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Abstract: Land surface temperature is linked to a wide range of surface processes. Given the increased
development of earth observation systems, a large effort has been put into advancing land surface
temperature retrieval algorithms from remote sensors. Due to the very limited number of reliable in
situ observations matching the spatial scales of satellite observations, algorithm development relies
on synthetic databases, which then constitute a crucial part of algorithm development. Here we
provide a database of atmospheric profiles and respective surface conditions that can be used to train
and verify algorithms for land surface temperature retrieval, including machine learning techniques.
The database was built from ERA5 data resampled through a dissimilarity criterion applied to the
temperature and specific humidity profiles. This criterion aims to obtain regular distributions of these
variables, ensuring a good representation of all atmospheric conditions. The corresponding vertical
profiles of ozone and relevant surface and vertically integrated variables are also included in the
dataset. Information on the surface conditions (i.e., temperature and emissivity) was complemented
with data from a wide array of satellite products, enabling a more realistic surface representation.
The dataset is freely available online at Zenodo.

Keywords: land surface temperature; calibration database; training database; atmospheric profiles;
algorithm calibration

1. Introduction

The surface processes are intrinsically linked to land surface temperature (LST), as it
is a fundamental parameter of the surface energy balance [1-5]. Consequently, LST has
been recently recognized as an Essential Climate Variable (ECV) [6] by the Global Cli-
mate Observing System (GCOS) program. Satellite observations remain the most effective
method to obtain LST at multiple temporal and spatial resolutions [7]. For that reason,
satellite-based LST has been increasingly used in a wide range of applications, such as
the assessment of land surface schemes in numerical weather prediction models [8-10],
monitoring of vegetation health [11,12], and extreme events [13,14], estimation of evapo-
transpiration [15-17], monitoring landcover change and urban heat islands [18-22], and
climate studies [23-25], amongst others.

Over the last decades, a wide array of methods have been developed to retrieve LST,
mostly from thermal infrared (TIR) imagery [7]. Despite the numerous retrieval algorithms
available today, the training datasets used to calibrate those algorithms are very heteroge-
neous. As reliable in situ observations that represent the satellite scale are very limited,
these training datasets generally rely on top-of-atmosphere (TOA) radiances obtained from
a radiative transfer model. These models take as input a variety of atmospheric profiles
and surface properties that are considered to be representative of a range of possible atmo-
spheric and surface conditions. The sampling of those profiles has been performed with
very different methodologies and data sources, for instance: the Satellite Application Facil-
ity on Land Surface Analysis (LSA-SAF) has used a combination of atmospheric profiles
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from the European Centre for Medium-Range Forecast (ECMWEF) 40-year reanalysis (ERA-
40) and from clear-sky radiosondes [26] gathered by Borbas et al. [27]; the algorithm for the
MODerate resolution Imaging Spectroradiometer (MODIS) LST product MYD11/MOD11
was calibrated using 12 temperature profiles and re-scaled water vapor profiles [28], while
product MYD21/MOD21 also used the database compiled by Borbas et al. [29]; conversely,
the Along-Track Scanning Radiometer (ATSR) LST algorithm was trained using a random
selection of ECMWF ERA-Interim reanalysis with forced uniform spatial and temporal
coverage [30]; the Copernicus Global Land Service (C-GLOPS) considers a subset of profiles
from the dataset gathered by Borbas at al., where the selected profiles follow uniform dis-
tributions of water vapor and skin temperature [31]. The methodologies used to define the
surface temperature and emissivity used in algorithm calibration are even more heteroge-
neous; assigned surface temperatures range from model estimates, empirical relationships
between surface air and skin temperatures, or simple fixed temperature intervals centered
at values typically observed in stations.

Most LST products derived from satellite observations rely on (semi-)empirical models
fitted to a calibration dataset. Despite the importance of such a calibration database for the
overall performance of the final model, little attention is generally given to the selection
criteria of the cases (i.e., the atmospheric profiles) and distributions of the corresponding
variables. The impact the training data may have on the robustness of the parameters
of these mathematical models is not negligible and could compromise their quality. In
particular, the training dataset should represent a wide range of surface and atmospheric
conditions, frequently observed or not, to ensure a global good performance.

The topic of building a representative database of a priori information has been
addressed in the past, mostly in the context of the retrieval of atmospheric profiles from
satellite data. The first major attempt to build a global-scale database of atmospheric profiles
for modeling forward and inverse radiative transfer problems has been the development of
the multiple versions of the Thermodynamic Initial Guess Retrieval database (TIGR) [32-36].
These databases were built from radiosonde data, applying a dissimilarity criterion based
on the temperature to obtain regular distributions. The National Oceanic and Atmospheric
Administration (NOAA) also compiled a dataset of radiosondes, the NOAA-88. This dataset
encompassed 7547 globally distributed clear-sky profiles of water vapor, temperature, and
ozone, together with observations of surface pressure and near-surface air temperature.
The dataset was complemented with radiosonde data from the Sahara region to circumvent
the lack of data for very warm surfaces [37].

Complementary to observation-based databases, Chevallier proposed the use of nu-
merical weather prediction data to build profile databases from the 31- and 50-layer
ECMWE short-range forecasts [38] and later from the 60-level ECMWF 40-year reanal-
ysis (ERA-40) [39]. These datasets based on numerical weather prediction models had the
advantage of providing a large set of surface and profile variables that are consistent with
each other and available at full spatial and temporal coverage. The sampling strategy of
these datasets was similar to the TIGR, using a dissimilarity criterion simultaneously ap-
plied to temperature and specific humidity profiles. The recent version 12 of the Radiative
Transfer for TOVS (RTTOV) fast radiative transfer model [40] used a training database
of atmospheric profiles from the ECMWEF ERA-Interim reanalysis [41]. In this case, the
temperature, specific humidity, ozone, cloud condensation, and precipitation datasets were
built independently using the same approach as Chevallier et al. [38]. This database was
developed as a result of the ECMWEF work on cloud and precipitation to improve the
distribution of each individual variable. Aires and Prigent [42] also explored a clustering
technique to resample the ERA40 database for the calibration of statistical retrieval algo-
rithms. The purpose of using this technique was to reproduce the original distributions
of the database with the sampling method. Conversely, Mattar et al. [43] built a training
database from ERA-Interim profiles selected based on the type of climate, spatial location,
water vapor content, and temporality.
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Borbas et al. [27] combined the data from NOAA-88, TIGR-3, and ERA-40 together
with radiosondes from 2004 in the Sahara Desert into a single training database. The
so-called SeeBor database is currently the most widely used in LST retrieval and has been
used as a benchmark for calibrating multiple remote sensing LST products [44-53].

However, the profile data used in the SeeBor database is significantly outdated. In
particular, the most recent ECMWF version-5 reanalysis (ERA5) [54] is now available,
providing atmospheric profiles on 137 levels, with a much more detailed representation of
atmospheric conditions close to the surface and with hourly frequency, allowing getting
profiles more representative of the whole diurnal cycle, when compared with the previous
6-hourly reanalysis. The higher spatial resolution (30 km) and improved surface scheme
used in ERA5 also lead to a much more realistic surface temperature when compared
with ERA-40. We consider that the use of reanalysis data is the most appropriate strategy
to build a calibration database for LST algorithms since it combines large amounts of
historical observations (including radiosondes) using the most advanced modeling and
data assimilation systems while providing full spatial and temporal coverage. Additionally,
the new ERAS reanalysis shows a better agreement (compared to the older ERA-Interim) to
observations over the entire troposphere, particularly for the near-surface parameters [54].
Since most of the TIR signal originates from the lower troposphere, it has the potential to
provide a better reference for TIR-based retrievals when compared with ERA-Interim and
is significantly better than the ERA-40 profiles used in SeeBor.

We propose building a comprehensive clear-sky database for TIR-based LST retrieval
from ERA5 data using the sampling methodology proposed by Chevallier et al. [38]. In
the TIR domain, temperature and specific humidity are the most relevant variables for
LST retrieval, making this sampling method particularly appropriate. Moreover, this type
of sampling methodology is preferred here as it allows obtaining uniform distributions
of the temperature and specific humidity profiles; sampling methods based on uniform
distributions in time and space are more likely to lead to irregular distributions of these
variables due to physical constraints [38,55]. The surface conditions are defined from the
combined use of ERA5 and satellite data to increase the database’s representativeness. For
reference, we compare the different variable distributions of the new database with those
of SeeBor, since it includes a wide range of the datasets previously mentioned.

2. Materials and Methods
2.1. Model Data

The calibration database is built using data from the ECMWF reanalysis ERA5. ERA5
provides hourly estimates of numerous atmospheric, land, and oceanic climate variables.
Three main subsets of variables were used, namely:

1.  Atmospheric profiles, including temperature, specific humidity, and ozone on model
levels (137 levels from the surface up to a height of 80 km).

2. Surface variables, including 2-m temperature (T2 m), surface pressure (SP), skin tem-
perature (Tskin), land-sea mask, geopotential, and the logarithm of surface pressure
(the last two are used to obtain the height and pressure of each model level).

3. Vertically integrated or column variables, namely total column water vapor (TCWYV)
and total cloud cover (TCC).

All data correspond to hourly data (24-time slots) for the 15th day of each month
within the 2009-2019 period, interpolated to a 1° x 1° spatial grid. Only land and clear-sky
conditions are considered by limiting TCC to values below 30%.

Surface and atmospheric column variables were also downloaded from the ERA5
archive with a resolution of 0.25° x 0.25° for all times-of-day and all days within the
2018-2020 period. As further detailed below, this last group of data will be used in com-
bination with satellite data to examine and define the surface conditions that should be
considered when building the calibration database.
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2.2. Satellite Data

Satellite-based LST and surface emissivity are used here in combinationwith the ERA5
data to define the surface conditions for the training database. To reduce the impact of
sensor-specific biases and increase spatial and temporal coverage, we consider various
LST products, namely: the LSA-SAF LST products derived from the Spinning Enhanced
Visible and Infrared Imager (SEVIRI) onboard the European series of Meteosat Second
Generation (MSG) satellites, including the Indian Ocean Data Coverage (IODC), and from
the Advanced Very High-Resolution Radiometer (AVHRR) onboard the European series of
polar-orbiter satellites, Metop [26,56]; the C-GLOPS LST product based on the Advance
Baseline Imager (ABI) onboard the Geostationary Operational Environmental Satellites-R
Series (GOES-R) and on the Advanced Himawari Imager (AHI) onboard the Himawari
series (https:/ /land.copernicus.eu/global/products/Ist accessed on 26 May 2021). The
MSG (GOES-R and Himawari) products are available with a temporal sampling of 15 (10)
min and a spatial resolution of 3 km (2 km) at the sub-satellite point. The AVHRR product
has a spatial resolution of about 1 km and is available approximately twice daily at 9:30
and 21:30 local time.

All the above-mentioned LST products are based on the Vegetation Cover Method
(VCM) for a priori emissivity estimation [57], using the respective Fraction of Vegetation
Cover (FVC) products produced by the LSA-SAF and C-GLOPS. These emissivity datasets
are available internally at the LSA-SAF with the same spatial resolution as the LST products
and a daily temporal sampling.

To further increase the range of possible emissivity values, we further include data
from the MODIS Temperature Emissivity Separation (TES) algorithm, which provides
direct retrievals of emissivity in the TIR spectral range (MYD21C1) [58]. The MYD21C1
product provides daily day/night composites of LST and emissivity for MODIS bands 29,
31, and 32 on a 0.05° x 0.05° grid.

All datasets are projected onto the ERA5 0.25° x 0.25° grid by a simple average of
all pixels within each grid box. For the geostationary satellites, only the LST retrievals
with reference times of 00, 01, ... , 22, 23 UTC were used to match the hourly sample of
ERAS. For AVHRR LST, all observations within £ 15 min of the ERA5 hourly data were
considered.

Information on landcover is also included in the database: here, we use the dataset
from the CCI Landcover project available at a resolution of 300 m [59]. These data are
also reprojected onto the ERAS5 grid using the most frequent value. Table 1 shows the
landcovers’ ID and respective descriptions.

Table 1. CCI Landcover types’ description.

ID Description

10 Cropland, rainfed

11 Herbaceous cover

12 Tree or shrub cover

20 Cropland, irrigated or post-flooding

30 Mosaic cropland (>50%)/natural vegetation (tree, shrub, herbaceous cover) (<50%)
40 Mosaic natural vegetation (tree, shrub, herbaceous cover) (>50%) S/cropland (<50%)
50 Tree cover, broadleaved, evergreen, closed to open (>15%)

60 Tree cover, broadleaved, deciduous, closed to open (>15%)

61 Tree cover, broadleaved, deciduous, closed (>40%)

62 Tree cover, broadleaved, deciduous, open (15-40%)

70 Tree cover, needle-leaved, evergreen, closed to open (>15%)

71 Tree cover, needle-leaved, evergreen, closed (>40%)

72 Tree cover, needle-leaved, evergreen, open (15-40%)

80 Tree cover, needle-leaved, deciduous, closed to open (>15%)

81 Tree cover, needle-leaved, deciduous, closed (>40%)

82 Tree cover, needle-leaved, deciduous, open (15-40%)
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Table 1. Cont.

ID Description

90 Tree cover, mixed leaf type (broadleaved and needle-leaved)
100 Mosaic tree and shrub (>50%)/herbaceous cover (<50%)
110 Mosaic herbaceous cover (>50%)/tree and shrub (<50%)
120 Shrubland

121 Evergreen shrubland

122 Deciduous shrubland

130 Grassland

140 Lichens and mosses

150 Sparse vegetation (tree, shrub, herbaceous cover) (<15%)
151 Sparse tree (<15%)

152 Sparse shrub (<15%)

153 Sparse herbaceous cover (<15%)

160 Tree cover, flooded, fresh, or brackish water
170 Tree cover, flooded, saline water
180 Shrub or herbaceous cover, flooded, fresh/saline /brackish water

190 Urban areas
200 Bare areas
201 Consolidated bare areas

2.3. Profile Selection Methodology

We aim to build a training database consisting of a subset of ERA5 variables fully
representative of all possible atmospheric and surface conditions in the original database.

To ensure that all climate conditions are considered in the database, we start by
defining classes of TCWV varying from 0 to 60 mm in steps of 5 mm (with the last class
also encompassing values above 60 mm), and classes of Tskin varying from 190 to 350 K in
steps of 10 K. We recall that only “clear-sky” cases, i.e., profiles with TCC below 30%, are
considered; the “30%” threshold is a compromise between ensuring the use of ERAS clear-
sky profiles, while still maintaining a reasonable pool of data to build our database. The
TCWYV is used here to stratify the database in terms of bulk atmospheric conditions since
the variability of the TCWYV is much more heterogeneous than that of the temperature and
tends to increase with increasing TCWV value. Then, the Tskin stratification is incorporated
to ensure all surface conditions are considered for each TCWV range (for instance, very dry
atmospheres may occur over deserts and snow-covered regions with very different surface
temperature ranges).

Then, for each class of TCWYV and Tskin, approximately 1000 profiles are selected
using the methodology of Chevallier et al. [38]. Chevallier et al. use an iterative process to
select a subset of profiles from the initial database based on the dissimilarity between the
profiles. The proximity criterion is considered in the temperature and specific humidity
spaces separately and is measured through the non-Euclidian distances:

1/2

. — U; 2
De(i,j) = {25—1<W> } ’ )

w;(k) — w;(k 2y 1/2
Du(iyj) = {25_1<W> } : @)

where 6(k) and w(k) are the temperatures and specific humidity at levels k and i, j represent
two atmospheric profiles from the database. oy(0y,) is the standard deviation of 8(w)
computed from the original database for the selected class of TCWV and Tskin. The
selection is performed as follows:

1.  For a given TCWYV and Tskin class, a pair of profiles of § and w is randomly selected
from the original database and put in the calibration database.
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2. A new pair of profiles is then selected randomly from the original database. The
distances Dg and D, are calculated between the new profiles and each pair of pro-
files already in the calibration database. The minimum values, Dg‘in and Df{}ir‘, are
then computed.

3. Thenew pair of profiles are stored in the database if DF'" and D™" meet the threshold
criteria for the minimum acceptable distance:

Dénin 4 ‘uDgin > d, (3)

The parameter y is introduced to account for the difference in vertical variability of
the two variables and takes a value of 1.9, following Chevallier et al. [38].

4. Steps 2 and 3 are repeated until all profiles in the original database have been tested.

Higher d values limit the database to higher distances, Dy and D,,, between profiles,
i.e., only profiles with higher dissimilarity are selected. However, the values of Dy and D,
also depend on the distribution of #(k) and w(k) in the original database. Consequently,
the value of d must be updated for each TCWV and Tskin class in order to reach the
desired sample size (in this case, 1000, with an allowance of 10 profiles to simplify the
calculations). For that purpose, d values are adjusted iteratively: first, a random d is
selected, and the profiles’ selection process (steps 1-4) is performed; if the resulting sample
size is higher/lower than the target, then d is increased /decreased; this process is repeated
until the desired sample size is achieved.

The sampling is performed on model levels to achieve higher accuracy (avoiding
vertical interpolation to pressure levels) and to encompass a wide range of atmospheric
conditions, including high elevated ground [38]. Figure 1 shows the sample size of each
class of the original and calibration databases. For some classes, the number of available
profiles in the original database is below the 1000 target, in which case all available profiles
are used.

(a) ERAS database (b) Calibration Database

10°
10°
50
10°
40 10?
104
A 30
i
102 20 10!
10! 10
10° 0 10°

180 200 220 240 260 280 300 320 340 180 200 220 240 260 280 300 320 340
Skin Temperature [K] Skin Temperature [K]

TCWV [mm]
TCWV [mm]

Figure 1. Sample size of the original ERA5 (a) and the new calibration (b) databases for each TCWV
(mm) and skin temperature (K) class.

3. Results
3.1. Spatial Distribution

Figure 2 shows the geographical distribution of the profiles selected for the database.
As expected, the availability of data is constrained by the local climate, and therefore some
regions cannot be represented for some classes of TCWV and Tskin.

It is also expected that some regions of the planet might have higher variability of
atmospheric and surface conditions, which means that some locations may have a higher
representation in the database (e.g., dry or semi-arid regions). Nevertheless, construct-
ing this database aims to ensure that all possible atmospheric/surface conditions are
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represented, which can only be achieved by including a large number of profiles over
some regions.

(b) TCWV = 5-10 mm

(a) TCWV = 0-5 mm
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0 0°
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Figure 2. Cont.
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(g) TCWV = 30-35 mm

(h) TCWV = 35-40 mm
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Figure 2. Geographical distribution of the profiles selected for the atmospheric general database
for each class of TCWV ((a) 0-5 mm; (b) 5-10 mm; (c) 10-15 mm; (d) 15-20 mm; (e) 20-25 mm;
(f) 25-30 mm; (g) 30-35 mm; (h) 35-40 mm; (i) 4045 mm; (j) 45-50 mm; (k) 50-55 mm; (1) 55-80 mm).
Colors and respective colorbar indicate the corresponding class of Tskin (K).

3.2. Temporal Distribution

In the original dataset, the full diurnal cycle of each day is included in order to
incorporate a higher variability of atmospheric conditions. Naturally, the sampling method
described above will condition the temporal distribution of the data. Figure 3 shows the
distribution of local time and of the months of the profiles sampled for each TCWYV class.
The sampling tends to be uniform during the night and has increased values towards noon.
Likely, there is a higher variability of atmospheric conditions, particularly for temperature,
during these times of the day. There is also a higher frequency of values during the
northern hemisphere summer months (June to August) for the classes of higher TCWV.



Remote Sens. 2022, 14, 2329

9 of 24

This is because very moist atmospheres can only occur under warmer temperatures (as
depicted in Figure 1). Given the much larger land area in the northern hemisphere, the
histogram shows higher frequencies for the northern hemisphere summer. Nevertheless,
the sampling is representative of all times of day and all seasons.

Relative Frequency

o © © o o

o =] o — =

= o =] o ~N
D

o
i<l
N
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v
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Figure 3. Histograms of local time (a) and of the month (b) of the selected data for the calibration
database for each TCWYV class.

3.3. Vertical Distribution

The vertical distribution of the selected temperature and water vapor profiles was
analyzed by computing the 5th, 25th, 50th, 75th, and 95th percentiles of the two variables at
each pressure level, for each TCWYV class. Percentiles are used here instead of the mean and
standard deviation since we found that distributions are mostly not symmetrical around the
mean, and therefore the standard deviation may misrepresent the actual range of values.

Figure 4 shows these vertical distributions for each TCWYV class. For reference, the
respective distributions obtained from the SeeBor database are also shown. To obtain
a consistent vertical grid, the profiles of both datasets are first interpolated to pressure
levels. The two databases show distributions with significant differences, particularly in the
lower troposphere, with the new database presenting a much wider range of values. Three
main factors contribute to such differences: (1) the improved vertical resolution of ERA5
profiles compared to the data used in the Seebor database; (2) the wider range of conditions
provided by ERA, which stems from a more realistic representation of atmospheric profiles
(partially associated with the previous point) and surface variables when compared to
Seeboor; (3) the used selection criterion that yields a more uniform distribution of the
profiles within the database. The larger median and inter-quartile range of the temperature
profile (and to some extent of the water vapor profile as well) in the lower TCWV class
is particularly conspicuous. The SeeBor database does not represent the full range of
temperature conditions that can occur under dry atmospheres, and the higher temperatures
are underrepresented. The new database also seems to include values more extreme than
the SeeBor, especially for low TCWV.
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(g) TCWV = 30-35 mm (h) TCWV = 35-40 mm
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Figure 4. Distribution of the temperature (left) and specific humidity (right) profiles selected for the
calibration database (blue) for each TCWYV class ((a) 0-5 mm; (b) 5-10 mm; (c) 10-15 mm; (d) 15—
20 mm; (e) 20-25 mm; (f) 25-30 mm; (g) 30-35 mm; (h) 35-40 mm; (i) 4045 mm; (j) 45-50 mm;
(k) 50-55 mm; (1) 55-80 mm). The solid lines represent the median, the shaded areas represent the
25th to 75th percentiles, and dashed lines represent the 5th and 95th percentiles. The distribution of
the SeeBor profiles is also shown for reference (in red).

3.4. Distribution of Surface Conditions
3.4.1. Surface Temperature

The surface variables obtained for each profile, namely surface air (first model level,
corresponding to about 10 m above the surface) and skin temperatures (Tskin), as well as the
difference between the two, were also analyzed. Figure 5 shows the obtained distributions
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for the selected profiles for each TCWYV class. For reference, the respective distributions
obtained from the SeeBor dataset are also shown. The proposed database shows a significant
increase in the range of values of surface air and skin temperatures, especially for the lower
TCWV. The range of skin temperature values is always significantly larger than in the
case of SeeBor. In the SeeBor database, the skin temperature was prescribed as a function
of surface air temperature and solar zenith and azimuth angles, based on station data
from a single site. The use of only one site is likely not able to represent the full range of
possible variability. The use of this empirical relationship between surface air and skin
temperature is also noticeable when analyzing the distributions of the difference between
the two variables (Figure 5, bottom panel), with the proposed database showing ranges
of values around three times larger than that of the SeeBor. As such, the new database is
likely to provide a more complete representation of the atmosphere-surface relationship.

Despite the great advances in surface modeling in the last decades, modeled Tskin
still frequently presents large errors. In particular, several authors have pointed out a
systematic underestimation of the Tskin in reanalysis datasets [2,8,10]. Tskin estimates
should, therefore, be used with care in the context of algorithm/model calibration as the
errors (in particular the systematic ones leading to an under-sampling of the Tskin actual
distribution) will be propagated to the calibration and could significantly reduce the quality
of the algorithm /model.

Satellite products of LST have been demonstrated to have good quality on aver-
age [56,60,61]. To reduce the propagation of satellite product errors to the calibration
data, our strategy is to define an acceptable range of values of LST given the atmospheric
conditions, taking as a baseline the estimates of Tskin.
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Figure 5. Distribution of the (a) surface air temperature (Tair), (b) skin temperature (Tskin), and
(c) the difference between skin and surface air temperatures for each TCWYV class. The bold line
represents the median, the box represents the 25th to 75th percentiles, and the whiskers represent the
5th and 95th percentiles. Values are shown for the new calibration database (blues) and the SeeBor
database (red).
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For that purpose, LST estimates from the SEVIRI/MSG/MSG-IODC, ABI/GOES-R,
ABI/HIMAWARIS8, and AVHRR /EPS were collocated with estimates of surface variables
from the ERAS5 dataset. This wide range of sensors is used to ensure: (1) coverage of
the full diurnal cycle for most of the globe, which is achieved through the constellation
of geostationary satellites; (2) global coverage, namely by including a polar orbiter that
provides data of the geostationary’ s coverage (mainly the poles). Figure 6 shows the
distribution of the differences between LST and ERA5 Tskin using all satellite products.

To extend the range of Tskin values in the database, we take the 5th (95th) of the
LST-Tskin difference to define the upper (lower) limit of the Tskin range in the calibration
database. By leaving out LST values below /above the 5th/95th percentiles, we ensure that
outliers, either related to errors in the LST products, such as cloud contamination, or events
that will not be properly represented in ERA5, such as hotspots associated with wildfires
or volcanic activity, are not included in the database. Since cloud contamination of the LST
is more probable for high TCWYV, for the last two classes of TCWYV, the 10th percentile is
used instead as the lower limit. This is noticeable in Figure 6, in the conspicuously low 5th
percentile values of the 50-55 mm and 55-80 mm TCWYV classes at a Tskin of 290-300 K
(bottom panel, in grey and red). The range of Tskin in the new database is then increased by
defining five equally spaced values between the two prescribed limits. As a result, to each
profile, we attribute six Tskin values consisting of the original ERAS5 value plus five new
ones obtained from the satellite data.
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Figure 6. Distribution of differences between satellite LST and ERA5 Tskin (K) for each TCWYV class
((a) 0-5, 5-10, 10-15 and 15-20 mm; (b) 20-25, 25-30, 30-35 and 35-40 mm; (c) 40-45, 45-50, 50-55
and 55-80 mm). The bold line represents the median, the box represents the 25th to 75th percentiles,
and the whiskers represent the 5th and 95th percentiles.

This process is not intended to provide the actual values of Tskin corresponding to
each profile but to provide a realistic range of Tskin for the given atmospheric conditions
while increasing the representativeness of the database. This is likely to be more relevant
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for classes of low TCWV and low Tskin where we see a strong bias in ERA5 Tskin with
respect to satellite LST (Figure 6).

Figure 7 shows the new distribution of skin and surface air temperatures with the
extended range of Tskin. This modification leads to a slight increase in the Tskin range,
particularly increasing the range of the lower Tskin values for low TCWYV and the range of
the higher Tskin values for high TCWV. As expected, by attributing different Tskin values to
each profile, the values of Tskin-Tair also show slight changes in the distribution.
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Figure 7. As in Figure 5 but showing the proposed calibration database with extended Tskin range
(Tskin+; green). . Distribution of the (a) surface air temperature (Tair), (b) skin temperature (Tskin),
and (c) the difference between skin and surface air temperatures for each TCWV class

3.4.2. Surface Emissivity

Land surface emissivity is one of the variables related to LST retrieval with the highest
uncertainty [7]. To reduce the impact of those uncertainties on the calibration database,
we opt to use a similar strategy to the one proposed for Tskin, where a range of possible
emissivity values is defined that is consistent with the surface conditions.

To create this range, we start by attributing a landcover type to each profile. Figure 8
shows the distribution of landcover types for each TCWYV class. The database includes a
wide range of landcover types: the lower TCWYV classes encompass mostly snow (220),
desert (200), and sparser vegetation types (120, 130, 150); as TCWYV increases, there is
a predominance of vegetated landcovers such as croplands (10-20), forest (50-90) and
sparse/low vegetation (120-150).
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TCWYV class ((a) 0-5, 5-10, 10-15 and 15-20 mm; (b) 20-25, 25-30, 30-35 and 35-40 mm; (c) 4045,
45-50, 50-55 and 55-80 mm).

A range of emissivity values is attributed to each landcover type by using the satellite-
based emissivity estimates. The distribution of the emissivity values is analyzed by land-
cover class (Figure 9). Although the different products will have slight differences due
to changes in the spectral response function, we assume that variability due to the type
of surface is much larger than that related to the sensor configuration. The TES method
used in the MYD21 product is generally more accurate for bare areas, while the VCM
is more accurate over vegetated areas where spectral contrasts are reduced [62,63]. As
such, for vegetated classes, we use the VCM method as the upper limit (95th percentile)
of the emissivity range and the TES as the lower limit (5th percentile) by assuming that
when the vegetation cover is very low, the TES can better retrieve the soil emissivity. For
desert classes, the TES range is used, while for snow/ice, only the VCM range is used
since this yields values closer to those typically seen in spectral libraries. In the case of
the emissivity difference between channels, we take the range of values given by TES as
it should provide better estimates for higher spectral contrasts and therefore generally
shows higher variability, with the exception of the snow/ice class where the VCM is used.
Emissivity values are prescribed in the calibration in 2 steps:

1. Five emissivity values are set for the ~11 pm channel taking equally spaced values in
the emissivity range selected based on landcover (as described above);

2. For each emissivity value prescribed in 1), five values of emissivity difference are
set, taking equally spaced values in the selected emissivity difference range, which
are used to compute the emissivities of the ~12 pm channel. Values above 0.99
are discarded.

This method generates 25 pairs of emissivity at ~11 um and ~12 um for each profile.
Figure 10 shows the resulting distribution of emissivity values in the new calibration
database, together with the respective distributions from the SeeBor dataset. The proposed
database provides a much wider range of emissivity values than the SeeBor. Emissivity
values of the proposed database tend to be higher for higher TCWYV, which is consistent
with a higher vegetation density generally observed over wet regions.
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type (as described in Table 1). The bold line represents the median, the box represents the 25th to
75th percentiles, and the whiskers represent the 5th and 95th percentiles.
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class. The bold line represents the median, the box represents the 25th to 75th percentiles, and the

whiskers represent the 5th and 95th percentiles. Values are shown for the new calibration database
(blues) and the SeeBor database (red).

3.5. Brightness Temperature Distribution

Lastly, we analyze the impact of the used sampling methodology on the correspond-
ing top-of-atmosphere (TOA) brightness temperatures (BT). For that purpose, TOA BTs
were computed for each database using the MODTRANG radiative transfer model. The
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MODTRANSG output was then convolved with the response functions of SEVIRI/MSG3
channels 9 (centered at 10.8 um) and 10 (centered at 12.0 um). These two channels were
selected since they are located in the TIR atmospheric window, being the most widely used
channels in LST retrieval algorithms [7]. The outcome of the analysis performed for the
corresponding simulated BTs largely applies to similar bands from other instruments.
Figure 11 shows the distribution of BT for the two channels and the difference between
them. To further understand the impact of increasing the variability of surface conditions
for each profile, here we show the distribution for the proposed database when the Tskin
from ERAS5 is used together with a median value of emissivity for each landcover and when
the range of Tskin and emissivities is extended based on the satellite data. For reference,
the respective distribution for the SeeBor database is also shown. As expected from the
previous analyses, the range of BT values significantly increases compared to the SeeBor
database, and the medians of the BTs are always higher. This is a direct consequence of
the higher median and range of the Tskin in the proposed database (Figure 5). There is
also a significant increase in the range of BT difference, which is of high importance for the
quality of the atmospheric correction in algorithms using the split-window channels [7,28].
The increased range of atmospheric profiles already introduces a significant increase
in the range of Tskin values (Figure 5), which contributes to the wider range of BTs seen in
Figure 11. The extension of the surface conditions shows only a marginal increase in the range
of BTs. The extension of the surface conditions seems to be relevant, nonetheless, to increase
the range of the BT differences. Likely, the increased variability in emissivity values helps to
define better the contributions of the emissivity and the atmosphere to the BT difference.
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Figure 11. Distribution of the TOA brightness temperature at (a) ~11 pm (BT11), and (b) ~12 um
(BT12), and (c) respective difference between the two, for each TCWYV class. The bold line represents
the median, the box represents the 25th to 75th percentiles, and the whiskers represent the 5th and
95th percentiles. Values are shown for the new calibration database with a single Tskin and emissivity
value per profile (blues), for the new database with extended Tskin and emissivity values (Tskin+EM+;
green) and the SeeBor database (red).
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4. Impact on Algorithm Calibration

Here we provide a comprehensive dataset that can be used for training algorithms of
LST retrieval. It is well understood in modern statistics that, besides the model selection
and a priori information, the resampling method is essential for robust model parameter es-
timation [64]. These resample methods involve splitting the full database into training and
testing sets and they help prevent overfitting of the reference data. Although resampling
methods can sometimes be demanding (they usually require fitting the model multiple
times), with today’s computing capabilities, we believe they could be a great added value
for designing an accurate and robust retrieval procedure.

Two of the most commonly used categories of resampling methods are cross-validation
and bootstrap [64]. Xu and Goodacre [65] show that different variations of these methods
show consistent, correct classification rates, particularly for large sample sizes (around
1000). The cross-validation methods are useful to avoid over-fitting the training data.
A popular cross-validation method is a k-fold cross-validation, where the samples are
subdivided into k parts (or folds) of approximately equal size, with k-1 folds serving as
the training dataset and the remaining single fold being held out as the validation one [64].
The process is repeated k times so that ultimately all folds have been used for validation.
The performance of the model is then given by the average of all the k validation exercises,
and the optimal model parameters are those with the best performance. Typical values of k
are 5 and 10, which means that this method is particularly appropriate for computationally
expensive models.

Bootstrap techniques also provide an estimate of the uncertainty of the model [66],
which is particularly useful for learning methods where a measure of variability is difficult
to obtain (e.g., machine learning methods). The bootstrap also allows identifying statisti-
cally non-significant coefficients in a model. With a bootstrap method, a subset of samples
(with the same size as the original dataset) is randomly selected with replacement and
used as the training set. The samples that were not selected are used for validation. The
process is repeated a high number of times (e.g., 100 or 1000 depending on the size of the
original dataset) and the final performance of the model is taken to be the average from all
validation exercises.

A combination of cross-validation and bootstrap, such as the Monte-Carlo Cross-
Validation (MCCV) [67], could also be particularly appropriate to incorporate the best value
of each method. Similar to the cross-validation, with the MCCYV, a subset of samples is
randomly selected (typically 25-30% of the original sample size) but without replacement to
train the model leaving the remaining samples for validation. The process is repeated a high
number of times, like with the bootstrap. The final estimated performance of the model is
also the average of the predictive performance of each of the repeats of the cross-validation.

To further assess the impact of the newly developed database on algorithm calibration
exercises, we here test the calibration of the Generalized Split-Window (GSW) algorithm
used within the framework of the LSA-SAF [26,28]. In this formulation, the LST is estimated
as a function of TOA BT of channels 9 (10.8 um) and 10 (12.0 um):

LST = (A1 + ALzt 4 A%)M

_ 4)
+ (B + Bylot + Bydy) Pl Blao 4 ¢

where ¢ is the average emissivity of the two channels and Ae their difference. Aj, Bj, and C
(j =1,2,3) are the GSW coefficients obtained by fitting equation 4 to the calibration database.
These coefficients are usually adjusted for classes of TCWV and satellite view zenith angle
(VZA). For this exercise, the TCWYV classes are the same as previously defined for the
creation of the new database, i.e., varying from 0 to 60 mm in steps of 5 mm. The VZA
classes are defined as varying between 0° and 70° in steps of 5°.

TOA BT values are also obtained using the MODTRANG radiative transfer model.
The performance of the algorithm is assessed using the MCCV approach: for each TCWV
and VZA class, 1/3 of the samples are randomly selected for training, and the remaining
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are used for validation; the calibration process is repeated 50 times, with a new set of
coefficients and respective root mean squared error (RMSE) being estimated each time. This
exercise is performed using the new and the SeeBor databases. We consider that the new
database provides a better reference for validation given the improved representation of
the troposphere and the much wider range of atmospheric and surface conditions included.
Nevertheless, for reference, each model is also compared against the validation subset of
the SeeBor database.

Figure 12 shows the distribution of RMSE as obtained when training the GSW algo-
rithm with the new database (blue tones) and with the SeeBor database (red tones) and
validated against the new database (upper panel) and the SeeBor database (lower panel).
To simplify the visualization, the figure only shows the values obtained for the VZA classes
of 0° to 5° and 65° to 70°, which generally correspond to the best and poorer performances
of the GSW, respectively. When validated against the new database (Figure 12a), the models
trained with the SeeBor database present higher RMSE values than those obtained when
training the model with the new database. This difference in performance is particularly
evident for higher VZAs, when the atmospheric correction is more complex. Also note-
worthy is the much higher variability of the RMSE values in the case of the SeeBor-trained
models. This behavior suggests that calibration exercises with this database are much more
sensitive to the sub-setting of training and validation datasets. On the other hand, the new
database allows for a very robust fit, with very little variability between iterations. This is a
result of the much higher number of samples combined with the uniform distribution of
the profiles. The effect of the database on the robustness of fit is also visible when analyzing
the actual GSW coefficients (Figure S1 of the supplementary material), which show a much
higher variability when trained with the SeeBor database.

(a) RMSE: validation with new database
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Figure 12. Distribution of Root Mean Squared Errors (RMSE) as obtained from 50 GSW model fits
using the new database (blue colors) and the SeeBor database (red colors) for training and using the
new database (a) and the SeeBor database (b) for validation. Distributions are shown for each TCWV
class (x-axis) and for VZA classes of 0° to 5° (darker colors) and 65° to 70° (lighter colors). The bold
line represents the median, the box represents the 25th to 75th percentiles, and the whiskers represent
the 5th and 95th percentiles.
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When validating the models with the SeeBor database (Figure 12b), the performance
of the GSW trained using the two databases is similar. However, the RMSE values are
significantly lower than those obtained when validating with the new database, particularly
in the case of SeeBor-trained models. This is to be expected, given the much more limited
variability of atmospheric and surface conditions found in the SeeBor. The performance
of the GSW models trained with the new database does not change significantly when
the validation dataset is changed (i.e., when we use data from the new or from the SeeBor
database), which also demonstrates the robustness of this dataset.

5. Discussion

Here we present a database of atmospheric profiles and surface conditions useful for
the calibration of LST retrieval algorithms for satellite TIR observations. The database was
built from the recent ERA5 reanalysis, taking full advantage of the advanced numerical
weather predication and assimilation systems combined with a vast array of historical
observations [54]. The use of reanalysis data has the advantage of not only providing high
temporal and spatial coverage with good vertical resolution (137 levels) but also offering
multiple atmospheric and surface variables that are consistent with each other.

The ERAS5 profiles of temperature and specific humidity are resampled using the
methodology of Chevallier et al. [38] for the TIGR-like database, where profiles are selected
based on a dissimilarity criterion. This allows obtaining a more uniform distribution of
atmospheric conditions, i.e., the database, and consequently any model calibrated with
this database, will be less “biased” towards the most common conditions. We believe
that resampling is of high importance in developing robust retrieval algorithms that can
perform under all conditions. Furthermore, the TIGR-like datasets, and later the SeeBor
database, were built on older versions of the ECMWF reanalysis. The most recent ERA5
represents a significant improvement from those older versions, especially in the lower
layers of the atmosphere, which translates into a significant improvement in the simulation
of satellite observations performed in wavelengths more sensitive to the surface.

Data from the ERA5 are further complemented with information from satellite-
estimated surface temperature and emissivity. LST products from the SEVIRI/MSG/MSG-
I0DC, AVHRR/Metop, ABI/GOES-R, and AHI/Himawari are used to increase the range
of possible skin temperature values for each profile, this way further increasing the rep-
resentativeness of the database. This reduces the impact of possible biases in the ERA5
dataset on algorithm calibration. For instance, Johannsen et al. [8] identified a cold bias
of ERAS skin temperature in savanna-like landscapes. The analysis performed in this
study shows a persistent overestimation of the skin temperature for very cold surfaces
(snow/ice). Emissivity data from the same sensors, together with TES-retrieved values from
MODIS/Aqua, were also used to define acceptable values of emissivity for each landcover
type. It should be noted that these satellite data are not directly used in the dataset to avoid
propagating product errors onto the training data. Instead, they are used to describe the
variability of surface conditions realistically. Our analysis suggests that the increase in the
skin temperature range may have a small impact on the overall distribution of brightness
temperatures, but it is essential to circumvent some of the limitations identified in the ERA5
data. On the other hand, the wider range of emissivity values is relevant when considering
the between channel difference in brightness temperature.

Compared to the widely used SeeBor [27], the proposed database shows a significantly
wider range of conditions, both in terms of temperature and specific humidity profiles and
in terms of surface and near-surface conditions. This is to be expected given the significant
advancement of the ERA5 with respect to the ERA-40, which was used in SeeBor. This
larger variability translates into a much wider range of brightness temperatures.

We also briefly discuss some re-sampling methods that can be followed in algorithm
calibration exercises with this new dataset. Monte Carlo or bootstrap-like methods have
the advantage of providing a confidence interval or the variance of the model parameters,
while cross-validation is desirable to avoid over-fitting the training data. Naturally, any
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resampling method can be applied to the dataset for training any model, and the presented
ones are a small set of a wide array of available methods. The pros and cons of each method
are widely discussed in the literature (e.g., [64,65,68]). We then use a Monte-Carlo Cross-
Validation to evaluate how the performance of a Generalized Split-Window algorithm
calibrated with the new database compares to the one calibrated with the SeeBor database.
Results show that the new database enables more robust fits, with no significant changes
in performance between iterations. The SeeBor database, on the other hand, yields highly
variable coefficients and RMSEs, suggesting that calibration exercises with this database
will be highly sensitive to the actually selected training subset.

This work was carried out within the framework of the LSA-SAF project to create a
training database for the development of LST retrieval algorithms for the next generation of
satellites from the European Organization for the Exploitation of Meteorological Satellites
(EUMETSAT), the Metop Second Generation, and the Meteosat Third Generation. As such,
the dataset includes only data over land and for clear-sky conditions. Nevertheless, the
dataset may be easily extended to include water surfaces and cloudy conditions. Although
the database described here targets, in particular, the development of LST algorithmes, it
can be used for the development of other land surface products relying on optical /thermal
infrared imagery and that will benefit from a wide and realistic sampling of surface and
atmospheric conditions.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/rs14102329 /51, Figure S1: Distribution of model coefficients as
obtained from 50 GSW muodel fits using the new database (blue colors) and the SeeBor database (red
colors). Distributions are shown for each TCWYV class (x-axis) and for VZA classes of 0° to 5° (darker
colors) and of 65° to 70° (lighter colors). The bold line represents the median, the box represents the
25th to 75th percentiles, and the whiskers represent the 5th and 95th percentiles.
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