
Citation: Pérez-Planells, L.; Ghent,

D.; Ermida, S.; Martin, M.; Göttsche,

F.-M. Retrieval Consistency between

LST CCI Satellite Data Products over

Europe and Africa. Remote Sens. 2023,

15, 3281. https://doi.org/

10.3390/rs15133281

Academic Editor: Sibo Duan

Received: 15 May 2023

Revised: 18 June 2023

Accepted: 24 June 2023

Published: 26 June 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

remote sensing  

Article

Retrieval Consistency between LST CCI Satellite Data Products
over Europe and Africa
Lluís Pérez-Planells 1,* , Darren Ghent 2 , Sofia Ermida 3 , Maria Martin 4 and Frank-M. Göttsche 1

1 Institute of Meteorology and Climate Research-Atmospheric Trace Gases and Remote Sensing (IMK-ASF),
Karlsruhe Institute of Technology (KIT), 76344 Eggenstein-Leopoldshafen, Germany; frank.goettsche@kit.edu

2 National Centre for Earth Observation, Department of Physics and Astronomy, University of Leicester,
Leicester LE1 7RH, UK; djg20@leicester.ac.uk

3 Instituto Português do Mar e da Atmosfera (IPMA), 1749-077 Lisboa, Portugal; sofia.ermida@ipma.pt
4 Heidelberg Institute for Geoinformation Technology gGmbH (HeiGIT), Heidelberg University,

69120 Heidelberg, Germany; maria.martin@heigit.org
* Correspondence: lluis.perez@kit.edu

Abstract: The assessment of satellite-derived land surface temperature (LST) data is essential to
ensure their high quality for climate applications and research. This study intercompared seven
LST products (i.e., ATSR_3, MODISA, MODIST, SLSTRA, SLSTRB, SEVIR2 and SEVIR4) of the
European Space Agency’s (ESA) LST Climate Change Initiative (LST_cci) project, which are retrieved
for polar and geostationary orbit satellites, and three operational LST products: NASA’s MODIS
MOD11/MYD11 LST and ESA’s AATSR LST. All data were re-gridded on to a common spatial grid
of 0.05◦ and matched for concurrent overpasses within 5 min. The matched data were analysed over
Europe and Africa for monthly and seasonally aggregated median differences and studied for their
dependence on land cover class and satellite viewing geometry. For most of the data sets, the results
showed an overall agreement within ±2 K for median differences and robust standard deviation
(RSD). A seasonal variation of median differences between polar and geostationary orbit sensor data
was observed over Europe, which showed higher differences in summer and lower in winter. Over
all land cover classes, NASA’s operational MODIS LST products were about 2 K colder than the
LST_cci data sets. No seasonal differences were observed for the different land covers, but larger
median differences between data sets were seen over bare soil land cover classes. Regarding the
viewing geometry, an asymmetric increase of differences with respect to nadir view was observed for
day-time data, which is mainly caused by shadow effects. For night-time data, these differences were
symmetric and considerably smaller. Overall, despite the differences in the LST retrieval algorithms
of the intercompared data sets, a good consistency between the LST_cci data sets was determined.

Keywords: land surface temperature; product intercomparison; LST_cci; climate data records

1. Introduction

Land surface temperature (LST) is a key parameter for surface processes and the
surface–atmosphere energy flux exchange. It was considered by the World Meteorological
Organization (WMO) as an essential climate variable (ECV) for climate change monitor-
ing [1,2]. Long-term LST time series of 25 years, from 1995 to 2020, were derived from
several satellite sensors within the LST Climate Change Initiative (LST_cci) project funded
by the European Space Agency (ESA) [3–5]. The main objective of the LST_cci project is to
provide a long-term LST data record using data from different thermal sensors meeting
the Global Climate Observing System (GCOS) threshold for LST accuracy and precision,
i.e., 1 K (GCOS, 2016, 2022). LST_cci data have been widely used in different studies, e.g.,
surface urban heat island [6–8], estimation of ice sheet mass [9], stability of thermal remote
sensors [10] or evapotranspiration analysis [11]. Thus, in order to ensure the high quality
of LST_cci products, all of them are assessed in the project by the LST_cci Validation Team.
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The LST_cci validation is performed following the Committee on Earth Observation
Satellites (CEOS) LST Validation Protocol [12]. According to Guillevic et al. [12], LST can
be assessed with four different methods, which complement each other:

(a) Temperature-based (T-based) validation, in which satellite data are compared with
concurrent in-situ measurements at ground stations located in homogeneous sites [13–15];

(b) Satellite–satellite intercomparison, in which the satellite product being assessed is
compared with a second well-characterized satellite product. Although this method
cannot be considered as a validation source itself when validating a new satellite
product, it provides useful information regarding spatial differences and consistency
between the intercompared sensors [16,17];

(c) Radiance-based (R-based) validation, which validates the satellite derived LST at a
well-characterized homogeneous site using reference LSTs estimated from satellite
data corrected from atmospheric and emissivity effects with concurrent atmospheric
profiles and known emissivities [18–20];

(d) Time-series intercomparisons, which are generally used to detect issues in the satellite
sensor during its time life [21–23].

The LST_cci project performs T-based validation and satellite–satellite intercompar-
isons. While LST_cci data sets were validated for a wide range of land covers and climate
areas around the world, yielding an accuracy and precision of 2 K for most data sets [14,24],
the intercomparisons were performed globally for 11 satellite–satellite data pairs. Thus, the
T-based validation studies indicated the correct performance of each LST_cci product at
specific sites, but the consistency between the products was not previously assessed. Fur-
thermore, satellite–satellite intercomparisons between LST_cci products and LST products
external to the project are required to ensure the spatial consistency between the produced
data sets over global representative areas. The satellite LST products included seven
LST_cci data sets and three operational products: the North American Space Agency’s
(NASA) Moderate-Resolution Imaging Spectroradiometer (MODIS) MOD11 LST product
from Aqua and TERRA platforms and ESA’s Advance Along Track Scanning Radiome-
ter (AATSR) LST product. This paper focuses on the intercomparisons performed for 11
satellite–satellite data pairs over Africa and Europe. The main objective is to investigate the
LST_cci product consistency via intercomparisons between different LST_cci data sets and
operational LST products at a global scale.

The investigated LST products were intercompared over Africa and Europe and anal-
ysed for monthly and seasonal median differences. Additionally, seasonal differences for
land cover classes and viewing geometry were explored. The manuscript is structured as
follows: the intercompared LST products are briefly introduced in Section 2. Section 3 de-
scribes the data processing and analysis procedures. The results from the intercomparisons
are shown and discussed in Section 4 and, finally, Section 5 provides a summary with the
main conclusions of this study.

2. Data

In this section, the investigated satellite LST products and the LST_cci Land Cover
Classification are described. An overview of the intercompared LST products is provided
in Table 1.

2.1. Operational LST Products
2.1.1. MODIS LST Product

MODIS was launched in December 1999 and May 2002 onboard EOS-Terra and EOS-
Aqua satellites, respectively. These are polar orbit satellites with daily temporal resolution
and equator crossing time around 10:30 AM/PM solar local time for EOS-Terra and 1:30
AM/PM for EOS-Aqua.

The standard operational MODIS LST products MOD11_L2 (EOS-Terra; MOD11T) and
MYD11_L2 (EOS-Aqua; MOD11A) use the generalized split-window (GSW) algorithm [19,25].
They are produced in the satellite spatial resolution of 1 km, for a swath of 2300 km, which
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comprises satellite viewing angles within ±65◦. The GSW algorithm retrieves LST of
clear-sky pixels from brightness temperatures (BTs) in MODIS bands 31 and 32 and uses
classification-based emissivities. The retrieval coefficients are determined by interpolation
on a set of multi-dimensional look-up tables; these are obtained by linear regression of the
simulation data generated by radiative transfer calculations over a broad range of surface
and atmospheric conditions. The look-up tables incorporate several improvements for the
algorithm such as view-angle dependence, water vapour dependence and atmospheric
lower boundary temperature dependence [19].

Table 1. Overview of the intercompared satellite LST products.

Product Sensor Producer Satellite Orbit Spatial Resolution Intercompared Years

ATSR_3 AATSR LST_cci Polar 0.01◦ 2008–2010
MODISA Modis/Aqua LST_cci Polar 0.01◦ 2008–2010
MODIST Modis/Terra LST_cci Polar 0.01◦ 2008–2010
SLSTRA SLSTR/Sentinel-3A LST_cci Polar 0.01◦ 2018–2020
SLSTRB SLSTR/Sentinel-3B LST_cci Polar 0.01◦ 2018–2020
SEVIR2 SEVIRI/MSG-2 LST_cci Geostationary 0.05◦ 2008–2010
SEVIR4 SEVIRI/MSG-4 LST_cci Geostationary 0.05◦ 2018–2020
ATSOP_ AATSR ESA Polar 0.01◦ 2008–2010

MOD11A Modis/Aqua NASA Polar 0.01◦ 2008–2010
MOD11T Modis/Terra NASA Polar 0.01◦ 2008–2010

2.1.2. AATSR LST Product

The Advance Along Track Scanning Radiometer (AATSR) was launched in March
2002 on board the Sun-synchronous polar orbit satellite Envisat. AATSR stopped operating
in April 2012. AATSR thermal bands are centred at 10.8 and 12.0 µm and are given in a
nominal spatial resolution of 1 km and for a viewing angle up to 23.5◦ on its nadir view.
AATSR also provided forward observations at a viewing angle of 55◦; however, in the
operational product, these measurements are not used for the LST retrieval.

The standard (A)ATSR LST product (ATSOP_) uses a nadir-only split-window algo-
rithm [16,26] with classes of coefficients for each combination of biome-diurnal (day/night)
condition. Retrieval parameters are empirically determined from validation and control
the behaviour of the algorithm for each zenith viewing angle across the nadir swath.

2.2. LST CCI Data

A core aim of the LST_cci project is consistency across data sets. In this respect, where
possible infrared data sets share a common method for determining retrieval coefficients, a
common set of algorithms and common auxiliary data.

For all thermal infrared LST_cci data sets to be consistent with respect to coeffi-
cient generation, a common calibration database is used [5]. This consists of a range of
skin temperatures, atmospheric profiles and surface emissivities to train and assess the
LST_cci algorithms. The use of a single land cover data set further ensures consistency.
For the LST_cci data sets, a hybrid land cover data set [5] merges the Land Cover CCI
classification [27] with the bare soil differentiation from the ATSR land cover data set for
LST [16]. Input atmospheric variables for the LST_cci retrieval algorithms are drawn from
the ECMWF Re-analysis 5 (ERA5) [28].

A final key difference between the operational products and the equivalent LST_cci
products is the full uncertainty breakdown in the case of the LST_cci products [29].

2.2.1. EOS-AQUA/TERRA–MODIS and MSG–SEVIRI

The LST_cci MODIS LST products (named MODISA and MODIST for EOS-Aqua and
EOS-Terra platforms, respectively) and LST_cci Meteosat Second Generation–Spinning
Enhanced Visible and InfraRed Imager (MSG–SEVIRI) products (named SEVIRx, where x
refers to one of the four MSG satellites) use the generalized split-window algorithm [25]
in common with the corresponding operational products. In addition to the differences
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highlighted above, the land surface emissivity input data are also distinct. Here the
Combined ASTER and MODIS Emissivity for Land (CAMEL) database [30] is used. This is
a global monthly mean emissivity data set at 0.05°, which is bilinearly interpolated in space
and time onto the sensor pixels.

2.2.2. Envisat–AATSR and Sentinel3–SLSTR

The LST_cci AATSR LST product (named ATSR_3) uses the standard (A)ATSR LST
algorithm [16,26] as detailed above. The regression of retrieval coefficients by biome and
bare soil/fully vegetated states implicitly captures land surface emissivity. The fractional
vegetation cover information, which feeds into the retrieval, is obtained from the Coper-
nicus Global Land Cover Services FCOVER data set V2.0 (https://land.copernicus.eu/
global/products/fcover, accessed on 26 June 2023).

The functional form of the LST_cci algorithm for the Sentinel3—Sea and Land Surface
Temperature Radiometer (SLSTRA and SLSTRB onboard the Sentinel-3A and Sentinel-3B
platforms, respectively) is the same as for the LST_cci AATSR LST algorithm to ensure a
consistent data record across these data sets. The input data used are the same as for the
LST_cci AATSR LST data set.

2.3. LST_cci Land Cover Classification

The LST_cci land cover classification is based on the CCI land cover (LC_cci) prod-
uct [31], which is produced from medium resolution imaging spectrometer (MERIS) full
resolution time series and complemented with MERIS reduced resolution and SPOT–
vegetation data [27]. The LC_cci is defined to be comparable with GlobCover classifi-
cation [32] and uses a similar unsupervised classification chain, but has been improved
with machine learning steps and a multiple-year strategy [27]. An accuracy of 74% was
reported for the LC_cci considering a validation data set from the GlobCover 2009 product
as reference [27].

The LST_cci land cover classification considers the LC_cci but splits the bare soil land
cover class into seven subclasses, considering the soil taxonomy type, as in the ATSR LST
biome classification V2 (ALB-2) [16,31]. This is justified by the wide range of emissivity
values for the different soil types, which need to be properly covered for its application in
LST retrieval. Thus, the LST_cci is consistent with the LC_cci product and, therefore, with
all CCI product dependent on the LC_cci; however, it was adapted for the LST retrieval
requirements [31]. Following [33], in this study, the 42 classes of the LST_cci land cover
classification were merged into 10 generic land covers, which are thermally distinguishable,
thereby allowing a more comprehensive analysis. The grouped land covers are listed in
Table 2.

Table 2. Generic land cover classes obtained from the LST_cci land cover classification.

Land Cover Class LST_cci Biomes LST_cci Land Cover Definition

Flooded vegetation, crops
and grasslands 20 Cropland irrigated

Flooded forest and
shrublands 160; 170; 180 Tree cover flooded fresh or brackish water; tree cover flooded saline water; shrub or

herbaceous cover flooded

Croplands and grasslands 10; 11; 12; 30; 40; 130; 150; 151;
152; 153

Cropland rainfed; cropland rainfed herbaceous cover; cropland rainfed tree or shrub cover;
mosaic cropland; mosaic natural vegetation; grassland, sparse vegetation, sparse tree; sparse

shrub; sparse herbaceous

Shrublands 100; 110; 120; 121; 122; 140 Mosaic tree and shrub; mosaic herbaceous; shrubland; shrubland evergreen; shrubland
deciduous; lichens and mosses

Broadleaved/needleleaved
deciduous forest 60; 61; 62; 80; 81; 82; 90

Tree broadleaved deciduous closed to open; tree broadleaved deciduous closed; tree
broadleaved deciduous open; tree needleleaved deciduous closed to open; tree needleleaved

deciduous closed; tree needleleaved deciduous open tree mixed
Broadleaved/needleleaved

evergreen forest 50; 70; 71; 72 Tree broadleaved evergreen closed to open; tree needleleaved evergreen closed to open; tree
needleleaved evergreen closed; tree needleleaved evergreen open

Urban area 190 Urban

Bare soil 200; 201; 202; 203; 204; 205; 206;
207

bare areas; unconsolidated bare areas; consolidated bare areas; bare areas of soil types: Entisols
Orthents, Shifting sand, Aridisols Calcids, Aridisols Cambids, Gelisols Orthels

Water 210 Water
Snow and ice 220; 230 Snow and ice; sea ice

https://land.copernicus.eu/global/products/fcover
https://land.copernicus.eu/global/products/fcover
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3. Methodology
3.1. Satellite–Satellite Matching Data

The LST products described above are intercompared in this study. MODIS and
AATSR data were compared against SEVIR2 for the period 2008–2010, and SLSTR data
were compared against SEVIR4 for the period 2018–2020. Furthermore, the three data
pairs ATSR3_3-MODIST, ATSR_3-MOD11T and MODIST-ATSOP_ were globally evaluated,
although in this study we focus mainly on analyses over Europe and Africa, i.e., the
SEVIRI disk. A total of 11 satellite–satellite data pairs were evaluated: MOD11A-SEVIR2,
MODISA-SEVIR2, ATSOP_-SEVIR2, ATSR_3-SEVIR2, MOD11T-SEVIR2, MODIST-SEVIR2,
SLSTRA-SEVIR4, SLSTRB-SEVIR4 and the above mentioned three.

For satellite intercomparisons, data should be ideally on a common grid to match the
field-of-view of both satellite sensors. Since the data sets intercompared in this study had
different spatial resolution, the intercomparisons were performed at the resolution of the
coarsest sensor, in this case, SEVIRI which is at 0.05◦ × 0.05◦. Thus, level 3 uncollated (L3U)
LST_cci data, i.e., already re-gridded input level 2 (L2) data, were used to re-grid polar and
geostationary orbit LST data sets to a common 0.05◦ × 0.05◦ regular grid.

To account for the spatial variability in each low-resolution pixel, all cloud-free pixels
were weighted by the fraction of overlapping area between the original resolution pixel
and the common low-resolution grid [34]. Finally, to minimize the impact of the high
LST variability with time, only satellite–satellite matchups with differences of less than
5 min between their acquisition times were considered in the intercomparison [34]. No
temporal interpolation was applied to SEVIRI data to maximize the consistency between
the products. LST differences of those matchups that met the established above criteria were
stored together with their associated uncertainty, satellite viewing angle, cloud information,
time and geolocation.

3.2. Data Analysis

All matchups were used to analyse the satellite–satellite differences as monthly time
series and in seasonal analyses. Robust statistics, i.e., median (accuracy) and RSD (precision)
of the differences [35], were used to minimize the effect of possible outliers in the analyses
of the monthly and seasonally aggregated matchups. The RSD is defined as:

RSD = 1.483 median |(Tsat1 − Tsat2)i − median(Tsat1 − Tsat2)| (1)

where Tsat1 is the LST of the first satellite in the data pair and Tsat2 the LST of the second
satellite in the matchup pair; sat2 is considered as reference. The seasonal data were
grouped by months as ‘DJF’ for December, January and February, which represent the
north hemisphere winter, ‘MAM’ for March, April and May for north hemisphere spring,
‘JJA’ for June, July and August for north hemisphere summer and ‘SON’ for September,
October and November for north hemisphere autumn.

Additionally, the differences were also analysed according to land cover and satellite
viewing geometry. The land cover analysis was performed using the LST_cci Land Cover
classification defined in Section 2.3. On the other hand, the satellite viewing geometry
considered the satellite viewing zenith angle (satze) and the sign of the satellite viewing az-
imuth angle (sataz; sign(sataz) = |sataz|/sataz) following the relation satze × sign(sataz).
Negative viewing geometry indicates satellite zenith observations to the west, while posi-
tive viewing geometry indicates satellite zenith observations to the east. Furthermore, the
number of averaged pixels was considered in all analyses to provide an indicator of the
statistical significance of the results [24].

4. Results and Discussion
4.1. Continental Intercomparisons Stratified by Seasons

Seasonal median and RSD values of the satellite–satellite differences are shown in
Figure 1 for day-time data and in Figure 2 for night-time data. Due to the large aver-
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aged areas and the period of 3 years, regional and temporal differences are smoothed
out. Thus, these results provide an overview of the seasonal differences at each continent
for each satellite data pair. Here, to provide a global overview, polar–polar satellite in-
tercomparisons over continents outside the SEVIRI disk, i.e., Antarctica (Ant), Asia (Asi),
Australia (Aus), North America (NAm) and South America (SAm), are shown together
with the results for Africa (Afr) and Europe (Eur). The next sections will then focus on
the results for Africa and Europe in order to analyse all data sets over a common area,
which is limited to SEVIRI’s field of view. Further details about the global analysis will be
available in the Product Validation and Intercomparison Report v2 on the LST_cci website
(https://climate.esa.int/en/projects/land-surface-temperature/key-documents/, accessed
on 14 March 2023).
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Figure 1. Seasonal day-time median differences over each continent for all satellite–satellite data
pairs. The error bar is the RSD of the differences for each satellites data pair. The coloured area
indicates the range of median differences within ±2 K.

The higher median differences in day-time data (Figure 1) were observed for ATSR_3–
MODIST, which were within 2 K at most continents but reach values of up to 3 K, e.g., over
Australia in DJF. Median day-time differences within ±1 K were observed for data pairs
formed by LST_cci data sets. Similar differences were found for all data sets at night-time
(Figure 2). For most cases, the median differences were within ±1.5 K. For day-time as well
as for night-time, ATSR_3–MODIST showed lower differences than ATSR_3-MOD11T and
MODIST-ATSOP_ over most continents and for most seasons.

Over Africa and Europe, where all satellite data pairs were intercompared, larger me-
dian differences were observed for ATSOP_-SEVIR2, absolute median differences were up
to 3.8 K, while MOD11T-SEVIR2 and MOD11A-SEVIR2 showed larger negative differences
than the other data pairs. All LST_cci data sets showed a better consistency between them.
At night-time, absolute median differences of LST_cci data set comparisons were lower
than 0.5 K over Africa and 1.0 K over Europe. For day-time comparisons, absolute median
differences of up to 2 K were observed. These differences were larger over Europe, probably
caused by differences in the viewing geometry between the polar and geostationary orbit
sensors for pixels closer to the SEVIRI disk edge.

https://climate.esa.int/en/projects/land-surface-temperature/key-documents/
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Figure 2. Seasonal night-time median differences over each continent for all satellite–satellite data
pairs. The error bar is the RSD of the differences for each satellite data pair. The coloured area
indicates the range of median differences within ±2 K.

The largest RSDs of the differences were observed for MODIST-ATSOP_ and ATSOP_-
SEVIR2 satellite data pairs over all continents. However, common RSD between 1 and 2 K
were observed for the other combined data sets over all continents, except over Antarctica.
In Antarctica, the RSD was lower than 1 K for the three analysed data pairs and for all
seasons, except for day-time MODIST-ATSOP_ in JJA, which showed a slightly larger RSD.
This is probably due to the lower change of LST with time over ice and the low effect of
surface structures in the different viewing geometry of the intercompared satellites.

4.2. Monthly Time Series

Monthly median values were analysed over Africa and Europe for the time period
covered by each data set, i.e., 2008–2010 for MODISA/T, ATSR_3, ATSOP_ and SEVIR2 data
sets and 2018–2020 for SLSTRA/B and SEVIR4 data sets. Figures 3 and 4 show the median
of differences for the data pairs analysed in 2008–2010 over Africa and Europe, respectively,
and the corresponding RSD represented as error bars. Figure 5 shows the monthly time
series for the intercompared satellite data sets in 2018–2020. Day-time intercomparisons
showed median differences between −3.9 and 5.4 K and RSD between 0.6 and 7.1 K. At
night-time, median of differences between −3.8 and 4.7 K and RSD between 0.5 and 3.2 K
were observed. The larger RSDs were observed for the ATSOP_-SEVIR2 data pair.

Results in Figures 3 and 4 show that the satellite data pair ATSOP_-SEVIR2 had the
largest absolute median difference over Africa and Europe, followed by MODIST-ATSOP_.
The intercomparisons between the operational and LST_cci MODIS data sets and SEVIR2
gave the highest number of datapoints. MOD11A-SEVIR2 and MOD11T-SEVIR2 showed
larger negative differences compared to the MODIST-SEVIR2 and MODISA-SEVIR2 data
sets over Africa and Europe, and larger RSDs at day-time for the latter. The MODIS LST_cci
data sets covered differences with SEVIR2 within ±2.5 K, while MODISA-SEVIR2 and
MODIST-SEVIR2 differences ranged from −3 to 0 K. Differences for ATSR_3-SEVIR2 were
lower than those observed for ATSR_3-MODIST and ATSR_3-MOD11T over Africa. How-
ever, these results were reversed over Europe, where the comparison of ATSR_3 against
SEVIR2 showed higher differences than both MODIS data sets. Regarding the intercompar-
ison of SLSTRA and SLSTRB with SEVIR4 (Figure 5), small differences were observed over
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Africa, but positive median differences with a clear seasonality were observed over Europe
for both data sets. To better distinguish seasonal characteristics in the intercompared
data sets, Figures 6–8 show the monthly aggregated median differences for all available
intercomparisons in 2008–2010 over Africa (Figure 6) and Europe (Figure 7) and for the
period 2018–2020 for SLSTR-A/B (Figure 8).
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satellite–satellite intercomparisons in the period 2008–2010 over Europe. The number of averaged
pixels (green stars) is given on the right axis.



Remote Sens. 2023, 15, 3281 9 of 17Remote Sens. 2023, 15, 3281 10 of 19 
 

 

 

Figure 5. Day-time (red stars) and night-time (blue dots) monthly median differences and RSD for 

SLSTRA/B-SEVIR4 intercomparisons in the period 2018–2020 over Africa (a,b) and Europe (c,d). The 

number of averaged pixels (green stars) is given on the right axis. 

Results in Figures 3 and 4 show that the satellite data pair ATSOP_-SEVIR2 had the 

largest absolute median difference over Africa and Europe, followed by MODIST-

ATSOP_. The intercomparisons between the operational and LST_cci MODIS data sets 

and SEVIR2 gave the highest number of datapoints. MOD11A-SEVIR2 and MOD11T-

SEVIR2 showed larger negative differences compared to the MODIST-SEVIR2 and 

MODISA-SEVIR2 data sets over Africa and Europe, and larger RSDs at day-time for the 

latter. The MODIS LST_cci data sets covered differences with SEVIR2 within ±2.5 K, while 

MODISA-SEVIR2 and MODIST-SEVIR2 differences ranged from −3 to 0 K. Differences for 

ATSR_3-SEVIR2 were lower than those observed for ATSR_3-MODIST and ATSR_3-

MOD11T over Africa. However, these results were reversed over Europe, where the 

comparison of ATSR_3 against SEVIR2 showed higher differences than both MODIS data 

sets. Regarding the intercomparison of SLSTRA and SLSTRB with SEVIR4 (Figure 5), 

small differences were observed over Africa, but positive median differences with a clear 

seasonality were observed over Europe for both data sets. To better distinguish seasonal 

characteristics in the intercompared data sets, Figures 6–8 show the monthly aggregated 

median differences for all available intercomparisons in 2008–2010 over Africa (Figure 6) 

and Europe (Figure 7) and for the period 2018–2020 for SLSTR-A/B (Figure 8). 

No clear seasonal variation was observed over Africa (Figure 6) except for ATSOP_-

SEVIR2 and MODIST-ATSOP_, probably due to the high number of pixels between the 

tropics, where seasonalities are not as pronounced as for medium and high latitudes. 

However, all data sets compared against SEVIR2 and SEVIR4 over Europe showed a 

seasonal cycle of the median differences, with an annual amplitude up to 4.5 K (e.g., 

Figure 7b), as well as of the number of datapoints (Figures 4 and 5). For the LST_cci data 

sets (Figure 7b,d,f,h,i and Figure 8c,d), the monthly median differences were around 0 K, 

with positive differences in summer and negative in winter. 

Figure 5. Day-time (red stars) and night-time (blue dots) monthly median differences and RSD for
SLSTRA/B-SEVIR4 intercomparisons in the period 2018–2020 over Africa (a,b) and Europe (c,d). The
number of averaged pixels (green stars) is given on the right axis.
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Figure 7. Day-time (red stars) and night-time (blue dots) monthly aggregated median differences
and RSD for all satellite–satellite intercomparisons in the period 2008–2010 over Europe.
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and RSD for SLSTRA/B-SEVIR4 intercomparisons in the period 2018–2020 over Africa (a,b) and
Europe (c,d).
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No clear seasonal variation was observed over Africa (Figure 6) except for ATSOP_-
SEVIR2 and MODIST-ATSOP_, probably due to the high number of pixels between the
tropics, where seasonalities are not as pronounced as for medium and high latitudes.
However, all data sets compared against SEVIR2 and SEVIR4 over Europe showed a
seasonal cycle of the median differences, with an annual amplitude up to 4.5 K (e.g.,
Figure 7b), as well as of the number of datapoints (Figures 4 and 5). For the LST_cci data
sets (Figure 7b,d,f,h,i and Figure 8c,d), the monthly median differences were around 0 K,
with positive differences in summer and negative in winter.

4.3. Land Cover Analysis

The satellite data pairs were analysed according to the pixel’s land cover class (Table 2).
Figures 9 and 10 show seasonal median differences and RSD for NASA’s operational and
LST_cci MODIS data sets intercompared with SEVIR2 (Figure 9) and ATSR_3 (Figure 10)
for each land cover class. These data pairs were selected as representative examples of
intercomparisons between polar–geostationary orbit sensors and polar–polar orbit sensors.
Additionally, the number of datapoints for each land cover class is shown. The most
frequent land cover class over Africa was bare soil. Over Europe, the most frequent class
was the generic cropland and grassland class.
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Figure 9. Winter ‘DJF’ and Summer ‘JJA’ day-time differences of MODIST-SEVIR2 and MOD11T-
SEVIR2 data sets for each generic LCC (Table 2) over Europe. The differences are shown for:
(a) MODIST-SEVIR2 DJF, (b) MODIST-SEVIR2 JJA, (c) MOD11T-SEVIR2 DJF and (d) MOD11T-
SEVIR2 JJA.

Differences for winter and summer day-time MODIST-SEVIR2 and MOD11T-SEVIR2
data pairs over Europe are shown in Figure 9. Negative median differences were observed
in winter (DJF) for both MODIST-SEVIR2 and MOD11T-SEVIR2. However, in summer the
LST_cci data set showed positive differences (Figure 9b), while NASA’s operational data
set yielded negative differences over most land cover classes (Figure 9d). Larger differences
were observed over bare soils for MOD11T-SEVIR2 in winter and MODIST-SEVIR2 in
summer, but also the corresponding RSD was larger than for most land covers, i.e., only
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water and snow-ice land covers showed larger RSDs. For example, in summer, the RSD
for MOD11T-SEVIR2 (Figure 9b) showed values up to 5 K. Although low median values
were found for summer in the MOD11T-SEVIR2 data set (except for the snow-ice class), the
corresponding RSDs were larger than for the other data sets, with RSD values larger than
2.5 K for most land covers. For both intercompared data sets, summer RSDs are larger than
winter RSDs, which is probably related to a higher impact of viewing geometry differences
in summer, when the temperature differences between sunlit and shaded areas are larger.
In winter, slightly larger RSDs were observed for the shrubland class, but similar to those
observed over forests and urban areas. Similar results were obtained over Africa: as for
MODIST-SEVIR2, in summer for ATSOP_-SEVIR2 (not shown), positive differences were
observed, while they were negative in winter for most land covers. For night-time data, all
data sets provided lower differences than for day-time. Regarding SLSTRA/B-SEVIR4 data
sets (not shown), larger differences than those observed for the other data sets were found,
which were extremely large in some cases at day-time, up to 10 K, but lower (around 2.5 K)
for night-time data.
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Figure 10. Summer (JJA) differences of ATSR_3-MOD11T and ATSR_3-MODIST data sets for each
generic LCC (Table 2) over Africa. The differences are shown for: (a) ATSR_3-MOD11T day-time,
(b) ATSR_3-MOD11T night-time, (c) ATSR_3-MODIST day-time and (d) ATSR_3-MODIST night-time.

Night-time and day-time median differences of ATSR_3-MODIST and ATSR_3-MOD11T
data sets are shown in Figure 10 for each land cover and summer season as a representative
example of polar–polar orbit satellite data pair. Positive differences were observed for
all land cover classes in the ATSR_3-MOD11T data set, which were larger at day-time
with median differences of up to 3 K, while they were around 1 K for night-time data.
However, ATSR_3 showed good agreement with MODIST for day-time and night-time,
with differences of around 0 K for all land cover classes except for bare soils. For the
latter, positive differences were found at day-time and night-time with similar differences
below 2 K, although the RSDs were slightly larger at day-time (day-time RSD of 2.5 K and
night-time of RSD of 2 K). Regarding the RSD, for most land cover classes, similar values
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between 2 and 2.5 K were observed for the ATSR_3-MOD11T day-time data set. While
RSDs around 1.5 K were observed for night-time intercomparisons.

4.4. Intercomparison Analysis Considering the Viewing Geometry

Similar results were observed over Europe and Africa when comparing the median
differences with the viewing geometry for each satellite–satellite data pair. Since no
significant seasonal variation was found for the different viewing geometries, for each
combination of polar–geostationary orbit satellite data pair over Africa, only summer
median differences stratified by viewing geometry are shown in Figure 11. For day-time
and night-time data, the number of datapoints in each viewing geometry bin is also shown.
For ATSOP_ and ATSR_3 data sets, no data were found for zenith viewing angles larger
than 22◦, which is due to the narrow field of view of AATSR. Similarly, because of the
asymmetric swath of SLSTR, only satze*sign(sataz) between −35◦ and 60◦ were found
for the day-time data and between −60◦ and 35◦ for the night-time data. For the viewing
zenith angles ranging from −10◦ to 10◦, the number of SLSTRA/B-SEVIR4 datapoints
was considerably lower than for larger viewing zenith angles. The number of MODIS
datapoints increased symmetrically with viewing zenith angle except for bins at ±65◦,
because these two bins exceed the swath of MODIS.
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Figure 11. Summer median differences against the polar viewing geometry for the polar–
geostationary orbit satellite data pairs over Africa: (a) ATSOP_-SEVIR2, (b) ATSR_3-SEVIR2,
(c) MOD11A-SEVIR2, (d) MOD11T-SEVIR2, (e) MODISA-SEVIR2, (f) MODIST-SEVIR2, (g) SLSTRA-
SEVIR4 and (h) SLSTRB-SEVIR4.

No significant variation with viewing zenith angle was observed for the ATSR_R-
SEVIR2 and ATSOP_-SEVIR2 data sets because of the small range of viewing angles.
However, an asymmetric variation of the differences for day-time data was observed for
the four MODIS data sets. The differences increase from nadir to large negative values. In
the case of MODIST and MOD11T data sets, these differences became larger for negative
sataz values, but for MODISA and MOD11A, larger for positive sataz values. This is related
to the local overpass time of the MODIS sensors; since the descending orbit (day-time)
MODIS-TERRA overpass is in the morning, it observes more shadowy than sunlit areas



Remote Sens. 2023, 15, 3281 14 of 17

when looking from west to east, i.e., for negative sataz. In contrast, the daily MODISA
overpass occurs in the early afternoon and therefore more shadow areas are seen for the
east to west satellite view, i.e., at positive sataz. At night-time, when LST is not affected by
solar irradiance and thermal homogeneity is higher, the decrease in median differences is
symmetric for all data sets and smaller than at day-time. SLSTRA-SEVIR4 and SLSTRB-
SEVIR4 showed no significant variation with zenith angle for the night-time data, but a
slight decrease of median differences for zenith angles larger than 40◦ at day-time.

5. Conclusions

Ten LST products (i.e., ATSR_3, MODISA, MODIST, SLSTRA, SLSTRB, SEVIR2, SE-
VIR4, MOD11A, MOD11T and ATSOP_) were intercompared in eleven different combi-
nations of satellite–satellite data pairs: eight polar–geostationary orbit satellite data sets
and three polar–polar orbit satellite data sets. Each data set was analysed and investigated
for monthly and seasonal median differences over Europe and Africa. A larger median
difference was observed for ATSOP_-SEVIR2 over Europe in winter and over Africa in
summer. Additionally, the three polar–polar orbit satellite data sets were investigated over
all continents, yielding similar results over most of them. Overall, the satellite data pairs
comparing two LST_cci data sets agreed better with each other (median differences < 2 K)
than pairs involving an LST operational product, i.e., NASA operational MODIS LST
product (MOD11A and MOD11T) or ESA’s AATSR LST product (ATSOP_).

For day-time data over Europe, a significant seasonality was observed in the intercom-
parisons of monthly averaged differences between polar and geostationary orbit sensors
(i.e., SEVIR2 and SEVIR4 data); in contrast, no seasonality was observed for day-time data
over Africa. This could be caused by differences in sensor viewing geometries for polar
and geostationary satellites, e.g., Europe is mainly represented by pixels near the edge
of the SEVIRI disk. Pairs of night-time LST_cci data sets over Europe and Africa data
showed good agreement, while the operational products generally underestimated about
1 K SEVIR2 LST. A similar underestimation of about 2 K was also observed for day-time
data and indicates that there is a bias between NASA’s operational MODIS LST product
and the LST_CCI MODIS data sets. These results agree with those in [36], who found
that MODIS MOD11 and MYD11 LST products underestimated in situ data at most of the
investigated sites. In Ref. [36], the authors reported mean biases of −2.1 K and −0.7 K for
day-time and night-time data, respectively, which are similar to the differences between
the operational MODIS LSTs and SEVIR2 data determined in this study.

Additionally, the median differences obtained for each satellite–satellite data pair
were analysed stratified by land cover class and satellite viewing geometry. For both
continents, the analysis revealed a lower agreement between data sets over bare soil areas.
However, no significant differences in bias or RSD were observed between vegetated land
cover classes, e.g., cropland and grasslands, shrubland, evergreen forest and deciduous
forest. Furthermore, no land cover class showed a clear seasonality of median differences,
although the performance of some satellite data pairs depended on the season, e.g., in
winter, MODIST-SEVIR2 day-time data over Europe showed negative differences for all
land cover classes but positive ones in summer. Overall, when considering all land covers,
the best agreement was observed for the ATSR_3-MODIST data set, both at day-time and
night-time; only some pixels classified as bare soil showed larger discrepancies.

Furthermore, for large zenith angles in the intercomparison between MODIS and
SEVIR2, an increase of absolute median differences was observed. This increase was
symmetric for night-time data and is probably related to differences between the field
of view of the two sensors but also to differences in their view angles, which results in
differences in observed canopy fractions, as well as in an emissivity anisotropy over arid
areas [37]. Since a large extent of its observed Earth disk is desert, emissivity anisotropy
is particularly relevant for SEVIRI. Furthermore, the observed dependencies of night-
time biases on view angle agree with results reported in [38] for night-time LST from the
Advanced Very High-Resolution Radiometer (AVHRR) and SEVIRI LST. In contrast, at
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day-time, the differences were considerably larger and asymmetric with respect to nadir;
this suggests that these differences are linked to illumination geometry and reflect the
viewing geometry dependence of shadow and sunlit areas in the sensor’s field of view.
As a consequence, the observed negative differences were larger for negative azimuthal
viewing angles of MODIS-TERRA, but they were larger for positive azimuthal viewing
angles of MODIS-AQUA.

Overall, despite their retrieval with different split-window algorithms, all LST_CCI
data sets had a good correlation between them. Although the intercomparisons of the
LST_CCI data sets with SEVIR2 and SEVIR4 data showed better agreement than the
corresponding intercomparisons for the operational LST data products, in most cases, the
intercomparisons yielded median differences of less than 2 K, which is the uncertainty
associated with the LST_cci SEVIR2 and SEVIR4 products.
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