal resolution and length of the time-series, its spatial resolution is not
adequate for mountainous areas. Given this limitation, random forest algorithm for downscaling
LST to 250 m spatial resolution was evaluated. This study exploits daily MODIS LST with a
spatial resolution of 1 km to obtain sub-pixel information at 250 m spatial resolution. The nonlinear
relationship between coarse resolution MODIS LST (CR) and fine resolution (FR) explanatory variables
was performed by building three different models including: (i) all pixels (BM), (ii) only pixels with
more than 90% of vegetation content (EM1) and (iii) only pixels with 75% threshold of homogeneity
for vegetated land-cover classes (EM2). We considered normalized difference vegetation index (NDVI)
and digital elevation model (DEM) as predictors. The performances of the thermal downscaling
methods were evaluated by the Root Mean Square Error (RMSE) and the Mean Absolute Error (MAE)
between the downscaled dataset and Landsat LST. Validation indicated that the error values for
vegetation fraction (EM1, EM2) were smaller than for basic modelling (BM). BM model determined
averaged RMSE of 2.3 K and MAE of 1.8 K. Enhanced methods (EM1 and EM2) gave slightly better
results yielding 2.2 K and 1.7 K for RMSE and MAE, respectively. In contrast to the EMs, BM showed
a reduction of 22% and 18% of RMSE and MAE respectively with regard to Landsat and the original
MODIS LST. Despite some limitations, mainly due to cloud contamination effect and coarse resolution
pixel heterogeneity, random forest downscaling exhibits a large potential for producing improved
LST maps.
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1. Introduction

In this study, we used MODIS datasets to increase spatial resolution of the land surface temperature
(LST) images in the Alpine region. We performed modelling by using the digital elevation model
(DEM) and normalized difference vegetation index (NDVI) as a set of predictors of 250 m spatial
resolution (FR), and the 1 km resolution LST product (CR) as a dependent variable. This paper analyses
the strength of random forest downscaling (RFD) using different variants for model creation. With the
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use of different approaches, it was possible to examine in which way explanatory variables explain the
spatio-temporal LST distribution within the study area.

Thermal remote sensing has significantly contributed to the enhancement of spatio-temporal
information about temperature distribution on the surface of the Earth. One of the key possibilities
provided by satellite instruments is data acquisition in the thermal infrared (TIR) domain, from which
land surface thermal conditions are derived [1–3]. Land surface temperature (LST) retrieved from
remote sensing data at different scales is an essential variable in environmental research studies, e.g.,
in agricultural management [4–7], in urban heat island assessment [8–12], for evapotranspiration (ET)
modelling [13–18] and drought monitoring [5,6,19].

National Oceanic and Atmospheric Administration-Advanced Very High Resolution Radiometer
(NOAA-AVHRR) and Moderate Resolution Imaging Spectroradiometer (MODIS) images with daily
temporal resolution have improved the quality of continuous Earth monitoring, however their
moderate spatial resolution is not sufficient to perform analyses in areas characterized by high spatial
heterogeneity in terms of topography and land-cover. Contrary to the aforementioned instruments,
thermal images acquired by fine spatial resolution scanners installed on different satellites (e.g., Landsat
5, Landsat 8) are more effective in spatial pattern detection [20–22]. There is still a limitation in the
existing satellite instruments since numerous satellites provide data at high spatial resolution but with
non-satisfactory repeat cycle (e.g., 16-day revisit time for Landsat) [13,23]. In recent studies [14,24,25]
associated with application of thermal remote sensing for continuous evapotranspiration modelling,
the authors indicate the need to retrieve data at both high spatial resolution and short repeat cycle.
Therefore, in the above-mentioned applications, TIR imagery with both small pixel size and high
temporal resolution is highly desirable [26]. Among existing methods for LST pixel size enhancement,
downscaling technique is one of the most commonly used approaches in many research studies [27,28].

Thermal downscaling is a technique to retrieve a new LST dataset at finer spatial resolution
than original one based on independent variables that represent biophysical properties obtained by
remotely-sensed data at higher spatial resolution. This technique exploits the correlation between
co-registered fine resolution (FR) with long revisit time and coarse resolution (CR) with short revisit
time data to obtain images with both small pixel size and short revisit time. In order to provide
improved LST maps, regression modelling is performed based on aggregated independent variables
and LST maps. For a better characterization of thermal variations on the Earth surface, it is common to
use fine spatial resolution data in modelling, such as individual spectral reflectance bands in visible
and infrared electromagnetic regions, spectral indices, digital elevation models or land-use/land-cover
(LULC) information [29–33].

The robustness of downscaling methods for analyzing land surface thermal conditions in different
landscapes has been well demonstrated in literature. Most of the studies related to LST downscaling
concentrate on statistical thermal sharpening techniques exploiting vegetation-based spectral indices
(VIs). VIs offer a satisfactory base for exploring relationships between LST and biophysical properties
of different land-cover types because of the correlation between land surface temperature and
spectral vegetation response [34–37]. The most widely-used method is Disaggregation Procedure
for Radiometric Surface Temperature (DisTrad) algorithm which exploits performance of spectral
indices to investigate their correlation with thermal bands [24]. In order to disaggregate land surface
temperature pixels to the shortwave band resolution, Kustas et al. [24] assume that there is a least-square
fitting between NDVI and TIR. Because of the original DisTrad limitations related to ill-defined NDVI
distributions over complex regions, some modifications were introduced in the preliminary concept.
Agam et al. [25] developed a technique for thermal sharpening (TsHARP) replacing NDVI by fractional
vegetation cover (Fv), for which the correlation coefficients were higher compared to the ones obtained
with simple spectral indices. Using high biomass area in the study, Qiu et al. [38] introduced a
refinement evaluating a new spectral index in the DisTrad model and showed that performance
of enhanced vegetation index (EVI) for LST sub-pixel mapping was a more robust approach for
LST modelling.
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Classical methods used successfully for topographically uniform areas and relatively homogenous
land-cover are not efficient in complex regions [39,40]. Therefore, application of other explanatory
variables instead of individual VI-based predictors has been performed in many studies [40–44].
As shown by Bechtel et al. [42], the introduction of additional parameters, such as averaged TIR images,
land-cover based products or data obtained from image dimensionality reduction (e.g., Principle
Component Analysis, PCA), improved the goodness-of-fit in the modelling. Many authors suggested
that the application of simple multivariate modelling increases the accuracy of LST downscaling.
Results obtained by Maeda [29] demonstrated that when applying DEM in combination with NDVI,
higher coefficients of determination (R2

≥ 0.95) were observed. Furthermore, Duan & Li [43] proposed
successfully to use LST, NDVI and altitude in geographically weighted regression (GWR) to eliminate
stationary effect affected by simple univariate and multivariate regression approaches.

Although traditional statistical techniques seem to be promising in many case studies, some authors
suggest the use of machine learning techniques in order to take into account the non-linearity
between predictors and LST [41,45]. Even if we exploit more mathematically complex regressions,
machine learning methods can incorporate many explanatory variables in the physical-deterministic
modelling. Furthermore, due to the use of machine learning in thermal sharpening, automatic data
production shows more robust results. Therefore, different techniques have been exploited, including
Bayesian-based modelling [46], support vector regression [47], artificial neural networks [48] and
random forests (RF) [39,49]. Pioneers in the use of RF technique for downscaling purposes were Hutengs
& Vohland [39] who developed sharpening of simulated Landsat thermal maps with ground sampling
distance (GSD) equals to 60 and 120 m to retrieve Landsat-like images of VNIR spatial resolution (GSD
= 30 m). The authors applied multi-source data fusion in the model, including reflectance bands and
DEM products over vegetated areas, yielding good model performance. No method was universally
recognized as better than the others, though RF modelling is a promising technique over terrain
influenced by multiple factors.

Since there are few studies related to thermal sub-pixel mapping for complex topography,
the novelty of the paper is to implement RF image sharpening to overcome LST limitations
for mountainous ecosystems by taking into account topographic features and land-cover
heterogeneity [29,39,50]. Due to evolving meteorological conditions, the Alps are a hot spot of
climate change and of drought extreme events. Thus, TIR remotely-sensed data at fine spatial
resolution are highly desirable.

This paper consists of the following paragraphs: Section 2 shows information about data used
and describes methodology as well as the applied RF downscaling algorithm, Section 3 presents
evaluation of the results. The last two paragraphs deal with discussion related to the study findings
and conclusion for the whole paper.

2. Materials and Methods

2.1. Study Area

The study area is located in the central-eastern Alps in the northern part of Italy, the Autonomous
Province of Bolzano/Bozen, and it covers area of 7400 km2 (Figure 1).

The region is predominantly mountainous, divided from north to south by the Adige/Etsch river
valley. Elevation ranges from 110 m to about 3685 m a.s.l. The mountainous topography determines
land-cover heterogeneity. The region is mainly covered by forests, grasslands, pastures and agricultural
areas. Due to complexity of the environment and topographical location, the Province of Bolzano/Bozen
is one of the driest areas in the Alps with diversified microclimate zones [51]. The climate type is
differentiated depending on geographical location; sub-continental for the main valleys, continental in
the mountain valleys and alpine within the regions above forest border [50].
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Esri. ArcGIS® and ArcMap™ are the intellectual property of Esri and are used herein under license. 
Copyright © Esri). 

The region is predominantly mountainous, divided from north to south by the Adige/Etsch river 
valley. Elevation ranges from 110 m to about 3685 m a.s.l. The mountainous topography determines 
land-cover heterogeneity. The region is mainly covered by forests, grasslands, pastures and 
agricultural areas. Due to complexity of the environment and topographical location, the Province of 
Bolzano/Bozen is one of the driest areas in the Alps with diversified microclimate zones [51]. The 
climate type is differentiated depending on geographical location; sub-continental for the main valleys, 
continental in the mountain valleys and alpine within the regions above forest border [50].  

2.2. Input Data 

In this study we used as coarse resolution input (CR) MODIS/Terra– the MOD11A1.006 Land 
Surface Temperature (LST) product [52], daily at 1km spatial resolution, and MODIS/Terra and Aqua 
NDVI 4-Day composites (see Table 1 for details), at 250 m spatial resolution [53]. Since our main aim 
is to evaluate downscaling possibilities over vegetated areas, we selected imagery within vegetation 
phenological cycle, from April to November. MODIS data were acquired from April 2003 to June 2017. 
The data were produced and qualified in this time frame during the MONALISA project [53]. The 
grids were originally obtained in MODIS Sinusoidal projection (SR-ORG: 6974). The MOD11A1 
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image collection, before data downloading we applied the bitmask using JavaScript API available 
in Google Earth Engine platform. Only imagery with good quality flag (QA) was used in the study. 
The 4-Day NDVI MODIS data produced by Eurac research within the MONALISA project [55] 
included composites created with the use of Maximum Value Composite (MVC) algorithm for all 
vegetated areas (according to Corine Land Cover 2012) from MODIS/Aqua and Terra images 
(MOD/MYD09GQ and 09GA Version 6) [56–59]. The final dataset consisted in time-series of images 
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In order to evaluate the performances of the proposed downscaling method in the area of interest, 
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Figure 1. Geographical location of the study area (source: map was created using ArcGIS® software by
Esri. ArcGIS® and ArcMap™ are the intellectual property of Esri and are used herein under license.
Copyright© Esri).

2.2. Input Data

In this study we used as coarse resolution input (CR) MODIS/Terra– the MOD11A1.006 Land
Surface Temperature (LST) product [52], daily at 1 km spatial resolution, and MODIS/Terra and Aqua
NDVI 4-Day composites (see Table 1 for details), at 250 m spatial resolution [53]. Since our main aim
is to evaluate downscaling possibilities over vegetated areas, we selected imagery within vegetation
phenological cycle, from April to November. MODIS data were acquired from April 2003 to June
2017. The data were produced and qualified in this time frame during the MONALISA project [53].
The grids were originally obtained in MODIS Sinusoidal projection (SR-ORG: 6974). The MOD11A1
products were subset and downloaded from Google Earth Engine, and consisted of daytime surface
temperature distribution with an accuracy of approximately 1 K [54]. To get cloud uncontaminated
image collection, before data downloading we applied the bitmask using JavaScript API available
in Google Earth Engine platform. Only imagery with good quality flag (QA) was used in the study.
The 4-Day NDVI MODIS data produced by Eurac research within the MONALISA project [55] included
composites created with the use of Maximum Value Composite (MVC) algorithm for all vegetated
areas (according to Corine Land Cover 2012) from MODIS/Aqua and Terra images (MOD/MYD09GQ
and 09GA Version 6) [56–59]. The final dataset consisted in time-series of images from 2003 to 2017,
from April to November, months with green vegetation cover.
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Table 1. Overview of original and processed datasets in this study.

Dataset Name Spatial Resolution Short Description Derivatives Products

MOD11A1 1000 m MODIS Terra Land Surface
Temperature

Resampled to NDVI spatial
resolution (GSD = 250 m) for

residual correction

NDVI 4-Day composites 250 m
MODIS Terra and MODIS Aqua

Reflectance bands based on
MOD09GA

NDVI aggregated to 1000 m pixel
size by spatial averaging

ASTER GDEM 30 m Global Digital Elevation Model
acquired ASTER scanner

GDEM resampled to 250 m and
1000 m spatial resolution

LISS 2013 -Land
Information System

South Tyrol
-

Land Information System South
Tyrol based on GeoEye-1 image

collection from 2012

Vegetation vector masks for:
- areas covered by minimum 90%
of vegetation within 1km pixels

- pure pixels for different types of
vegetation (75% threshold of

homogeneity)

Landsat 5
30 m

120 m
(30) 2

Atmospherically-corrected
reflectance products (red, NIR),

Thermal at-sensor radiance

Gaussian filtering and resampling
to 250 m

Landsat 8
30 m

100 m
(30) 2

Atmospherically-corrected
reflectance products (red, NIR),

Thermal at-sensor radiance

Gaussian filtering and resampling
250 m

MOD05_L2 1000 m MODIS Precipitable Water Re-projected to MODIS Sinusoidal
Projection

1 GSD: Ground Sampling Distance. 2 resampled products by data provider.

In order to evaluate the performances of the proposed downscaling method in the area of interest,
we validated our results with Landsat images (WRS-2 Path: 192, Row: 28) reprojected to MODIS
Sinusoidal Projection (Table 2). Data applied for the algorithm were retrieved through the NASA
Earthdata explorer [60] and the Level-1 and Atmosphere Archive & Distribution System (LAADS)
Distributed Active Archive Center (DAAC). The acquired multispectral images in VNIR domain
are characterized by Surface Reflectance Level-2, while thermal bands are characterized by Level-1,
therefore a pre-processing was needed. We selected for the validation Landsat images with the same
acquisition dates as MODIS Terra LST. The time difference between Landsat (Landsat 5 and Landsat 8)
and MODIS Terra LST composites did not exceed 1.5 hours. Due to the lack of good quality data caused
by common cloud contamination and shadows effects, we selected seven time-coincident Landsat
(Table 2) and seven MODIS LST (MOD11A1) images with the corresponding 4-day NDVI Terra/Aqua
combined composites (Table 1) acquired in different seasons. To perform the atmospheric correction of
Landsat thermal bands we used MODIS Water Vapor product (MOD05_L2) [61,62]. To retrieve Landsat
LST maps, we performed three main steps: (i) calculation of the at-sensor brightness temperature (TB)
and of NDVI, (ii) calculation of emissivity (ε) based on vegetation fraction [62] and (iii) land surface
temperature retrieval [61,62].

Table 2. Landsat dataset used in the validation process.

Date Sensor Granule ID Overpass Time (GMT)

27.09.2004

Landsat 5 TM

LT05_L1TP_192028_20040927_20161129_01_T1 09:42
25.05.2005 LT05_L1TP_192028_20050525_20161126_01_T1 09:45
16.10.2005 LT05_L1TP_192028_20051016_20161124_01_T1 09:46
18.07.2007 LT05_L1TP_192028_20070718_20161112_01_T1 09:52
12.09.2010 LT05_L1TP_192028_20100912_20161013_01_T1 09:48

27.08.2016
Landsat 8 TIRS

LC08_L1TP_192028_20160827_20170321_01_T1 09:58
11.06.2017 LC08_L1TP_192028_20170611_20170627_01_T1 09:58

For the downscaling procedure, in addition to MODIS NDVI, we used information on elevation
provided by the Global Digital Elevation Model (GDEM), acquired by the Advanced Spaceborne
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Thermal Emission and Reflection Radiometer (ASTER), at approximately 30 m resolution [63]. For the
original dataset we performed bilinear resampling to a resolution of 250 m and then we applied spatial
averaging to 1000-m pixel using mean function within 4 × 4 kernel size [39].

To select and characterize vegetated areas, in this study we exploited the LULC vector layers
based on high spatial resolution RapidEye imagery (GSD = 6.5 m) of 2012, produced by the Institute
for Earth Observation of Eurac research in the frame of the project “LISS-2013—Land-use information
in South Tyrol: update, harmonization with European Standards and integration of research results”
(© Autonome Provinz Bozen – Südtirol | 28.0.1 Landeskartographie und Koordination der Geodaten).
This dataset includes minimum polygon at the level of 1600 m2, contrary to the more commonly
used Corine Land Cover (CLC) database, for which the minimum area of individual object is 25 ha.
An overview of the datasets used in the study is shown in Table 1.

2.3. Methodology

2.3.1. The Random Forest Algorithm

RF regression is a machine learning technique exploiting statistical nonlinear relationship between
variables. This dataset required for RF regression consists of observations (n), including predictors
(p) and dependent variable. Basic component of random forest algorithm is regression tree, and the
main concept is to build many different subsets. Randomness is introduced by the fact that each
tree is created based on random sample with replacement of n from training data (bootstrap sample).
The method determines the best split by increasing similarity between features in each sub-node.
One method to achieve this is to minimize variance or to reduce standard deviation of variables on the
basis of random sample. In practice, p/3 of randomly sampled variables is used as split candidates.
No pruning is applied when constructing the trees, which means any split is removed from the model.
Random forest predictions are calculated for each regression tree separately and then arithmetic
average of the trees as final forecast is performed. Basic equation describing final RF prediction for
regression results based on created trees is presented as follows:

F(x) =

∑N
j=1 T j(x)

N
(1)

where N indicates number of trees, Tj represents each tree and F is a prediction at a new point x as an
averaged prediction based on created trees [64].

Since the random forest regression divides dataset into decorrelated trees and then predicts a
target variable based on average value obtained from the subsets, it is robust for high dimensional
grid data [65]. RF regression is considered easy in optimization by applying a relatively small number
of parameters in modelling. Random forest procedure requires specifying a few user parameters,
including tree quantity and minimum number of observations in each tree [64,65]. Many authors
showed that RF regression enables to use continuous dataset as well as categorized predictors, such as
land-cover information [39]. In theory, a RF model can explain LST values by multivariate relationship,
considering different inputs, like remotely-sensed spectral indices, incoming solar radiation, digital
elevation models, terrain slope and aspect, land-cover maps or soil moisture [39,49].

2.3.2. Implementation of Random Forest for Thermal Sharpening

MODIS Land Surface Temperature, with its spatial resolution of 1 km, does not provide accurate
spatial information for many environmental analyses performed within specific land-cover types at
the level of individual regions and municipalities [13,14]. Therefore, in this study, the random forest
algorithm was selected to model the relationship between the 1 km MODIS LST and the 250-m DEM
and time-coincident 4-days composites of MODIS NDVI. Downscaling procedure was implemented in
R software and GDAL Utilities using packages intended for that purpose [66–69].
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Apart from the spectral indices, it is known that for mountainous areas topography variations
have a large impact on vegetation types and phenology. Because of adiabatic temperature differences
vegetation cover changes with elevation, which results in diversified flora zones. Furthermore, height
gradients lead to big biodiversity of spatially distributed land-cover and therefore it influences LST
distribution [70]. For this reason, in this work we modelled the relationship between low resolution
daytime LST imagery and spatial information at 250 m pixel size, including NDVI and digital
elevation model.

After resampling DEM to NDVI resolution, we performed mean aggregation on FR data to
simulate parameters of CR dataset. Next, random forest regression was carried out. The number
of trees was set to 1000 based on a “trial & error” approach as a compromise between processing
burden and accuracy [4,71]. The whole downscaling procedure was based on the relationship between
coarse resolution images and then applied to the FR pixels. Modelling was based on the following
relationship:

LSTCR = f
(
NDVIFRdeg , DEMFRdeg

)
(2)

where the subscript CR means variable at coarse resolution and the subscript FRdeg indicates degraded
fine resolution predictors to 1000 m pixel size, with f a nonlinear function of combined altitude and
NDVI established by the RF method.

When finishing RF regressions for a single image from the image collection, models were applied
to 250-m pixels to predict FR land surface temperature maps. Consequently, simulated FR LST values
were obtained using the following Equation (3):

LSTFR = f (NDVIFR , DEMFR) (3)

To approximate scale effect on the correlation between LST and predictors, many authors [39,41,72]
have used residual correction originally implemented by Kustas et al. [24]. This operation involves
the following steps: (i) aggregation by averaging of FR LST images to original MODIS LST pixel size,
(ii) residuals calculation (∆) by subtracting re-aggregated fine resolution LST pixels (LSTFRdeg) from
original LST images (LSTCR), (iii) CR residuals resampling to LSTFR-like spatial resolution and adding
these corrections to LST predictions from modelling (LSTFR), as shown in Equation (5):

∆ = LSTCR − LSTFRdeg (4)

LSTFRres = LSTFR + ∆ (5)

where LSTFRres indicates simulated LST pixels at 250 m spatial resolution after addition of
residual correction.

2.3.3. Random Forest Model Concepts

Due to topography complexity and land-cover heterogeneity in the Alpine region, prior to final
selection of predictors we tested explanatory performance of different variables, including NDVI, DEM,
aspect, sky view factor maps as well as MODIS near-infrared bands. NDVI and DEM were selected in
the estimation of land surface temperature variations dependent on altitude as they showed to be the
most relevant predictors. We tested the model as well based on all the predictors and we found that on
average the difference among the two models was around 0.71 K.

Moreover, we evaluated three different approaches: (i) basic modelling (BM), (ii) enhanced
modelling 1 (EM1) and (iii) enhanced modelling 2 (EM2). In the BM method all good quality pixels
covering the study area were applied in RFD. It means that pixels including different land-cover types
within squares of 1 km length were exploited for the image sharpening [39]. The two latter model
concepts arise from the need to retrieve homogeneity characteristics at initial MODIS LST scale. In terms
of homogenous pixels-based downscaling we evaluated regressions for every vegetated land cover
class within the region, including forest, vineyards and orchards, annual crops, grassland and bushes.



Remote Sens. 2019, 11, 1319 8 of 19

As reported by Kustas et al. [24] and then by Essa et al. [73], the selection of homogenous low-resolution
pixels improves correlation results between spectral indices and LST. Therefore, we conducted RFD
using EM1-based approach as a piecewise modelling regarding fractional vegetation cover and then
we applied stricter criteria to the third model, including only pure pixels (EM2). Contrary to BM,
EM1 is a more advanced disaggregation method based only on pixels mostly covered by vegetation.
The selection of pixels at low spatial resolution allowed extracting data that exhibit a certain degree of
homogeneity. Since not all pixels contained vegetation, we applied a threshold of 90% for vegetation
within 1 km pixel-based mask (EM1) and then using 75% homogeneity criteria based on vegetation
classes obtained from the LISS 2013 (EM2). The last model assumed that pixels within the same
vegetation class should be similar, considering spectral- and spatial-neighborhood patterns. In this
way the model EM2 represents areas with full homogeneity characteristics.

Based on the above-mentioned thresholds we applied three LST prediction approaches within
1-km fishnet pixel-based mask. Due to high level of heterogeneity and common cloud contamination
effect in the Alpine region, many pixels were excluded from further analysis. The performed image
sub-pixel sharpening approach is summarized in Figure 2.
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2.3.4. Data Preparation for the Validation Phase

To assess RF modelling performance, we calculated Root Mean Square Error (RMSE) and Mean
Absolute Error (MAE) between the downscaled MODIS LST and Landsat LST degraded to 250 m pixel
size. We calculated RMSE and MAE as follows:

RMSE =

√∑N
j=1(LSTFRres − LSTLt)

2

N
; MAE =

∑N
j=1

∣∣∣LSTFRres − LSTLt
∣∣∣

N
(6)

where N is the number of observations, and subscript of Lt indicates land surface temperature for
Landsat pixels degraded to downscaled MODIS-like spatial resolution.

To assess the model performances, we validated our results by using Landsat imagery acquired in
different seasons. Downscaled LST images were validated with the use of Landsat 5 TM and Landsat 8
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TIRS LST maps having a common extent of MODIS tiles. The Landsat dataset was resampled to 250 m
pixel size to simulate the CR data.

After applying residuals calculated on the basis of Equations (4) and (5), we processed the
Landsat dataset to retrieve LST at 250 m spatial resolution. Different approaches have been used to
atmospherically correct satellite-based thermal data [74–76]. Among various techniques, the Single
Channel (SC) algorithm has been widely applied as an efficient method for LST retrieval [61,77]. In this
study we applied the SC of Jiménez Muñoz et al. [71]. This LST retrieval method is based on the
following general formula developed by Jiménez-Muñoz et al. [62]:

LST = γ
[1
ε
(ψ1L +ψ2) +ψ3

]
+ δ (7)

where ψ1, ψ2, ψ3 are derived from MODIS water vapor content for each sensor separately [77], and γ,
δ are given by:

γ =

c2L
T2

B

[
λ4

c1
L + λ−1

]
−1

; δ = −γL + TB (8)

where L is at-satellite radiance, c1 and c2 are sensor constants, λ indicates the effective wavelength of
thermal bands.

Atmospheric water vapor content (WV) for the Landsat acquisition dates (Table 2) did not exceed
3 g cm−2. Based on tests conducted by Sobrino & El Kharraz [78], MODIS water vapor product
(MOD05_L2) with WV concentration smaller than 3 g cm−2 is reliable input in Single Channel LST
retrieval. According to authors, SC algorithm based on MOD05_L2 at maximum level of 3 g cm−2,
provides RMSE values of about 1.5 K [61,77].

After applying smoothing Gaussian filtering and mean value cell area weighted resampling for
upscaling, we calculated LST maps for the selected dates [39]. Landsat images used for the validation
are summarized in Table 2.

3. Results

3.1. Global Validation

As mentioned before, to evaluate the effectiveness of the BM, EM1 and EM2 random forest
regression, we conducted spatial degradation of TIR bands from Landsat 5 and Landsat 8 to downscaled
MODIS 250 m pixel size (Table 1). Moreover, a comparison with MODIS LST at 1000 m is carried out in
order to understand what is the level of improvement obtained with the downscaling procedure. Since
this paper is intended for vegetation analyses, RMSE and MAE were calculated for seven sharpened
images acquired in different seasons (spring, summer, autumn). Figure 3 shows RMSE and MAE for
the proposed model, averaged in the study area.

As can be observed, random forest algorithm, regardless of pixel selection method, was able to
predict sub-pixel LST with similar accuracy. All disaggregation methods based on fractional vegetation
mask slightly improved the accuracy of the downscaled 250 m LST layouts. Overall RMSEs (MAEs)
ranged from 1.81 K to 2.51 K (1.39 K to 1.91 K) for EM1 and 1.66 K to 2.67 K (1.18 K to 2.16 K) for
enhanced modelling 2. Uniform modelling (BM) yielded RMSE values from 1.90 K to 2.58 K and
MAE from 1.45 K to 1.97 K, respectively. The largest RMSE was found for LST image dated on 27
September 2004 (RMSEBM = 2.58 K, RMSEEM1 = 2.51 K). Similar situation applied to MAE evaluation
index (MAEBM = 1.95 K, MAEEM1 = 1.88 K), which corresponded to an accuracy improvement of 4%
compared to BM.

Regression performances differed depending on acquisition date. Apart from images acquired
in September and October, we achieved a positive effect of enhanced modelling (EM1, EM2) on
the accuracy results (Figure 3). The greatest errors appeared for the scenes from early autumn (27
September 2004) and from late spring (11 June 2017), with RMSE of about 2.6 K and 2.4 K, respectively.
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Such discrepancies, documented in Figure 3, may have occurred because of different periods of
growing season, the limited number of samples and their small variability incorporated in the RF
modelling. This is likely due to weather conditions during image acquisitions, with dense cloud cover
and shadowed surfaces over the Alps. These factors influenced negatively the determination of the
impact of biomass content and elevation in the prediction of land surface temperature spatial patterns.Remote Sens. 2019, 11, x FOR PEER REVIEW 10 of 19 
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Figure 3. Validation results based on average Root Mean Square Error (RMSE) (a) and Mean Absolute
Error (MAE) (b) between disaggregated images and reference images for Basic Modelling (BM),
Enhanced Modelling 1 (EM1), and Enhanced Modelling 2 (EM2).

Similar behavior in the context of models’ performances presents scatterplot comparison of the
downscaled MODIS LST and Landsat references (Figures 3 and 4). The graphs created for dates
with the highest and the lowest global RMSEs and MAEs (Figure 3) show almost the same spatial
distributions for all the exploited approaches. The graphs indicate that different vegetation thresholds
for applied models did not introduce noticeable improvements (Figure 4).
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Considering the averaged global analysis, we achieved better results for BM with disaggregated
MODIS LST than for the original datasets (Table 3). EM1 and EM2 yielded quite similar RMSE and
MAE values, which indicates a reduced contribution of different variables incorporated in both LST
sharpening methods. In contrast to the latter methods, RMSEmean (MAEmean) for basic modelling was
equal to 2.31 K (1.79 K), which corresponded to accuracy improvement of 22% (18%) compared to
statistics obtained for Landsat and the original MODIS (Table 3). The above-mentioned outcomes
(Figures 3 and 4) indicate that the proposed RF approaches gave quite similar LST spatial patterns.

Table 3. Overview of averaged Root Mean Square Error (RMSE) and Mean Absolute Error (MAE)
(RMSEmean, MAEmean) based on all Landsat validation data at global scale.

Landsat LST vs. original MODIS LST Landsat LST vs. sharpened MODIS LST

RMSEmean

BM EM1 EM2 BM EM1 EM2
2.97 2.38 2.44 2.31 2.23 2.22

MAEmean

BM EM1 EM2 BM EM1 EM2
2.18 1.83 1.85 1.79 1.73 1.72

In addition to the assessment of the model performances provided by RMSE and MAE,
we conducted a qualitative assessment of the results based on visual analysis for the methods
used, by comparing downscaled LST with original MODIS LST at 1 km resolution and with Landsat
LST downgraded at 250 m resolution (Figure 5).

Differences in spatial patterns between the original MODIS and the downscaled imagery can be
noticed (Figure 5b–e). This behavior is especially visible for the valleys within the study area. Notable
visual improvements are noticeable in the north east valleys for which Landsat-like thermal variability
with higher LST values was obtained (Figure 5c). Based on qualitative assessment, downscaling
procedures allow identifying finer details. In contrast to the enhanced approaches (EM1, EM2),
larger number of samples regarding BM modelling influenced bigger variability of downscaled
pixels (Figure 5c–e). Comparing Landsat LST after applying vegetation mask (Figure 5a) with the
downscaled MODIS Terra LST products (Figure 5c–e), we observed that sharpened pixels showed
similar distribution triggered by the original CR imagery (Figure 5b). The above-mentioned outcomes
(Figures 3–5) indicate that the proposed RF approaches gave similar LST spatial patterns as well. In
most cases degraded Landsat LST maps had a broader temperature value distribution than the original
MODIS LST at 1 km spatial resolution. This means that RFD affected by CR LST data could not be able
to simulate thermal variations at sub-pixel level over the area (e.g., on 27 September 2004, Landsat LST
values ranged from 258.6 K to 298.7 K and MODIS LST values ranged from 277.6 K to 294.6 K).
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Figure 5. Visual comparison between MODIS images and the time-coincident Landsat LST maps
degraded to 250 m spatial resolution. The left column shows: (a) degraded Landsat reference image
(250 m), and (b) the original MODIS LST (1000 m), and the right column corresponds to downscaled
imagery sharpened by BM (c), EM1 (d), EM2 (e) on 27 September 2004.

3.2. Validation for the Different Land Cover Classes

In parallel with the global validation, to assess the influence of land-cover type on model results
we performed the validation based on the RMSEs for each vegetated class obtained from LISS resources.
Additionally, the original MODIS LST was compared against degraded Landsat LST products. Due to
better performance obtained for basic modelling (Table 3), in Tables 4 and 5 we show BM prediction
errors for five LULC, including forest, vineyards and orchards, annual crops, grassland and bushes.

Table 4. Local comparison of RMSE between reference images and sharpened MODIS data obtained by
basic modelling (BM) for different land-cover types.

Landsat LST vs. Sharpened MODIS LST

RMSE (K)

Date Forest Vineyards & Orchards Annual Crops Grassland Bushes AVERAGE

27.09.2004 2.57 2.55 2.19 3.03 3.53 2.78
25.05.2005 1.84 2.67 1.24 3.30 5.09 2.83
16.10.2005 2.19 1.45 1.05 2.50 4.08 2.25
18.07.2007 2.10 4.33 3.60 2.95 3.26 3.25
12.09.2010 2.10 2.66 2.97 2.78 3.36 2.77
27.08.2016 1.58 2.39 2.47 2.66 3.22 2.46
11.06.2017 2.09 3.32 4.13 3.38 4.43 3.47

AVERAGE 2.07 2.77 2.52 2.94 3.85 -
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Table 5. Local comparison of RMSE between reference images and original MODIS data obtained by
BM approach.

Landsat LST vs. original MODIS LST

RMSE (K)

Date Forest Vineyards & Orchards Annual Crops Grassland Bushes AVERAGE

27.09.2004 2.73 2.75 2.30 3.53 3.85 3.03
25.05.2005 1.96 2.46 1.03 4.05 5.51 3.00
16.10.2005 2.24 1.62 2.71 3.06 4.64 2.86
18.07.2007 2.20 3.98 3.02 3.32 3.91 3.29
12.09.2010 2.21 2.56 3.41 3.30 4.57 3.21
27.08.2016 1.65 2.11 2.02 3.05 3.67 2.50
11.06.2017 2.19 2.97 3.23 3.85 4.48 3.34

AVERAGE 2.17 2.64 2.53 3.45 4.38 -

As can be seen in the above tables (Tables 4 and 5), at the level of different vegetation types,
accuracies of thermal downscaling are diversified and therefore RMSE values increased in many
cases. Considering global and local evaluation measures, we found that larger deviations between
downscaled/original MODIS LST and Landsat LST were obtained at land-cover level. Regarding
the size of RMSE values, the BM yielded less satisfactory results for bush class, for which standard
deviation ranged 0.63–0.71 K and the RMSEmean was 3.85 K for sharpened MODIS and 4.38 K for the
original MODIS (Tables 4 and 5). Due to the complicated structure of vineyards and orchards, which
influence sub-pixel variability, RMSE ranged from 1.45 K to 4.33 K. A similar behavior was observed
on 11 July 2017 for annual crops, grassland and bushes classes yielding maximum RMSE errors of BM
ranging from 3.23 K to 4.48 K (Tables 4 and 5). On average, for the forest class the prediction error
(Table 4) was markedly lower (RMSEmean = 2.17 K), corresponding to an improvement of 2–6% in
prediction accuracies (RMSE) against the original MODIS LST (Table 5). Despite bigger RMSE and
MAE values than for other classes, the largest improvements after downscaling were observed for
grasslands and bushes yielding 15% and 12% decreases in RMSE, respectively. As already noted for
the global comparison, the BM at local scale did improve accuracy outcomes. On average, differences
in RMSEBM between the original MODIS and the downscaled outcomes ranged from −0.13 K to
0.60 K. Only RMSEmean (RMSEmean = −0.13 K) for 11 June 2017 indicated lack of improvements in the
RFD procedure.

4. Discussion

The proposed random forest algorithm allows predicting LST at the medium spatial resolution
(250 m) yielding satisfactory results. Model performance assessment based on quantitative comparison
between MODIS original and downscaled images showed BM as more robust method than other
approaches. Considering the applied random forest models (BM, EM1, EM2) exploiting DEM and
NDVI explanatory performance, findings from this study indicate that prediction error differences
between downscaled images obtained by different implementation of RF regressions were insignificant
(Figure 3, Table 3). Regardless of number of prediction variables and masks applied, differences in
RMSEs between BM and EMs on average did not exceed 0.1 K. In this case the outcomes from the
paper are not in agreement with results obtained by Kustas et al. [24] who showed that purity pixel
selection caused improvement in downscaling procedure as a big potential for spatial ET modelling.
When comparing the prediction errors (Figure 3) to the ones observed by Merlin et al. [79], Jeganathan
et al. [41], Maeda [29] and Hutengs & Vohland [39], we noted that our evaluation measures had on
average lower values. Hutengs & Vohland [39] applied random forest regression to MODIS LST
data with RMSEs ranging from 1.41 K to 1.92 K. Similarly, good results were obtained by Maeda [29].
The author showed that by using simple multivariate regression (DEM and NDVI as predictors) it
was possible to downscale daytime 1-km images with maximum standard error equals to 3.29 K and



Remote Sens. 2019, 11, 1319 14 of 19

coefficient of determination, R2
min = 0.78. Above-mentioned results are site-dependent and are highly

influenced by topographic complexity as well as by vegetation heterogeneity over study area.
RFD exhibits a large potential for producing enhanced LST maps, despite some limitations,

mainly due to cloud contamination and heterogeneity of 1-km pixels. In fact, within 2003–2017 image
collection, the unavoidable presence of contaminated pixels may have impact on the final quality of the
downscaling outputs. Furthermore, since the downscaled images maintained the spatial characteristics
of the original 1 km thermal data, the possibility of extracting homogenous pixels based on vegetation
cover fraction is hampered.

Vegetation content in the Alpine region is differentiated, meaning that within 1 km fishnet based on
MODIS LST many pixels were not dominated by vegetation. Since in today’s research on downscaling
techniques many authors have shown that the introduction of a big number of predictors improves
model performance [39,49], our preliminary model concept included diversified explanatory variables,
like topography-derived variables (terrain slope and aspect) and reflectance bands. Nonetheless,
by introducing these additional data we achieved similar resampled Landsat-downscaled MODIS
relationship and, as a result, we obtained the same spatial information as with the predictors which
we have chosen. Moreover, the exploitation of masks derived from the LISS land-cover, based on
vegetation content thresholds, led to similar mean prediction errors both generally and for single
land-cover classes. Based on preliminary tests, the high precision of the vector layer did not improve
the 250 m outputs with a difference ranging from 0.5 to 1.1 K. Therefore, for the application of the
proposed method to larger areas, Corine Land Cover maps with a Minimum Mapping Unit (MMU) of
25 ha could be an alternative to LISS 2013.

Statistical comparison between 250 m spatial resolution Landsat LST and the sharpened as well as
the original MODIS LST maps provided an overview for the assessment of the downscaling accuracy.
By applying Gaussian filtering and then upscaling resampling to Landsat LST it was possible to
partially smooth spatial details registered by high resolution sensors. However, there were still some
LST discrepancies caused by complex terrain affected by thermal anisotropy, changeable meteorological
conditions between time acquisitions or different viewing angle of sensors. Another issue was related
to uniformly disaggregated MODIS residuals which kept spatial information at CR pixel base. Thus,
future work will focus on the development of residual correction based on its normalization prior to
applying it to predicted pixels [30,32].

Unfortunately, due to the lack of ground data for the chosen Landsat acquisitions (Table 2),
comparison of the results with field measurements was not conducted. Future work should include
multiple ground-based radiometric measurements, distributed spatially in order to incorporate LST
values for different land cover classes within test sites.

As shown in Table 3, since there is a high level of agreement between the three applied model
concepts, further evaluation of random forest should be considered. The spectral response for
heterogeneous areas of the Alps represents various biomes, which are spatially and temporarily limited.
Due to the common cloud contamination over the study area, it was not possible to combine these
methods with data acquired from different sensors, such as Landsat 8 TIRS-1. On the other hand,
by using high spatial resolution data for the downscaling procedure and then applying FR mask,
it would be more effective to retrieve thermal contrast within smaller pixels corresponding to different
materials. Given this approach, heterogeneity of LULC could be overcome by extraction of spectrally
pure grid cells representing unique vegetated land-cover classes. This could bring to significant
accuracy improvements for random forest modelling over the complex area of the Autonomous
Province of Bolzano/Bozen.

5. Conclusions

This study presents an evaluation of the random forest algorithm for downscaling MODIS
LST, based on the relationship between land surface temperature and static and dynamic variables,
including digital elevation model and NDVI, in the heterogeneous ecosystems of the Alps. The
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application of three RF model concepts was needed to investigate whether the selection of specific
pixels based on land-cover criteria contributed to explain LST distribution over the Province of
Bolzano/Bozen. This paper demonstrates that RF machine learning regression, regardless of the method
used, was capable of modelling non-linear relationships between variables in a very robust way.

The performance of the proposed regressions (BM, EM1, EM2) against co-registered Landsat
images yielded quite similar results. A comparison based on statistical measures indicated that, on
average, RMSE (MAE) ranged from 1.66 K to 2.67 K (from 1.18 K to 2.16 K). At level of single land cover
classes, temperature deviations were also observed with significant LST differences for grasslands and
bushes (Tables 4 and 5).

Considering these difficulties, further studies should firstly focus on the implementation of
approaches to predict missing pixels, in order to perform LST downscaling based on full image
coverage and enhance modelling robustness. Future work will also concentrate on the development of
improved LST sharpening methods to reduce the gap between FR data with low temporal resolution
and coarse resolution imagery acquired at daily basis. Considering the recent progress in the availability
of satellites acquiring FR imagery, such as Landsat and Sentinel missions; further modifications of the
LST downscaling will exploit these datasets, which is an urgent need for studies related to climatology,
drought monitoring, and water management. These activities require high spatial resolution datasets
to retrieve detailed information about spatial variability of LST. Considering this issue, downscaling
procedures exploiting both MODIS LST and new high spatial resolution space-borne instruments have
a large potential for regional water availability assessments.
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