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Abstract: The Sentinel-3 series satellites belong to the European Earth Observation satellite
missions for supporting oceanography, land, and atmospheric studies. The Sea and Land Surface
Temperature Radiometer (SLSTR) onboard the Sentinel-3 satellites was designed to provide a
significant improvement in remote sensing of skin sea surface temperature (SSTskin). The successful
application of SLSTR-derived SSTskin fields depends on their accuracies. Based on sensor-dependent
radiative transfer model simulations, geostationary Geostationary Operational Environmental Satellite
(GOES-16) Advanced Baseline Imagers (ABI) and Meteosat Second Generation (MSG-4) Spinning
Enhanced Visible and Infrared Imager (SEVIRI) brightness temperatures (BT) have been transformed
to SLSTR equivalents to permit comparisons at the pixel level in three ocean regions. The results
show the averaged BT di↵erences are on the order of 0.1 K and the existence of small biases between
them are likely due to the uncertainties in cloud masking, satellite view angle, solar azimuth angle,
and reflected solar light. This study demonstrates the feasibility of combining SSTskin retrievals from
SLSTR with those of ABI and SEVIRI.
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1. Introduction

Skin sea surface temperature (SSTskin) is one of the critical variables in the climate system,
indicating air–sea interaction patterns near the upper ocean skin layer [1]. The infrared radiometers on
earth observation satellites, in both geostationary and polar orbits, have provided retrievals of sea
surface temperature (SST) for a half-century [2]. Our choice of satellite radiometers for this analysis
was guided by the desire to include one on a polar-orbiting satellite of recent design but with a long
planned deployment sequence, a new radiometer type on geostationary satellites again with a long
planned deployment duration, and an older radiometer design in geostationary orbit of a type that has
been producing data for many years. Thus, the study has relevance not only for the present, but also
for the past and future.

The new generation of visible and infrared imaging radiometers, the Sea and Land Surface
Temperature Radiometer (SLSTR) onboard Copernicus Sentinel-3A and Sentinel-3B satellites,
provide global operational measurements that can be used to derive SSTskin, land surface temperature,
fire radiative power, aerosol optical depth, etc. [3–5]. The SLSTRs are the fourth and fifth along-track
scanning radiometers and are based on the prior along-track scanning radiometers (ATSR; [6]) and
advanced ATSR (AATSR; [7]), which have provided valuable measurements to study the Earth’s
climate system and improve weather forecasting and ocean studies [3,4].

SLSTR was designed to achieve the scientific objective of a mean temporal accuracy of 0.1 K for
SSTskin products [4]. However, this potential will not be realized without the accurate measurements
of top-of-atmosphere radiances. Absolute calibration should be applied to the radiometer, SLSTR
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radiometric pre-launch calibration is determined at the Rutherford Appleton Laboratory in the United
Kingdom (UK) [8,9]. The SLSTR onboard radiometric calibration of the infrared channels is based on
two blackbodies with di↵erent temperatures (265K and 302K) [8].

With the significant improvements on prior sensors on satellites in geostationary orbits, the new
generation of sensors, such as the Advanced Baseline Imager (ABI; [10]) onboard the united states
(US ) Geostationary Operational Environmental Satellite (GOES) series along with the relatively old
sensor Spinning Enhanced Visible and InfraRed Imager (SEVIRI; [11]) onboard the fourth satellite in
Meteosat Second Generation (MSG-4), can sample the low- and mid-latitude regions of the Earth’s
surface and atmosphere and provide valuable data for comparison SLSTR brightness temperatures
(BT) in this study.

Sensor-to-sensor comparison can be used to provide assessment on many newly launched sensors.
The previous solar reflective band comparisons between the Advanced Himawari Imager (AHI; [12])
and the Visible Infrared Imaging Radiometer Suite (VIIRS; [13]) by Yu and Wu [14] confirmed the linear
relationships between them using collocated pairs. The collocated deep convective cloud data have a
small di↵erence in the near-infrared bands. Liang, et al. [15] compared measurements and simulations
of the AHI, VIIRS and MODerate-resolution Imaging Spectroradiometers (MODIS; [16]) for clear-sky
radiances above the sea surface and found the biases in the sensor radiances minus model simulated
radiances are relatively stable. Li, et al. [17] have reported a comparison of measurements of MODIS
and VIIRS thermal emissive bands using Atmospheric Infrared Sounder (AIRS) hyperspectral radiances
convolved with the relative spectral response functions of the MODIS and VIIRS bands, they found the
BTs agree relatively well with each other, the di↵erences being within 0.2K. Many other investigators
also use this approach to conduct comparisons between various sensors [17–19]. We use conversion
functions derived by radiative transfer model simulations to convert the BTs retrieved by geostationary
satellite radiometers into SLSTR equivalent versions to perform the analysis reported here. This method
has been used by Yu and Wu [14], NASA Langley spectral band di↵erence adjustment [20] and Wu, et
al. [21] and others, and found to be useful.

SLSTR, ABI, and SEVIRI provide capabilities for deriving SSTskin from the clear sky “atmospheric
windows” of wavelengths 3.5–4.1 µm and 8.5–12 µm spectral intervals (which are called thermal
emissive bands here). Among the SLSTR, nine spectral channels in the 0.554–12.022 µm spectral range,
S7 (� = 3.74 µm), S8 (� = 10.95 µm), and S9 (� = 12.00 µm), can be used for deriving SSTskin [22]. For ABI
and SEVIRI, the additional bands near �= 8.5–8.7 µm are also useful for SSTskin retrieval [23–25], as well
as in the cloud mask used to eliminate measurements containing radiance emitted or modified by
clouds [26]. SSTskin derived from measurements in these thermal bands have provided long time-series
for various studies [2], the stability of measurements in these bands must be continuously evaluated,
especially when they are used to assess the rapidly environmental changes.

This study focused on the preliminary inter-comparison of the new generation of SLSTR
radiometers with geostationary radiometers ABI and SEVIRI, in which the performance of the
thermal emissive bands were compared. We organize this paper as follows: an overview of the di↵erent
satellite data is introduced in Section 2. The inter-comparisons between SLSTR and ABI, as well as
SLSTR and SEVIR, in three regions, are discussed in Section 3. The reasons for the uncertainties are
also introduced in Section 3. Section 4 gives the conclusion of this study.

2. Methods and Materials

2.1. Overview of the Satellite Data

The datasets used in this study include those from radiometers on Sentinel-3A, MSG-4,
and GOES-16 satellites are all freely accessible from data servers. Here, we briefly describe the
characteristics of the satellite radiometers and their thermal emissive bands that are used to derive
SSTskin. Relative spectral response functions of SLSTR and the corresponding ABI and SEVIRI channels
are given in Figure 1 and Table 1. The gray line in Figure 1 is the atmospheric transmission spectrum for



Remote Sens. 2020, 12, 3279 3 of 20

vertical propagation through a standard atmosphere, the spectral response functions of these thermal
emissive channels are similar.
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Figure 1. Relative spectral response function of the Sea and Land Surface Temperature Radiometer
(SLSTR), with those of Advanced Baseline Imagers (ABI) and Spinning Enhanced Visible and Infrared
Imager (SEVIRI) thermal bands around wavelengths of 3.7µm, 8.9µm, 11µm and 12µm. Data are from
National Oceanic and Atmospheric Administration Center for Satellite Applications and Research
(STAR) National Calibration Center for Visible Infrared Imaging Radiometer Suite (VIIRS)/ABI, from the
European Space Agency (ESA )Sentinels Hub for SLSTR and SEVIRI. The gray line is the atmospheric
transmission spectrum for vertical propagation through a standard atmosphere.

Table 1. Spectral bands of the SLSTR and geostationary satellite radiometers ABI and SEVIRI. All these
bands are usually referred to as thermal emissive bands. Only those with a sea surface temperature
(SST) capability are shown.

Band

Band Center Wavelength (µm) Band Center Wavelength (µm) Band Center Wavelength (µm)

GOES-ABI MSG-4 SEVIRI Sentinel-3A SLSTR

IR038 7 3.90 4 3.90 S7 3.74

IR087 11 8.50 7 8.70 - -

IR112 14 11.20 9 10.80 S8 10.95

IR123 15 12.30 10 12.00 S9 12.00

The ability to retrieve the SSTskin by making atmospheric corrections is based on di↵erent
atmospheric transmissions at di↵erent infrared wavelengths. The measurements are usually taken
in spectral regions with wavelengths from ~3.5 µm to ~4.1 µm and ~10 µm to ~13 µm, where the
atmosphere is quite transparent, with variations in clear-sky transmission caused primarily by water
vapor, which in itself is highly variable. The widely used SSTskin retrieval algorithm, the non-linear
SST (NLSST; [27]), is based on the atmospheric transmission window near the IR112 and IR123 bands
(Table 1), with other dependences on satellite zenith angle, first-guess SST, coe�cient set for latitude
bands and month of year [2,28]. The IR038 band near the 3.7–3.9 µm interval can be used to retrieve
nighttime SSTskin and correct dust aerosol e↵ect [29–31]. Both ABI and SEVIRI are spectrally matched
to three SLSTR bands, S7, S8, and S9, respectively. Additionally, ABI and SEVIRI have an IR086 band
near 8.5–8.7 µm for deriving SSTskin. However, the SLSTR does not include a similar IR086 band in
their SSTskin retrievals. For this reason, we only consider comparisons of the bands near the SLSTR S7
(� = 3.74 µm), S8 (� = 10.95 µm), and S9 (� = 12.00 µm) spectral ranges in this study.
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Figure 2 shows the one-day track of Sentinel-3A as well as the coverage of the GOES-16 and MSG
geostationary meteorological satellites that will be used in this study. Table 2 gives the temporal and
spatial resolutions of the three satellite retrievals. Details of each radiometer are given in Sections 2.2–2.4.
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Figure 2. The Sentinel-3A one-day ground tracks along with the coverage areas of the two geostationary
meteorological satellites currently in operation and are used in this study. May 2020 monthly mean
SST is the background. Three black rectangles indicate the research areas in this study, the numbers
correspond to the three parts in Section 4.

Table 2. Characters of each satellite product.

Satellite Available from Temporal Resolution Spatial Resolution

Sentinel-3A SLSTR
EUMETSAT

Copernicus Online
Data Access (CODA)

every 3 min for
Level-1B data 1 km

GOES-ABI
NOAA Amazon Web
Services (AWS) Data

Centre
every 10 min 1 km

MSG-4 SEVIRI EUMETSAT Data
Centre every 15 min 3 km

2.2. SLSTR Data

The European Copernicus Sentinel-3A was launched in February 2016 into a polar orbit with
descending equator crossing time at 10:00 AM. SLSTR is one of the key instruments for the European
Copernicus Sentinel observational system. Unlike the MODIS and VIIRS, which are broad-swath
linear-scanners with an atmospheric correction based on the di↵erential atmospheric e↵ects at di↵erent
wavelengths, the SLSTR onboard Sentinel-3A and Sentinel-3B satellites includes dual view scan systems
taking measurements through di↵erent atmospheric paths, providing direct measurements of the
atmospheric e↵ect, but at the cost of narrower swaths of 740 km. The SLSTR also has a wider nadir view
with 1400 km swath. The SLSTRs can provide accurate SSTskin derived by radiative transfer model
simulated top-of-atmosphere BTs [22,32]. Since the 3.74 µm band can be contaminated during daytime
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by solar radiation, the SLSTR SSTskin is selected from a selection of four algorithms depending on
single-view, dual-view, daytime, and nighttime. An initial assessment of the Sentinel-3A SLSTR SSTskin
accuracy determined by comparisons with measurements of the ship-borne Marine-Atmospheric
Emitted Radiance Interferometer (M-AERI; [33]) indicates a median discrepancy of �0.098 K with a
robust standard deviation of 0.296 K [3].

2.3. ABI Data

The National Oceanic and Atmospheric Administration (NOAA) geostationary satellite GOES-16,
located above 75.2�W, began operation on December 16th, 2017 [10]. ABI has 16 spectral channels,
including six visible and near-infrared channels and ten in the infrared. The ABI uses an internal
blackbody target and deep space for calibrating the thermal bands. The ABI has improved performance
with regard to radiometric calibration accuracy and image navigation/registration compared to prior
instruments, it provides full-disk imagery every 10 minutes and the nearest in time Level 2 Cloud and
Moisture Imagery Full Disk (CMIPF) data are used to compare with the corresponding SLSTR scenes.
The ABI CMIPF files were downloaded from the NOAA data project on Amazon Web Services (AWS)
at no cost. The ABI Advanced Clear Sky Processor for Ocean (ACSPO) cloud mask [34] was also used
in this study to identify and remove the cloudy pixels.

2.4. SEVIRI Data

Located in geostationary orbit at 0� longitude, SEVIRI onboard MSG-4 can provide full-disk
images every 15 minutes. SEVIRI has twelve spectral channels, of which eight are in the infrared.
The spatial resolution of the infrared channels is 3 km. The SEVIRI level 1.5 image data were acquired
from the European Organisation for the Exploitation of Meteorological Satellites (EUMETSAT) Earth
Observation portal. The SEVIRI level 1.5 data are geolocated and have had radiometric calibration
applied. As the SEVIRI level 1.5 data include calibrated top-of-atmospheric radiances instead of
BTs in each channel, each radiance measurement has been converted into BT according to Planck’s
equation [35].

2.5. MERRA-2 Data

Sea surface and vertical atmospheric data are needed to drive radiative transfer simulations of
top-of-atmosphere BTs to convert those of ABI and SEVIRI into equivalent SLSTR BTs. As the reanalysis
ocean surface and atmospheric fields are internally consistent [36], this study uses atmospheric state
vectors from the NASA Modern-Era Retrospective Analysis for Research and Applications, version 2
(MERRA-2; [37]). The reanalysis datasets contain geolocated, geophysical variables, including SSTskin
and air temperature and humidity at 72 standard pressure levels [38,39], these were used to characterize
the atmospheric conditions under which the satellite measurements were made for the radiative
transfer model simulations of the spectral radiance for each satellite radiometer measurement, and also
to derive the formulas to convert the BTs.

2.6. RTTOV Simulation

The radiative transfer model used here is the computationally e�cient Radiative Transfer
for Tiros Operational Vertical (RTTOV [40]) with sea surface and atmospheric state taken from
MERRA-2 reanalysis.

3. Methods

This study used three research areas to perform the comparative analysis of the SLSTR BTs and
those measured by geostationary satellite radiometers (Table 3).
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Table 3. Details of the SLSTR L1-B data used in this study.

Areas for Date UTC Time

Eastern tropical
North Atlantic Ocean SLSTR with ABI 1 January 2020 Day: 15:21:14 PM

Night: 02:55:20 AM

Mediterranean Sea SLSTR with SEVIRI 23 December 2019 Day: 09:04:56 AM
Night: 20:21:51 PM

Cross-covered region SLSTR with SEVIRI and ABI 27 November 2019 Day: 12:09:44 AM
Night: 00:36:20 AM

The first step was to match the SLSTR with ABI and SEVIRI data based on latitude and longitude.
Due to the fact that the three instruments have di↵erent spatial resolutions, the matched data provide
measurements at nearly the same location. We selected the nearest point with the spatial distance
between the SLSTR and matched data less than 1 km, which is less than their spatial resolution
(Table 2). The time di↵erences between them are usually <5 minutes to mitigate the e↵ects of
temporal temperature changes. The satellite viewing geometry is di↵erent for each sensor, so to
reduce the e↵ect of atmospheric absorption and scattering on radiance measurements, the SLSTR
satellite zenith angle is limited to within 45 degrees, then the SLSTR oblique view data will be
excluded. Then, the SLSTR Bayesian cloud mask was applied to remove the cloud-contaminated pixels.
Additionally, the corresponding ACSPO and SEVIRI cloud masks were used to ensure the clear-sky
scenes for the ABI and SEVIRI measurements.

The next step in the analyses was to harmonize the BT measurements taken by each satellite
radiometer to account for the relative spectral response functions (Figure 1). The successful
harmonization of the BTs obtained from all satellite radiometers is important to this study. Wu, et al. [21]
and Yu and Wu [14] assumed the BTs of AHI and Advanced Very High-Resolution Radiometer (AVHRR)
at specific channels could be linearly expressed by other similar spectral channels such as VIIRS and
MODIS. Wu, et al. [21] and Sohn, et al. [41] used a simple conversion function when comparing MODIS
BTs with those of Multifunctional Transport Satellites (MTSAT) or AVHRR. However, they selected
the pixels with almost the same viewing geometries, the di↵erences of satellite viewing angle are
lower than 50 degrees to reduce the uncertainties caused by di↵erent viewing geometries. We updated
the conversion functions with the secant of satellite zenith angle terms with respect to the BT
changes. Li, et al. [17] and many other investigators used the spectral band di↵erence adjustments
based on the NASA Langley Scanning Imaging Absorption Chartography (SCIAMACHY) tool [20].
However, the data flow from SCIAMACHY ended with the failure of Environmental Satellite (Envisat)
in April 2012, well before the launch of the Sentinel-3S and the GOES 16 ABI, therefore we derived
conversion functions based on radiative transfer simulations to convert the ABI and SEVIRI BTs into
SLSTR equivalents:

BTSLSTR equivalent = a⇥ BTABI or SEVIRI + b⇥ BTSLSTR ⇥ (sec(✓SLSTR) � 1) + c
⇥BTABI or SEVIRI ⇥ (sec(✓ABI or SEVIRI) � 1) + d

The coe�cients a, b, c, and d were determined by regressions of the SLSTR BT and ABI/SEVIRI BT
of each channel and each geographic area. BT is the BT, ✓ is the satellite zenith angle. In this study,
all of the analyses are based on BTs.

The form of this equation was derived by simulating the spectra of the radiation leaving the top
of the atmosphere using RTTOV radiative transfer modeling with the atmospheric state taken from
MERRA-2 to derive the simulated satellite radiometer measurements. The SST, 2m air temperature
and surface wind data were taken from the MERRA-2 inst1_2d_asm dataset, the three-dimensional
air temperature and relative humidity were taken from the MERRA-2 inst3_3d_asm_Nv dataset.
The harmonization process is completed across the entire swath of the SLSTR. Satellite zenith angles
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were set between 0� to 45� to derive the sensitivity to viewing geometry. We did not include the aerosol
or cloud e↵ects in the simulations.

4. Results and Discussion

4.1. Eastern Tropical North Atlantic Ocean Region

The variabilities of the oceanographic and atmospheric conditions along the Gulf Stream have
drawn a lot of attention for many years. The Florida Current causes complex SST variations as well as a
strong atmospheric response in this region [42]. Inter-comparison of Sentinel-3A SLSTR and GOES-16
ABI in this region supports the regional studies of the Gulf Stream and Florida Current.

Selecting a granule with less cloud cover than many others, Figure 3 shows the SLSTR false
color infrared image of this area on 1 January 2020, 15:21:14 Coordinated Universal Time (UTC)
and the corresponding satellite zenith angles and solar zenith angles. Figures 4 and 5 show the
comparison of the pixel-by-pixel matched near-coincident measurements between SLSTR and ABI.
All of the ABI values have been converted to SLSTR equivalent BTs. Clearly, there is generally good
agreement between all three bands from these scenes. The overall SLSTR BTs are higher in the S8 and
S9 comparisons. For SLSTR S7 compared to ABI band 7, there is a negative bias near the Bahamas
islands, the S7 band can be contaminated by sun light and there are residual clouds near this region.
Figure 5 (third row) shows the histograms of the BT di↵erences in three bands. Their distribution
patterns are similar but with many peaks for SLSTR S9 with ABI band 15. Some larger discrepancies,
shown in the SLSTR S9 with ABI 15 scatter plot and di↵erence distribution, are caused by large SLSTR
satellite zenith angles and cloud edges.
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available ABI matched up pairs are shown.

Remote Sens. 2020, 12, x FOR PEER REVIEW  8 of 22 

 

 
Figure 4. Distributions of the daytime brightness temperature (BT) differences between SLSTR and 
ABI in the eastern tropical North Atlantic Ocean of SLSTR S7 (top‐left), S8(top‐right) and S9 (bottom‐
left). The colors indicate the SLSTR minus ABI equivalent BTs. 

 
Figure 5. First row: scatter plots of the ABI equivalent BTs as a function of the SLSTR BTs of each 
channel pair. The colors show the density of the data according to the scale on the right. Second row: 
scatter plots of the SLSTR minus ABI BTs as a function of the SLSTR BT. Third row: histograms of the 
SLSTR minus ABI BTs. All of the ABI BTs indicate the transferred SLSTR‐equivalent BTs. The BTs are 
divided into 0.5 K intervals. The density shows the number of matched points within 0.2 K times 0.2 
K BT cells divided by the maximum number. 

Figure 4. Distributions of the daytime brightness temperature (BT) di↵erences between SLSTR and ABI
in the eastern tropical North Atlantic Ocean of SLSTR S7 (top-left), S8(top-right) and S9 (bottom-left).
The colors indicate the SLSTR minus ABI equivalent BTs.



Remote Sens. 2020, 12, 3279 8 of 20

Remote Sens. 2020, 12, x FOR PEER REVIEW  8 of 22 

 

 
Figure 4. Distributions of the daytime brightness temperature (BT) differences between SLSTR and 
ABI in the eastern tropical North Atlantic Ocean of SLSTR S7 (top‐left), S8(top‐right) and S9 (bottom‐
left). The colors indicate the SLSTR minus ABI equivalent BTs. 

 
Figure 5. First row: scatter plots of the ABI equivalent BTs as a function of the SLSTR BTs of each 
channel pair. The colors show the density of the data according to the scale on the right. Second row: 
scatter plots of the SLSTR minus ABI BTs as a function of the SLSTR BT. Third row: histograms of the 
SLSTR minus ABI BTs. All of the ABI BTs indicate the transferred SLSTR‐equivalent BTs. The BTs are 
divided into 0.5 K intervals. The density shows the number of matched points within 0.2 K times 0.2 
K BT cells divided by the maximum number. 

Figure 5. First row: scatter plots of the ABI equivalent BTs as a function of the SLSTR BTs of each
channel pair. The colors show the density of the data according to the scale on the right. Second row:
scatter plots of the SLSTR minus ABI BTs as a function of the SLSTR BT. Third row: histograms of the
SLSTR minus ABI BTs. All of the ABI BTs indicate the transferred SLSTR-equivalent BTs. The BTs are
divided into 0.5 K intervals. The density shows the number of matched points within 0.2 K times 0.2 K
BT cells divided by the maximum number.

The nighttime false color infrared image is shown in Figure 6. There is a dense cloud cover.
Figures 7 and 8 display the nighttime SLSTR BT versus equivalent BTs of ABI. The results of overall
comparisons of the nighttime BTs are in better agreement with equivalent BTs than those of daytime.
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Figure 6. (a): SLSTR nighttime false color infrared image of the eastern tropical North Atlantic
Ocean coast region on 1 January 2020, 02:55:20 UTC. (b): Solar zenith angles at the same time.
(c): Corresponding SLSTR satellite zenith angles. (d): Corresponding ABI satellite zenith angles,
only the points with available ABI matched up pairs are shown.

From the geographical distribution of BT di↵erences corresponding to the matching and selection
criteria (Figure 7), there is an overall positive bias when comparing the matched SLSTR and equivalent
ABI BTs. The dashed lines in the panels in the first row of Figure 8 represent the one-to-one relationship,
showing that for SLSTR bands S8 and S9, the BTs< 290 K deviate from the one-to-one lines. These results
are consistent with other SLSTR BT comparisons, such as by Shrestha, et al. [43] who also found
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such discrepancies at the lower SLSTR BTs when compared with those of MODIS. Here, this result
may come from the residual contamination at cloud edges and by thin ice clouds, since their BTs are
normally lower than those of the sea surface. Although no matchup pairs used to derive the ABI to
SLSTR transfer functions are selected with the satellite zenith angle > 45� in this study, the di↵erence
distributions based on the selected granule show discrepancies with large viewing angles in S8 and
S9 spectral channels. Figure 8 (third row) illustrates the histograms of the BT di↵erence of SLSTR
minus ABI during nighttime, which indicates the close similarity of the skewed distributions. Table 4
summarizes the statistics of the SLSTR BTs minus ABI equivalent BTs in this region, the averaged BT
di↵erences are on the order of �0.035 K to 0.079 K with the S7 band comparisons having the minimum
average di↵erence.
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Figure 8. As shown in Figure 5, but for nighttime.



Remote Sens. 2020, 12, 3279 10 of 20

Table 4. Statistics of SLSTR BTs minus ABI equivalent BTs in eastern tropical North Atlantic Ocean.
STD: standard deviation. RSD: robust standard deviation.

Eastern

Tropical North

Atlantic Ocean

Day/Night
Band

(SLSTR)

Mean

(K)

Median

(K)

STD

(K)

RSD

(K)

SLSTR
vs

ABI

Day

S7 0.028 �0.005 0.296 0.248

S8 0.054 0.008 0.326 0.145

S9 0.042 0.006 0.401 0.260

Night

S7 0.039 �0.033 0.360 0.281

S8 0.079 0.028 0.383 0.230

S9 �0.035 �0.088 0.360 0.330

4.2. Mediterranean Sea Region

As the largest semi-enclosed sea in the world, the Mediterranean Sea has highly specific oceanic
characteristics. The SST diurnal cycles in the Mediterranean Sea are more frequent than global
regions [44], which can cause marked SST changes. Several studies have estimated the heat budget
and their relations to the SST diurnal cycle [45,46]. Satellite measurements can provide high-quality
synoptic datasets to study the Mediterranean Sea heat budget, accurate knowledge of their performance
is crucial for such research. Figure 9a gives the daytime false color infrared image and satellite geometry
data on 23 December 2019, 09:04:56 UTC—the reason for choosing this time is that there is less cloud
cover compared to other days.
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Figure 9. (a): SLSTR daytime false color infrared image of the Mediterranean Sea region on 23 December
2019, 09:04:56 UTC. (b): Solar zenith angles data at the same time. (c): Corresponding SLSTR satellite
zenith angles. (d): Corresponding SEVIRI satellite zenith angles, only the points with available SEVIRI
matched up pairs are shown.

Results of the comparisons in Figures 10 and 11 indicate that for most of the matched points
(with high density at the scatter plots), SLSTR BTs agree well with SEVIRI data for S8 and S9 bands,
while SLSTR S7 generally has larger di↵erences with SEVIRI band 4 during the daytime due to
solar e↵ects. The fact that SLSTR S8 and S9 bands are biased warm may suggest there is residual
cloud contamination in the SEVIRI in the Mediterranean Sea region. The SLSTR and SEVIRI cloud
masks should be consistent with each other; however, there are large di↵erences near cloud edges,
and the di↵erence in viewing angles to the cloud edge causes parallax, which may contribute to
these di↵erences.

The most apparent outliers within these channels belong to S7 with large scattering angles of solar
radiation and large satellite zenith angles.

Visual inspection of the SLSTR nighttime false color infrared image (Figure 12a) confirms that the
cloud edges are the leading cause of the significant warm bias between them. Although the matchup
criteria have removed most of the pairs with cloud cover, some of the SEVIRI scenes still have low BTs
probably due to the cloud emission instead of from the sea surface.
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Figure 10. Distributions of the daytime BT di↵erences between SLSTR and SEVIRI in the Mediterranean
Sea region of SLSTR S7 (top-left), S8 (top-right) and S9 (bottom-left). The colors indicate the SLSTR
minus SEVIRI equivalent BTs.
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Figure 11. First row: scatter plot of the SLSTR BTs with SEVIRI equivalent BTs of each channel pair.
The colors show the density of the data according to the right scale. Second row: scatter plot of
the SLSTR BT with SLSTR minus SEVIRI BT of each channel pair. Third row: histograms of the BT
di↵erences of SLSTR minus SEVIRI for each channel pair. All of the SEVIRI BTs indicate the transferred
SLSTR-equivalent BTs. The BTs are divided into 0.5 K intervals.
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Figure 12. (a): SLSTR nighttime false color infrared image of the Mediterranean Sea region on 23
December 2019, 20:21:51 UTC. (b): Solar zenith angles at the same time. (c): Corresponding SLSTR
satellite zenith angles. (d): Corresponding SEVIRI satellite zenith angles, only the points with available
SEVIRI matched up pairs are shown.

Shown in Figures 13 and 14 are results of the SLSTR and SEVIRI comparison during nighttime.
All of the results in these three channels display significant discrepancies at 280–285 K. The most likely
distributions of these points with relatively large discrepancies are near coastal regions through visual
inspection of Figure 13. Figure 14 (third row) shows the histograms of the BT di↵erences. Each channel
of them exhibits very similar di↵erence distributions. Table 5 summarizes the statistics of the SLSTR
BTs minus SEVIRI equivalent BTs in the Mediterranean Sea region, the averaged BT di↵erences are
over 0.1 K, which is larger than for other regions examined, which may be due to increased number of
comparisons indicating cloud-edge e↵ects.
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Table 5. Statistics of SLSTR BTs minus SEVIRI equivalent BTs in the Mediterranean Sea area.

Mediterranean Sea Day/Night
Band

(SLSTR)

Mean

(K)

Median

(K)

STD

(K)

RSD

(K)

SLSTR
vs

SEVIRI

Day

S7 0.133 0.045 0.544 0.493

S8 0.067 �0.005 0.454 0.143

S9 0.073 0.008 0.440 0.198

Night

S7 0.077 0.012 0.480 0.320

S8 0.143 �0.003 0.674 0.240

S9 0.124 �0.003 0.644 0.328

4.3. Cross-Covered Region

GOES-16 is located above 75.2�W and MSG-4 is located above 0�W; thus, the areas near 37.5�W
are under the coverage of three satellites when Sentinel-3A underlies the geostationary satellites.
After checking SLSTR true color images, we found this area always includes large amounts of cloud.
For this case, two granules of Sentinel-3A SLSTR data from 27 November 2019 are selected to perform
the inter-comparison of the three radiometers because of the relatively small cloud coverage compared
to other days. The inter-comparison of the thermal emissive bands over this region can further show
their performance under the same conditions.

The false color infrared image and satellite geometry data are given in Figure 15. It is clear that the
daytime SLSTR image has solar contamination as the area in the right of Figure 15a shows a sun-glitter
pattern. There is also a thin cloud cover over this region on 27 November 2019, 12:09 UTC. As the
SLSTR S7 near 3.74 µm usually su↵ers from sunlight contamination during daytime and there is a
clear sun-glitter patch in the scene, the SLSTR S8 and S9 BTs are preliminarily evaluated with the
corresponding ABI and SEVIRI BTs.
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Figure 15. (a): SLSTR daytime false color infrared image of the cross-covered region on 27 November
2019, 12:09 UTC. (b): Solar zenith angles data at the same time. Corresponding SLSTR (c), ABI (d),
SEVIRI (e) satellite zenith angles data.

The cross-comparisons of these three radiometers in this region are limited to SLSTR satellite zenith
angles less than 20 degrees as this reduces the range of zenith angle di↵erences to the geostationary
satellites. Figure 16 shows the geographical distribution of the daytime BT di↵erences. In comparison
to the two infrared channels of SEVIRI, the ABI channels 14 and 15 (shown in the first row of Figure 17)
show much larger discrepancies at lower SLSTR BTs, indicating a significant underestimate of BT.
Most of the matchup pairs with positive discrepancies at the first row are near the cloud edge, and larger
positive discrepancies occur at lower SLSTR BTs, as shown in the second row of Figure 17. All of these
discrepancies can also be addressed in the third row, which shows the histograms of the daytime BT
di↵erences in three bands.
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row: scatter plots of  the SLSTR minus ABI/SEVIRI BTs as a  function of  the SLSTR BT. Third row: 
histograms of the SLSTR minus ABI/SEVIRI BTs. All of the ABI/SEVIRI BTs indicate the transferred 
SLSTR‐equivalent BTs. The BTs are divided into 0.5 K intervals. 

Figure 16. First row: distributions of the daytime BT di↵erence between SLSTR and ABI in the
cross-covered region on 27 November 2019, 12:09 UTC. The color indicates the SLSTR minus SEVIRI
equivalent BT. Second row: corresponding BT di↵erence distributions between SLSTR and SEVIRI.
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Figure 17. First row: scatter plots of the ABI/SEVIRI equivalent BTs as a function of the SLSTR BTs
of each channel pair. The colors show the density of the data according to the scale on the right.
Second row: scatter plots of the SLSTR minus ABI/SEVIRI BTs as a function of the SLSTR BT. Third row:
histograms of the SLSTR minus ABI/SEVIRI BTs. All of the ABI/SEVIRI BTs indicate the transferred
SLSTR-equivalent BTs. The BTs are divided into 0.5 K intervals.

The nighttime false color infrared image and satellite view geometries are shown in Figure 18.
Figures 19 and 20 show the nighttime comparisons between SLSTR, ABI and SEVRI. Figure 19 shows the
geographic distributions of the BT di↵erences in two bands. As for the eastern tropical North Atlantic
Ocean region, the nighttime comparisons show better agreement compared to daytime. The significant
positive discrepancies can also be found at the image near the cloud edge. Strong linear relationships
between SLSTR and ABI/SEVIRI can be found at most of the matched-up points, as indicated by the
first row of Figure 20. However, the overall fitting slopes of high density-points do not agree well
with the one-to-one black line. The discrepancies may suggest that the conversion functions have
larger uncertainties over this region. Possible reasons are greater water vapor concentrations and large
ABI/SEVIRI satellite zenith angles.

Remote Sens. 2020, 12, x FOR PEER REVIEW  17 of 22 

 

The nighttime false color infrared image and satellite view geometries are shown in Figure 18. 
Figures 19 and 20 show the nighttime comparisons between SLSTR, ABI and SEVRI. Figure 19 shows 
the geographic distributions of  the BT differences  in  two bands. As for  the eastern  tropical North 
Atlantic Ocean region, the nighttime comparisons show better agreement compared to daytime. The 
significant positive discrepancies can also be found at the image near the cloud edge. Strong linear 
relationships between SLSTR and ABI/SEVIRI can be  found at most of  the matched‐up points, as 
indicated by the first row of Figure 20. However, the overall fitting slopes of high density‐points do 
not agree well with  the one‐to‐one black  line. The discrepancies may suggest  that  the conversion 
functions  have  larger  uncertainties  over  this  region.  Possible  reasons  are  greater  water  vapor 
concentrations and large ABI/SEVIRI satellite zenith angles. 

 
Figure 18. (a): SLSTR nighttime false color infrared image of the cross‐covered region on 27 November 
2019, 00:36 UTC. (b): Solar zenith angles data at the same time. Corresponding SLSTR (c), ABI (d), 
SEVIRI (e) satellite zenith angles data. 

Figure 18. (a): SLSTR nighttime false color infrared image of the cross-covered region on 27 November
2019, 00:36 UTC. (b): Solar zenith angles data at the same time. Corresponding SLSTR (c), ABI (d),
SEVIRI (e) satellite zenith angles data.
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Table 6 shows the statistics of the SLSTR BTs minus ABI/SEVIRI equivalent BTs. The average
BT di↵erences are on the order of 0.1 K. Daytime comparisons are better than at nighttime in terms
of the average di↵erence and standard deviations. The standard deviations of SLSTR vs ABI are
higher than SLSTR vs SEVIRI. The SLSTR S9 band comparisons have larger di↵erences than the S8
band comparisons.
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Table 6. Statistics of SLSTR BTs minus ABI/SEVIRI equivalent BTs.

Cross-Covered Region Day/Night
Band

(SLSTR)

Mean

(K)

Median

(K)

STD

(K)

RSD

(K)

SLSTR
vs

ABI

Day
S8 0.035 0.013 0.452 0.184

S9 0.056 0.030 0.516 0.211

Night
S8 0.128 0.036 0.891 0.186

S9 0.143 0.025 1.084 0.207

SLSTR
vs

SEVIRI

Day
S8 0.087 0.018 0.450 0.202

S9 0.072 0.010 0.467 0.241

Night
S8 0.084 0.014 0.465 0.224

S9 0.105 0.024 0.549 0.265

5. Conclusions

With the significant improvements in design, SLSTRs onboard the Sentinel-3A series of satellites
provide observational data in nine visible to infrared bands. Good absolute calibration is required
for the accurate derivation of SSTskin from radiance measurements, which is achieved by using two
onboard blackbodies. Even so, external comparisons of the SLSTR BTs with those of other satellite
radiometers are extremely important to ensure the stability and continuity of the long-term satellite
climate-related data products, which require the combination of measurements from multiple satellite
radiometers, including di↵erent designs.

Among the SLSTR nine spectral channels in the 0.554–12.022 µm wavelength spectral range, bands
S7 (3.74 µm), S8 (10.95 µm), and S9 (12.00 µm) are used for deriving the SSTskin. Here, we compared the
BTs of these three SLSTR thermal emission bands with those from geostationary satellite radiometers.

Pixel-by-pixel collocated BTs from SLSTR, ABI, and SEVIRI were used together with their cloud
masks to select clear-sky measurements. Empirical regression formulas derived from simulated
top-of-atmosphere radiance spectra using the relative spectral response functions of each band were
used to convert ABI and SEVIRI BTs to SLSTR-equivalent values, taking into account the satellite
zenith angle. The results indicate that SLSTR thermal emissive bands S7, S8 and S9 are comparably
well-calibrated as the corresponding ABI and SEVIRI bands, except for S7 bands, which su↵er from
sunlight contamination during daytime. The measurements from the di↵erent satellite radiometers
can be combined within the accuracy limits shown in Tables 4–6. Given the occurrence of outliers
in the distributions of the BT di↵erences, the robust standard deviation is a better measure of the
correspondence of the measurements of the di↵erent radiometers. The main di↵erences are due to
the residual cloud edges and coast e↵ects, probably land-mask e↵ects, while the other disagreements
may be due to di↵erent viewing angles and solar contamination of measurements in the mid-infrared
atmospheric transmission window. However, it is apparent that the cloud-screening algorithms for all
sensors are not identifying all cases of cloud contamination.

It should be noted that the coe�cients in the equation to derive SLSTR-equivalent BTs for the
geostationary satellite data are dependent on each scene, as a result of the limited ranges of SST and
atmospheric conditions in each. Conversion equations applicable to larger areas with greater variability
and di↵erent times require additional terms, possibly including additional variables, such as the water
vapor amount.
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