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Abstract Long-term satellite land surface temperature (LST) data are desirable to augment 2m air
temperatures (T2m) measured in situ and as an independent measure of surface temperature change. However,
previous studies show variable agreement between LST and T2m time series. The objective of this study is to
assess the stability and trends in six new LST data sets from the European Space Agency's Climate Change
Initiative for LST (LST_cci). LST anomalies are compared with homogenized station T2m anomalies over
Europe, which verifies all six data sets are well coupled (LST vs T2m anomaly correlations and slopes:
0.6-0.9). The temporal stability of the LST_cci data is assessed through a comparison with the T2m anomaly
time series. Only the LST_cci data sets for the MODerate resolution Imaging Spectroradiometer (MODIS)
onboard Aqua and the Advanced Along-Track Scanning Radiometer (AATSR) appear stable; the MODIS/Terra,
ATSR-2, and multisensor InfraRed and MicroWave data sets show non-climatic discontinuities associated

with changes in sensor and/or drift over time. For MODIS/Aqua (2002-2018), significant trends in LST of
0.64-0.66 K/decade compare well with the equivalent T2m trends of 0.52-0.59 K/decade. The LST and T2m
trends for AATSR (2002-2012) are found to be statistically insignificant, likely due to the comparatively short
study period and specific years available for analysis. No evidence is found to suggest that trends calculated
using cloud-free InfraRed observations are affected by clear-sky bias. This study suggests that satellite LST data
can be used to assess warming trends over land and for other climate applications if the required homogeneity is
assured.

Plain Language Summary Long-term changes in surface temperature due to climate change are
usually studied using near-surface air temperatures (T2m) from weather stations. However, these data are not
available everywhere and changes in T2m are poorly understood in some regions (e.g., parts of Africa). This
study assesses the potential for satellite-observed land surface temperatures (LST) to help fill these gaps. The
study finds that LST and T2m provide very similar information on surface temperatures and therefore LST can
provide useful information where T2m data are unavailable. However, some of the LST data sets are found to
be “unstable” and suffer from jumps and changes over time that result from for example, changes in satellite
instrument or a change in the orbit of the satellite platform. These unstable LST data sets cannot be used to
measure changes in surface temperature. However, the study finds that for “stable” LST data sets, which do not
suffer from these non-climatic jumps and changes, the changes in LST over time are very similar to, or even the
same as, the changes in T2m. Therefore, this work suggests that satellite LST data could be used to measure
changes in surface temperature where there are not enough stations to make these measurements using T2m.

1. Introduction

Land surface temperature (LST) is a key parameter that drives surface processes, such as the exchange of energy
and water between the land surface and atmosphere, and influences human, animal and plant health. It was
defined as a Global Climate Observing System (GCOS) Essential Climate Variable (ECV) in the 2016 GCOS
implementation plan (GCOS, 2016). LST represents how hot or cold the Earth's surface is to the touch and is not
the same as near-surface air temperature measured at a height of about 2m above the surface (T2m), which has
been measured at weather stations since the 1700s. Nonetheless, LST and T2m are very often well coupled and
may even be the same when solar heating is low or absent, and/or wind speeds are moderate-to-high. However,
differences of more than several kelvin are frequently observed when insolation is moderate-to-high and may
even exceed 20 K in some situations (Good, 2016a).
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While LST can be measured at the surface using in situ radiometers (e.g., Good, 2016a), the primary source
of LST data is from space-borne radiometers operating at InfraRed (IR) and MicroWave (MW) wavelengths.
The last two decades have seen several satellite LST data sets become available to users, such as those from
the MODerate resolution Imaging Spectroradiometer (MODIS) onboard the polar-orbiting Terra (2000—present)
and Aqua (2002-present) platforms (Hulley et al., 2018), the Advanced Along-Track Scanning Radiometer
(ATSR) onboard the Envisat satellite (Ghent et al., 2017) and the Spinning Enhanced Visible and Infrared Imager
(SEVIRI) onboard the geostationary Meteosat Second Generation platforms (2005—present) (Freitas et al., 2010).
As a result, observations of LST from satellites are now widely used in a variety of Earth Science applications,
for example, to evaluate land surface models (Koch et al., 2016), diagnose surface response to dry spells (Folwell
et al., 2016) and assess drought (Karnieli et al., 2010; Miihlbauer et al., 2016), to characterize urban heat islands
(Bechtel et al., 2019; Cheval et al., 2020, 2022; Dousset et al., 2011), and to estimate T2m in the absence of mete-
orological stations (Chen et al., 2015; Good, 2015; Kilibarda et al., 2014).

In addition, satellite LST can provide a useful, independent measure of surface temperature change that has been
traditionally assessed through the use of global weather station data (IPCC, 2021; Jones et al., 2012). Global
station coverage is incomplete leading to spatial gaps in derived data sets, which in turn result in larger uncertain-
ties on estimated trends (Stooksbury et al., 1999). Even when gap filling is carried out, which is often required
for statistical analysis or for model input, this can contribute to uncertainties and biases in the long term trends
(Begueria et al., 2019). Consequently, numerous studies have used satellite LST data sets to create more spatially
complete and representative T2m data sets. For example, Kilibarda et al. (2014) use a spatio-temporal geostatis-
tical model and spatio-temporal regression-kriging with MODIS LST to predict T2m at 1 km spatial resolution
for the globe between 2001 and 2013. Chen et al. (2021) use MODIS LSTs to generate an all-sky 1 km daily
T2m data set for China between 2003 and 2019. The recent EU Surface Temperature for All Corners of Earth
(EUSTACE) project used satellite LST, together with satellite sea and ice surface temperatures, and in situ obser-
vations to create a global T2m analysis for every day since 1850 (Rayner et al., 2020).

In addition to supplementing T2m data, a few studies have also used satellite LST data directly to estimate
changes in surface temperatures, particularly where station coverage is sparse. For example, Jiménez-Mufioz
et al. (2013) detect anomalous warming in the Amazon dry season for the major drought years of 2005 and 2010
using 13 years of MODIS LST and ERA-Interim skin temperatures. Aguilar-Lome et al. (2019) use MODIS
LST data to study changes in LST in the Andean region, obtaining a trend in winter daytime LST of 1.0 K/
decade, although they find this has a clear dependence on elevation. MODIS LST data are also used by Zhou
and Wang (2016) to estimate a warming trend of 0.25 K/decade from 2002 to 2015 for LSTs over global deserts.
More recently, Sobrino et al. (2020) compared trends in global LST and sea surface temperatures (SST) from
MODIS with trends in global T2m data between 2003 and 2016, finding linear trends of 0.18 K/decade and
0.21 K/decade, respectively.

However, such studies require the satellite LST data to be free from non-climatic discontinuities, which is not
always the case. For example, Good et al. (2017) found that the 17-year GlobTemperature LST data set (http://
www.globtemperature.info/) suffers from a discontinuity when the sensor changes from the ATSR-2 to the
Advanced ATSR (AATSR). Discontinuties due to sensor changes are also visible in the LST data sets presented
by Khorchani et al. (2018) and Ma et al. (2020), which are based on data from the Advanced Very High Reso-
lution Radiometer (AVHRR) series (see their Figures 12 and 3 respectively). Although the majority of previous
studies have looked at trends in single-sensor MODIS data, homogeneity in these data sets is not assured and
should first be assessed in order to derive reliable trends. Moreover, it is useful to compare trends in different LST
data sets as a measure of uncertainty and understand any other influential factors. Such results will be affected
by the different methods used to derive the LST data sets, including differences in algorithm and cloud screen-
ing. This type of analysis is hindered by the limited availability of climate-quality LST data sets with sufficient
homogeniety and length.

The European Space Agency's (ESA) Climate Change Initiative (CCI) for LST (LST_cci) addresses some of
these issues through provision of a suite of LST data sets in a harmonized format with a more consistent approach
to LST retrieval, cloud screening and uncertainty derivation. An objective of the project is to deliver a significant
improvement on the capability of current satellite LST data records to meet the GCOS requirements for climate
applications and realise the full potential of long-term LST data for climate science. The LST_cci project is now
in its fourth year and outputs to date include new LST data sets derived from IR sensors in polar (or Low-Earth
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Orbiting: LEO) and geostationary (GEO) orbits, and from MW sensors (only available from polar-orbiting plat-
forms). The IR polar-orbiting data sets currently utilise data from the MODIS/Aqua and MODIS/Terra instru-
ments, and from the ATSR-2, AATSR and their successor, the Sea and Land Surface Temperature Radiometer
(SLSTR). For the IR geostationary sources, 3 years of the SEVIRI record is currently available, which has a
field of view that encompasses Europe, Africa and South America (it should be noted that the SEVIRI LSTs for
a longer time period are available from the LSA-SAF, e.g., but only 3 years of SEVIRI data are currently avail-
able through LST_cci). Other geostationary IR sensors are also being processed towards achieving the GEOR-
ING (i.e., the full circumference of the Earth observed by geostationary sensors), including the Imager on the
Geostationary Operational Environmental Satellite (GOES) platforms and the Japanese Advanced Meteorologi-
cal Imager (JAMI) on the Multi-functional Transport Satellite (MTSAT) platform.

Although separate data sets are provided for each individual satellite, the LST_cci project is also producing some
merged and multisensor data sets. These include a multisensor IR data set based on the ATSR-2 and AATSR
instruments, a merged GEO/LEO IR data set that is based on both polar-orbiting and geostationary data and a
multisensor MW data set based on the Special Sensor Microwave-Imager (SSM/I) and Special Sensor Micro-
wave Imager/Sounder (SSMIS). Inclusion of MW and merged LST data sets within the LST_cci project is a
major advancement over other LST development programmes, which have generally focused on IR LST data sets
derived from a single sensor or succession of the same sensors: For example, the SEVIRI LST data set provided
by EUMETSAT's Land Surface Analysis Satellite Application Facility (LSA-SAF), which comprises data from
multiple, successive SEVIRI instruments. This is reflected in the peer-reviewed literature. However, these IR
LST data sets include only cloud-free LST data as clouds are opaque at IR wavelengths, leading to large gaps in
coverage that is problematic for many user applications. Using multiple IR sensors can therefore improve spatial
and temporal coverage. Using MW LST observations improves coverage even further as these data are near “all
sky.” A major disadvantage of MW LSTs is that they have lower spatial resolution (12—-25 km compared to <1 km
for IR) and accuracy (~3 K compared with ~1-2 K for IR) (Freitas et al., 2010; Ghent, 2012; Perry et al., 2020;
Prigent et al., 2016). However, an important advantage of these MW LST data is that they do not suffer from
the large errors due to cloud contamination that has been missed by the cloud screening process, which is often
present in IR LST data sets (Ghent, 2012; Good, 2016b; Perry et al., 2020).

The objective of this study is to assess the stability and trends in the LST_cci data sets, and to compare them with
trends in T2m. The presence of trends in T2m is well established and is considered one of the major indicators
of anthropogenic climate change (IPCC, 2021). As noted above, results from previous studies show variable
agreement between time series of LST and T2m. If it can be confirmed here that trends in these LST data sets are
reliable and agree with “conventional” trends in T2m, then the two types of data can be used together to build a
more complete picture of global temperature change. This is particularly important for studying regional temper-
ature change in some parts of the globe where T2m observations are scarce. This can only benefit the wider effort
in the global climate science community to understand and monitor efforts to mitigate global climate change.
For LST, there is also an open question concerning how trends in IR LST are affected by using only cloud-free
observations. This is the part of the so-called “clear-sky bias” effect and is also examined in this study.

The study utilises the six LST_cci data sets with sufficient temporal extent to perform a meaningful time series
analysis. This excludes the LST_cci data sets based on SEVIRI (~3 years of data), SLSTR-A (<5 years of data),
and SLSTR-B (~2 years of data), together with the merged GEO/LEO IR data set and AVHRR data sets, which
were not available at the time the study was carried out. The LST data are first compared with homogenized
station T2m data to verify that the relationship between LST and T2m that has been found in other studies is
also evident using the LST_cci data sets. The temporal stability of the LST_cci data is then assessed by compar-
ing the time series of LST with the homogenized T2m data, where any differences are assumed to indicate
non-climatic discontinuities in the LST_cci data sets. Finally trends in both the LST and T2m data are calculated
and compared. All the analysis presented here is performed using anomalies, that is, the deviation from a clima-
tological “normal,” which removes the annual cycle and therefore emphasises any other signals present in the
data (e.g., long-term changes or non-climatic discontinuities). The analysis is performed using daily LST and
T2m data to enable an exact match between the two data types, therefore facilitating a meaningful comparison.

The paper is organized as follows: The data sets used in the study are summarised in Section 2, while the methods
are described in Section 3. Results are presented in Section 4, with a discussion on the “clear-sky bias” effect in
Section 5. Finally, the conclusions of the study are described in Section 6.
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Table 1
Summary of LST_cci Data Sets Used in This Study

Data set name MODIS/Aqua MODIS/Terra ATSR-2 AATSR Multisensor IR Multisensor MW
Example product L3C-LST-MODISA- L3C-LST-MODIST- L3C-LST-ATSR_2- L3C-LST-ATSR 3-  L3S-LST-ATSR_2-  L3C-LST-SSMI13-
string 0.05deg_1 0.05deg_1 0.05deg_1 0.05deg_1 0.05deg_1 0.25deg_1
DAILY DAILY DAILY DAILY DAILY DAILY
Version 2.00 2.00 2.00 2.00 223
Instrument MODIS MODIS ATSR-2 AATSR ATSR-2, AATSR SSM/I, SSMIS
Satellite EOS Aqua EOS Terra ERS-2 Envisat ERS-2, Envisat DMSP-F13,
DMSP-F17
Spatial resolution 0.05° 0.05° 0.05° 0.05° 0.25°
Local time of 13:30 22:30 22:30 22:00 22:00 (ATSR-2 18:00 (with
ascending node corrected) correction)
Data availability 20002018 1995-2003 2002-2012 19952012 1996-2020
Number of Stations 550 221 475 651 279

Note. The bottom row of the table indicates the number of weather stations used in the analysis for each data set (see Section 4).

2. Data
2.1. LST_cci Data Sets

The LST_cci data sets used in this study are summarized in Table 1; all are Level 3 (L3) data sets, where data
have been averaged over space and time onto a regular latitude-longitude grid. These include the InfraRed (IR)
data sets from the Along-Track Scanning Radiometer (ATSR-2), Advanced Along-Track Scanning Radiometer
(AATSR) and MODerate Resolution Imaging Spectroradiometers (MODIS) on board the Terra and Aqua plat-
forms, and the IR and MicroWave (MW) multisensor data sets. The multisensor data sets comprise data from
more than one platform merged together to form a long term climate data record (CDR). The multisensor IR
data set is based on the ATSR-2 and AATSR, while the multisensor MW data set is based on the Special Sensor
Microwave - Imager (SSM/I) and Special Sensor Microwave - Imager/Sounder (SSMIS) series. Descriptions of
the LST_cci data sets used in this study are provided below. Further details can be found in Dodd et al. (2019).
These descriptions reflect the data sets “as provided” by the project; any further processing applied to these data
within this study is described in Section 3.

All the LST_cci IR data sets are daily with separate fields for daytime (LST,, ) and night-time (LST,;,,)
overpasses. The overpass time is different for each instrument (see Table 1) but is stable during its lifetime.
For the multisensor IR data set, the LST at the overpass time for the ATSR-2 data (10:30 a.m./p.m.) has
been corrected to be equivalent to the LST at the AATSR overpass time (10:00 a.m./p.m.) to ensure consist-
he
correction will usually have a small warming effect; these corrections typically range between approximately

ency across the CDR. For LST,,, this is essentially a cooling correction for ATSR-2, while for LST ;. t
—1 K and +6 K, depending on the time of the year, time of the day and land cover/biome classification. The
corrections have been derived using MODIS/Terra as a reference. Matchups have been produced from grid-
ded Level-3 data using a sufficient time window, and are restricted to data where the difference in satellite
zenith angle is <10°. These matchup LST differences have been binned to multi-dimensional histograms
for day/night, observation time difference, latitude, and landcover class. The LST corrections applied to the
data have been calculated from multi-year histograms for each calendar month. LST for all the IR data sets
has been retrieved using observations from the split window (SW) instrument channels at ~11 and ~12 pm.
Split-window retieval coefficients are defined separately for the different IR sensors (Ghent et al., 2017; Perry
et al., 2020; Prata, 2002).

The multisensor MW data set is also daily, but with separate fields for ascending (LST,
(LST,,,,) orbits, rather than daytime and night-time. This is due to the nominal overpass time of 6:00 a.m./p.m.
and orbital drift of the host platforms, Defense Meteorological Satellite Program (DMSP) F13 and F17. A correc-

tion is available within the data set to adjust the LSTs to an overpass time of 6:00 a.m./p.m. for both platforms

) and descending

to ensure a more stable LST record; this correction ranges between approximately —6 K and +6 K and depends
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on the time of day and orbital drift of the satellite. The correction has been achieved by processing LST for two
more SSMIS instruments and deriving the average ratio of the LST differences versus the time differences for the
continental land surfaces. This has been done individually for each 0.25° cell of the retrieval grid, and corrects not
only the local time drift, but also the changes in local time arising from the instrument scanning with a particular
orbit and ground swath width. The errors associated with the correction are larger than for the IR, as MW LST
is derived for both clear and cloudy skies, so the insolation conditions are more variable. MW LST also depends
more on the surface emissivity compared with the IR, where the surface emissivity varies more substantially
with changes in the surface conditions. This makes any attempt to derive an LST adjustment more uncertain as
its value depends more on the specific local conditions of each particular day, with typical uncertaintities of the
order of ~1.5°C. Intercalibration of the underlying MW brightness temperatures (BT) is also assured through
use of the Fundamental Climate Data Record of Microwave Imager Radiances (Fenning et al., 2020), where the
BTs from the different SSM/I and SSMIS instruments have been inter-calibrated to reduce changes related to
inter-sensor differences.

The algorithm used for retrieving LST from MW observations is based around a non-linear regression describing
the relationship between LST and a combination of MW brightness temperatures covering the range 18-85 GHz.
This is implemented by means of a neural network (Perry et al., 2020; Prigent et al., 2016). Together with the
brightness temperatures, the algorithm also uses pre-calculated climatological estimates of MW emissivity as an
input to help account for the large variation in surface emissivity in some environments. Atmospheric temperature
and water vapor information are not used directly as inputs, but the presence of the 22 GHz channel as one of the
inputs, which is close to a water vapor line, helps to account for changes in atmospheric conditions during the
retrieval.

Data coverage varies between instruments. It is lowest for the ATSRs, which only achieve a revisit approximately
every three days up to around 75° latitude because of its narrow swath (512 km), whereas MODIS and and the
MW sensors achieve near-global coverage day and night for most of the globe due to their wider swaths (MODIS
2,330 km, SSM/I 1400 km, SSMIS 1707 km). At high latitudes and over the poles all instruments have multiple
overpasses each day. Where this is the case, valid LSTs that are closest to the nominal overpass time of the satel-
lite are selected for the single-sensor IR and MW data sets (Table 1). However, for the multisensor IR data set,
all available observations are averaged. The approach is different for the multisensor IR data set as it is a v1.0
data set; the averaging approach was abandoned for v2.0 IR data sets as it was found to increase the noise in the
data. Large gaps are also present in the IR data sets due to cloud cover, when the instrument cannot ““see” the
Earth's surface. The multisensor MW data set is more spatially complete, although retrievals can be affected by
precipitating or convective clouds. In addition, the MW LST estimates over locations partially covered by water
bodies, such as coastal regions, or inundated areas, can be contaminated by the water presence. The ATSR-2 data
sets have two temporal gaps, one of 6 months from January to June 1996 due to a scan mirror failure, and a second
from January to June 2001 due to a gyro failure. These gaps are present in both the ATSR-2 and multisensor IR
data sets.

Per-grid cell uncertainties are also provided for all LST_cci data sets following the approach originally developed
by Bulgin et al. (2016) for sea surface temperatures from the ATSR, which has been adapted for LST as described
by Ghent et al. (2019). Further details of all the data sets used in this study can be found in Dodd et al. (2020)
and an in-depth report on the algorithms selected for the LST_cci project can be found in Dodd et al. (2019) and
Perry et al. (2020). All the data used in this study have been obtained directly from the LST_cci project as beta
products. Official versions of these data are now freely available via the ESA CCI data portal (https://climate.esa.
int/en/odp/#/dashboard).

2.2. 2m-Air Temperature Data

The LST_cci data sets outlined above are compared with daily minimum (7, ), maximum (7, ) and mean
(T

'nean) D€AT-surface air temperature measured at ~2m above the surface (T2m) data provided by the EU Surface

Temperature for All Corners of Earth (EUSTACE) project (Rayner et al., 2020) for meteorological stations within
Europe and the Mediterranean (Squintu, Van Der Schrier, & Van Den Basselaar, 2019). This data set has been
chosen because it is the only daily homogenized station data set in the public domain. Daily data are required in
order to obtain an exact temporal match with the satellite data used in this study, which are also at daily temporal
resolution. In addition, the data must also be free from non-climatic effects (homogenized) because a key part
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of this study is to assess the temporal stability of the satellite LST data and calculate robust trends in T2m that
can be compared directly with equivalent trends in LST. Use of a reanalysis data set such as ERA5 (Hersbach
et al., 2020) was not considered in this study due to this requirement, as both the number and source of the
observations assimilated in for example, ERAS, vary considerably through time (e.g., see Figure 3 and Table 4 in
Hersbach et al. (2020)), which may introduce non-climatic discontinuities.

The daily minimum and maximum temperatures series, which originate from the European Climate Assessment
and Data set (ECA& D, Klein Tank et al., 2002; Klok & Klein Tank, 2008), were homogenised using the quan-
tile matching approach, which corrects for changes in station location or measurement equipment, for example,
(Squintu, Van Der Schrier, Brugnara, et al., 2019). An automated method locates breaks in the series based on a
comparison with surrounding series and applies adjustments which are estimated using homogeneous segments
of surrounding series as a reference. In total, around 2,100 series have been adjusted. Data are provided across
Europe which defines the region of this study to this area only. Data provision is up to 31/03/2019, however,
comparisons are only made in this study up to the end of 2018 due to very few stations being available into
2019.

Although station 7, and T, ., which may occur at varying times during the day, are used here to assess the
stability and trends in satellite LSTs with fixed overpass times, the comparisons are still meaningful despite any
time differences between the different observation types. Both T, ; and T, , have increased since pre-industrial
times, for example, by 0.186 K/decade and 0.236 K/decade, respectively since the midtwentieth century (Thorne
et al., 2016). However, the relative change between them (i.e., the change in the diurnal temperature range) is at
least an order of magnitude smaller and may also be statistically insignificant over much of Europe during the
satellite era (Sun et al., 2019; Thorne et al., 2016). Therefore differences in the temperature change signal due to
observation time differences in this study are expected to be negligible in comparison to any signal in the overall

temperature change.

3. Methods

All the MW LST data used in this study have been corrected to the 6 a.m./p.m. overpass time using the LST
overpass time correction described in Section 2.

Quality control (QC) is carried out on all data sets using available quality information. For the EUSTACE T2m,

(3173

data are excluded where the quality flag value is 1 (““suspect”). However, these quality flags are often missing
and hence two other basic checks are carried out. First any value below —900 is excluded (—999 is used as the
“fill” value in the data set). Second, it was found that some stations only report 0, so these records are also

removed.

QC information provided with LST_cci data varies depending on the data set. Comprehensive quality flags are
provided with the MW data. These quality flags inform the user where the retrieval uncertainty is expected to be
increased. For this analysis, data with the following attributes are removed due to the associated high uncertain-
ties in the data:

¢ Ground with large MW penetration depth
¢ Possibility of deep convection

e Coast

¢ Possibility of inundated land

Data are also flagged where snow and ice are present, as these retrievals can have a larger uncertainty. However
these data are generally still useable and are therefore not excluded from this study, which in line with the
approach also taken for the IR LSTs.

For the multisensor IR data set (v1.00) the following criteria must be met for the data to be included in the
analysis:

e No water present in pixel
e Fraction of clear sky must be > 0.9
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For the v2.00 data (IR single sensor data sets), QC flags indicate if the observation time is near to the nominal
overpass time and data are excluded where this is not the case. This is relevant where data are gridded at high
latitudes and where there may be multiple observations for each grid cell each day. Grid cells containing cloud
or water are excluded by default in the data set, and it is presumed that this is correct with no further screening
carried out.

The QC'd, gridded IR LST_cci data sets are spatially collocated with EUSTACE station locations by taking the
mean of a 3 X 3 block of grid cells centered on the grid cell containing the station location. The MW LST _cci
data set is collocated using only the grid cell containing the station location due to the larger grid cell size (0.25°
for the MW data set vs. 0.05° for the IR data sets). This results in time-series for LST and T2m at each station
location, for each LST data set, which can be compared directly. Where a value is available for both LST, , and
LST,,, (or LST,  and LST

asc desc
be compared with the T, timeseries.

for the multisensor MW data set) LST, , is the mean of these two values. This can

Checks are carried out on each LST and T2m time series before further processing to ensure consistent data
coverage over the periods of interest (i.e., the time period covered by each separate LST data set). The LST
data sets generally have excellent data provision throughout the period of instrument operation (Table 1), with
the exception of ATSR-2, which has two gaps of 6 months (January to June 1996 and 2001). The ATSR instru-
ments generally have low data coverage due to the 3-day revisit times for lower latitudes. Because of this, a
basic check is carried out to ensure each station-LST timeseries has some data available for each calendar year
during the period of interest. Station-LST time series that do not meet this criteria are not used in the analysis.
The EUSTACE T2m station data sets vary much more — some have long data gaps or simply do not provide data
throughout the time period of interest. To ensure good temporal coverage, any T2m station which does not have
some data available for each calendar month during the period of interest is not used. Different approaches to
check for coverage are necessary for T2m and satellite LST data due to the different types of gaps in the data sets;
in general the satellite data coverage is near complete apart from the known data gaps in the ATSR-2 record and
missing data due to cloud in the IR data sets. If any of the data provision criteria described above are not met for
day and night/ascending and descending (LST) or T, and 7, ,, (T2m) the data for that station are not processed
further. Mean temperatures are not considered as part of the filtering as they are calculated directly from these
nignt and LST  can only be calculated when LST,,  and LST,  are both
available. This results in fewer available data points for LST,

data pairs, for example, the mean of LST, night

mean”®

All the analysis presented in this study is performed on anomalies (i.e., the deviation from a baseline daily clima-
tology). This is to remove seasonal cycles in the data, which will dominate any temperature signal, and also to
minimize the inherent differences that occur when comparing data from a point location (e.g., a station) to the
areal average represented by the satellite data (i.e., 0.05°-0.25°). These point-to-areal-average differences may
be further exaggerated where the position of the weather station is unrepresentative of the wider surroundings.
Anomalies are frequently used in the analysis of surface temperature as they tend to be correlated over much
larger distances than the actual temperatures observed (Jones et al., 1982).

The baseline climatologies used here are calculated for the LST and T2m time series separately, for each station
location, based on an 11-day moving mean calculated for each calendar day of the year. This is further smoothed
over a 31-day period using a convolution function. These smoothing windows were selected via visual inspection
of data at several stations to achieve a smooth climatology that also captures the seasonal extremes. LST and
T2m daily climatologies are created for the time periods covered by each respective LST data set (Table 1) to
facilitate direct comparison between the two data types. For example, LST and T2m climatologies are calculated
for 2002-2018 for the MODIS/Aqua comparison. For each data set, all available QC'd data are used within this
time period; this approach in the study is discussed further in Section 3.1.

Anomalies for day d are calculated by subtracting the climatological value for that day (LSTclim,, T2mciim,) from

d >

the observed data (LSTops,, T2mops,) for each data set available (min, max and mean for T2m; day, night and
mean where available for IR LST; ascending, descending and mean where available for MW LST):

LSTanomd = LSTobsd - LSTclimd (1)

szunomd = szobsd - szc]imd (2)
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For the IR data sets, LST
set, the LST
also compared for all data sets. For simplicity, all these comparisons are hereon referred to using only the T2m

night and LSTday
(~6 a.m.) is compared to T, and LST,

asc

are compared to 7. and T, respectively. For the multisensor MW data

min max
(~6 p.m.) is compared to 7, .. LST . and T, are

desc

terminology, that is, “T’

‘i COMparison,” “T, - comparison,” and “T . = comparison.”

max mean

The LST and T2m anomalies are then compared in several ways. First, the relationship between LST and T2m
anomalies (LST anomaly vs T2m anomaly) is assessed at each station by calculating the Pearson correlation coef-
ficient (r), and the slope (m) using the Median of PairWise (MPW) slopes (Sen, 1968). The MPW slopes method
is recommended by Fernandes and Leblanc (2005) for remote sensing applications, and is chosen for this study
due to its robustness to outliers and analytical estimates of confidence intervals. A value of unity for both these
parameters indicates a perfect relationship at that location.

Second, the stability of the LST data sets is evaluated by comparing monthly mean anomalies for LST and T2m
using only temporally-matched observations that are available in both data sets. Monthly rather than daily data are
used for this analysis to ensure a clear signal over time that is not dwarfed by the “noise” that is present in a daily
time series. The mean (spatial average) of all monthly means (LSTunom,,» T2Manom,,) OVer all available stations is
calculated and a time series of differences is calculated as:

ATanom,” = LSTanom,,, - T21'nanom,,, (3)

The trend and confidence interval of this time series of differences is calculated as above using the MPW slopes.
Should the confidence interval of this trend encompass zero, the slope is considered to be statistically insignificant,
indicating agreement between the trends in LST and T2m. Therefore a confidence interval which does not encom-
pass zero indicates a statistically significant difference between the trends in LST and T2m. The agreement between
the monthly mean anomaly time series is also assessed by calculating the Perason correlation coefficient (7).

For the LST multisensor data sets that contain observations from multiple platforms, the trend, confidence inter-
val, and correlation coefficient are also calculated separately for each platform in the series, together with a
standard deviation of the difference from T2m anomalies. Any variations in these values between platforms is
likely to be due to non-climatic discontinuities in the data sets, and indicates that they are not fully homogenised
and may not be appropriate for climate trend analysis.

Finally, trends in the LST and T2m monthly anomaly time series are calculated and compared using the MPW
slopes. Monthly data are used to calculate trends in preference to daily data as this not only provides a less
noisy time series, but also a more consistent density of observations with time, that is, one data point per month
compared to between one and 31 data points per month in a daily time series.

3.1. Choice of Data Used for the Calculation of Climatologies

The aim of this study is to evaluate the temporal stability of the LST_cci data sets and establish whether there
is agreement between the anomalies trends in LST and T2m. The overall objective is to ascertain whether LST
data can be used to provide consistent information on surface temperature changes where T2m observations are
sparce or absent. T2m data used for climate monitoring are based on “all sky” observations from weather stations
(IPCC, 2021; Jones et al., 2012; Klein Tank et al., 2002; Rayner et al., 2020; Squintu, Van Der Schrier, Brugnara,
et al., 2019). Therefore to establish whether LST anomalies can capture the temperature change signals in the
T2m data sets used for climate monitoring, the LST anomalies should be assessed using T2m anomalies calcu-
lated with respect to an all-sky T2m climatology. Therefore in this study, all available data are used to calculate
the climatologies for each data set. This results in T2m, MW LST and IR LST climatologies representative of all
conditions, convection-free, and clear-sky only conditions respectively, which enables a representative assess-
ment of the LST data that are available in comparison to the all-weather T2m that are used for climate monitoring.

4. Results

Spatially co-locating in-situ weather stations with satellite observations for six new LST_cci data sets results in
between 221 and 651 station comparisons per data set across Europe (Table 1 and Figure 1). The variation in
the number of station comparisons is a result of the requirement to have both station and satellite data available
for the same period of analysis, and data availability as a result of the different QC applied to each data set (see
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Figure 1. Locations of stations where data are available for both land surface temperature (LST) and 2m air temperature (T2m)
for matches with the (a) MODerate resolution Imaging Spectroradiometer (MODIS)/Aqua, (b) MODIS/Terra, (c) Along-Track
Scanning Radiometer (ATSR)-2, (d) Advanced ATSR (AATSR), (e) multisensor InfraRed, and (f) multisensor MicroWave
data sets. The colors are used for visual purposes only and do not have any meaning.

Section 3). It is notable that the multisensor MW data set is matched with fewer stations, despite the long time
series of data. This is due to a large number of MW data being rejected through the application of the QC
information, mainly due to the loss of stations near the coast due to the coarser resolution of the MW data. This is
evident through the results presented in the following sections (e.g., see Figures 2 and 3). The analysis reported in
the following sub-sections is based on these station comparisons.

4.1. LST Versus T2m Relationship

The relationship between LST and T2m at each station location is assessed through the correlation coefficient (r)
and the slope (m) of the daily LST anomalies versus T2m anomalies (see Section 3). Figures 2 and Figure 3 show
the values of » and m for each station, organized by latitude, for MODIS/Aqua and the multisensor MW data sets,
respectively. The results for MODIS/Aqua are typical for the other LST_cci IR data sets (not shown), and show a

general increase in r with increasing latitude until ~50°N, with higher variance in the results for the 7, ; compar-
ison compared with 7, . and T, = comparisons. There is a notable cluster of stations at » ~ 0.8 for the T, and

T,..., comparisons, with some outliers with much lower values of r. A few data points at low latitudes also have
poor correlation (r < 0.5), which correspond to stations in the Canarias. By contrast, the slopes for MODIS/Aqua
(Figure 2) and MODIS/Terra (not shown) show a slight decrease with increasing latitude, particularly for the T,
and T, comparisons. The slopes for ATSR-2, AATSR and the multisensor IR data sets are slightly more vari-
able (not shown). There are also large latitudinal gaps in these T, . pairs above ~40°N due to the longer revisit
time for the ATSR sensors, and the requirement to have both LST,, and LST,;,, present to calculate LST, ... The

correlation and slope results for the multisensor MW data set are less variable with latitude than those for the IR
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Figure 2. Land surface temperature (LST) versus 2m air temperature (T2m) correlation coefficients for each available station location for the MODerate resolution

Imaging Spectroradiometer/Aqua c
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Each color represents a different station. The MPW slopes are shown as vertical lines to represent the 95%

data sets with very few outliers (Figure 3). This may be a result of the larger footprint of this LST data set (0.25°)
as it has previously been shown that correlations between T2m and LST peak where the LST footprint is ~25 km
(Sohrabinia et al., 2014). In addition, the larger variability in the results for the IR data sets may reflect cloud
contamination in these data, which does not affect the MW LST retrievals; this may be more prevalent at some

station locations. Cloud contamination may also contribute to the lower correlations and slopes observed for the

Tmin
can be less effective.

comparisons, and larger variance in these results for the IR data sets (Table 2), as nighttime cloud-clearing
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Figure 3. As for Figure 2 but for the multisensor MicroWave data set.
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Table 2
Median Correlation Coefficient (r) and LST Versus T2m Slope (m) From All Available Stations for Each LST_cci Data Set
Comparison

MODIS/Aqua MODIS/Terra ATSR-2 AATSR Multisensor IR~ Multisensor MW

Toin r 0.62 0.57 0.60 0.63 0.70 0.73
m (K/K) 0.71 0.63 0.56 0.61 0.67 0.70
T, r 0.77 0.78 0.74 0.80 0.78 0.79
m (K/K) 091 0.90 0.90 0.89 0.78 0.80
T ean r 0.78 0.80 0.67 0.72 0.84 0.84
m (K/K) 0.85 0.88 0.87 0.86 0.79 0.85

It is notable that data coverage at high latitudes is worse for ATSR-2 and AATSR compared to the other IR data
sets, which is attributed to the screening applied to these data before performing the collocation (Figure 1).

The correlation coefficients and slopes between daily LST and T2m anomalies generally indicate that the data
compare well for 7, , and T ., with values typically ~0.8 (r) and ~0.9 K/K (m), while the T, comparison values
are closer to ~0.6 for both parameters (Table 2). Results are quite consistent across the different data sets and are
similar to those reported by Good et al. (2017), who report correlation coefficients and slopes of ~0.7-0.9 for a
comparison between T, ., and LST . anomalies over Europe. Slope values < 1 indicate that anomalies in LST
are generally smaller in magnitude than those for T2m. The better agreement for the 7, comparison compared
with the T, comparison could be due to the larger range in the temperature anomalies for the T, comparison
compared with those for the 7, ; comparison. This is shown by the probability density functions (PDF) for LST
and T2m anomalies from the MODIS/Aqua and multisensor MW comparisons shown in Figure 4. The distri-
butions for 7, /LST,, /LST, are wider than those for T, /LST,;../LST,. ., which could inflate the correlation
for the T, comparisons. For example, the 10th and 90th percentiles for the MODIS/Aqua LST distributions are
—5.4 and 5.1 K, respectively, for LST,,,,, while for LST,,, these values are —6.0 and 5.9 K. Similarly for T2m,
the 10th and 90th percentiles for T, are —5.1 and 4.2 K compared with —4.1 and 5.9 K for T, . Figure 4 also
shows that the distributions of multisensor MW LST anomalies are much closer to the T2m distribution compared
with the MODIS/Aqua analysis. This is also clear from the 10th and 90th percentiles, which are —4.9 and 4.8 K
for LST,,. and =5.1 and 4.9 K for T, , and —5.8 and 5.6 K for LST,  and —5.7 and 5.8 K for T, .. The apparent
slightly better agreement between the anomalies for the MW LSTs compared with the IR LSTs is also evident in

some of the later results presented in this study (Section 5).

desc?

4.2. Stability Analysis

The results in the previous section demonstrate that spatially and temporally collocated LST anomalies calcu-
lated from the LST _cci data sets and station T2m anomalies are generally well correlated, which has also been
found in studies using other LST data sets (e.g., Good et al., 2017). In this section, the stability of the LST_cci
data sets is assessed. Monthly means are calculated for each station anomaly timeseries, where data are available
for both LST and T2m (see Section 3). These monthly mean anomalies are averaged over all available stations
for each of the six LST_cci data sets (Table 1). The correlation coefficient () and the p-value between LST and
T2m monthly mean anomalies are calculated together with the mean, standard deviation and slope (trend) of the
LST-minus-T2m difference time series. Coupling between the LST and T2m anomalies is greatest where the
correlations are highest and standard deviations of differences are lowest. A non-zero mean difference indicates
an offset between LST and T2m anomalies. Ideally the trend of the difference should be zero, indicating that the
trends in LST and T2m anomalies are identical. Any non-zero trends are considered statistically insignificant
here if the 95% confidence interval on the trend encompasses zero. As it is assumed that the station T2m time
series are free from non-climatic effects, the LST_cci data set may not be stable over time where the trend of the
differences is significant. A summary of the results is presented in Table 3.

The correlation coefficients shown in Table 3 are higher than for daily data (Table 2), with correlation coeffi-
cients generally >0.8 (and often >0.9). This is expected because day-to-day variabilty in temperatures is higher
than month-to-month variability, which is why monthly averages have been used for this part of the study. With
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Figure 4. Probability density functions for all daily anomalies for the (a) MODerate resolution Imaging Spectroradiometer
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night min? day max?
MicroWave (MW) LST..and T, , and (d) the multisensor MW LST, and 7, .. Blue: T2m. Red: LST.

desc

the exception of the multisensor MW data set, standard deviations of the anomaly differences are lower for the
T

min

comparisons compared with the 7, _and 7, comparisons. Again, this may be due to the larger range in
daily day time temperature anomalies noted in Section 4.1. The mean anomaly difference for all IR data sets is
positive for 7, , comparisons and negative for T, comaparisons. It is nega-
tive for all MW comparisons. This pattern in the mean differences is attributed to the requirement to use only
temporally-matched LST and T2m data for the comparisons, and therefore the exclusion of some LST and T2m

data. This is discussed further in Section 5 of this study.

however both signs occur for T

ean

Eleven of the 18 anomaly difference trends in Table 3 are statistically insignificant, suggesting there is no detect-
able difference between the trends in T2m anomalies and LST anomalies in these cases. However, MODIS/Aqua
and AATSR are the only two data sets where all anomaly difference trends are insignificant, and therefore these
may be the only LST_cci data sets examined here that are free from non-climatic discontinuities. Some of these
discontinuities are clearly visible by eye. For example, Figures 5 and 6 show the time series for the multisensor
IR and MW data sets, respectively. For the multisensor IR data set, a discontinuity can be seen when the sensor
transitions from ATSR-2 to AATSR. In addition, for the ATSR-2 period the range of differences is visibly larger
than for the AATSR, with a positive difference for the T, comparison. The multisensor MW data set shows a
discontinuity for T, , where the sensor changes from SSM/I to SSMIS in early 2009, however any discontinuity
is less clear for 7, .. Notably, no discontinuities are clear in the time series of anomalies (panels a and b in each
figure), which demonstrates the value of examining time series of anomaly differences to assess the stability of
these time series.

The differences between the instruments comprising the multisensor data sets are clear when the statistics are
considered separately for each instrument (Table 4). The results for the multisensor IR data set show that there
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Table 3

Correlation Coefficient (r) for the Relationship Between LST and T2m Monthly Means Averaged Spatially Over All
Available Stations for Each LST_cci Data Set

MODIS/Aqua MODIS/Terra ATSR-2 AATSR  Multisensor IR Multisensor MW
Toin r 0.94 0.93 0.91 0.91 091 0.88
u (K 0.43 0.27 0.25 0.30 0.31 —0.08
o (K) 0.48 0.54 0.41 0.49 0.58 0.64
t (K/decade) 0.03 0.23 0.03 —-0.01 -0.55 0.21
CI (K/decade)  —0.11-0.17 0.11-0.35 -0.32-045 -0.37-032 —0.71--0.40 0.10-0.32
T,x r 0.93 0.90 0.85 0.93 0.77 0.95
u (K) —0.68 —-0.61 —0.42 —-0.57 -1.18 —-0.11
o (K) 0.59 0.73 0.67 0.61 1.25 0.49
t (K/decade) 0.00 0.15 -1.21 —0.04 -0.24 0.07
CI (K/decade)  —0.19-0.19 —-0.02-0.32  -1.80—-0.55 -0.38-0.32  —-0.60-0.13 —0.00-0.15
W e r 0.88 0.86 0.74 0.87 0.81 0.94
u (K 0.05 0.14 0.06 —-0.07 0.31 —0.14
o (K) 0.81 0.90 0.68 0.55 1.13 0.50
t (K/decade) 0.03 0.22 -1.18 0.30 —-0.08 0.17
CI (K/decade)  —0.21-0.26 0.01-0.43 -1.79—-0.59 -0.05-0.68  —0.41-0.25 0.10-0.25

Note. P values are <0.001 for all values of . Values of r are shown in the firstrow for 7, , 7, .. and T, .. respectively. The last

four rows in each section relate to the LST-T2m anomaly difference time series, and present the mean (u), standard deviation
(0), trend (7) and 95% confidence interval (CI) on the trend for each data set. Trends in italics are statistically significant.

are sizable differences between the means and standard deviations of the LST-T2m anomaly differences for
ATSR-2 and AATSR, particularly for the 7,,;,, comparison. The larger mean LST,;,-T,,;, anomaly difference for
ATSR-2 (0.70 K) compared with AATSR (0.06 K) contributes to the overall negative trend in the differences
for this data set and suggests a step change between the different sensors. The standard deviation in differences
is notably higher for ATSR-2 than for AATSR. This reflects an increase in variance for this part of the data
set that has probably resulted from the overpass time correction applied to the ATSR-2 data (Section 2.1). The
trends in differences for the two sensors are also substantially different. In summary, Table 4 provides convincing
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Figure 5. Monthly mean (a) land surface temperature (LST),;,, and T,,,, and (b) LST,,, and T,,,, anomaly (K, relative to 1996-2012) averaged over all available

stations for the multisensor InfraRed data set, with the respective differences in the time series shown in (c) and (d). The change in sensor from the Along-Track
Scanning Radiometer (ATSR)-2 (early period) to the Advanced ATSR (AATSR) (later period) is shown by the vertical dashed line in each panel.
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Figure 6. As for Figure 5 but for the multisensor MicroWave (MW) data set. Monthly mean (a) land surface temperature (LST), . and T, and (b) LST,  and T

min max

anomaly (K, relative to 1996-2018) averaged over all available stations for the multisensor MW data set, with the respective differences in the time serles shown in (¢)

and (d). The change in sensor from the Special Sensor Microwave/Imager (early period) to the Special Sensor Microwave Imager/Sounder (later period) is shown by the
vertical dashed line in each panel.

evidence that the multisensor IR data set is inhomogeneous, which was also the finding of Good et al. (2017)
for the GlobTemperature CDR based on the same sensors. However, it should be noted that as the trends in the
LST-T2m differences are statistically insignificant, the results also suggest that the individual sensors comprising
the multisenor IR data set are stable.

The same information for the multisensor MW data set is also shown in Table 4. Unlike for the multisensor IR
data set, the correlations and standard deviations of the differences from in-situ T2m are similar for both sensors.

Table 4

As for Table 3 but With Statistics Shown for Each Sensor Comprising the Multisensor IR and Multisensor MW Data Sets in
Addition to the Whole Data Set in Each Case

Multisensor IR Multisensor MW
All ATSR-2 AATSR All SSM/I SSMIS
T, r 0.91 0.89 0.96 0.88 0.89 0.88
u (K) 0.31 0.70 0.06 —0.08 -0.22 0.11
o (K) 0.58 0.60 0.40 0.64 0.62 0.63
t (K/decade) -0.55 —-0.09 0.02 0.21 —-0.05 -0.02
CI (K/decade) -0.71--0.40  —0.77-0.64  —0.24-0.29 0.10-0.32 —-0.30-0.19 —0.39-0.41
T r 0.77 0.64 0.84 0.95 0.95 0.95
u (K -1.18 -1.02 -1.28 —-0.11 -0.14 —-0.08
o (K) 1.25 1.40 1.14 0.49 0.46 0.52
t (K/decade) -0.24 —-1.66 0.18 0.07 0.23 0.02
CI (K/decade) —-0.60-0.13 -3.17-0.02  -0.48-0.85  —0.00-0.15 0.07-0.38  —0.29-0.29
Tean r 0.81 0.51 0.90 0.94 0.94 0.93
u (K) 0.31 0.39 0.26 —-0.14 -0.23 —-0.01
o (K) 1.13 1.34 0.98 0.50 0.47 0.51
t (K/decade) —-0.08 -1.18 0.19 0.17 0.12 0.08
CI (Kdecade) —-0.41-0.25 -2.73-0.24  —0.44-0.92 0.10-0.25 -0.05-0.31 -0.23-0.36

Note. Trends in italics are statistically significant.
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Although there is a significant positive trend in the differenced time series present for 7, and T, ., for the whole
data set, the equivalent trends for the individual sensors are smaller and statistically insignificant suggesting that
the time series for the individual sensors are stable. However, for all comparisons, there is a change in the mean of
the differences for SSM/I and SSMIS (—0.22 to 0.11 K for 7., and —0.23 to —0.01 K for T, , ), which is visible

mean

in Figure 6 in the time series for 7, as noted earlier. This positive step change is the cause of the significant

n
positive trend in the full timeseries for these comparisons. T, shows an exception to this. The overall trend
in the difference for the whole data set is insignificant, however the trend for SSMI is positive and significant,
and the trend for SSMIS is insignificant. The change in the mean of the differences is also smaller (—0.14 to
—0.08 K). In general, the multisensor MW data set shows slightly better agreement with the T2m anomalies than
the multisensor IR data set, reflected in the smaller mean differences and standard deviations. However, as for the
multisensor IR data set, Table 4 provides clear evidence that the multisensor MW data set is inhomogeneous over

time, although the records for the individual sensors appear stable.

Figure 7 shows the time series of LST-minus-T2m monthly anomalies for the remaining four LST_cci data sets.
The ATSR-2 time series appears reasonably stable for the 7, comparison, but there appears to be a jump in
the T, comparison after the second data gap in mid-2001, which is likely to be the cause of the significant
negative trend in this differenced time series (—1.2 K/decade, Table 3). By contrast, the AATSR time series
appears stable for all comparisons, which is also reflected in the statistics provided in Table 3. The MODIS/
Terra T, comparison has a positive trend in the differenced time series that is both visible and statistically
significant (Table 3) and is further explored in Section 4.3 (Table 6). A significant trend is also present in
the T, comparisons. However, the trend for the T, comparison is not statistically significant. As noted
previously, the MODIS/Aqua comparisons appear stable, with no significant trends detected in the anomaly
difference time series.

Both the MODIS and ATSR analyses display an annual cycle in the LST-T2m differences, particularly for the
T .. comparisons (Figure 7). The difference peaks in winter (LST > T2m,

max anom anom

). A candidate explanation for
this could be that the climatologies do not fully capture minimum and maximum winter and summer temper-
atures leading to more extreme anomalies in one or both data sets. However, the smoothing windows used for
the climatology calculation have been chosen with care to ensure that the more extreme temperatures are well
represented, whilst retaining a reasonably smooth climatology (Section 3). Furthermore, this annual cycle does
not occur in the multisensor MW analysis. A visual inspection of the data at individual stations confirms the
climatologies represent the seasonal extremes quite well and therefore this hypothesis is rejected. Further analysis
of the data indicates this annual cycle results from the requirement to use only temporally-matched LST and T2m
data to facilitate a meaningful comparison, and therefore the exclusion of any cloudy T2m observations in the IR
comparisons. This is discussed further in Section 5 of this study.

In summary, only the single-sensor AATSR and MODIS/Aqua data sets appear to be free from non-climatic
discontinuities and are therefore the only data sets that are considered for reliable trend analysis in the following
section.

4.3. Trends

The results of the stability analysis suggest that the AATSR and MODIS/Aqua are the only LST_cci data sets
that are stable enough to be considered for trend analysis. Nonetheless, trends for all six LST_cci data sets are
presented in Table 5 for completeness and to demonstrate the impact of using non-homogeneous time series for
calculating trends.

This section focuses only on the trends labeled “LST” and “T2m” in Table 5, which are calculated from the
i Lmax> @and T, comparisons used
in the stability analysis (Section 4.2). These LST and T2m data are are matched in time, and therefore the time
series exclude any days that are cloudy for the IR comparisons, and any other occasions where the LST data are
missing (e.g., the two 6-month gaps in the ATSR-2 record). The trends reported in the ““T2mAll” rows in Table 5

are discussed in Section 5.

monthly collocated anomaly time series of LST and T2m for each of the T,

The “LST” and “T2m” trends show very good agreement for both the MODIS/Aqua and AATSR LST_cci data
sets. For MODIS/Aqua, significant trends in LST of ~0.64-0.66 K/decade are obtained for the 7 . , T and

min®> ~ max

T .., comparisons. This compares well with the equivalent T2m trends of ~0.52-0.59 K/decade. For the AATSR,

mean
although the trends are consistent between LST and T2m, none of these trends are statistically significant. In
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Figure 7. Land surface temperature (LST)-minus-2m air temperature (T2m) monthly anomaly time series for the (a) Along-Track Scanning Radiometer (ATSR)-2 T,
(c) Advanced ATSR (AATSR) 7,;., (d) AATSR T,

(b) ATSR-2T,

max?®

T, (8) MODIS/Terra 7,

min’

and (h) MODIS/Terra T

min®

maw (€) MODerate resolution Imaging Spectroradiometer (MODIS)/Aqua 7, ;,, (f) MODIS/Aqua
‘nax comparisons. The linear trend for each time series is shown in blue; the numerical value for this trend is also

shown in each panel together with the 95% confidence interval on that trend.

particular, there is a negative trend for T2m for the T, comparison, although it should be noted that this is not
statistically significant and is attributed to the small number of data points for 7, which requires both LST,;
and LST,, to be available (there are 55 stations with T, ., data compared to 475 for T, and T, for AATSR).
This sizable difference between trends calculated for MODIS/Aqua and AATSR is primarily due to the different
time periods available for analysis. This is evident when looking at the statistically significant trends in T2m

across all data sets, which differ considerably, ranging between 0.32 K/decade (MODIS/Terra period, T, . ) and
1.02 K/decade (ATSR-2 period,

min
mm)

To illustrate this time-period effect, Table 6 shows the LST and T2m trends for both MODIS data sets but only
for the MODIS/Aqua time period. A meaningful comparison has been performed by using only observations
corresponding to stations that are available for both data sets and where observations are available for both LST
and T2m. However, it should be noted this is not an exact like-for-like comparison as the LST-T2m observation
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Table 5
Trend in Monthly Anomalies (K/Decade) Averaged Over all Stations for LST and T2m Over the Time Periods Specified for
Each LST _cci Data Set

MODIS/ MODIS/ ATSR-2 AATSR Multisensor ~ Multisensor
Aqua Terra (1995- (2002— IR MW
(2002-2018)  (2000-2018) 2003) 2012) (1995-2012)  (1996-2018)
T i LST t (K/decade) 0.64 0.57 0.96 0.09 -0.41 0.64
CI (K/decade)  0.24-1.05 0.24-0.92 0.01-1.96 —0.69-0.88 —0.83-0.01  0.42-0.85
No. Obs. 1,896,413 2,219,831 102,545 311,755 598,276 1,862,226
T2m t (K/decade) 0.52 0.32 1.02 0.15 0.13 041
CI (K/decade)  0.19-0.87 0.04-0.61 0.02-2.02 -0.51-0.84 -0.23-0.51  0.21-0.63
No. Obs. 1,896,413 2,219,831 102,545 311,755 598,276 1,862,226
T2mAll ¢ (K/decade) 0.51 0.27 0.97 0.07 0.28 042
CI (K/decade)  0.16-0.83 —0.00-0.54  0.20-1.82 —0.62-0.69 —0.06-0.60  0.22-0.64
No. Obs. 3,432,563 3,779,542 636,676 1,682,633 3,958,957 2,340,631
T, . LST t (K/decade) 0.66 0.52 —0.54 0.35 0.22 0.69
CI (K/decade)  0.18-1.12 0.13-0.91 -1.65-0.71 —-0.65-1.39 -0.27-0.70  0.42-0.95
No. Obs. 1,639,676 1,738,545 98,369 278,089 455,171 1,866,153
T2m t (K/decade) 0.59 0.37 0.92 0.36 0.44 0.63
CI (K/decade)  0.15-1.04 0.00-0.75 -0.25-2.13 —-0.69-146 —0.14-1.03  0.36-0.92
No. Obs. 1,639,676 1,738,545 98,369 278,089 455,171 1,866,153
T2mAll ¢ (K/decade) 0.58 0.34 1.38 0.22 0.52 0.60
CI (K/decade)  0.18-0.98 0.01-0.68 036247 —0.75-1.12  0.09-0.96 0.33-0.89
No. Obs. 3,433,456 3,780,312 636,619 1,682,774 3,959,369 2,340,922
T, LST t (K/decade) 0.66 0.59 —0.81 —-0.14 0.38 0.70
CI (K/decade)  0.23-1.11 0.23-0.97 -1.66-0.28 —0.89-0.64 —0.04-0.78  0.46-0.94
No. Obs. 972,145 1,110,379 6,252 11,102 28,970 1,503,433
T2m t (K/decade) 0.59 0.39 0.51 -0.44 0.59 0.55
CI (K/decade)  0.15-1.02 0.03-0.75 —0.38-1.49 -1.16-026  0.08-1.11 0.31-0.79
No. Obs. 972,145 1,110,379 6,252 11,102 28,970 1,503,433
T2mAll ¢ (K/decade) 0.53 0.30 1.13 0.15 043 0.53
CI (K/decade)  0.16-0.93 0.00-0.60 0.20-2.14 —0.65-0.93  0.07-0.81 0.29-0.76
No. Obs. 3,139,448 3,526,823 550,463 1,566,959 3,852,109 2,341,647

Note. The results for “T2m” are based on data where both LST and T2m data are available. The results for “T2mAll” use
all available T2m observations; these results are discussed in Section 5. Trends that are statistically significant are shown in
italics. “No. Obs.” indicates the number of daily observations in each case.

matching has been carried out separately for each data set due to the different overpass times (and therefore
differing data availability). (The requirement to use the same stations for both data sets also results in small
differences in the MODIS/Aqua results between Tables 5 and 6.) The MODIS/Terra data are available for just
over two additional years at the beginning of the record from February 2000 to July 2002 so this exercise essen-
tially removes these additional two years of data from this data set. The results show that the T2m trends for this
common time-period analysis are now almost identical (<0.03 K/decade difference) across both data sets. Prior
to this the T2m trends were 0.52-0.59 K/decade and 0.32-0.39 K/decade for the MODIS/Aqua and MODIS/
Terra time periods respectively. By contrast, the equivalent LST trends, also included in Table 6, still differ
substantially. This difference in the LST trends is most likely due to the inhomogeneities in the MODIS/Terra
LST data set observed in Section 4.2 and demonstrates why care should be taken to ensure only homogeneous
data sets are used for trend analysis. Some small differences between the LST results for MODIS/Aqua and
MODIS/Terra may also arise from inherent differences in the data sets, which includes small differences in the

GOOD ET AL.

17 of 24



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Earth and Space Science

10.1029/2022EA002317

Table 6

Trend (t, K/Decade) and Confidence Interval (CI) in Monthly Anomaly Data
Averaged Over all Collocated Stations for LST and T2m for MODIS/Aqua
and MODIS/Terra for the MODIS/Aqua Time Period (2002-2018)

MODIS/Aqua  MODIS/Terra

T LST t (K/decade) 0.65 0.82
CI (K/decade) 0.25-1.05 0.39-1.23

T2m t (K/decade) 0.52 0.53
CI (K/decade) 0.19-0.88 0.19-0.88

T LST t (K/decade) 0.67 0.80
CI (K/decade) 0.20-1.13 0.33-1.28

T2m t (K/decade) 0.59 0.60
CI (K/decade) 0.16-1.04 0.14-1.07

T, can LST t (K/decade) 0.67 0.85
CI (K/decade) 0.23-1.12 0.40-1.13

T2m t (K/decade) 0.59 0.62
CI (K/decade) 0.15-1.01 0.17-1.04

Note. The monthly averages are based on observations corresponding
to stations that are available in both data sets and where observations are
available for both LST and T2m. Trends in italics are statistically significant.

BT calibration and the cloud masking. However, it should be noted that the
LST retrieval algorithms, the generation of coefficients and all other aspects
of the data sets are identical so these data sets should be fundamentally the
same.

The analysis presented here also demonstrates why it is preferable to use
much longer data sets (e.g., >30 years) for calculating trends, despite using
the MPW slopes method, which is more robust to outliers. In this case,
removing the two additional years in the MODIS/Terra period has increased
the overall trends in the T2m data by ~0.2 K/decade. The need for longer
data records for the detection of trends is also supported by the results for the
AATSR data set, where no significant trend is detected despite the data set
appearing to be quite stable over the 11-year record. However, it should be
noted that even trends over longer periods are sensitive to what is happening
in the climate over that period as climate change is not monotonic; interan-
nual and decadal variability, as well as the specific start and end dates, can
significantly affect trends regardless of the analysis period used.

Examination of the trends in LST for the other non-stable LST_cci data
sets in Table 5 indicates the values can vary substantially. However, both
the MODIS/Terra and multisensor MW data sets show some consistency
between the trends for the different T2m comparisons in each case, with
values of 0.64-0.70 K/decade and 0.52-0.59 K/decade, respectively. For
the multisensor MW, all trends for LST and T2m are also significant and
positive, which suggests some consistency between LST and T2m for this
data set, despite its apparent instability identified in Section 4.2. Most trends

for the other LST data sets are positive, but some are negative, which is not expected given all the T2m trends
are positive. In some cases, the trends are quite different from the equivalent T2m trends. For example, for the

ATSR-2T,

max

comparison, the LST and T2m trends are —0.54 K/decade and 0.92 K/decade, respectively, although

neither trend is statistically significant. These large differences and substantial variation in the calculated trends

for these LST_cci data sets again shows the importance of ensuring homogeneous data sets are used for the anal-

ysis of trends, and that ideally this should also utilize multidecadal records.

Table 5 also presents some differences between significant trends in 7, ; and T, that seem rather large. For
example, for the multisensor MW period trends of 0.41 K/decade and 0.63 K/decade are obtained for 7, and

T

max’

respectively. These differences are attributed to natural variability in the calculated trends due to errors in

the data, including missing data, and/or assumptions in the analysis, which is reflected in the confidence inter-

vals. However, in all cases, the differences between the trends in 7'

"uin and 7, are small compared to the 95%

confidence intervals on those trends (e.g., a difference of 0.22 K/decade compared with confidence interval width

of 0.42 and 0.56 K/decade for T, and T,

'naxe TESPECtively).

5. Discussion: The Effect of Using Only Clear-Sky Surface Temperatures in the

Analysis of IR LSTs

The results presented in Section 4.2 show that the differences between the time series of monthly IR LST and

T2m anomalies calculated in this study have a clear annual cycle. A particularly striking example can be seen in

the MODIS/Terra T

max
winter (LST, > T2m

anom anom

) and troughs in summer (LST,

analysis shown in Figure 7, which shows that the annual cycle in the differences peaks in

< T2m,

anom wnom)- HOWever, this cycle is present in all the

ATSR and MODIS T, comparisons and to much lesser degree in the 7 ; comparisons. A similar annual cycle

is not apparent in the equivalent multisensor MW analysis (Figure 7).

Further analysis of the data indicates this annual cycle results from the exclusion of some T2m observations

during the process of temporally matching the daily LST and T2m data (described in Section 3). For the analysis
of the IR LST data sets from MODIS and ATSR, the vast majority of these excluded T2m data correspond to
cloudy days in the IR LST data, which can only be retrieved in cloud-free conditions. Figure 8 shows how the

distribution of 7, and LST,, anomalies varies with the day of the year. The anomalies represent the full time
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Figure 8. Percentiles of daily anomalies (K) for each day of the year averaged over five stations above 60°N for (a) T,
and (b) land surface temperature (LST)g,y before temporal matching between the 2m air temperature (T2m) and LST data is
performed, and (c) 7, and (d) LST,, after temporal matching is performed. The solid line shows the mean, darker shading
the inter-quartile range, and lighter shading the full range of data. The percentiles have been smoothed over a 21-day moving
window using a convolution function to improve the visual clarity of the plot. Data are from the MODerate resolution
Imaging Spectroradiometer/Terra comparison.

period of the MODIS/Terra record from five stations above 60°N (as an example). Anomalies are shown for each
data set both before and after any data are excluded by temporal matching (i.e., requiring that both valid 7 ,, and
LST,,, are present on the same day). As expected for the “before” analysis, the mean anomaly, shown by the solid
line in the plots, is very close to zero throughout the year for both T2m and LST. There is a clear annual cycle in
the T2m distribution with more extreme cold anomalies during winter and the anomalies during the middle of the
year more symmetrically distributed about zero. For LST, the “before” pattern is more consistent throughout the
year, although there is notable narrowing of the anomaly distribution in the spring. Examining the “after” analysis
indicates that the distribution of LST anomalies is virtually unchanged. This is because the LST distribution is
essentially always an “after” analysis, the cloudy data having been excluded from the start. This results in many
more T2m data than LST being removed from the original pool of data in the “after” analysis. The consequence of
this T2m data removal appears to cause an annual cycle in the mean T2m anomaly, whereby many warm anoma-
lies have been removed in winter and cold anomalies have been removed in the summer. This pattern is expected
as cloudy skies are typically associated with warmer days during the winter and colder days during the summer
for this study area. The net effect of this T2m data removal therefore causes an annual cycle in the differenced
anomaly time series, with a more positive LST-T2m anomaly difference in winter and a more negative LST-T2m
difference in summer, exactly as observed in the analysis presented in Section 4.2.

This effect can be further verified by reproducing the anomaly difference time series without performing any
temporal matching and simply using all available T2m in the calculation of the monthly T2m anomalies. This is
shown in Figure 9 for MODIS/Aqua, where it can be seen that the annual cycle is completely removed through
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Figure 9. Time series of land surface temperature (LST) minus 2m air temperature (T2m) anomalies for the MODerate resolution Imaging Spectroradiometer/Aqua for

the (a) T, and (b) T, comparison for temporally-matched LST/T2m data, and (c) T, and (d) T, comparison using all available T2m data in the monthly averages.

Note that panels (a) and (b) are identical to panels (e) and (f) in Figure 7. The linear trend for each time series is shown in blue; the numerical value for this trend is also
shown in each panel together with the 95% confidence interval on that trend.

this process. This also resembles the equivalent analysis performed by Good et al. (2017), who did not find any
annual cycle in the time series of differences between an ATSR-2/AATSR CDR and the monthly, gridded T2m
anomalies from the CRUTEM4 data set (Jones et al., 2012). This effect also causes the non-zero mean difference
between the LST and T2m anomaly time series shown in Table 3 and Figure 7. Without the temporal matching,
the time series shown in panels (c) and (d) of Figure 9 are now much closer to the zero difference line: mean
LST-T2m differences are now 0.01 K (previously 0.43 K) and —0.15 K (previously —0.69 K) forthe T, and T,
comparison, respectively. For AATSR (not shown), the equivalent changes in mean differences using “matched”
data and “all” data, respectively, are 0.30 to —0.02 K (T, comparison) and —0.57 to —0.08 K (T, ,, comparison).

(The remaining small non-zero differences are attributed to the monthly averaging process, whereas anomalies
are calculated on a day-to-day basis.)

Having established there is a “clear-sky bias” effect on the comparison between IR LSTs and T2m observations,
it is logical to establish whether this clear-sky bias affects the trends calculated in Section 4.3. Previous studies
have shown that sampling only cloud-free conditions can affect trends in other geophysical variables (e.g., John
et al., 2011). The impact of cloud-free sampling here is assessed by recalculating trends in T2m using all avail-
able or “all-sky” T2m observations, without any temporal matching to the IR LST observations. These results
are shown in Table 5 in the sections labeled “T2mAll.” Comparing these T2mAll trends with the original trends
calculated from the temporally-matched T2m data (labeled ““T2m” in Table 5) shows that using all-sky T2m
data results in a very small change in the trend, which reduces the trends by between 0.01 and 0.06 K/decade for
the MODIS/Aqua period, with a similarly small change in the confidence intervals. Slightly larger changes in the
trends are observed for the AATSR analysis, which are reduced by between 0.08 and 0.14 K/decade for T, and
T, respectively. However, it should be remembered that none of the AATSR trends are statistically significant
and that the period of analysis is very short for a climate trend analysis (<10 years for AATSR compared to
~17 years for MODIS/Aqua) so these results should be interpreted with caution. Examining the significant trends
in T2m and T2mAll for stations grouped by latitude (latitude <45 N, 45 < latitude <52 N, latitude >52) for the
MODIS/Aqua period suggests that the consistency between the T2m and T2mAll trends is not affected by varying

station density and latitude. In conclusion, the results presented here do not offer any evidence that a clear-sky
bias affects trends calculated using cloud-free IR observations.
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6. Conclusions

This study assesses six new LST data sets available from ESA's LST_cci project based on data from the MODIS/
Aqua (2002-2018), MODIS/Terra (2000-2018), ATSR-2 (1995-2003), AATSR (2002-2012), the combined
ATSR-2-AATSR series (multisensor IR: 1995-2012) and combined SSM/I-SSMIS series (multisensor MW:
1996-2020). An initial comparison with T2m is performed using homogenized T2m from the EUSTACE project
at a number of station locations across Europe. Co-locating satellite-observed LST data with the stations results
in between 221 and 651 comparison locations for the six different LST_cci data sets. LST and T2m anomalies
(LST vs T2m) are found to compare well with consistent slopes (1) and correlations (r). For comparisons with
T,.and T . values of ~0.8 and ~0.9 K/K are obtained for r and m, respectively, while T, comparison values
are closer to ~0.6 for both parameters. The 7, , comparisons generally exhibit a higher variance than the T, ,, and
T,.... comparisons. Slopes of <1 indicate that anomalies in LST are generally smaller in magnitude than those
for T2m. These results are consistent with previous studies comparing LST and T2m anomalies. In addition, a
general increase in r with latitude is observed for the IR data sets, but not for the multisensor MW data set, which
appear to be less variable across different latitudes. Furthermore, the distribution of MW anomalies appears to
match that for T2m more closely than for the IR data sets. This suggests that MW LST anomalies may provide a
better proxy for T2m anomalies than those from IR LST data sets. This is likely to be because both the MW LST
and T2m anomalies are all-sky, whereas the IR LST data are clear-sky only. Furthermore, the IR LSTs may be

affected by cloud contamination resulting in erroneous LST values.

Having established a strong relationship between LST and T2m anomalies, the stability of the LST data sets is
assessed by calculating the trend in the time series of monthly LST-minus-T2m anomalies averaged over the
whole study region. As the T2m data are homogenised, a statistically significant trend in this LST-T2m difference
is assumed to indicate that the LST data set is inhomogeneous. This is found to be the case for MODIS/Terra
(LST LST__ ), ATSR-2 (LSTday, LST__ ), the multisensor IR data set (LSTnight) and the multisensor MW

night, mean mean
data segt (LST,,, and LST, ). These data sets are therefore considered inhomogeneous and unsuitable for use
for robust climate trend analysis. However, the time series for the individual sensors comprising both multisen-
sor data sets appear to be stable, suggesting the discontinuities in these records are due to the change in sensor.
Overall, only the single-sensor MODIS/Aqua and AATSR data sets appear free from non-climatic discontinuities

based on the approach to assess the stability of the LST_cci data sets that has been adopted in this study.

Trends in LST and equivalent T2m data are calculated using the median of pairwise slopes method, which is
considered robust to outliers (Sen, 1968). For MODIS/Aqua, significant trends in LST of 0.64-0.66 K/decade are
obtained, which compare well with the equivalent T2m trends of 0.52-0.59 K/decade. The trends for AATSR are
found to be statistically insignificant, which is due to the specific years available for the analysis. This is demon-
strated through a comparison of trends for T2m for the MODIS/Aqua and MODIS/Terra time periods, where the
addition of just two additional years of data at the beginning of the MODIS/Terra period (2000-2001) is found to
reduce the trends in T2m by ~0.2 K/decade. This demonstrates the importance of using a long and homogeneous
time series of data to calculate climate trends. Given satellites generally have an expected lifespan of a few years
to a decade or so at the most, it requires the use of multiple sensors to generate data sets that are several decades
in length. This study demonstrates the critical importance to ensure that transitions between sensors are homog-
enized to ensure these multisensor data sets are free from non-climatic discontinuities that affect the calculated
trends.

Finally, this study has also demonstrated that the way in which LST and T2m data are compared can affect
results. As the overall objective of this study is to assess whether LST anomalies are consistent with the T2m
anomalies that are used routinely for climate monitoring, the LST anomalies are compared with T2m anoma-
lies referenced to an all-sky T2m climatology. However, as the IR satellite LST data are are only available for
cloud-free conditions it is found that excluding cloudy T2m observations from the comparison (whilst retaining
these observations in the data used to calculate the T2m baseline climatology) introduces a “clear-sky bias”
effect into the comparison. This results in an annual cycle and non-zero mean difference in the LST-minus-T2m
anomaly time series, which are both removed when the T2m anomaly time series is regenerated from “all-sky”
T2m observations. Nevertheless, when the trends in T2m are recalculated from the “all-sky” T2m data, they are
still statistically significant and almost identical (0.01-0.06 K/decade difference) for the MODIS/Aqua analysis.
A more substantial change in the T2m trends is found for the AATSR analysis when all-sky T2m data are used
but these trends are all found to be statistically insignificant. Therefore, it is concluded that the results presented
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in this study do not offer any evidence that a clear-sky bias affects trends calculated using cloud-free IR obser-
vations. The results of this study also suggest that T2mAll may be a better choice of reference data set for this
type of analysis compared with T2m, even when using IR LST data sets. However, further analysis is required to
verify this definitively, and on a global scale, and therefore IR LST data users are strongly encouraged to test for
the presence and effect of clear-sky biases in their own studies.

All the results of this study summarized above suggest that satellite LST data have great potential to be used
together with T2m data to assess warming trends over land and for other climate applications. Observations of
land T2m are limited to the locations of weather stations, which currently leaves large parts of the Earth poorly
observed (e.g., parts of Africa, Antarctica, Tibetean Plateau). Satellite LSTs can therefore be used to provide
additional information where it is unavailable in situ, and independent analysis where in situ data are plentiful.
However, creating a long-term, climate quality LST data sets poses significant challenges. Differences between
LST data sets that provide observations with different coverage or at different times of the day can be substantial.
The LST_cci project aims to overcome some of these challenges, by providing users with different LST data sets
in the same format, and processed in a consistent way, for example, by using common LST retrieval algorithms
and approaches to cloud screening. Significant progress toward these goals has already been achieved in Phase
I of the LST_cci project (2018-2022). Phase II of the LST_cci project, which began in 2022, will improve these
LST data sets further, in addition to providing new data sets that include the Advanced Very High Resolution
Radiometers (AVHRR), the Visible Infrared Imaging Radiometer Suite (VIIRS) and Landsat. Other international
initiatives are also making substantial progress toward creating long-term, stable LST records that can be used in
climate applications. For example, in 2022 the Satellite Application Facility on Climate Monitoring (CM SAF)
will release version 2.0 of its long-term LST data set based on observations from the Meteosat satellite series
(Duguay-Tetzlaff et al., 2015). This data set will provide consistent and homogenized LSTs for Europe, Africa
and part of South America for 1983 to 2020. The LST_cci project compliments these other initiatives, which
together will enable satellite LST to play a more prominent role in understanding and monitoring Earth surface
temperatures. Furthermore information about the LST_cci project, including all the project documentation, can
be found on the project website https://climate.esa.int/en/projects/land-surface-temperature/.

Data Availability Statement

The satellite LST data used in the study are beta versions provided by the LST_cci project. Official versions of
these datasets are freely available via the ESA Open Data Portal (https://climate.esa.int/en/odp/#/dashboard). The
homogenized station T2m data provided by the EUSTACE project are freely available at https://www.ecad.eu/
dailydata/predefinedseries.php for non-commercial purposes with further information provided at https://cata-
logue.ceda.ac.uk/uuid/81784e3642bd465aa69c7fd40ffelblb and in Squintu, Van Der Schrier, Brugnara, et al.
(2019; doi:10.1002/joc.5874).
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