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Sea surface temperature (SST) is a fundamental physical variable for understanding,
quantifying and predicting complex interactions between the ocean and the
atmosphere. Such processes determine how heat from the sun is redistributed across
the global oceans, directly impacting large- and small-scale weather and climate
patterns. The provision of daily maps of global SST for operational systems, climate
modeling and the broader scientific community is now a mature and sustained
service coordinated by the Group for High Resolution Sea Surface Temperature
(GHRSST) and the CEOS SST Virtual Constellation (CEOS SST-VC). Data streams are
shared, indexed, processed, quality controlled, analyzed, and documented within a
Regional/Global Task Sharing (R/GTS) framework, which is implemented internationally
in a distributed manner. Products rely on a combination of low-Earth orbit infrared
and microwave satellite imagery, geostationary orbit infrared satellite imagery, and
in situ data from moored and drifting buoys, Argo floats, and a suite of independent,
fully characterized and traceable in situ measurements for product validation (Fiducial
Reference Measurements, FRM). Research and development continues to tackle
problems such as instrument calibration, algorithm development, diurnal variability,
derivation of high-quality skin and depth temperatures, and areas of specific interest
such as the high latitudes and coastal areas. In this white paper, we review progress
versus the challenges we set out 10 years ago in a previous paper, highlight
remaining and new research and development challenges for the next 10 years
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(such as the need for sustained continuity of passive microwave SST using a 6.9 GHz
channel), and conclude with needs to achieve an integrated global high-resolution SST
observing system, with focus on satellite observations exploited in conjunction with
in situ SSTs. The paper directly relates to the theme of Data Information Systems
and also contributes to Ocean Observing Governance and Ocean Technology and
Networks within the OceanObs2019 objectives. Applications of SST contribute to
all the seven societal benefits, covering Discovery; Ecosystem Health & Biodiversity;
Climate Variability & Change; Water, Food, & Energy Security; Pollution & Human Health;
Hazards and Maritime Safety; and the Blue Economy.

Keywords: sea surface temperature, observations, GHRSST, satellite, in situ, Fiducial Reference Measurements,
operational oceanography, climate data records

INTRODUCTION

Sea surface temperature (SST) is a fundamental variable
for understanding, monitoring and predicting fluxes of heat,
momentum and gases at a variety of scales that determine
complex interactions between the atmosphere and ocean. SST at
the ocean-atmosphere interface has a significant societal impact,
through, e.g., large ocean gyres and atmospheric circulation cells
influencing weather and climate, weather systems and severe
storms and local scale phenomena, such as the generation of sea
breezes and convective clouds.

Mapping SST is now the responsibility of operational
monitoring and forecasting agencies (Robinson et al., 2012) as
accurate knowledge of global SST distribution and temporal
variation is a key input to forecasting and prediction systems. SST
fields constrain upper-ocean circulation and thermal structure on
daily, seasonal, decadal and climatic timescales, for the exchange
of energy between the ocean and atmosphere in coupled ocean-
atmosphere models, and as boundary conditions for ocean,
weather and seasonal forecasting models. Other applications
include maritime safety, military operations, ecosystem
assessment, supporting fisheries and tourism, transport and
energy, human health, food security and environmental policy.
Well-defined and error-quantified measurements of SST are also
required in the form of climate data records (CDRs) to reveal the
role of the ocean in short and long term climate variability.

A sustained operational stream of satellite SST measurements
has been available since 1981, which together with in situ
measurements collectively form the modern-era SST observing
system. By 1998, SST data were a mature component of
the observing system with demonstrated capability and data
products. However, SST product availability was limited to a
few data sets that were large, scientific in format and difficult
to exchange in near real time (NRT). Furthermore, product
accuracy was insufficient for the emerging ocean modeling and
data assimilation communities, while at the same time the
number of applications requiring accurate spatial high-resolution
SST was growing.

To address these issues, the Global Ocean Data Assimilation
Experiment (GODAE; Bell et al., 2009) defined a minimum data
specification for use in operational ocean models, requiring SST
observations with global coverage, a spatial resolution of 10 km

or higher, an accuracy of 0.2◦C or better, and updated every 6 h
(Smith and Koblinsky, 2001). The establishment of the Group for
High Resolution Sea Surface Temperature, GHRSST (previously,
GODAE High-Resolution Sea Surface Temperature Pilot Project)
addressed these specifications (Donlon et al., 2009). GHRSST is a
self-organizing group of researchers and operational practitioners
working together to improve the accuracy and availability of SST
fields for all applications.

To achieve the GODAE requirement, GHRSST devised
an integrated approach to develop an SST observing system
comprising: (1) improved SST data assembly/delivery;
(2) quantified SST product accuracy; (3) improved consistency
of SST products; and (4) demonstrated benefits for the improved
observing system. Over the past 10 years, GHRSST has continued
to support the delivery of operational SST data to the user
community1 and confirmed that the requirements of GODAE
can be met (with the exception of accuracy). Much progress has
been made on the inter-comparison of SST products, through
activities such as the SST Quality Monitor (SQUAM2; Dash et al.,
2010), in situ SST quality monitor (iQuam3; Xu and Ignatov,
2014), ACSPO Regional Monitor for SST (ARMS4) and Felyx5.
Progress has been also made on SST applications, including
assimilation and demonstrating the benefit of the improved
observing system. Many users now assimilate SST in the global
and regional models to provide continuous data and information
on the physical state, variability and dynamics of the global ocean
and marine ecosystems.

This paper focuses mainly on the progress and challenges
for satellite SSTs over the past decade and continuing into the
next decade. Fiducial Reference Measurements (FRM) and in situ
data are described with respect to satellite validation activities
and ensuring traceability for climate records. Centurioni et al.
(2019), Kent et al. (2019), and Smith et al. (2019) address these
surface-based observations in more detail. We conclude with a
community-consensus vision for the next decade and beyond as
a set of recommendations.

1https://www.ghrsst.org/quick-start-guide/
2http://www.star.nesdis.noaa.gov/sod/sst/squam
3http://www.star.nesdis.noaa.gov/sod/sst/iquam
4http://www.star.nesdis.noaa.gov/sod/sst/arms/
5http://hrdds.ifremer.fr/
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SST’S ROLE IN AN INTEGRATED OCEAN
OBSERVING SYSTEM

Understanding oceanic and atmospheric processes requires
knowledge of the temperature at which these processes occur.
Processes at the ocean surface include radiative emission peaking
in the infrared (IR), solubility of gasses (including CO2 and
therefore ocean-atmosphere gas fluxes), evaporation (the latent
heat flux), and sensible heat flux associated with the air–sea
temperature difference (which also influences the momentum
fluxes from atmosphere to ocean). The atmospheric and oceanic
vertical temperature profile near the air–sea interface affect the
stability and effectiveness of turbulent exchanges, and thus they
influence the magnitudes of air–sea fluxes (Lindzen and Nigam,
1987; Fairall et al., 2003; Kara et al., 2005). Profiles of temperature
throughout the ocean depth have indicated a warming of the
oceans over the past six decades, the period for which such
measurements are available (Levitus et al., 2012).

Satellite remote sensing has provided a mechanism for
deriving SST on global scales over decades and needs to be
sustained, improved, reconciled and extended into the next
decade and beyond. The uninterrupted time-series of global,
high resolution (∼4–10 km) SSTs retrieved from satellite IR
radiometers extends back to the early 1980s (Kilpatrick et al.,
2001), and SSTs from passive microwave (PMW) radiometers
back to late 1997 in the tropics, and 2002 globally. In the
framework of an integrated ocean observing system, satellite-
derived SST fields provide information on upper ocean variability
and processes (e.g., Legeckis, 1977; Cornillon, 1986; Gentemann
et al., 2008; Liu and Minnett, 2015) and on air–sea interactions
(e.g., Chelton et al., 2001; O’Neill et al., 2012). The current
constellation of satellites produces global measurements of
SST at accuracies useful for many scientific, operational and
climate purposes.

THE SST MEASUREMENT
CONSTELLATION

Measurements of SST are made in situwith contact thermometers
and retrieved from IR and PMW radiometers on satellites
(for example, see Walton et al., 1998; Merchant et al., 2009b;
Gentemann et al., 2010; Koner and Harris, 2016). IR- and PMW-
derived SSTs have different and complementary characteristics.
IR emission at the ocean surface originates in a very thin
electromagnetic skin layer of <0.1 mm thickness, whereas PMW
emission comes from an electromagnetic skin layer which is
several millimeters thick. The SST as derived from IR radiometers
is cooler than the water beneath, on average, by ∼0.17 K, but
can be several tenths of a degree cooler at low wind speeds
(Donlon et al., 2002; Minnett et al., 2011). The spatial resolution
of IR-derived SSTs from modern satellite instruments is typically
1–4 km at nadir, whereas the resolution of microwave (MW)-
derived SSTs is typically 50–75 km. PMW SSTs are not normally
derived within ∼100 km of land or ice. A major advantage of
PMW-derived SSTs over those from the IR is that the propagation
of MW radiation at 6–10 GHz which is largely insensitive to

the presence of clouds, except where there is heavy rainfall.
In contrast, satellite IR measurements are strongly influenced
by scattering and emission from clouds, with the consequence
that only measurements taken through clear atmospheres can
be used to derive SSTskin. Effective “cloud-screening” algorithms
are needed to ensure derived SSTskin values are not tainted
(Kilpatrick et al., 2001; Merchant et al., 2005). Merging SST
retrievals from IR and MW sensors together with in situ data on
any given day is a widely accepted approach to derive global fields
(e.g., Chin et al., 2017).

An Increasing Number and Diversity of
Satellite Observations
Since satellite SST observations began in the early 1980s, the
number and diversity of sensors has increased dramatically, and
is ever evolving. A combination of IR (onboard both low-Earth
orbiters, LEO, and geostationary, GEO, platforms) and PMW
(LEO only) radiometers provide a comprehensive global SST
constellation, capable of meeting users’ needs across a wide range
of scales by exploiting their different capabilities and strengths.
Figure 1 indicates the main satellite missions contributing to the
current and recent SST constellation. Continuity and redundancy
is ensured primarily by meteorological agencies’ space programs,
as well as initiatives such as Copernicus. It is vital to continue
innovation to improve the resolution and accuracy of the SST
fields. Table 1 lists the satellite SST measurement constellation at
the present time, noting that further changes and developments
are taking place to the constellation over the next decade and are
summarized in the following sections.

Polar-Orbit IR SST Capability
IR radiometers on LEO satellites provide high spatial resolution
SST with global coverage of the Earth up to twice daily
at the equator, and more frequently in the higher latitudes.
Current retrieval methods and sensor technologies enable highly
accurate IR SST retrievals, yielding global monthly differences
around 0.2◦C with standard deviations around 0.4◦C during
night-time (e.g., Petrenko et al., 2014; Wang et al., 2016).
Progress in IR SST also significantly reduced regional and
seasonal differences inherent with non-linear SST (NLSST)
retrieval algorithms (e.g., Merchant et al., 2009a; Marsouin et al.,
2015). SST products cover Level 2 (original swath projection,
with native spatial resolution) to regional and global Level 3
products, remapped and composited over areas and times defined
by user needs.

Recently, AVHRR (Cracknell, 1997; Albiñana et al., 2007)
and MODIS (Esaias et al., 1998; Kilpatrick et al., 2015) have
been joined by newer generation sensors. The newest National
Oceanographic and Atmospheric Administration (NOAA) JPSS
satellites are now equipped with VIIRS, which first flew on the
Suomi-NPP launched in October 2011, and has a wide range
of IR channels including 3.70, 4.05, and 8.55 µm as well as
two traditional “split-window” 11–12 µm channels. Currently,
two Copernicus Sentinel-3 satellites are flying, carrying an
SLSTR (Donlon et al., 2012), which is a dual-view radiometer
akin to the Along Track Scanning Radiometer (ATSR) series
(Llewellyn-Jones and Remedios, 2012). The future European
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FIGURE 1 | The main satellite missions contributing to the current SST constellation. (Reproduced by permission under CC BY 4.0 from http://doi.org/10.6084/m9.
figshare.7291694.

Organisation for the Exploitation of Meteorological Satellites
(EUMETSAT) Polar System (EPS) Meteorological Operational
Second Generation (Metop-SG) program will include the visible
and infrared imager (METimage, Wallner et al., 2017), which will
have 20 spectral bands channels, at 500 m resolution at nadir.
In December 2017, Japan Aerospace Exploration Agency (JAXA)
launched the Global Change Observation Mission – Climate
(GCOM-C or “Shikisai”) satellite carrying the Second-generation
Global Imager (SGLI) with 19 spectral bands, and switchable
resolution from 250 to 1,000 m at nadir (Urabe et al., 2018).
Other instruments enabling SST retrieval include the Visible and
InfraRed Radiometer (VIRR) on board the Chinese Feng-Yun
satellites (Dong et al., 2009; Yang A. et al., 2017).

Geostationary-Orbit Infrared SST Capability
In contrast to LEO, GEO satellites provide many images
each day over a fixed geographic region. New-generation
GEO sensors include: the Advanced Baseline Imager (ABI;
Schmit et al., 2005, 2017) onboard NOAA GOES-16 and -17
(launched in November 2016 and March 2017, respectively,
and designated as NOAA operational GOES-East and –West
satellites in December 2018 and February 2019, respectively);
the Advanced Himawari Imager (AHI, a twin to ABI; Bessho
et al., 2016), onboard Himawari-8 and -9 (launched in
October 2014 and November 2016, respectively); the Advanced
Meteorological Imager (AMI, another ABI twin; Choi and Ho,
2015) onboard Geo-Kompsat-2A (launched December 2018;
Kim et al., 2015); the Advanced Geosynchronous Radiation
Imager (AGRI; Yang J. et al., 2017) onboard the FY-4 series
(FY-4A, launched in November 2016, will be followed by FY-
4B & C in 2019 and 2021, respectively); and the Flexible
Combined Imager (FCI; Durand et al., 2015) to be launched
on EUMETSAT Meteosat Third Generation Imaging satellites
(MTG-I) beginning in 2021.

All these new-generation sensors capture IR images every
10–15 min with 2 km nadir resolution (except FY-4, which
takes images every 30 min with 4 km resolution at nadir)
and have multiple spectral bands, sampling in the atmospheric
windows around 3.7, 8.6, and 10–12 µm suitable for SST
retrievals. Other currently available GEO sensors with SST
capability are the Spinning Enhanced Visible and Infrared Imager
(SEVIRI) on Meteosat Second Generation (Meteosat-8, -9, -10,
and -11), and the Multi-Spectral Imager onboard the Insat-
3D/3DR. The full constellation of geostationary satellites provides
nearly global coverage, missing only high latitudes. There should
always be a constellation of 5–6 geostationary platforms with
SST-capable sensors.

An important feature of new generation GEO sensors is their
capability to take measurements at high temporal resolution
to improve clear-sky masking (e.g., using temporal information
to separate the effects of faster moving clouds and other
atmospheric features from the slower evolving SST fields). This
approach can significantly improve coverage by using SSTs from
successive clear-sky data allowing better characterization of the
SST diurnal cycle (Gladkova et al., in review). Moreover, data
volumes can be significantly reduced by providing a product at
a reduced temporal rate (e.g., hourly) but still sufficient to resolve
the diurnal cycle. Also, the sensitivity of the retrieval algorithm
to real changes in temperature (Merchant et al., 2009a) is critical
to accurately measure the temporal variability in geostationary
SSTs, and in particular, to correctly estimate the amplitude of the
SST diurnal cycle. Additional applications benefiting from high-
frequency SST variability include semi-diurnal tides and their
impact on shelf sea fronts. An illustration of the footprint and
constellation of the global geostationary satellites can be found
from the World Meteorological Organization (WMO)6.

6http://www.wmo.int/pages/prog/sat/globalplanning_en.php
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TABLE 1 | Current platform and sensor characteristics with capability for sea surface temperature, specifying whether in GEO or LEO; IR or PMW; daily coverage; spatial resolution at nadir; position or orbit and equator
crossing time; agency and the expected lifetime till.

Spatial resolution at Position/orbit Expected

Platform Sensor GEO/LEO IR/PMW Coverage nadir (SST channels) (equator crossing time) Agency lifetime till

Meteosat1 SEVIRI GEO IR Full disk 15 min 3 km 0◦ EUMETSAT 2024

GOES-R (S/T/U) ABI GEO IR Full disk 10 min 2 km E: 72.5◦W W: 137.2◦E NOAA 2036

Himawari AHI GEO IR Full disk 10 min 2 km 140.7◦E JMA 2031

FY-2 S-VISSR GEO IR Full disk 30 min 5 km 86.5◦E CMA 2022

FY-4 AGRI GEO IR Full disk 15 min 4 km 105◦E CMA 2040

Electro-L MSU-GS GEO IR Full disk 15–30 min 4 km 76◦E RosHydroMet 2039

GEO-KOMPSAT AMI GEO IR Full disk <10 min 2 km 128.2◦E KMA 2031

INSAT-3D Imager GEO IR Full disk 30 min 4 km 82◦E ISRO 2029

Terra MODIS LEO IR Global 2 days 1 km Sun-synchronous 10:30 NASA 2022

Aqua MODIS LEO IR Global 2 days 1 km Sun-synchronous 13:30 NASA 2025

Sentinel-3 SLSTR LEO IR Global 1–2 days 1 km Sun-synchronous 10:00 EU 2031

EPS2 AVHRR/3 IASI LEO IR Global twice per day/near
global twice per day

1.1 km/12 km IFOV Sun-synchronous09:30 EUMETSAT 2024

S-NPP VIIRS LEO IR Global twice per day 750 m Sun-synchronous13:30 NASA & NOAA 2025

JPSS (NPP/N20
and J2/3/4)

VIIRS LEO IR Global twice per day 750 m Sun-synchronous13:25 NOAA 2038

Meteor-M MSU-MR LEO IR Global twice per day 1 km Sun-synchronous15:09 RosHydroMet 2030

GCOM-C SGLI LEO IR Global in 3 days (day-light) 250 m/1 km Sun-synchronous10:30 JAXA 2022

HY-2 MWI LEO PMW Daily global 80 × 120 km IFOV at 6.6 GHz Sun-synchronous06:00 NSOAS 2023

GPM-Core GMI LEO PMW Near-global in 2 days
<70◦ latitude

19 × 32 km IFOV at 10.65 GHz Drifting, 65◦ inclination NASA/JAXA 2019

GCOM-W AMSR-2 LEO PMW Global once per day 35 × 62 km IFOV at 6.9 GHz Sun-synchronous13:30 JAXA 2019

Coriolis WindSat LEO PMW Global in 1.5 days 39 × 71 km IFOV at 6.8 GHz Sun-synchronous06:00 US/NASA 2019

FY-3 VIRR/MERSI-2/MWRI LEO IR/PMW Global twice per day 250 m/51 × 85 km IFOV at 10.65 GHz Sun-synchronous06:00/14:00 CMA 2029

1Meteosat Third Generation (MTG) will follow-on from MSG until 2038. 2EUMETSAT Polar System-Second Generation (EPS-SG) will follow-on from EPS until 2043.
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Passive MW Polar-Orbiters and Low
Inclination Orbiting SST Capability
PMW SST retrievals from LEO satellites (in both sun-
synchronous and non-sun-synchronous orbits) have been
collected for approximately 20 years, starting with the joint US-
Japan Tropical Rainfall Measuring Mission, launched in 1997,
which carried the TRMM Microwave Imager (TMI; Wentz et al.,
2000). TRMM was in a low inclination orbit so measurements
were limited to within about 40◦ of the Equator. To sample
the diurnal patterns in rainfall, TRMM was put in a sun-
asynchronous drifting orbit. The NASA satellite, Aqua, launched
in 2002 carried the Advanced Microwave Scanning Radiometer
for EOS (AMSR-E; Kawanishi et al., 2003). Aqua is in a sun-
synchronous, polar orbit. The first PMW producing global SSTs
started in 1978 with SMMR on SeaSat and Nimbus-7. A great
advantage of the PMW SSTs is in the cloud penetrating capability
of low frequency microwaves to capture SST under most clouds
and through atmospheric aerosols. These capabilities make PMW
SSTs an essential data source for producing multi-satellite merged
SST products on a daily basis, though their spatial resolution is
much coarser than IR SSTs. SST retrievals using PMW imagers
are based on low-frequency channels of 6.9 and 10.65 GHz
that are sensitive to water temperature variations, but the SST
sensitivity of the 10.65 GHz emission decreases below SSTs colder
than 13◦C (Gentemann et al., 2010).

The spatial resolution of PMW SSTs depends on the antenna
size and satellite altitudes. Larger antennas and lower satellite
altitude result in finer spatial resolution, with the 10.65 GHz
measurements having finer footprints than at 6.9 GHz. At
present, the finest spatial resolution of 6.9 GHz SST is about
35 × 62 km by AMSR2 on the Japanese GCOM-W satellite
launched in 2012, having a 2.0 m diameter antenna and 699 km
altitude. The finest spatial resolution of 10.65 GHz SSTs is about
19 × 32 km provided by Global Precipitation Measurement
(GPM) Microwave Imager (GMI) onboard the US-Japan joint
GPM Core Observatory (launched in 2014 into a low inclination
orbit) with a 1.2 m diameter antenna and 402.5 km altitude.
Recent validation indicates the accuracy of PMW SSTs to be
around 0.5◦C for 6.9 GHz, and 0.6◦C for 10.65 GHz SSTs
by AMSR2 (JAXA, 2017). More research and international
collaboration is recommended on harmonizing and improving
the calibration of low-level PMW observations across all available
missions. Further fundamental observation of and research
into the dependence of sea-surface emissivity at SST-relevant
frequencies on sea-state and wind speed will be crucial to driving
future improvements in uncertainty in PMW SST.

The Evolving in situ SST Observing
System
Measurements of SST have been made for more than 200 years
for a wide variety of purposes. The earliest measurements of SST
in the eighteenth century were taken as an aid to navigation.
Over a time and after the connection between SST and ocean
currents was strengthened, large numbers of measurements were
made for the construction of navigational charts (Kennedy et al.,
2012). Gradually, data needs for weather and oceanographic

forecasting systems, as well as understanding a changing climate,
became the main drivers for collecting SST data. This evolution
reflected a change in the method of measurements from mainly
human operators on voluntary observing ships (VOS) to fully
automated measurements from buoys (and satellites). Satellite
measurements rely on in situ data for retrieval and validation
(see section “Improved Methods of Validation”) and both sources
of SST are used in many applications, such as climate and
weather model boundary conditions (Folland, 2005; Kennedy
et al., 2012) and SST analysis products (e.g., Roberts-Jones et al.,
2012). Figure 2 shows the changes over time of geographical
coverage and method for in situ measurements, illustrating the
constraint of major shipping lanes have on the data collection and
the under-sampling of low and high latitudes.

The change in observation method not only expanded the
geographical distribution of the in situ SST measurements
but also their quality. The changing requirements led to
international efforts to define a common set of requirements
and standards with the implementation of the climate observing
system that is overseen and coordinated by the Global Climate
Observing System (GCOS) providing advice and guidance at
national and international levels (e.g., GCOS, 2009, 2010).
Coordination of specific activities is through the GCOS-affiliated
expert bodies and panels, such as the WMO/Intergovernmental
Oceanographic Commission (IOC) Joint Technical Commission
for Oceanography and Marine Meteorology (JCOMM), Ship
Observations Team (SOT), and the Data Buoy Cooperation
Panel (DBCP) to name a few (Berry and Kent, 2017). Different
applications of SST fields have varying accuracy requirements,
with those for CDR being the most stringent and difficult to
meet. Continuation of the Global Tropical Moored Buoy Array
(GTMBA; McPhaden et al., 2010) is essential, as it has a major
impact on methods to assess the stability of long-term SST data
records (e.g., see for example Merchant et al., 2012).

Sea surface temperature is identified by the WMO as an
Essential Climate Variable (ECV7), among other parameters
(Bojinski, 2014), and a rigorous approach to data quality
assessment must be followed, such as recommended by Barker
et al. (2015). Most notably, this means that in situ SST
measurements should be accompanied by estimates of their
uncertainty, following formal metrological protocols (Joint
Committee for Guides in Metrology (JCGM, 2008). These
specifications should be followed for all SST products but are
especially important if satellite-derived SSTs are to be used as a
CDR (Minnett and Corlett, 2012). There are several approaches
to estimate uncertainties of in situ measurements (e.g., Hirahara
et al., 2014; Kennedy, 2014; Berry and Kent, 2017; Freeman et al.,
2017). Broadly speaking, the uncertainties can be split into two
groups: uncertainties due to random errors, such as incorrect
readings or rounding errors; and uncertainties due to systematic
errors, such as incorrect calibration or poor positioning of the
measurement site. Although this is a convenient way to deal with
the uncertainties, inaccuracies in SST measurements generally
share characteristics (Kennedy, 2014). Most in situ SST datasets

7http://www.wmo.int/pages/prog/gcos/index.php?name=
EssentialClimateVariables
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FIGURE 2 | Distribution of SST measurements and by method. (A) Shows the spatial distribution of SST measurements as included in the World Ocean Atlas in
2013. (B) Shows the temporal distribution of SST measurements in the World Ocean Atlas in 2013 (from Freeman et al., 2017). (C) How the measurement methods
changed over time. ERI are Engine Room Intake measurements, Buoy measurements include drifting and moored buoys (from Rayner et al., 2018). Please note that
the spatial and temporal time lines are different, 1955–2012 for the spatial distribution shown in plate (A) and 1770–2014 for the temporal distribution shown in
plate (B).

(e.g., International Comprehensive Ocean-Atmosphere Data Set,
ICOADS, and the Hadley Centre SST Dataset, HadSST3) include
an estimate of a correction for the systematic component based
on measurement type (e.g., bucket, engine room intake or buoy),
which can reduce discontinuities in the long time records.
Kennedy (2014) states that a typical SST measurement made by
a ship has an uncertainty of around 1.0–1.5◦C and a drifting
buoy observation a typical uncertainty of around 0.1–0.7◦C.
Vessels with well-calibrated and suitably located temperature
sensors can provide SST measurements with similar uncertainties
to currently deployed drifting buoys, and can therefore provide

in situ SST for satellite SST validation in regions lacking in
drifting or moored buoys, such as coastal regions and in the
Australian region (Beggs et al., 2012).

While the effort to characterize uncertainties for in situ SST
records is considerable not all of them are SI-traceable, in
a metrological sense, which is needed for a CDR. Therefore,
more recent efforts using ship-based infrared radiometers for
satellite-derived SST validation have shown the value of SI-
traceable measurements, together with rigorous uncertainty
budgets (Barton et al., 2004; Rice et al., 2004; Donlon et al.,
2008; Minnett, 2010; Wimmer and Robinson, 2016) of 0.14◦C
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(Theocharous et al., 2016), or better. However, the measurements
are sparse compared to those of drifting buoys. Continued
studies and activities are needed on the inter-comparison of
FRM (Donlon et al., 2015) with data; the estimation and
provision of the measurement uncertainties; and ensuring
SI-traceability is established through international collaboration.
In an effort to improve the sampling of SI-traceable in situ
SSTs, a new generation of drifting buoys is being designed and
tested through efforts of GHRSST, DBCP, European Union’s
Copernicus Programme and EUMETSAT (Poli et al., 2019).
These efforts to improve in situ records are continuing and
require considerable resources to improve the in situ SSTs not
only as a standalone CDR but also as a verification tool for
satellite-derived SST fields. It is important that improvements
in correct metadata provision to in situ records continue
to be made. Data from Argo profilers in the near surface
layer are used for satellite SST validation, particularly those
specifically designed to acquire SST close to the sea surface. These
data could be further exploited to explore SST at depth and
validate near-surface profiles. Additional in situ measurements,
and ideally FRM, are required, especially in high-latitude and
sea ice regions.

Improving Current and Future SST
Measurements for Users
The increased number of SST products and large number
of users makes user-driven developments within the current
and future SST products essential. Comments and feedback
are typically obtained through dedicated science and user
meetings (such as the annual GHRSST meeting), which allow
data producers to collect information to guide future product
developments. This section presents and discusses necessary
developments to provide improvements highlighted by users
as the most important for their application, such as: cloud
masking, aerosol impact assessment, uncertainty estimation,
diurnal variability, and validation.

Improved Cloud Masking of IR Imagery
About 80–90% of pixels are fully or partially cloudy in any
IR imagery of the ocean, and it is critically important to
identify (and remove) these pixels. Clouds are colder and more
reflective, more variable in space/time, and have a particular
IR spectral emissivity, compared to clear ocean. Cloud masking
algorithms for SST make use of the spectral, spatial, and temporal
characteristics of the sensor brightness temperatures (BTs); solar
reflectance bands may be additionally employed during daytime.
Methods currently used are threshold-based (e.g., Saunders and
Kriebel, 1988; Kilpatrick et al., 2001; Petrenko et al., 2010),
probabilistic (based on blending physically and empirically
derived joint probability distributions, in conjunction with Bayes’
theorem; e.g., Merchant et al., 2005), or trained using artificial
intelligence (AI) approaches (e.g., Kilpatrick et al., 2019).

For LEO sensors, an additional spatial pattern recognition
approach has been found useful (Gladkova et al., 2015). Also,
repeated sampling of the same area of the ocean, from different
passes or satellites, may be utilized (Gladkova et al., 2019).
For GEO, frequent sampling provides a valuable opportunity to

dramatically improve cloud masking, by separating fast-moving
atmospheric features from more slowly evolving ocean patterns
(Gladkova et al., in review; see example in Figure 3). While not
all clouds can be identified in this way, it offers a computationally
effective improvement over using only static spatial information.

All current methods are formulated to deliver either a binary
mask or a continuous score (e.g., probability of clear sky) that
can be used to derive quality information. Albeit differently, all
methods embed prior knowledge of the physical and radiative
transfer properties of the surface, clouds and atmosphere. In
dynamic and coastal regions of the ocean, and around ice,
uncertainty in the prior SST is larger, and misclassification more
likely. In general, dependence on prior information should be
minimized wherever reliable classification can be made from
the satellite observations themselves, which is aided by new SST
sensors that provide measurements in more bands, and at higher
spatial and temporal resolution.

More Accurate SST Retrieval Through
Aerosol-Laden Atmospheres
Sea surface temperature retrievals from IR measurements are
susceptible to forms of aerosol that absorb and scatter IR
radiation, particularly mineral dust (such as lofted from the
Sahara Desert) and stratospheric volcanic aerosol following
major SO2-rich eruptions (the last being Mt. Pinatubo in 1991).
Many SST algorithms have little robustness to such events
(Blackmore et al., 2012) and will be subject to significant errors.
Figure 4 indicates the influence of Saharan dust aerosol outflows
on satellite SST retrievals, over the Atlantic Ocean and the
benefits of a correction algorithm (Luo et al., 2019). Intermittent
mineral-dust loadings cause variable SST errors, which have
negative implications for prediction of important phenomena
including monsoonal systems, as well as for other applications
(Atkinson et al., 2013, 2015).

Dual-view SSTs from sensors such as SLSTR are less sensitive
to mineral dust than single-view sensors (Merchant et al., 1999).
The exploitation of non-traditional SST bands should also help
reduce dust-related biases. Microwave SSTs are expected to be
unaffected by mineral dust. Nonetheless, improvements in SST
retrieval in mineral-dust conditions is possible and is needed,
and should involve efforts both on single-sensor algorithms and
optimum use of the constellation of sensors.

Some current (MODIS and VIIRS) and planned (METimage)
sensors have more than one channel around 3.9 µm. With
the information content of these channels, the potential for
more accurate SST retrievals in the presence of aerosols arises
(Merchant et al., 2006), but this is yet to be widely exploited. It is
recommended that studies to address this are pursued to improve
SST accuracy in areas of mineral dust aerosol and introduce
resilience to major volcanic eruptions, which although rare will
occur in future.

Better Uncertainty and Error Estimation
Users of SST increasingly demand uncertainty information, to
give greater context for their applications and for quantitative
use in systems such as data assimilation (ECMWF Workshop
Report, 2018). Good-practice guidance for uncertainty provision
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FIGURE 3 | An example of using the temporal context information available from the ABI on GOES-16. The image at lower left is the sampled instantaneous SST at
17UTC. At lower right is collated SST, produced using an algorithm described in Gladkova et al. (in review) that examines 6 h of temporal data to detect residual
cloud from drop-outs in the SST time series, and to fill short temporal gaps by noise-tolerant curve fitting. The collated product significantly increases clear-sky
coverage, and reduces cloud leakages and noise in the imagery. (Reproduced by permission under CC BY 4.0 from http://doi.org/10.6084/m9.figshare.7286267.v2).

FIGURE 4 | Night-time differences between SSTskin derived from MODIS on Aqua, and collocated, coincident subsurface temperatures from drifting buoys off West
Africa, a region frequently subjected to the influence of Sahara dust aerosol outflows to the west and southwest, after Luo et al. (2019). The temperature differences
are indicated by colors, as given on the right-hand scale in K. (A) With the standard MODIS SSTskin atmospheric correction algorithm based on measurements at
λ = 11 and 12 µm (Kilpatrick et al., 2015), indicating the predominantly negative differences in the dust outflow area. (B) As at panel (A) but after additional
correction for aerosol effects with an algorithm that includes measurements at λ = 3.75 and 8.96 µm.

for CDRs (Merchant et al., 2017) offers principles that should be
applied to SST data products in general.

The error in a measured value of SST is the difference in
that value from the unknown true value, and the uncertainty
in SST represents the dispersion of error. Although the error
in each point is unknown (otherwise we would correct for it),
there are a variety of techniques for quantifying uncertainty,
in a statistical way. These fall into two classes: empirical
methods in which uncertainty is deduced from the distribution

of differences between alternative measured values (such as
satellites versus drifting buoys; e.g., Castro et al., 2008, 2012;
O’Carroll et al., 2008; Petrenko et al., 2016; Xu and Ignatov,
2016); and uncertainty modeling, in which understanding of the
instrumental uncertainty, cloud screening, retrieval process and
representativity effects are quantified, propagated and combined
to form an uncertainty estimate (e.g., Merchant et al., 2014).

To gain confidence of users in applying provided uncertainty
information, we recommend that uncertainty estimates should
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FIGURE 5 | Example of validation of an uncertainty model for an SST product. Here, SST uncertainty is defined per datum in an SST product, and varies over a
range of 0.0–1.0 K. Matches to drifting buoys are binned in terms of the SST uncertainty, and the mean and standard deviation of the difference calculated per bin
(indicated by the red and blue bars respectively). Accounting for an estimate of in situ uncertainty, the green dashed line is the envelope expected if the uncertainty
estimates are accurate. As we can see from this example, the agreement at night time (A) is very good. However, for day time match-ups (B) the blue bars are within
the theoretical envelope, indicating they are over estimated as the calculated standard deviation is smaller than the theoretical for much of the distribution.
(Reproduced by permission under CC BY 4.0 from https://doi.org/10.6084/m9.figshare.7286168.v2).

be developed using both uncertainty modeling and by empirical
means. Provided a mature forward model exists, agreement
of results between the two methods amounts to a convincing
validation of the uncertainty model.

Approximate empirical methods of estimating uncertainty are
presently the approach within GHRSST format SST products.
These include Sensor Specific Error Statistics (SSES), comprising
the mean and standard deviation of satellite SSTs differenced
from a matched in situ temperature, such as measured from
drifting buoys. Improved SSES require better quantification
of in situ uncertainty (and preferably its reduction). It is
recommended that understanding of drifting buoy uncertainty is
improved in support of assessing satellite-derived SST accuracies.
As uncertainty modeling methods are more widely developed
for satellite SSTs over coming years, this will also enable
more rigorous validation including validating uncertainties
(see for example Figure 5 and section “Improved Methods
of Validation”).

Better Practical Quantification of Diurnal Variability
Progress in understanding and quantifying diurnal variability
using hourly GEO IR SSTs over European seas and the Atlantic
Ocean (Gentemann et al., 2008; Bellenger and Duvel, 2009;
Marullo et al., 2010, 2016; Eastwood et al., 2011; Karagali
et al., 2012; Karagali and Høyer, 2013), and the Tropical Warm
Pool (Marullo et al., 2010; Zhang et al., 2016a,b), revealed
consistent features regarding the frequency of all such events,
their timing during the day and seasonal patterns. The difference
between a daytime hourly SST value and the corresponding
foundation temperature of the previous night is defined as
diurnal warming (or anomaly), indicated by δSST. Figure 6
shows the number of observations with δSST ≥ 1 K estimated
from hourly SEVIRI SST retrievals between 2006 and 2011.
Areas with increased occurrences of δSST exceeding 1K include

the Mediterranean, Red and Baltic Sea, the region of the
Malvinas/Brazil currents (SW Atlantic), the Benguela Current
offshore from Namibia and Angola (SE Atlantic) and the
Mozambique Channel (Indian Ocean).

Different models of diurnal variability have been proposed
(e.g., Filipiak et al., 2010) and evaluated (e.g., Karagali and
Høyer, 2013, 2014; Karagali et al., 2017; While et al., 2017;
Zhang et al., 2018). Diurnal SST variability has been quantified

FIGURE 6 | Occurrences of diurnal warming of 1 K and larger, estimated from
hourly SEVIRI SST retrievals between 2006 and 2011. (Reproduced by
permission under CC BY 3.0 from https://doi.org/10.5194/os-10-745-2014).

Frontiers in Marine Science | www.frontiersin.org 10 August 2019 | Volume 6 | Article 420

https://doi.org/10.6084/m9.figshare.7286168.v2
https://doi.org/10.5194/os-10-745-2014
https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-06-00420 August 16, 2019 Time: 18:2 # 11

O’Carroll et al. Observational Needs of Sea Surface Temperature

FIGURE 7 | Median (top) and robust standard deviation (bottom) for match-ups between AATSR and (A) drifters, (B) GTMBA, and (C,D) radiometers and Argo
floats. Daytime results are shown in red, nighttime in blue and black; solid lines indicate AATSR dual-view retrievals, dashed lines indicate nadir-only. (Reproduced by
permission under CC BY 4.0 from https://doi.org/10.6084/m9.figshare.7286216.v1).

by satellite (Gentemann et al., 2008) and in situ (Morak-
Bozzo et al., 2016) observations, yet it is not fully resolved
by forced ocean and coupled ocean-atmosphere models. Only
some of the important diurnal variability and cool skin
effects are parameterized or explicitly represented in models
(e.g., Zeng and Beljaars, 2005; Fallmann et al., 2017). The
diurnal cycle is represented in several operational GCMs that
distribute hourly products. Here, the mean annual diurnal
cycle is well reproduced but extreme events such as diurnal
warming that exceed 1 K are always underestimated (Marullo
et al., 2014). The implications associated with the lack of a
properly resolved SST daily cycle in atmospheric, oceanic and
climate models have been quantified in terms of heat budget
errors in the Tropics (Clayson and Bogdanoff, 2012) and the
Mediterranean Sea (Marullo et al., 2016). The community and
users will benefit in the future if consistent methodology is
developed, and a global study performed to cross-evaluate and
validate against in situ data, the diurnal variability as seen
in various geostationary products (SEVIRIs, GOES, etc.) over
the longest period.

Improved Methods of Validation
The traditional approach to determine errors in satellite SSTs
is comparison to in situ thermometers (e.g., Llewellyn-Jones
et al., 1984; Strong and McClain, 1984; Kilpatrick et al., 2001;
Reynolds et al., 2010; Gentemann and Hilburn, 2015) or
shipboard radiometers (Kearns et al., 2000; Wimmer et al., 2012;
Kilpatrick et al., 2015). GHRSST has supported efforts over
the past 10 years to unify in situ data for satellite validation

(e.g., in situ SST Quality Monitor, iQuam; Xu and Ignatov, 2014).
However, the heritage approach to validation does not account
for real physical differences between the two measurements
and therefore may not correctly describe the error distribution
in satellite SSTs. For example, Figure 7 shows the temporal
dependence of differences between match-ups from AATSR and
four different in situ datasets. The spread of values shown in
Figure 7 contributes to the overall standard deviation of the
match-ups if not minimized. Also, the uncertainty of the in situ
measurement should be considered, which has been shown
to be larger than expected for drifting buoys (∼0.2 K) from
3-way analysis methods (O’Carroll et al., 2008; Gentemann, 2014;
Xu and Ignatov, 2016).

Corlett et al. (2014) proposed a new approach to satellite SST
validation, by adapting the method of Wimmer et al. (2012) to
cover all in situ measurement types and represent contributing
terms as uncertainties rather than absolute errors. A benefit of
the Corlett et al. (2014) approach is that it also offers validation of
the satellite SST uncertainty (see section “Better Uncertainty and
Error Estimation” and Figure 5; Lean and Saunders, 2013; Bulgin
et al., 2016; Nielsen-Englyst et al., 2018). A continuing challenge
is to understand the spatial variability within a satellite SST
pixel (Castro et al., 2010) in order to justify assumptions in the
treatment of spatial differences between the satellite and in situ
data. Minnett (1991) estimated the variability within a pixel to be
∼0.2 K for AVHRR (which has 1.1 km spatial resolution at nadir)
and more recently Castro et al. (2017) estimated a mean value of
O(0–0.1) K for MODIS (which has 1 km spatial resolution in the
thermal IR bands).
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FIGURE 8 | The SOTO visualization tool (left) showing an overlay of ocean wind satellite tracks over a global Level 4 daily SST map juxtaposed with output from the
HiTide Level 2 subsetter (right) showing two AMSR2 SST swaths overlapping a region of interest off Africa.

EVOLVING THE INTERNATIONAL SST
SERVICE TO USERS

GHRSST began coordination of operational production and
distribution of satellite SST datasets in 2005 governed by the
foundational system of shared roles and responsibilities known
as the Regional/Global Task Sharing (R/GTS). This framework
has been highly successful and continues to operate today.
However, the international GHRSST community, in response
to ever-growing data volumes, improved national capabilities,
and provider-specific data access policies, has established plans
to evolve the R/GTS to become a more distributed and
federated framework.

In the evolved R/GTS, multiple organizations around the
globe will adhere to an agreed-upon set of data discovery, archive,
and access standards, to enable the GHRSST Project Office to
maintain a consolidated one-stop catalog and data discovery
portal, while eliminating the need to physically consolidate the
large and growing data volumes. In this new architecture existing
systems will collaborate to migrate and evolve existing data,
metadata and discovery systems toward this new, distributed
system serving the entire community, and to ensure that current
and future GHRSST format datasets maintain the required level
of interoperability, discoverability, and metadata compliance.

Much of what this new architecture will require in terms of
data cataloging, discovery, and access services had already been
implemented using open source software and specifications. For
example, the NASA Physical Oceanography Distributed Active
Archive Center (PO.DAAC) and the NOAA National Centers for
Environmental Information (NCEI) have implemented dataset
and granule web services using the ESIP Opensearch specification
for constructing web service discovery URLs. These services can
be “chained” so that dataset to specific granule discoveries can
be used as entry points to further data extraction, sub-setting,

or visualization via additional web service calls. In addition, well
established web services to access both gridded and non-gridded
data via THREDDS and OPeNDAP have been implemented.

Users are also able to access a comprehensive tool set
for GHRSST format data visualization, extraction and quality
monitoring. For example, the PO.DAAC has developed the State
Of The Ocean (SOTO8) for rapid data visualization, overlay,
and animation and the HiTide9 Level 2 subsetting service for
extracting spatial and temporal subset of orbital swath data
(see Figure 8). Examples of inter-comparison and data quality
tools include SQUAM, iQuam, ARMS and Felyx, previously
mentioned in this paper.

Looking forward to the next decade, given the ever-growing
data volumes and need to utilize SST alongside other large
volume datasets, the international SST service must also evolve to
include cloud computing, storage and access capabilities as well.
Users increasingly seek to bring their algorithms and applications
to the data, rather than following the traditional model of
downloading data and processing it locally. Numerous groups
are actively experimenting with or deploying cloud-based SST
services, which are expected to become the new normal over the
course of the coming decade.

APPLICATIONS OF SST

Satellite derived SST products are used in applications encompas-
sing a wide range of temporal (diurnal to decadal) and spatial
(sub-km to global) scales and are required by many user
communities with an interest in ocean processes. Daily global
high-resolution (<10 km) products are now easily accessible in
support of operational forecast systems (Donlon et al., 2009).

8http://podaac-tools.jpl.nasa.gov/soto
9http://podaac-tools.jpl.nasa.gov/hitide
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The ability to resolve mesoscale and submesoscale features
is facilitating new applications in coastal regions and frontal
detection (e.g., García-Morales et al., 2017; Vazquez-Cuervo et al.,
2017). As a result of their rapid sampling, data from GEO
satellites facilitates detecting temperature changes on sub-daily
timescales (Wick et al., 2002). Long-term SST records (some now
approaching 40-years in duration) can be used to observe inter-
annual to decadal scale variability (e.g., Liu and Minnett, 2015;
Ferster et al., 2018).

A full review of all applications of SST would be a review
paper itself. So, in this section we first focus on two of the more
established application areas of SST, in support of (1) operational
forecast systems and (2) understanding changes to the Earth’s
climate over time. Then, we look at three evolving user-driven
application areas, which are driving much of the required SST
research and development activities for the next 10 years and
where SST will play an increasingly more important role.

Application Example 1: Use of SST
Observations in Operational
Forecast Systems
Understanding the three-dimensional structure of the oceans
requires the combined use of satellite observations, in situ
observations and ocean numerical models through assimilation
techniques. Due to limited coverage of in situ measurements,
and assumed systematic errors in numerical weather and seasonal
prediction models, satellite observations are required to constrain
SST. Together with near-surface wind vectors and ice cover
observations, satellite SST can be used to model heat and
momentum exchange to characterize the ocean surface and the
energy fluxes through it.

Sea surface temperature observations provide boundary
conditions for Numerical Weather Prediction (NWP) models, are
assimilated into general circulation ocean models, and are used to
initialize air–sea coupled models from short (days) to seasonal or
multi-year scales. This section summarizes existing and emerging
requirements for operational forecast systems for SST.

Numerical Weather Prediction (NWP)
Numerical Weather Prediction uses current conditions as input
into mathematical models of the atmosphere to predict the
weather. SST affects the behavior of the overlying atmosphere
and vice versa and so daily analyses of SST are required by
many operational NWP systems (Beggs, 2010). Historically,
NWP systems have used gap-free Level 4 SSTs equivalent to
ocean temperatures at around 10 m depth (e.g., Puri et al.,
2013). This takes no account of the temperature gradient
between the air–sea interface and in the upper 10 m and may
introduce errors into forecasts (Beggs, 2010). New techniques
apply cool-skin and warm-layer models on top of the standard
ocean model configuration to predict the actual ocean skin
temperature (Gentemann and Akella, 2018). Two-way air–
sea coupled weather prediction models have been developed,
such as the ECMWF Integrated Forecasting System (IFS)10

and the Met Office Unified Model Global Coupled Model 2.0

10http://www.ecmwf.int

(Williams et al., 2015). Satellite SST data are assimilated into an
ocean model in coupled systems, which then exchanges data
with the atmospheric model, including the dynamic evolution
of the SST. In the case of the ECMWF IFS system, the 5 km
OSTIA SST analysis (Donlon et al., 2012) is used to initialize
the coupled model.

Although the highest spatial resolution global SST analysis
used as a boundary condition for NWP is 5 km OSTIA (Donlon
et al., 2012), it’s observation correlation length scale is ∼40 km,
and unable to resolve meso-scale coastal ocean features. Regional
SST analyses have smaller observation correlation length scales
(e.g., 12 km for RAMSSA; Beggs et al., 2011), but suffer from
a lack of high resolution IR observations in cloudy regions.
Impact studies are needed to show whether the prediction of
extreme meteorological events over the ocean or land might be
improved by using either SST analyses that resolve ocean features
at <20 km spatial scales to constrain high-resolution (1–2 km)
NWP models, or coupled models at high resolution.

Ocean Forecasting
Marine forecasting is important for defense, public safety and
transportation. National forecast centers and naval agencies use
SST as input into their marine high seas models, providing
forecasts of currents, temperature and salinity fields. These fields
are then used for a variety of operational applications (Beggs,
2010). The ocean models range from regional high resolution
systems that include tides, and may be updated as frequently as
hourly, to global eddy-resolving systems that provide estimates
of the ocean state, updated regularly (from daily to monthly),
providing forecasts from a few days to one month in advance
(Dombrowsky et al., 2009). An example of a forecast from an
operational, eddy-resolving, ocean model is shown in Figure 9.
For 2018, with respect to drifting buoy observations typical RMS
errors of forecast SST from operational ocean models ranged
from 0.45 K at forecast day 1 to 0.55 K at day 611.

SST strongly co-varies with the ocean temperature over
the ocean mixed layer depth, of the order 50–100 m, and
complements altimetry data in multi-variate ocean analyses
(Brassington, 2009). Short-range ocean forecast systems
assimilate satellite SST data; high resolution coastal ocean
models require geostationary data. Long time series satellite
SST are also assimilated by global and regional forecasting
systems to produce ocean re-analyses (Palmer et al., 2017) and
to provide information on the state of marine environment
for policy and decision-makers (von Schuckmann et al., 2016).
The forecast performance of operational ocean models is now
critically dependent on satellite-derived SST observations having
excellent coverage, high accuracy and low latency. The reduction
in errors following assimilating NPP VIIRS SST into ocean
models has demonstrated the significance of accurate SST, and
the dependence of ocean prediction on this instrument (Gary
Brassington, pers. com.) Ocean forecasting will also benefit
from improvements in satellite SST cloud clearing algorithms
to preserve cool ocean features, such as coastal upwelling.
Reducing the footprint from microwave instruments and

11http://130.56.244.252/monitoring/index.php?pg=class4_stats
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FIGURE 9 | Daily averaged forecast SST and surface currents in the East Australian Current, centered on April 03, 2019, obtained from the Bureau of Meteorology’s
operational OceanMAPS ocean model, with a model base time of April 02, 2019 12 UTC. (Sourced from http://www.bom.gov.au/oceanography/forecasts/,
accessed on April 03, 2019; reproduced by permission of Bureau of Meteorology, © 2019 Commonwealth of Australia).

improving their SST accuracy will significantly benefit ocean
forecasts, particularly in coastal and tropical regions. Improving
temporal coverage and accuracy of SSTs from geostationary
satellites will help to constrain diurnal processes in higher
resolution ocean models.

Seasonal and Inter-Annual Forecasting
Operational centers also issue seasonal forecasts out to several
weeks to months (Balmaseda et al., 2009). Most seasonal
forecasting systems are based on coupled ocean-atmosphere
general circulation models that predict SSTs and their impact
on atmospheric circulation, and assimilate SST as part of their
initial conditions. The aim of seasonal forecasts is to predict
anomalies from the historical average for the forthcoming
seasons (Balmaseda et al., 2009). The strongest relationship
between SST patterns and seasonal weather trends are found
in tropical regions (Beggs, 2010). Although most operational
seasonal prediction models have horizontal spatial resolutions
over the ocean of the order of 100 to 200 km, recently, higher
resolution coupled models have forecast the ocean state at
weekly temporal resolution and 25 km spatial resolution (e.g.,
MacLachlan et al., 2014; Hudson et al., 2017). Seasonal forecasts
from coupled ocean-atmosphere models can be used to predict
anomalous SST several months in advance12.

12http://www.bom.gov.au/oceanography/oceantemp/sst-outlook-map.shtml

Application Example 2: The Modern Era
and Historical SST Climate Data Records
Linking the satellite SST record to the historical in situ SST record
is important to develop coherent CDRs. This is complicated
by changes over time in both measurement systems. Early
(e.g., 1800s) in situ measurements are from sailing ships and
now the in situ system is comprised of measurements from
ships, drifting and moored buoys, profiling floats and some
other elements. Long-term satellite SST records are affected
by constellation changes (sensors may be replaced, instrument
calibration and satellite orbits may drift and instrument channels
may fail). To assess any impact of variations between sensors
on the overall long-term satellite record the GCOS recommends
that “continuity of satellite measurements through appropriate
launch and orbital strategies should be ensured” (GCOS, 2011)
with at least 6-months overlap between successive sensors in
order to develop homogeneity adjustments. Available satellite
data holdings have not always met this minimum, and a full
annual cycle of overlap would always be more robust. CDR
requirements (Ohring et al., 2005) are very demanding to achieve
and as is demonstrating whether the goals have been met
(Merchant et al., 2017).

The long-term satellite SST record known as “Pathfinder”
(Casey et al., 2010) utilizes empirical regression algorithms
(Kilpatrick et al., 2001) tuned to drifting buoys to provide
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FIGURE 10 | Annual median and interquartile range of satellite SSTskin versus SSTdepth from drifting buoys for a combined timeseries of AVHRR Pathfinder SSTs
from NOAA-7 to -19, MODIS on Terra and Aqua, and S-NPP VIIRS.

a self-consistent approach across the series of AVHRRs from
NOAA-7 onward. Although there have been some sensor
overlaps in the series, Pathfinder is constructed from a single
AVHRR sensor at any one time, and the tuning to in situ
data is primarily to account for the many instrumental issues
observed in the series, including errors in calibration (Mittaz
et al., 2009). The latest version of Pathfinder is Version 5.3
and future developments of Pathfinder will be found in the
version 6.0 dataset, including latitudinal banded coefficients to
reduce latitudinal biases (Merchant et al., 2009a). In addition
to Pathfinder, other AVHRR-only SST time-series include the
NOAA science quality AVHRR GAC Reanalysis-1 (RAN1;
Ignatov et al., 2016) and a regional Mediterranean product
(Pisano et al., 2016).

The ATSR Reprocessing for Climate (ARC) project (Merchant
et al., 2012) utilized the ATSR series of sensors, which were
designed for providing SST suitable for climate studies. ARC
differs from Pathfinder and AVHRR RAN in that it maintains
independence from in situ measurements, has performed a
careful harmonization of the BTs from successive sensors, and
employs a physics-based retrieval of SSTskin using a Radiative
Transfer Model (RTM) (Embury et al., 2012a,b). This then allows
independent validation of the dataset using in situ measurements,
accounting for depth and diurnal effects, both before (Embury
et al., 2012b) and after harmonization of the ATSR BTs.
Merchant et al. (2012) demonstrated how ARC is capable of
quantifying inter-annual variability in SST and identifying major
SST anomalies. However, the timespan of the ATSR series
(1991–2012) compared to the AVHRRs is a limitation. The ESA
SST_CCI project (Merchant et al., 2014) has pioneered using the
ATSRs to reduce BT errors in the AVHRRs and in derived SSTs,
providing a stabilized dataset of both ATSR and AVHRR for the
period they co-exist (1991–2012). The next version product from
SST CCI will extend backward and forward from the ATSR period
using consistent physically based retrievals for all AVHRRs.

The possibilities for long-term satellite SST records will
increase over the next 10 years, as new sensors such as VIIRS
provide a capability to extend existing data records from the

MODIS series (Kilpatrick et al., 2015). These more recent satellite
records can then be linked to the longer term records from
AVHRR (Figure 10). In addition, new high spatio-temporal
resolution climatologies are required in order to fully understand
air–sea interactions across all relevant scales, for which an
attractive approach will be to combine polar and geostationary
observations consistently. While research will be required on
newer sensors, the total length of record is a key parameter
of CDR users, and can be maximized by work to extend the
satellite SST record back to 1978 (the earliest feasible time).
It is essential that this early record be addressed with well-
characterized uncertainty and stability, taking advantage of
advances in inter-satellite re-calibration techniques, the full SST-
relevant historic observing system and advances in radiative
transfer and numerical weather reanalysis.

User-Driven Priorities for SST
Observations Over the Next Decade
In this section, we summarize three application areas identified
by SST users as being of high priority for SST developments in the
next decade and focus on one specific priority in each area that
requires research and development. The application areas are:

(1) Improving SST data quality in the Arctic: Arctic
Amplification of the climate change signal requires
understanding its cause and improving our ability
to make more accurate predictions, including
quantification of feedback processes operating in
the Arctic Ocean. Included in the Arctic system is a
temperature feedback (Pithan and Mauritsen, 2014),
and better understanding of this requires more accurate
SSTs. Coverage from IR sensors is poor mainly due to
persistent cloud, so a priority is to improve PMW data
coverage at high latitudes.

(2) Improving coastal SST data quality: Coastlines and
coastal communities are under threat so improved
understanding of coastal marine processes is of vital
importance, and high resolution SST that can reveal
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mesoscale and sub-mesoscale features will make an
increasingly important contribution. A priority is to use
other satellite datasets (e.g., from ocean color or very
high spatial resolution from Landsat) to help address
limitations of SST products owing to severely limited
in situ data.

(3) Improving SST feature resolution: Identification of
ocean fronts for understanding air–sea exchanges (e.g.,
Cronin et al., 2019) requires better measurements,
including high-resolution SST. Also, understanding
changes in small scale ocean features such as coral reefs,
requires improved high-resolution SSTs. The lack of
high-resolution SST features is due to most SST analysis
systems smoothing features as their original heritage is
to support NWP, so a priority is to develop new methods
to retain high resolution features in analyses.

The Challenges of SST Provision in High Latitude
Regions
SST retrievals at high latitudes are difficult for a number of
reasons. IR and PMW SSTs require in situ datasets for algorithm
development, validation, and fine-tuning, and measurements of
in situ SST are sparse at high latitudes, and often lack coincident
atmospheric observations critical for algorithm development.
Without adequate sampling of the variable atmospheric and
oceanic conditions, IR and PMW algorithms rely on the data
that is too sparse in time and space, creating unknown errors
in conditions outside the relatively narrow range of existing
observations. There are additional complications, for example,
recent PMW missions lack a 6.9 GHz channel that retains
useful sensitivity below 13◦C, which includes most regions
poleward of 60◦ latitudes. Without a 6.9 GHz channel, errors
increase by 0.5◦C (Gentemann et al., 2010). Additionally,
accurate identification of sea ice can be difficult. Thin sea
ice can form quickly, over large areas, and may not be
accurately mapped by daily sea ice maps (Kwok et al., 2003).
Identification of floating icebergs can also be difficult as some
are sub-grid scale. Sea ice remains an issue for both IR and
PMW data, with the PMW having the further complication
of sidelobe contamination when sea ice is present near the
observation footprint. A further complication comes from
Arctic dynamics. River and sea-ice melt freshwater input to
the Arctic can result in strong salinity gradients adding to
errors in SST retrievals. The long high latitude night time
can result in difficulty identifying cloud contaminated pixels
and results in a seasonal dependence in the accuracy of IR
retrievals. Figure 11 shows an example of the data coverage
of all available infrared satellites during one day for the sea
ice minimum in September 2012, together with simulated
Copernicus Imaging Microwave Radiometry (CIMR) coverage
for the same period.

User case study 1: improved PMW observations
at high latitudes
Frequent observations of SST and other related variables in the
Arctic and Antarctic Oceans are only practical via microwave
imaging instruments. SST and other measurements are crucial

to describe the seasonal and long-term variation of the polar sea
ice caps. The long-term decline of sea ice has been monitored
and quantified by satellite MW radiometer measurements over
the past 30 years.

The continuation of PMW imagers that can be used to
derive global SST is currently a major concern. SST under
all weather conditions (except precipitation) can be derived
from 6–10 GHz channels. The challenge is to provide such
measurements at higher spatial resolution and with high
radiometric fidelity to serve modern operational needs. As
of 2019, the Chinese Microwave Radiometer Imager (MWRI)
onboard the HaiYang-2B (HY-2B) is the only approved future
PMW imager that has a 6.9 GHz channel. The Chinese FengYun-
3 series (FY-3D and FY-3F) also has a 10.65 GHz channel.
Those two missions may fill possible gaps in microwave SSTs,
but their spatial resolutions are three times coarser than for
AMSR2: 150 × 90 km for HY-2B, and 51 × 35 km for FY-
3. Another possibility to fill this gap is the JAXA GOSAT3
satellite which will carry the AMSR2 follow-on, AMSR3, and
is currently a pre-project phase (Phase A) and expected
to become “project” later in 2019. The orbit of GOSAT-3
satellite will be 666 km altitude (same as GOSAT-1) at 13:30
local time (same as GCOM-W). AMSR3 is almost equivalent
to AMSR2 (antenna size, channels) with additional higher
frequency channels of 166 and 183 GHz for snowfall retrievals
and water vapor analysis.

A new radiometer, CIMR, is currently being studied by the
European Space Agency (ESA), responding to the need to expand
the Copernicus satellite fleet driven by user requirements. CIMR
addresses requirements to monitor the rapidly changing Arctic
environment, providing evidence to underpin the Integrated
European Union Policy for the Arctic. The CIMR mission would
deploy a wide-swath (>1900 km) conically scanning multi-
frequency microwave radiometer. CIMR measurements will be
made using a forward scan arc followed ∼260 s later by a
second measurement of the same location using a backward
scan arc. Full Stokes channels centered at 1.414, 6.925, 10.65,
18.7 and 36.5 GHz are included in the mission design. The
real-aperture resolution of the 6.925/10.65 GHz channels is
<15 km, 5 and <5 km for the 18.7/36.5 GHz channels
respectively. The 1.414 GHz channel will have a real-aperture
resolution of <60 km (fundamentally limited by the size of
the ∼8 m deployable mesh reflector). However, channels will
be oversampled allowing gridded products to be generated at
much better spatial resolution. Channel NEdT is 0.2–0.8 K
with an absolute radiometric accuracy goal of ∼0.5 K. CIMR
will fly in a 06:00/18:00 dawn-dusk orbit providing access to
the foundation SST. With one satellite, ∼95% global coverage
every day (except for rain conditions), better than daily coverage
poleward of 55◦ N and S, and no gap at the pole itself. The
mission will operate in synergy with EPS-SG mission so that
in regions >65◦ N and S, collocated and contemporaneous
measurements between CIMR and complementary sensors on
EPS-SG measurements will be available within ±10 min. The
mission is currently completing Phase B1 and is expected to
initiate Phase B2 in 2020 for a planned launch of the first of two
satellites in 2026+.
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FIGURE 11 | Data coverage of (A) all available Infrared satellites during the sea ice minimum in September 2012 (taken from Copernicus Marine Environmental
Services (CMEMS) data production). (B) Simulated CIMR coverage for the same period. (Reproduced by permission under CC-BY 4.0 from https://doi.org/10.6084/
m9.figshare.6969422.v1).

The combination of both the AMSR2 follow-on and CIMR
missions are highly complementary and would provide an
unprecedented coverage and revisit time of the global ocean.

The Challenges of Systematic SST Observations
Over Inland Seas, Lakes and in the Coastal Zones
Challenges of systematic water temperature observations over
the inland seas, lakes and in the ocean coastal zones include:
greater variability in atmospheric water vapor, temperature and
aerosol than over most of the ocean; avoiding (or accounting
for) land contamination since most lakes and rivers are of scales
not resolved or not well resolved by SST sensors; water surface
contaminants and any modification of surface emissivity; and
turbidity in interaction with cloud detection. Regarding the
latter, products are prone to over-masking during crucial Spring-
Summer warming phase, and to screening of cold, clear water,
leading to systematic observation bias (Crosman et al., 2017).
Problems in satellite-based lake temperature products arise when
applying “global” cloud detection and SST retrieval algorithms
(optimized for the open ocean, where the atmosphere is usually
close to equilibrium with the water surface). Inland water-specific
methodologies are promising for derivation of Lake Surface
Water Temperatures (LSWT) (e.g., MacCallum and Merchant,
2012; Crosman et al., 2017; Woolway and Merchant, 2018)
although their application to rivers has been less well explored.

Satellite-derived LSWT can be assimilated into coupled
models to produce more accurate local weather forecasts. The
opportunity exists to evaluate LSWT products in regional models,
which should enhance our ability to account for strong local
effects exerted on the forecast. Possible ways are proposed to
improve products, such as tailored QC filters to mitigate effects
of increased retrieval error with a relaxed cloud mask. Such
effects are likely to be regional and seasonal. Prospects for
reducing error due to anomalous atmospheres (e.g., cool lake

surrounded by warm land, or vice versa), emissivity differences,
diurnal warming (water turbidity, wind speed, insolation) focus
on retrievals informed by prior information used in a physical
method, such as Modified Total Least Squares (MTLS; Koner
et al., 2015) or optimal estimation (MacCallum and Merchant,
2012). These methods account for background variability, MTLS
doing so via dynamic estimation of the regularization of the
inversion. Both provide mechanisms for additional QC and pixel-
level uncertainty estimation.

User case study 2: the impact of pollution on sea surface
temperature (SST) along the coast of the Gulf of
Guinea of West Africa
The Gulf of Guinea (GOG) is a maritime area located off
Western Africa covering ten countries – Togo, Ghana, Benin,
Nigeria, Cameroun, Gabon, Equatorial Guinea, Sao Tome
and Principe, Congo and Angola. The area of the GOG
is about 2.35 million km2 and has its major contributing
freshwater inputs from the Volta and Niger rivers. The
GOG is recognized for its economic importance. However,
its vast resources, especially of the coastal ocean, have been
heavily affected by rapid development of human activity
(Scheren et al., 2002). Hazardous discharges of liquid and
solid waste into the coastal oceans from urban expansion and
developments, agriculture and sewage, oil exploration activities,
dredging of channel, seismic surveys and pipelines (Spalding
et al., 2010), have left the natural coastal zone of the GOG
unsuitable to support its economic activities. This has resulted
in significant eutrophication and heavy metal contamination.
Polidoro et al. (2017) estimate that out of the 125 species
of fish in the GOG, 33% are affected by pollution, leading
to a significant impact as significant as unsustainable fishing.
Solid waste entering the GOG annually is estimated at 3.8
million T/year according to research by Scheren et al. (2002).
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FIGURE 12 | Variations of Chl a and SST from 2000 to 2017.

The dominant items are plastics comprising about 62% of
the waste related to fishing activities, including plastic carrier
bags and packaging materials. About 80% of industrial effluents
directly into the lagoon systems through pits, gutters and
trenches (Scheren et al., 2002). Research conducted by Eriksen
et al. (2014) has shown that plastic pollution is another key
challenge for the oceans.

In order to properly model the distribution of ocean pollutants
across the GOG and to be able to aid the identification and
understanding of the evolution of such features, access to high
spatial resolution satellite imagery is needed from multiple
sources. It is expected that Chlorophyll-a will be a useful

proxy in areas closer to the sources of pollutants and that
SST will be a suitable proxy to track the evolution of the
discharge across the GOG. Figure 12 shows the variation of
both SST and Chlorophyll-a (Chl-a) variations over the period
2000–2017 from annual averages. Maximum values of Chl-a
are located in coastal zones where concentrated discharges
of pollutants occur. However, SST maps in the same region
show significant variability across all years. Consequently, little
correlation between the SST/Chl-a maps and the evolution of
the plastics is found. Access to time-series of higher spatial
resolution satellite imagery of these regions will help to better
distinguish sub mesoscale ocean features and better understand
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FIGURE 13 | Illustrative example for user case study 3 (A) The MODIS Aqua image with gaps. (B) Reconstructed SST image using DINEOF, both corresponding to
the date November 30, 2015.

the limited correlations seen in the products as a way to track the
evolution of pollutants.

The Challenges of Providing Global High Resolution
SSTs
Increased modeling and observational efforts from the physical
oceanography community have recently been dedicated to the
study of ocean sub-mesoscale dynamics. This is due to the
growing evidence that processes occurring at small spatial and
temporal scales [i.e., O(∼1 km and ∼1 day)] are relevant
for large scale ocean dynamics and thus affect weather and
climate variability (Ferrari, 2011; Levy et al., 2012). This includes
significant interest in the sub-mesoscale from potential biological
and biogeochemical impacts on primary production, planktonic
ecosystems and ocean carbon transport (Levy et al., 2012;
Woodson and Litvin, 2015). Despite the major benefit of near
global coverage, low spatial resolution SST fields derived from
PMW instruments do not allow the observation of geometrical
structures associated with sub-mesoscale processes. Such features
are commonly seen in images acquired from GEO and LEO IR
sensors provided clear-sky conditions are met. A spectral analysis
of SST analyses is required to relate the true ocean variability,
including methods to discriminate between signal and noise in
these data with high spatio-temporal frequencies.

The impact of persistent clouds in IR SST datasets in SST
analyses can be partly overcome through the additional ingestion
of PMW SST (Donlon et al., 2011), multi-scale techniques
(Buongiorno Nardelli et al., 2013) or the use of high-resolution
data within a larger time window (Haines et al., 2007). However,
the resulting multi-sensor gap free SST fields usually suffer from
at least one of the following limitations: over-smoothed SST fields
due to the spatio-temporal interpolation, with smoothing scales
varying both in space and time (Lekouara, 2013); processing
artifacts in the form of spatial patchiness due to imperfect
bias correction, retrieval errors, or errors in masking erroneous
retrievals (rain, clouds, sea ice or radio-frequency-interference).
While these drawbacks do not directly affect the statistics of

SST, the analysis of SST gradients and the detection of fronts in
optimally interpolated SST analyses is greatly affected.

User case study 3: reconstruction of daily cloud free
MODIS SST over South Eastern Arabian Sea
High resolution SST products rely on IR sensors more than PMW
due to the latter’s larger footprint, relatively lower accuracy, and
inability to derive SST close to coasts; IR sensors are themselves
limited by cloud cover that results in significant data loss and
poor data quality. The effect is largest in the tropics where cloud
cover is more persistent even compared to higher latitude regions
(NASA, 2018). Optimal Interpolation (OI) and data assimilation
techniques are traditionally used to provide gap-free datasets.
These approaches are often complex and based on a number of
assumptions and parameterizations (Miles and He, 2010; Zhao
and He, 2012; Fablet et al., 2018). An alternate approach is to use
Data Interpolation Empirical Orthogonal functions (DINEOF)

FIGURE 14 | The scatter plot between in situ data and reconstructed SST
using DINEOF and in situ validation data for user case study 3 during the
period 2006–2015.
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(Beckers and Rixen, 2003; Alvera-Azcárate et al., 2005, 2007),
which can fill gaps in SST fields even if major portions of an image
are cloudy. An example is shown for before and after the DINEOF
in Figure 13, respectively, showing Aqua MODIS daytime SST
data for the south eastern parts of Arabian Sea from 2006 to
2015. Following Alvera-Azcárate et al. (2007), the images with
more than 95% cloud cover were discarded. For the entire period,
77.7% data was missing due to cloud.

Validation statistics of the reconstructed DINEOF cloud free
images have a coefficient of determination is 0.62 and an RMSE
of 0.79◦C when compared to in situ data, as shown in Figure 14.
No adjustments have been made to account for differences in
the depth and time of the satellite and in situ SSTs, which will
contribute to the observed differences, as well as differences due
to the spatial offsets between the in situ data points and the
footprints of the satellite image (Zhao and He, 2012). DINEOF
based reconstructed SST datasets perform well and can be used
to fill gaps in IR SST datasets due to persistent cloud. Further
research is required to use this method as a pre-processing step
into an SST analysis.

CONCLUSION

This full-review community white paper “Observational Needs
of Sea Surface Temperature” provides a core contribution to
OceanObs’19. It overviews the current SST observing systems,
describes progress and challenges over the past decade and into
the next, and overviews the forward-looking vision over the
next decade and beyond. User requirements for SST products
in the next decade need a complementary blend of satellites
and in situ measurements. The establishment of a framework
for the exchange and management of international SST data
has been successfully implemented and is operating on a daily
basis coordinated by GHRSST. A thriving user community has
developed in which integrated SST data sets are being used
at scientific institutions and operational agencies. Tools and
data services have been developed and implemented to serve
this user community. Through the activities of GHRSST, many
lessons have been learned that provide the basis for an optimal
configuration for the SST observing system in the next 10 years.
Additional challenges and opportunities will emerge as datasets
are migrated onto cloud processing environments. Open source
software policies will help this process.

The following priority recommendations are made:

(a) Ensure continuity and redundancy of the multi-
frequency Passive Microwave (PMW) Radiometry
constellation for SST including 6.9 GHz V & H
channel capability, with resilience to radio frequency
interference.

(b) Make further developments and support projects
toward provision of innovative FRM and in situ
SST data, particularly at high-latitudes and in
marginal ice zones.

(c) Enhance SST algorithms and improve SST products
and data quality (including cloud screening,

aerosol-screening and correction, retrievals, uncertainty
assessment, analysis and inter-sensor harmonization),
with focus on coastal, dynamic, polar and
upwelling regions, and regions subject to persistent
atmospheric aerosols.

(d) In climate applications, follow a rigorous approach
to SST data quality, and the Fiducial Reference
Measurement (FRM) and in situ SST data used in SST
validation should have estimates of the uncertainty of
those measurements.

(e) In response to ever-growing data volumes of SST
data, improved regional and national capabilities,
and provider-specific data access policies, establish
plans to evolve the GHRSST Regional/Global Task
Sharing framework to become a more distributed and
federated system for data and information distribution
and archiving.

Detailed recommendations are given following the themes
of constellation, validation and FRM, algorithms and cloud-
screening, climate, assimilation and merged products and
user applications.

Constellation:

(1) For a range of applications including NWP, climate and
research, it is imperative that satellite derived SST time-
series are improved and sustained into the next decade
and beyond. This encompasses SST from polar-orbiting
and geostationary, using both infrared and microwave
sensors, with continued research vital to improve the
resolution and accuracy of the SST fields.

(2) There is an increased need for SST sensors with
high spatial resolution and high radiometric fidelity to
serve modern operational services for sea-ice and SST
analysis, and services for modeling and prediction of
ocean and weather.

(3) Future satellite infrared radiometers targeting SST
should include channels centered at 4.05, 3.7/3.9, and
8.6 µm, in addition to the window channels of 10.8/11
and 12 µm, to improve clear-sky determination and
SST uncertainty under aerosol. A day–night band
(as on VIIRS) would be beneficial for night-time
cloud detection.

(4) There should be continuation of dual-view infrared
capability with redundancy, particularly to act as a
satellite reference for the operational constellation,
including resilience to extreme stratospheric aerosol
events, through planned continuation of these missions
in the long-term.

(5) There should be a constellation of at least six
geostationary platforms (with operational redundancy)
with high-quality sensors designed for SST retrieval.

(6) Improved accuracy and spatial resolution of SST
observations derived from PMW radiometer data are
needed, particularly for coastal and sea-ice regions.

(7) More research and international collaboration is
recommended to improve and harmonize BT
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calibration across all available microwave missions,
and to better constrain the quantification of sea surface
emissivity under varying conditions over SST-relevant
frequencies. This should include the potential for
harmonization research for infrared BTs calibration
using dual-view radiometers as a reference.

(8) The highly complementary CIMR and AMSR2
follow-on missions should be both pursued, to
provide unprecedented coverage, redundancy and
revisit of the global ocean and high latitude
sea-ice conditions.

Validation and FRM:

(9) There should be increased further research and
activities into estimating and documenting the
uncertainties of SST FRM, including improved
uncertainty models, data and research into under-
standing of the sampling errors introduced during
validation inter-comparison exercises, to facilitate
SI-traceability of satellite SSTs.

(10) Further developments of the drifting buoy network are
needed to improve the calibration and resolution of
SST measurements (achieving uncertainties better than
<0.05 K), provide improved uncertainty information
per drifting buoy, understand the depth of the
sensor and how it behaves in the near-surface, and
improved metadata, to aid satellite inter-comparisons,
and progress toward SI-traceable drifting buoy SSTs
to facilitate the SI-traceability of satellite SSTs in a
way comparable to that currently done with ship
radiometers with SI-traceable calibration.

(11) All FRM and/in situ SST data should be provided with
complete metadata including depth of measurement.
Efforts should be made to further expand the FRM
available for satellite SST validation including those at
high-latitudes and those capable of giving estimates of
spatial variability such as Saildrone.

(12) Methodologies on the use of satellite-derived SST as a
reference for performing automatic quality control of
in situ observations should be extended and continued.

(13) The way uncertainties are communicated to users
should be improved in response to the increasing
number of users and data products, to address context
sensitive uncertainties provided at the appropriate scale,
ranging from noise at the pixel-level to correlated
or systematic uncertainties per file. Documentation
should be improved, including to define the traceability
chain and efforts made for the uptake of this
information by users.

(14) Uncertainty estimates of satellite SST should be
developed using uncertainty modeling validated by
empirical means against uncertainty-quantified in situ
references, establishing that the joint satellite-in situ
error budget explains observed discrepancies.

(15) Satellite SST uncertainty validation using in situ SST
needs to consider the geophysical contribution to

satellite-in situ collocated differences in addition to the
uncertainty of the in situ data.

(16) Improved uncertainty models of SST data, and
uncertainty models used for CDRs should be the basis
for all satellite SST products in general. Uncertainty
representations need to be developed that can
supply uncertainty information across all scales of
application, including providing observing-system
stability estimates, which need a continuation of
consistent in situ sources such as the GTMBA.

Algorithms and cloud-screening:

(17) Further studies and research are needed on cloud-
identification at high-latitudes and sea-ice regions, such
as the Marginal Ice Zone.

(18) New generation geostationary SST data should be
further exploited and researched to understand
SST diurnal variability characteristics and provide
information to users on the SST diurnal cycle,
SST spatial contrasts and temporal variability,
with consistent methodologies for estimating the
diurnal variability.

(19) There should be further research and development
into new approaches for cloud detection methods, as
a major contributor to uncertainties on the derived
SST. These should fully exploit the new generation of
sensors including those with more channels, improved
calibration, lower uncertainties, and improved spatial
and temporal resolution; assess the potential for pattern
recognition and temporal collation techniques; and use
the repeated sampling of all observations.

(20) There should be further research and studies toward
ensuring robustness of SST algorithms to stratospheric
volcanic aerosol conditions, and desert dust aerosol
conditions, for all infrared satellite observations with
the necessary spectral and/or dual-view channels,
and particularly to fully exploit the approximate
3.9 and 8.7 µm channel capability on VIIRS and
eventually METimage.

(21) Further research is needed to improve operational
Lake Surface Water Temperature products, addressing
the additional challenges of cloud screening and
surface temperature retrieval in the contexts of inland
and coastal waters.

(22) To respond to the greater availability of high-resolution
high-quality sensors, further research is needed on the
potential for machine-learning techniques to improve
the accuracy of SST algorithms.

Climate:

(23) Maximizing the benefit of the SST CDR involves
increasing the length of the stable record, requiring
ongoing focus on the early AVHRR record (1978–
1995), exploiting recent improvements in inter-satellite
re-calibration techniques, radiative transfer and earth
observation metrology.
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(24) Climatologies with high spatial and temporal resolution
are needed to fully understand the relevant scales and
diurnal cycle on long-term CDRs by combining both
polar orbiting and geostationary data from PMW and
infrared radiometers.

(25) Ship-based infrared radiometer SST data are crucial for
the assessment and qualification of a satellite SST CDR,
as they provide a means for providing SI-traceable FRM,
and should be extended and continued globally, with
regular inter-comparison exercises.

(26) Further research into analyzing the different CDRs
from IR and PMW and in harmonizing the CDRs
from IR and PMW missions through the use of
radiative transfer techniques to obtain more accurate
and consistent CDRs.

Assimilation and merged products:

(27) The use of satellite SST is important for assimilation
into global and regional ocean models to improve the
estimation of the ocean state over the past decades and
to aid the understanding of ocean variability and trends,
and further effort should be made to ensure long-times
series data are used and sustained.

(28) The power spectrum properties of SST analyses need
to be understood in relation to the true geophysical
spectrum from ocean variability, including methods
to discriminate analysis noise and real signal at high
spatio-temporal frequencies.

(29) Impact studies are needed to show whether the
prediction of extreme meteorological events over the
ocean or land, including coastal regions, might be
improved by using either SST analyses that resolve
ocean features at less than 20 km scales to constrain high
resolution NWP models of less than 2 km, or coupled
models at high resolution.

User needs:

(30) To respond to the rapidly growing number and
volume of GHRSST products there is a need for a
comprehensive, one-stop catalog for data discovery
and access now that data providers are distributing
their own datasets.

(31) User tools for GHRSST data visualization, extraction
and quality monitoring should continue to be
supported, developed and expanded, for example: The
SOTO; HiTide; satellite SST inter-comparison tools
(such as NOAA SQUAM) and matchup datasets/tools
to ocean-surface SST measurements (such as Felyx
and NOAA iQuam).
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