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Abstract: Sea surface temperature (SST) products that can resolve fine scale features, such as sub-
mesoscale eddies, ocean fronts and coastal upwelling, are increasingly in demand. In response to
user requirements for gap-free, highest spatial resolution, best quality and highest accuracy SST
data, the Australian Bureau of Meteorology (BoM) produces operational, real-time Multi-sensor SST
level 3 products by compositing SST from Advanced Very-High-Resolution Radiometer (AVHRR)
sensors on Meteorological Operational satellite (MetOp)-B and National Oceanic and Atmospheric
Administration (NOAA) 18, along with SST from Visible Infrared Imaging Radiometer Suite (VIIRS)
sensors on the Suomi National Polar-orbiting Partnership (Suomi NPP) and NOAA 20 polar-orbiting
satellites for the Australian Integrated Marine Observing System (IMOS) project. Here we discuss
our method to combine data from different sensors and present validation of the satellite-derived
SST against in situ SST data. The Multi-sensor Level 3 Super Collated (L3S) SSTs exhibit significantly
greater spatial coverage and improved accuracy compared with the pre-existing IMOS AVHRR-only
L3S SSTs. When compared to the Geo Polar Blended level 4 analysis SST data over the Great Barrier
Reef, Multi-sensor L3S SST differs by less than 1 ◦C while exhibiting a wider range of SSTs over
the region. It shows more variability and restores small-scale features better than the Geo Polar
Blended level 4 analysis SST data. The operational Multi-sensor L3S SST products are used as
input for applications such as IMOS OceanCurrent and the BoM ReefTemp Next-Generation Coral
Bleaching Nowcasting service and provide useful insight into the study of marine heatwaves and
ocean upwelling in near-coastal regions.

Keywords: sea surface temperature; multi-sensor SST; composite SST; VIIRS; AVHRR; corals; great
barrier reef

1. Introduction

Sea Surface temperature (SST) is an important geophysical factor that affects many
physical and biological processes on the Earth. The heat from warmer water can signif-
icantly modify air masses close to the sea surface and influence the Earth’s atmosphere
above. SST is widely used to understand, predict and monitor heat fluxes, momentum,
salt and gas fluxes between the ocean and atmosphere [1,2]. It is a key factor in tropi-
cal cyclogenesis and plays an important role in the formation of sea fog and breezes [3].
Moreover, many biological and chemical processes are driven by temperature baselines,
oceanic eddies and other currents and upwelling, which are strongly dependent on thermal
gradients and near-surface warming [4,5]. Due to this and substantial socio-economic
implications, there is increasing demand for gap-free, high-resolution sea-surface tempera-
ture observations from satellites for a wide range of applications, including research and
environmental monitoring [6,7].

Several satellite sensors provide SST observations, including thermal infra-red ra-
diometers on Sun-synchronous polar-orbiting and geostationary satellites and passive
microwave radiometers on both non-Sun-synchronous orbiting and Sun-synchronous
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polar-orbiting satellites [8]. Microwave radiometers are subject to lower levels of atmo-
spheric interference than infra-red radiometers. However, the size of the antenna that
can be deployed on current satellites (typically 2 m or less in diameter), combined with
limitations of the microwave frequencies that can be used to measure SST, results in a
diffraction-limited surface resolution of SST observations that can be measured by these
sensors. Current microwave sensors typically measure SST over pixels in the 20 to 60 km
range with degradation of accuracy within 100 km of land [8]. This limits their application
in near-coastal regions and near highly dynamic sub-mesoscale structures. In contrast, ther-
mal infra-red sensors on low Earth orbit polar-orbiters produce operational SST products at
a much higher spatial resolution, ranging from 0.25 to 1.1 km at nadir [8], allowing accurate
observations to around 1 km from coasts. However, unlike passive microwave imagers,
these infra-red sensors cannot sense SST under clouds and can be biased by aerosols [9].
A suite of environmental polar-orbiting satellites circles the Earth in Sun-synchronous orbits
at altitudes of approximately 850 km. Each satellite visits each point on Earth twice daily,
crossing the equator at the same local solar time each day (either am or pm). Several types
of thermal infra-red sensors mounted on polar-orbiting satellites with different Equatorial
Crossing Times (ECTs) provide SST data to spatial resolutions of 0.25 to 1.1 km at nadir.
These sensors observe a limited area of the Earth during each orbit, and spatial coverage
in composite SST products may be improved by merging data from satellite sensors that
have different ECTs. Since clouds obscure the view of infra-red satellite sensors, composit-
ing data from several satellite sensors acquired at different times between which clouds
might have moved also results in better data coverage. These composite SST products are
useful for many applications, including mapping coastal areas experiencing anomalous
heating or cooling that may cause ecological impacts, fisheries management, ocean cur-
rent mapping for ship navigation, ocean model validation and ecological research [6,7].
However, the continuous production of composite SST products over multiple years can be
hampered as satellites have a limited life span, and early generation sensors are replaced
by more advanced sensors. Our challenge is to add high-resolution data streams from new
sensors to ongoing data products, for example, SST Climatology or SST composite and
analysis products. The Advanced Very-High-Resolution Radiometer (AVHRR) is a passive
infra-red sensor that has been carried continuously on NOAA’s series of Polar-Orbiting
Environmental Satellites (POES) starting with the launch of NOAA-6 in 1981 and ending
with the launch of NOAA-19 in 2009 [7]. In 2018, NOAA officially replaced the AVHRR
sensor program with the Visible Infrared Imager Radiometer Suite (VIIRS) sensor program,
with the first VIIRS instruments carried by the Suomi National Polar-orbiting Partnership
(NPP) platform from October 2011 and NOAA-20 (N20) satellite from November 2017.
In September 2018, the orbital decay of NOAA-19 resulted in transitioning the AVHRR
sensor into a fully sunlit orbit [10], which has adversely affected its overall calibration and,
therefore, accuracy [11].

At the Bureau of Meteorology (BoM), the High-Resolution Picture Transmissions
(HRPT) AVHRR data received via ground stations in Australia and Antarctica from
POES satellites NOAA-11 through to NOAA-19 are used to produce a range of IMOS
Level 3 composite SST products on a 0.02◦ × 0.02◦ grid over the Australian (70◦E to
190◦E, 70◦S to 20◦N) and Southern Ocean (2.5◦E to 202.5◦E, 77.5◦S to 27.5◦S) [7,12] do-
mains. These have been used for a range of research and operational applications, in-
cluding high-resolution climatology over the Australian region [13], marine ecological
monitoring [7,14] and ocean temperature diurnal variation research [15]. Amongst these,
the IMOS AVHRR Level 3 Super-Collated (L3S) SST products, formed using HRPT AVHRR
data from multiple NOAA POES satellites, have been used as inputs into the IMOS
OceanCurrent web application (http://oceancurrent.imos.org.au, accessed on 30 June
2022) and the BoM ReefTemp Next-Generation Coral Bleaching Risk service ([14], http:
//www.bom.gov.au/environment/activities/reeftemp/reeftemp.shtml, accessed on 30
June 2022). As the legacy AVHRR platforms degrade further and the desire for coverage
remains strong, the BoM has started compositing SST data from new advanced satellite

http://oceancurrent.imos.org.au
http://www.bom.gov.au/environment/activities/reeftemp/reeftemp.shtml
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sensors with data from currently used sensors. These new “Multi-sensor Level 3 Super-
Collated (L3S)” SST composites [12,16] cover the same Australian and Southern Ocean
domains as the legacy AVHRR L3S composites became publicly available in real-time and
delayed mode on 16th November 2018 and, from that time, replaced the AVHRR-only L3S
SST composites as inputs into IMOS OceanCurrent and BoM ReefTemp Next-Generation
Coral Bleaching Risk service. They have also contributed to research into Marine Heat
Waves [17] and the oceanic drift of kelp [18] and have been incorporated into a valuable
multi-decadal ocean temperature near-coastal time series [19]. The improvement in spatial
coverage and accuracy afforded by the addition of sensors has enhanced the usefulness
of the IMOS L3S SST composites and encouraged user uptake. This paper will report on
Multi-sensor L3S from the Australian domain only as this is more commonly used.

The addition of data from more modern satellite sensors to the existing HRPT AVHRR
SST data required a compositing method that would composite data from old and new
satellite sensors together with appropriate quality assessment. The BoM currently produces
operational Multi-sensor L3S SST products [12,20] in the Group for High-Resolution SST
(GHRSST: http://ghrsst.org, accessed on 30 June 2022) Data Specification version 2.0
revision 5 (GDS2.0) format [16] using infrared data from the following Polar-orbiter infra-
red sensor SST data streams (described in Sections 2 and 3):

• NOAA-18 AVHRR [21]—ECT 10:12 a.m./p.m. on 30 May 2022;
• MetOp-B AVHRR [22]—ECT 9:30 a.m./p.m.;
• NPP VIIRS [23]—ECT 1:20 p.m./a.m.;
• N20 VIIRS [24]—ECT 1:20 p.m./a.m.

These data are sourced from different meteorological agencies, where systems process
the raw data received by satellite ground stations differently to make their level 2 and
level 3 SST products. They also use different quality assessment methods [16] for their
SST products. To composite SSTs from different sources, the quality of all data needs to be
reassessed so that all sensors can be treated uniformly. This paper describes the method
that is being used at BoM for the composition of AVHRR and VIIRS SST data. Input data
are described in Section 2. The method used to redefine the quality level of remotely-
sensed SST data and the compositing method, where swaths from the same platform and
sensors are composited together to form level 3 collated (L3C) products on the IMOS
0.02-degree grid, is described further in Section 2. During the day, SST can be modified
by solar heating, whereas night-time observations are more stable and representative of
the temperature near the surface skin interface. The daytime and night-time observations
are composited separately and produce 1-day L3C composites for daytime and night-time
for all available satellite platforms. Processing methods of how Multi-sensor level 3 Super-
Collated (L3S) SSTs are constructed by compositing L3C SSTs from individual satellite
sensors with redefined quality levesl for day-only, night-only and day and night scenarios
are further described in Section 2. In Section 3, the results are discussed. The utility of the
new Multi-sensor SSTs and their validation against in situ observations are described. As a
case study, Multi-sensor L3S products are compared with NOAA’s Geo-polar blended level
4 (L4) statistically interpolated SST Analyses for the 2017–2018 period for the Great Barrier
Reef region to check whether Multi-sensor L3S SSTs show better feature resolution than L4
SST products. Discussion and conclusions are described in Sections 4 and 5, respectively.

2. Materials and Methods
2.1. Data

The following data are used to construct Multi-sensor L3S SST products.

2.1.1. AVHRR

Prior to the launch of MODIS on Terra (1999) and Aqua (2002), the only wide swath,
1-km resolution satellite SSTs available were direct-broadcast AVHRR SSTs. High spatial
resolution satellite imagery for SST has been acquired around Australia and Antarctica since
the mid-1980s, using direct broadcast HRPT from AVHRR sensors on the NOAA series of

http://ghrsst.org
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Polar-Orbiting Environmental Satellites. The native spatial resolution of SST measurements
from the AVHRR series of sensors is 1.1 × 1.1 km at nadir, expanding to 2.3 × 6.2 km at
the edge of the swath [7]. NOAA-18 was launched on 20 May 2005 and, with no fuel
on board, is in a drifting orbit that currently crosses the equator several times per day at
around 10:12 a.m. and 10:12 p.m. local time (as of 30 May 2022). In collaboration with
the Commonwealth Scientific and Industrial Research Organisation (CSIRO), the Bureau
processes HRPT AVHRR data from NOAA-18, received from Australian and Antarctic
ground stations, and produces IMOS Level 2P (L2P), Level 3 Uncollated (L3U) and Level
3 Collated (L3C) SST products in real-time [12]. Although NOAA-18 is a relatively old
satellite, and in spite of its orbital drift, given its relatively small errors since January
2019 (Section 6.2 of [11]) and good data coverage, it is currently ingested into operational
and reprocessed Multi-sensor L3S SST products to enhance good quality data coverage.

NOAA-19 was launched on 6th February 2009. The satellite is still functional but has
drifted into a fully sunlit orbit since September 2018 [10], which has adversely affected its
accuracy. The data received by Australian and Antarctic ground stations are processed
similarly to NOAA-18 for the satellite. The data from NOAA-19 were included in the
reprocessed Multi-sensor L3S SST products until 3 September 2018.

NOAA-18 and NOAA-19 are the last in the series of operational POES satellites to carry
AVHRR sensors, although they are still carried on the ESA MetOp series of polar-orbiters,
MetOp-A, B and C. Due to data storage constraints on the POES satellites, the highest
resolution POES AVHRR data are only available via direct download via line-of-sight from
the satellites to ground stations, as either HRPT or Local Area Coverage (LAC) AVHRR
transmissions. With the launch in October 2006 of an AVHRR sensor on the MetOp-A
polar-orbiting meteorological satellite (ESA), it became possible, for the first time, to obtain
global coverage Full-Resolution Area Coverage (FRAC) AVHRR SST data at a 1.1 km
resolution at nadir.

The MetOp satellites were developed by the European Space Agency (ESA) and
operated by the European Organisation for the Exploitation of Meteorological Satellites
(EUMETSAT). The first MetOp satellite, Metop-A, was launched on 19 October 2006; Metop-
B was launched on 17 September 2012 and Metop-C on 7 November 2018. Ifremer, as a
EUMETSAT Ocean and Sea Ice Satellite Application Facility (OSI-SAF, http://www.osi-saf.
org, accessed on 30 June 2022), provides FRAC AVHRR L2P SST products for MetOp-A,
MetOp-B and MetOp-C. The BoM downloads and further processes these EUMETSAT-
produced MetOp L2P SST data to produce IMOS MetOp AVHRR L3U and L3C and
Multi-sensor L3S SST products. L2P SSTs from only one MetOp satellite at a time are
available operationally from EUMETSAT OSI-SAF. Currently, MetOp-B is operational
(available from [22] and is included in the Bureau’s current operational Multi-sensor L3S
SST products. For reprocessing, MetOp-A data are used for the period 1 January 2012 to 19
January 2016, and Metop-B data are used after 19 January 2016. MetOp-C data are currently
being tested for inclusion in the operational IMOS Multi-sensor L3S products.

2.1.2. VIIRS

In 2018, NOAA officially replaced the AVHRR sensor program with the VIIRS passive
infra-red sensor. The VIIRS radiometer has a greater number of spectral bands than AVHRR
and has a better spatial resolution, radiometric accuracy and stability than AVHRR [7].
The VIIRS is flown in an afternoon orbit (≈1:20 am/pm local time) to provide SST observa-
tions twice per day. The sensor has ≈750 m resolution at nadir and provides full global
coverage with the use of a modern radiometer design with 16 channels, 5 of which have
significant sensitivity to SST [8,25].

The first VIIRS sensor was launched in October 2011 onboard the NPP satellite. NOAA-
20 (N20) is the second satellite carrying a VIIRS sensor. Launched in November 2017, N20
joined NPP in the same orbit. The time difference of approximately 50 min between the two
satellites allows data coverage overlap [26]. The NOAA Satellite and Information Service
(NESDIS) Office of Satellite and Product Operations (OSPO) operationally produces the

http://www.osi-saf.org
http://www.osi-saf.org
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Advanced Clear Sky Processor for Ocean (ACSPO) VIIRS 0.02◦ L3U SST product [27,28],
developed by the NOAA/NESDIS Center for Satellite Applications and Research (STAR),
with a grid aligned with the IMOS 0.02◦ L3U product for both NPP [23] and N20 [24].
At the Bureau, these files are downloaded and further processed to construct IMOS VIIRS
L3U, L3C and the Multi-sensor L3S SST products (Section 2).

2.1.3. Ancillary Fields

Wind Speed

The average 10 m wind speed estimated from numerical weather prediction models
is used to define the high wind speed (>20 m/s) and low wind speed (<2 m/s) in ocean
regions. Prior to 1 September 2009, the European Centre for Medium-Range Weather
Forecasts (ECMWF) historical re-analysis [29] was used. While after 1 September 2009,
the Australian Community Climate and Earth System Simulator-Global (ACCESS-G) 6-
hourly analysis winds [30] are used.

Sea Ice Fraction

The sea ice fraction used in the data files is taken from the NOAA National Centers
for Environmental Prediction (NCEP) 1/12◦ sea ice analysis ([31])

Foundation SST Analysis

The deviation between the SST and the level 4 analysis of the previous day’s foundation
temperature is denoted as ‘dt_analysis’ in the SST data files. The Global Australian Multi-
Sensor Sea Surface Temperature Analysis (GAMSSA, [32,33]) foundation SST is used as the
level 4 analysis. GAMSSA is a daily analysis SST product available on a global 0.25◦ grid.

2.2. SST Processing Methods

The BoM produces two versions of all SST products—file version 1 (fv01) and file
version 2 (fv02). Figure 1 gives an overview of the processing chain that was followed to
construct both of these types of SST products.

Figure 1. Overview of processing methods to composite data from different satellite sensors to
construct Multi-sensor L3S SST products.

fv01 is the near real-time operational SST product version that is published by IMOS
for at least the last year of activity (currently, data are available from 1 January 2021). Data
from all available operational satellite sensors are sourced from different meteorological
agencies and are processed for this version of products. Currently, data from NOAA-18
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(regressed against buoys, BoM), MetOp-B (radiative transfer model, EUMETSAT), NPP
and N20 (regressed against buoys, NOAA) are processed for the fv01 product version SST
products. Some fields and metadata may not be available in the fv01 SST products.

fv02 is the reprocessed SST product version, available in delayed mode, and is pub-
lished by IMOS in the historical archives. This product represents a long time series product,
substantially more complete than the fv01 product. It is produced with a variable (adaptive)
regression-based retrieval with modelled Sensor-Specific Error Statistics (SSES: [16]) estima-
tions for NOAA-11 from 19 platforms [12]. fv02 is processed in delayed mode to include
any missing data that were not available at the time of processing the operational near
real-time fv01. It is processed with a more comprehensive approach and has more fields
compared to fv01 [12]. For processing fv02 L2Ps for NOAA-11 to 19 satellites, separate
standard algorithms are used day and night, and a three-channel unified algorithm is used
for the day and night scenario. It covers NOAA-11 to 20, MetOp-A, MetOp-B and NPP
platforms, where NOAA-11 to 19 data are processed at the BoM, VIIRS data are sourced
from NOAA and AVHRR MetOp data are sourced from EUMETSAT. The historical archive
is updated when any additional data are available or when an updated processing method
becomes available. Currently, fv02 data are available for the 1992–2020 period.

A summary of the differences between the two products is shown in Table 1 [12].

2.2.1. IMOS HRPT AVHRR L2P

IMOS AVHRR L2P products are formed from geolocated, cloud cleared and ungridded
AVHRR single swath SST data (https://imos.org.au/facilities/srs/sstproducts/sstdata0,
accessed on 30 June 2022). This is the highest resolution IMOS AVHRR SST GHRSST
product (≈1.1 km at nadir and ≈4 km at the edge of the swath). The raw (level 0) HRPT
AVHRR satellite data received from reception stations located in Australia (near Darwin,
Townsville, Melbourne, Hobart, Perth and Alice Springs) and Antarctica (Davis and Casey
Stations) are collated and merged (“stitched”) by Geoscience Australia systems using the
Commonwealth Scientific and Industrial Research Organisation (CSIRO) method [34],
before transmission to the Bureau. Within the Bureau’s systems, the Common AVHRR
Processing System (CAPS) software developed by CSIRO [34] is used for geolocation and
calibration of the channel counts to Brightness Temperature (BT) level 1 data [35]. Cloud
detection is then performed using a cloud clearing algorithm based on a variant of the Cloud
Advanced Very-High-Resolution Radiometer Extended (CLAVRX) algorithm described
in [36]. After cloud detection and removal, bad line and bad pixel removal and navigation
are performed, and SST values at approximately 0.2 m depth (SST (0.2 m)) are retrieved by
regressing the brightness temperatures with collocated drifting buoy SST measurements
from the Global Telecommunications System (at around 0.2 m depth), under well-mixed
ocean conditions (i.e., wind speeds 6 ms−1 to 20 ms−1 during the day and 2 ms−1 to 20 ms−1

during the night) [12]. Since infrared AVHRR radiometers sense brightness temperatures
within the ocean skin at around a 10-micron depth, in order to retrieve AVHRR skin SST
(SSTskin) estimates for the L2P files, a constant thermal skin layer correction of 0.17 ◦C
is subtracted from the SST (0.2 m). The 0.17 ◦C reflects the average difference between
temperature observations in the thermal skin layer and several tens of centimetres depth
during the night or during the day, where surface winds exceed approximately 6 ms−1 [37].
Other useful variables (such as surface wind speed and sea ice concentration) are then
added to the L2P file following the GHRSST GDS2.0 format [16]. IMOS real-time (fv01)
HRPT AVHRR L2P data are available from https://dapds00.nci.org.au/thredds/catalog/
qm43/ghrsst/v02.0fv01/L2P/catalog.html (accessed on 30 June 2022).

https://imos.org.au/facilities/srs/sstproducts/sstdata0
https://dapds00.nci.org.au/thredds/catalog/qm43/ghrsst/v02.0fv01/L2P/catalog.html
https://dapds00.nci.org.au/thredds/catalog/qm43/ghrsst/v02.0fv01/L2P/catalog.html
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Table 1. Difference between fv01 and fv02 SST product versions.

Item fv01 fv02

SST
retrieval

Regression, fixed coefficients tuned over the first 2 years of platform operation. Separate
algorithms for day and night with a large number of terms.

Regression, adaptive coefficients tuned over a rolling 2-year window, updated monthly.
Separate standard algorithms for day and night as well as a three-channel unified day

and night algorithm.

SSES
generation Lookup table based on a 60-day rolling window for NOAA-11 to 19 platforms. Modelled using a one-year rolling window, updated every five days for NOAA

11–19 platforms.

Time
coverage

1 January 2019 to present. Coverage may be incomplete over some periods, although the
L3S daily composites form a close to complete record.

2 January 1992 to the end of the most recent batch process. Coverage is complete up to
navigation and reception issues and subject to the availability of data from all Australian

reception stations, from NOAA-11, 12, 14, 15, 16, 17, 18, 19.

Spatial
coverage

Includes reception from Australian continental reception stations for NOAA-18,19 and
full domain coverage from N20, NPP and MetOp-B satellites.

Includes reception from both continental and Antarctic stations for NOAA-11, 12, 14, 15,
16, 17, 18, 19. Coverage is enhanced over time periods where earlier and later platforms
overlap. Spatial coverage has been enhanced in recent years from fully global SST data

from N20, NPP, MetOp-A and MetOp-B satellites.

Platform
coverage Currently covers NOAA-18, NPP, N20, MetOp-B NOAA-11, 12, 14, 15, 16, 17, 18, 19, 20, MetOp-A, MetOp-B and NPP. For any given date,

all retrievals from the relevant set of active platforms are included in composite L3S files.

Fields
sea_surface_temperature, quality_level, sst_dtime, dt_analysis, wind_speed,

wind_speed_dtime_from_sst,sea_ice_fraction, sea_ice_fraction_dtime_from_sst,
l2p_flags, satellite_zenith_angle, sses_bias, sses_standard_deviation, sses_count

sea_surface_temperature, sea_surface_temperature_day_night, quality_level, sst_dtime,
dt_analysis, wind_speed, wind_speed_dtime_from_sst,sea_ice_fraction,

sea_ice_fraction_dtime_from_sst, l2p_flags, satellite_zenith_angle, sses_bias,
sses_standard_deviation, sses_count, sses_quality_level

Metadata Default, but tends to be inconsistent in some comment fields. Default



Remote Sens. 2022, 14, 3785 8 of 31

2.2.2. IMOS HRPT AVHRR L3U

IMOS AVHRR “L3U” is the 0.02◦ latitude × 0.02◦ longitude equirectangular, gridded
single swath product over two domains, Australia (70◦E to 190◦E, 70◦S to 20◦N) and
the Southern Ocean (2.5◦E to 202.5◦E, 77.5◦S to 27.5◦S). Each single sensor L2P swath is
reprojected onto the equirectangular 0.02◦ × 0.02◦ grid to form a single sensor L3U SST
product. The reprojection process consists of projecting each IMOS L2P swath, pixel by
pixel, onto a regular fixed grid using the standard weighted averaging method. Each pixel
contribution is weighted by the area of overlap between the source and target pixels [12],
as shown in Equation (1):

Tsatellite,U,j =
∑i∈j ωi,jTSatellite,i

∑i∈j ωi,j
, (1)

where weight ωi,j represents the overlapping area of the source pixel, i, into target pixel
j and ∑i∈j presents the sum of all suitable pixels that contribute to a given target pixel j,
determined based on the “best quality” pixels available at the given target. In baseline
HRPT AVHRR L3U, the quality is determined by pixel distance to cloud edge; however, data
providers, in general, are free to choose their own definitions of quality. Tsatellite,U,j defined
in this way corresponds to an area-weighted average of best quality SST measurements
at the point of interest. The fv01 and fv02 IMOS HRPT AVHRR L3U data are available
from https://dapds00.nci.org.au/thredds/catalog/qm43/ghrsst/v02.0fv01/L3U/catalog.
html (accessed on 30 June 2022) and https://dapds00.nci.org.au/thredds/catalog/qm43/
ghrsst/v02.0fv02/Continental/L3U/catalog.html (accessed on 30 June 2022).

2.2.3. IMOS FRAC AVHRR and VIIRS L3U

High-resolution (1.1 km at nadir) FRAC AVHRR SST data from MetOp-A, MetOp-B
and MetOp-C satellites are obtained from EUMETSAT OSI-SAF’s real-time or reprocessed
MetOp L2P SST files [22]. These L2P SSTs are derived via regression against radio transfer
model simulations to produce a “subskin” SST at approximately 0.2 m depth [38].

High-resolution (≈2 km resolution) VIIRS SST data are sourced from NOAA ACSPO
VIIRS 0.02◦ L3U SSTs, produced by NOAA/NESDIS/OSPO for both satellites NPP [23]
and N20 [24]. These VIIRS L3U SSTs are derived from 0.75 to 1.5 km resolution VIIRS L2P
SSTsubskin values, obtained by regression with iQUAM buoy measurements, sensitive to
skin SSTs [28].

For data that are downloaded from EUMETSAT and NOAA/NESDIS/OSPO, the follow-
ing changes were performed to conform to the standard BoM IMOS/GHRSST L3U format:

• Subskin SST from the original data producers is converted to skin SST by subtracting
0.17 K;

• Ancillary fields are replaced by the sources used for standard IMOS SST products
(Section 2.1.3);

• l2p_flags are redefined using modified ancillary fields to conform with the standard
IMOS L3U format [12];

• Sensor-Specific Error Statistics (SSES; [16] are maintained from the original sources as
different retrieval methods are used by the original data producers;

• Quality level [16] is defined differently for each data source. It is not a reflection of the
proximity to clouds, as is the case for IMOS HRPT AVHRR L3U SSTs [12,39]. To make
the data from different sources comparable, the quality is redefined using the method
based on the supplied quality level, SSES bias and SSES standard deviation, described
below in Section 2.2.5.

In addition, to be consistent with the IMOS format and to make VIIRS data comparable
to AVHRR data, the following change was made to the ‘or_number_of_pixels’ variable in
the ACSPO L3U file. For the IMOS L3U files, the variable ‘sses_count’ is an indication of the
number and proportion of L2P observed pixels that went into the composition of the grid-
ded cell. The ‘sses_count’ is used for weighing averages when composite products L3C and

https://dapds00.nci.org.au/thredds/catalog/qm43/ghrsst/v02.0fv01/L3U/catalog.html
https://dapds00.nci.org.au/thredds/catalog/qm43/ghrsst/v02.0fv01/L3U/catalog.html
https://dapds00.nci.org.au/thredds/catalog/qm43/ghrsst/v02.0fv02/Continental/L3U/catalog.html
https://dapds00.nci.org.au/thredds/catalog/qm43/ghrsst/v02.0fv02/Continental/L3U/catalog.html
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L3S SSTs are made further in the SST processing chain. The variable ‘or_number_of_pixels’
in the ACSPO L3U file indicates the original number of pixels from the L2P files contribut-
ing to the SST value. VIIRS SST’s spatial resolution is 0.742 km at nadir, while HRPT and
FRAC AVHRR SST’s spatial resolution is 1.1 km at nadir. To ensure that the pixel density
is consistent between VIIRS and AVHRR at nadir, the variable ‘or_number_of_pixels’ in
the ACSPO VIIRS L3U files are divided by two to obtain ‘sses_count’ in IMOS VIIRS L3U
files. The fv01 and fv02 IMOS FRAC AVHRR and VIIRS L3U data are available from https:
//dapds00.nci.org.au/thredds/catalog/qm43/ghrsst/v02.0fv01/L3U/catalog.html (ac-
cessed on 30 June 2022) and https://dapds00.nci.org.au/thredds/catalog/qm43/ghrsst/
v02.0fv02/Continental/L3U/catalog.html (accessed on 30 June 2022).

2.2.4. IMOS L3C SST

A single swath of a polar-orbiting satellite provides a small snapshot of the ocean
surface temperature. Within a given time period and domain, the composition of such
single swaths provides extended regional coverage. Swaths over a period of time that do
not correspond to a significant change in the underlying SST are composited together to
form L3C products on the IMOS 0.02◦ × 0.02◦ grid by considering a weighted average
approach described in the following paragraph for each of the available satellite sensors.

The average calculated using Equation (2) represents a characteristic measurement
from a platform over the given time window. The simple averaging process may average
out the time-dependent variation, but to estimate the composite standard errors, weighted
averages should be considered. The Sensor-Specific Error Statistics reflect uncertainties
based on satellite zenith angle or the different error estimates associated with different
times of the day. Measurements made at various times are not equally significant. When
multiple observations are available, only the highest modified quality level measurements
are used, and the measurement that is expected to be more accurate is assigned a higher
weight. Measurements are weighted by the inverse variance nU

σ2
U

, where nU is the number

of degrees of freedom (i.e., the number of pixels that went into the composition) and σU is
the estimate of the measurement error (i.e., standard deviation for Tsatellite compared to in
situ measurements made under similar viewing and merging conditions). It is assumed
that measurements with a larger nU and a smaller σU are more certain to be representative
of the pixel in consideration over the period of composition.

Merged L3C SST over a given time period, i, at the given location, j, Tsatellite,C,j
are defined as a weighted average of the “best quality” source L3U pixels on the IMOS
0.02◦ × 0.02◦ grid

Tsatellite,C,j =
∑i∈j

nU,i
σ2

U,i
TSatellite,U,i

∑i∈j
nU,i
σ2

U,i

, (2)

where the sum is taken of all of the best-quality source L3U pixels from all of the swaths in
a given time window, i, at the given target location j. Similarly, composite sses_bias and
sses_standard_deviation is determined by a weighted average for the number of degrees of
freedom and the bias.

2.2.5. Quality Redefining (QR) Method

Many SST data producers provide a variety of different GHRSST SST products (see
GDS2 tables at https://www.ghrsst.org/resources/, accessed on 30 June 2022). Following
GHRSST GDS2.0 compliance [16], these SST product generators provide an assessment of
quality and SSES parameters for all data pixels. As there is no standard method on how
the quality of the data should be assessed, the data provider independently chooses the
quality assessment method, and generally, for infra-red radiometer-derived SST, it is a
measure of the degree of cloudiness or water content. The SSES bias and SSES standard
deviation are an expression of the deviation of SST retrieval against collocated in situ
observations. Both quantities are thus dependent on the method employed to compute the

https://dapds00.nci.org.au/thredds/catalog/qm43/ghrsst/v02.0fv01/L3U/catalog.html
https://dapds00.nci.org.au/thredds/catalog/qm43/ghrsst/v02.0fv01/L3U/catalog.html
https://dapds00.nci.org.au/thredds/catalog/qm43/ghrsst/v02.0fv02/Continental/L3U/catalog.html
https://dapds00.nci.org.au/thredds/catalog/qm43/ghrsst/v02.0fv02/Continental/L3U/catalog.html
https://www.ghrsst.org/resources/


Remote Sens. 2022, 14, 3785 10 of 31

retrieval and the in situ observations. The quality level assessment, on the other hand, is a
non-parametric measure and expresses the relative probability of an accurate retrieval. The
comparison of two different SST datasets becomes difficult because of the ambiguity in the
quality assessment. There are many ways to calculate the quality level, and the different
SST datasets in consideration do not necessarily have the same method that decides the
quality of their data. Furthermore, since the pixel quality is defined on a swath-by-swath
basis, there is no assurance that the quality assessed is indicative over time and (possibly)
degrades as the performance of SST retrievals varies for the same platform. Even with the
same type of sensor, it can vary between platforms and is also dependent on the time of
day and other factors.

Ideally, we would like to composite SST using a simple “weighted average of the
best quality pixels” approach, and this is accomplished by supplementing the quality
designation of the data provider with an assessment of the uncertainty associated with the
retrieval method specific to that data provider. Where the data provider assesses a greater
uncertainty, the quality assessment is downgraded [12], resulting in a single parameter
comparison. This method is suggested to be independent of how providers of the data
calculate their various quality levels since it represents a measured degradation of the
assigned quality. With the use of this method, various datasets can be aggregated such that
the quality assessment is performed in a non-parametric sense, and it can further be used
to preserve the best quality data in the aggregation process. The quality remapping method
described in [12,39] is used in this study to redefine the quality of AVHRR and VIIRS
SST data in the interest of compositing these two different datasets into new Multi-sensor
SST products.

To merge with IMOS HRPT AVHRR L3U SSTs, the MetOp AVHRR and VIIRS L3U
SSTs are modified such that the “modified” quality level (QL) is redefined as the minimum
of the original “quality_level” variable in the L3U files and the quality level, q_s, calculated
using sses_bias(µsses) and sses_standard_deviation(σsses) estimates. Thus:

qsses =
1√
2
(

√
max((

σsses

σ0
)2 + (

µsses − µ0

σsses
)2 − 1, 0)), (3)

and

qs = b5 expηqssesc, (4)

The half square brackets in Equation (4) represent the “nearest integer” function.
The quality scaling parameter, η, is chosen such that the degradation in quality determined
by the SSES measurements is similar to the observed degradation in quality level over
a period of time where the sensor is known to perform well. qs is computed on a pixel-
by-pixel basis. It varies over time and from scene to scene and thus allows the overall
pixel quality comparison over different scenes and different datasets over different time
periods. Equation (4) ensures the quality level is capped to a value of 5, following GHRSST
GDS2.0 guidelines [16]. µ0 is the skin temperature offset given by the SSES bias estimation
algorithm. For AVHRR and VIIRS, this value is 0; thus µ0 = 0 K [12]. The exponential in
this equation assumes a maximum entropy distribution and is suggested by an empirical
study [12].

The new quality level (QL) is then defined as the minimum of the original quality
level assigned by the data provider (quality_level) and qs.

QL = min(quality_level, qs), (5)

Note that during periods of degraded performance, the number of retrievals of high
qs will decrease, as it will during times of the day when the performance may also be ques-
tionable due to uncertainties associated with the retrieval method. Therefore, during the
daytime, the SSES quality level per Multi-sensor L3S grid cell (5) is generally less than the
original quality levels provided by data producers due to the daytime SSES bias and stan-
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dard deviation values being higher than during the night (Figures 2 and 3). Multi-sensor
products use QL, as defined in Equation (5), to determine the “best quality” at which to
blend in Equation (2).

Different data sources can be combined using qs , provided

η

σ0
= constant, (6)

The σ0 is the minimum value of standard deviation assessed against in situ mea-
surements of SST. For AVHRR, several studies showed a typical standard deviation of
σ ≈ 0.23 K when compared to the buoy measurements of SST [40,41]. Following these
studies, we use σ0 =0.23 K for all AVHRR platforms. Comparison of quality level with qsses
and the use of linear regression gives η = −0.2614 for AVHRR (more details can be found
in Section A.4.4 in [12]). Using values of η and σ0, Equation (6) gives constant = −1.136
for AVHRR.

For VIIRS data, σ0, η and µ0 are decided as follows: The NOAA ACSPO system processes
L3U SSTs using a retrieval that references in situ measurements [42]; for ACSPO VIIRS L3U
SSTs, µ0 was determined by considering the differences in the Noise Equivalent Temperature
Difference (NE∆T) for VIIRS against AVHRR and using the quadrature equation

σ2
0,VIIRS = σ2

0,AVHRR − NE∆T2
AVHRR + NE∆T2

VIIRS, (7)

NE∆T for VIIRS infra-red channels is 0.037 K [43] and for the infra-red channels
of the AVHRR sensor, it is 0.12 K [44]. By substituting these values into Equation (7),
σ0 = 0.20 K for VIIRS. Further, Equation (6) gives η = −0.227 by substituting σ0 = 0.20 and
constant = −1.136. For more details on how these characteristic parameters were decided,
please refer to [12].

With the adjusted σ0 and η shown in Table 2, the VIIRS data are brought to the NOAA-
19 AVHRR data baseline. VIIRS has superior overall coverage than HRPT AVHRR, however,
for some regions, the quality and coverage of the AVHRR data exceed that of the VIIRS data
(Figure 2). The modified quality allows us to choose better quality data over the different
platforms and provides an opportunity to extend the coverage further by compositing
AVHRR and VIIRS data together.

Table 2. The parameters used for quality remapping.

AVHRR VIIRS

η −0.2614 −0.227
σ0 0.23 0.20

The data producer-supplied sses_bias, sses_standard_deviation and degrees of free-
dom are parametric measures, whilst quality_level is a non-parametric measure. Com-
positing algorithms used here combine only the highest non-parametric quality data para-
metrically. It provides an effective way to compare, in absolute terms, the quality of data
streams from a non-parametric standpoint. Satellite sensors have a limited life span. They
deteriorate with time and are replaced with new advanced satellite sensors. The degrada-
tion in quality over the platform’s life can be tracked, and SST data from older sensors can
be combined with data from newer sensors with appropriate quality assessment. As the
uncertainty and deviation from in situ measurement increases, the QR method degrades
the quality level, reflecting the greater uncertainty in the measurement. The QR method
also considers the data provider-supplied quality assessment based on other metrics before
assigning new quality levels to the data. It does not increase the quality level provided by
the original data supplier but only degrades it if the SST values show larger uncertainty or
larger deviation from in situ observations.
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Figure 2. Modified quality level (QL) as per Section 2.2.5 for the fv02 L3C-1day daytime file for
(a) NOAA-18 AVHRR, (b) MetOp-B AVHRR, (c) NPP VIIRS and (d) N20 VIIRS for 12 December 2018,
obtained from [45].

2.2.6. IMOS Multi-Sensor L3S SST

The L3C SSTs from all available satellite sensors are composited to construct the
operational “Multi-sensor” L3S product. The quality levels of all AVHRR and VIIRS
data are modified, and then composited together to construct the Multi-sensor products.
The “equal weighting method” is used for the composition process. The merged L3S SST,
Tsatellite,C,j is given by,

Tsatellite,S,j =
∑i∈j nC,iTSatellite,C,i

∑i∈j nC,i
, (8)

where the sum is taken over all the best quality pixels at the same target location, j , over the
given time window and range of available platforms. Before compositing the data from all
sensors together, the SSES bias is subtracted from the SST field for each sensor [12].
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Figure 3. Modified quality level (QL) as per Section 2.2.5 for the fv02 L3C-1day night-time file for
(a) NOAA-18 AVHRR, (b) MetOp-B AVHRR, (c) NPP VIIRS and (d) N20 VIIRS for 12 December 2018,
obtained from [46].

2.3. Validation

The satellite-derived SSTskin measurements are compared with quality-controlled
temperature measurements from collocated drifting and tropical moored buoys data from
the NOAA iQuam [47] to estimate uncertainty in the provided SSTs. The matchups for
collocation are considered valid if the distance between the satellite image pixel and in situ
measurement is less than 10 km and the time difference is less than 6 h. Daily, weekly and
monthly averages of the bias and standard deviation are computed for all quality levels.
The match method employs the following approach:

For each L2P, L3U, L3C, L3S or unique observation,

1. In situ measurements are located over the time period corresponding to satellite
observation;

2. For each in situ measurement, all satellite observations within the requisite distance
(10 km) and time (6 h) difference are selected;

3. Matches are examined in groups, grouped by in situ observation, and the best match
is determined for each in situ observation based on time and space difference and
observation quality and retained.

In this way, each in situ measurement is compared with the best appropriate satellite
observation. There may be multiple in situ measurements for each satellite measurement,
but there is at most one satellite measurement for each in situ measurement.

When aggregating multiple L2P, L3U, L3C and L3S observations on longer time scales,
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1. Unique observation measurements are generated per the previous algorithm for each
L2P, L3U and L3C;

2. Matches are collected over the entire scope (multiple L2P, L3U, L3C matches), then
aggregated by satellite observation and in situ instrument identity;

3. The best match is retained for each satellite observation and in situ instrument identity
combination.

This ensures that only the best contribution from each satellite/in situ pair is included
in the assessment.

When computing match metrics, the match-up data are quality controlled by extract-
ing the residual from a polynomial of order six fit of temperature according to latitude;
the middle 96% of the data are used to compute and estimate the standard deviation of
the residual. The difference between in situ and measurement based on latitude alone
is checked to be within 4.5 standard deviations. In recent times, monthly statistics typi-
cally have <100 K/month measurements that match in time and location between in situ
and NOAA POES satellites. Under the assumption that a latitudinal fit of the difference
in measurement has a Gaussian residual, the number of measurements lying outside of
4.5 standard deviations (corresponding to 1/300,000) is expected to be zero with >95% con-
fidence (on a Poisson event of 1 outlier per 100,000, the standard deviation is 1, suggesting
the probability 1/100k should be divided by 3). Thus, all measurements outside this limit
are assumed to violate the residual premise and that the deviation is due to other systematic
causes. The use of the middle 96% of the matches ensures that extreme outliers do not
affect the estimate of the standard deviation and have minimal impact on the estimate in
Gaussian populations.

3. Results
3.1. IMOS L3C SSTs

Two L3C products for each satellite sensor are produced every day, one for daytime and
the other for night-time. As the daytime SST is affected by solar heating to a certain extent,
separate daytime and night-time L3C 1-day SST products are produced. For day (night)
L3C products, all measurements that were taken by satellites during the day (night) time
considering local solar time are composited using Equation (2). The fv01 and fv02 IMOS 1-
day L3C products, derived from AVHRR and VIIRS data, are available from https://dapds0
0.nci.org.au/thredds/catalog/qm43/ghrsst/v02.0fv01/L3C-01day/catalog.html (accessed
on 30 June 2022) and https://dapds00.nci.org.au/thredds/catalog/qm43/ghrsst/v02.0fv0
2/Continental/L3C-01day/catalog.html (accessed on 30 June 2022), respectively.

Examples of the IMOS L3C modified quality level (QL) from the various platforms
are shown in Figures 2 and 3. The lack of colour indicates missing data in these figures.
Because infrared satellite sensors cannot sense temperature accurately due to the presence
of clouds, SSTs are masked by cloud coverage. L3C files contain multiple ascending and
descending passes of the same satellite platform, gridded on a standard 0.02◦ × 0.02◦

grid with missing data due to the occurrence of clouds. Compared to the AVHRR sensors,
VIIRS_NPP and VIIRS_N20 show higher data coverage owing to their wider swaths in
the L3C-1day SST product and smaller satellite pixel size (0.75–1.5 km compared with
1.1–4 km). As AVHRR MetOp-B has higher values of SSES bias and standard deviation
compared to other satellite sensors in the composite, most of the MetOp-B data are assigned
to QL 4. During the daytime, the SSES quality level per Multi-sensor L3S grid cell is
generally less than the original quality levels in the VIIRS and AVHRR datasets due to the
daytime VIIRS and AVHRR SSES bias and standard deviation values being higher than
during the night.

We consider the median and standard deviation over a 30-day window. Since the
satellite overpass times and observation swath widths vary from platform to platform. We
use the daily aggregated L3C observations (L3C-1day) to provide an indicative comparison,
platform to platform. Most users choose the night-time SST product due to the issue of
potential diurnal warming during the daytime. Night is better for in situ comparisons

https://dapds00.nci.org.au/thredds/catalog/qm43/ghrsst/v02.0fv01/L3C-01day/catalog.html
https://dapds00.nci.org.au/thredds/catalog/qm43/ghrsst/v02.0fv01/L3C-01day/catalog.html
https://dapds00.nci.org.au/thredds/catalog/qm43/ghrsst/v02.0fv02/Continental/L3C-01day/catalog.html
https://dapds00.nci.org.au/thredds/catalog/qm43/ghrsst/v02.0fv02/Continental/L3C-01day/catalog.html
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because of the depth to skin difference and diurnal behaviour. The validation results from
the L3C products reflect the validation statistics of the L3U products very closely (not
shown). We show the night-time validation results below for L3C SST products.

Figure 4 shows the validation of L3C-1day night files against drifting buoys and
tropical moorings. It shows the rolling 30-day median and standard deviation for fv02 L3C-
1day night SSTs from all available satellite sensors. SSTs are bias corrected by subtracting
the sses_bias from SST before comparing it to the in situ data. L3C skin SST data were
converted to drifting buoy depths by adding 0.17 K [12]. The more advanced platforms,
VIIRS NPP, MetOp-B and N20, have smaller median and standard deviation (SD) compared
to the older AVHRR satellite sensors for both QL = 4 (left panels) and QL = 5 (right panels).
QL 5 exhibits smaller median and standard deviation values compared to QL 4 for all
satellite sensors. There is no MetOp-B data in the right panels (for QL 5) as the modified
quality level method assigns all of the MetOp-B data to QL 4 and below, owing to its higher
sses bias and sses standard deviation. There are higher numbers of matchups for VIIRS
sensors reflecting their wider swath compared with AVHRR sensors.

Figure 4. Bias -corrected fv02 L3C-01day, night only, monthly statistics, 1 February 2017–31 December
2018, median for (a) QL 4 and (b) QL 5, and standard deviation for (c) QL 4 and (d) QL 5, number
of matchups for (e) QL 4 and (f) QL 5, when compared with drifting and tropical moored buoy’s
SST. Note: Matchup thresholds: <10 km distance and <6 h time difference. SSTs were obtained
from sensors on NOAA–18 (orange), NOAA–20 (blue), NPP (green) and MetOp-B (pink) satellites
from [46].
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3.2. IMOS Multi-Sensor L3S SSTs

Currently, for the operational Multi-sensor L3S SST product, NOAA-18 AVHRR, NPP
VIIRS, N20 VIIRS and MetOp-B AVHRR are included in the composition. As AVHRR
and VIIRS data providers use different criteria to decide their quality levels, the quality
levels are modified using the method described in Section 2.2.5 for all the available satellite
platforms. Then, all the platforms with a modified quality are composited using Equation (8)
to construct Multi-sensor L3S SSTs. One-day, three-day, six-day and one-month composites
are constructed for the day, night and day-night scenarios. In general, for these composite
products with modified quality, we recommend that the data with a quality level (QL)
greater than or equal to 3 with or without bias correction should be used for qualitative
applications. For validation and operational applications, though, a quality level (QL)
greater than or equal to 4 with bias correction should be considered.

AVHRR-only L3S is the Bureau’s legacy composite SST product. With the continuous
degradation of AVHRR sensors over time, new advanced satellite sensors data are added to
the data from currently operating AVHRR sensors to construct new Multi-sensor L3S prod-
ucts. Currently, the Bureau produces both AVHRR-only and Multi-sensor L3S SST products
in near real-time (fv01) and archive (fv02) modes. Figure 5 shows the difference between
fv02 AVHRR-only and Multi-sensor SSTs for the day, night and day-night scenarios for one
day. Significant improvement in data coverage is evident in the Multi-sensor products. It is
worth noting that this coverage is better than VIIRS L3C only (Figures 3 and 5). AVHRR
adds some good quality data to the Multi-sensor L3S composites.

The compositing helps to reduce spatial data gaps due to clouds and presents the
opportunity to provide an easy-to-use dataset to the research community. As shown
in Table 1, there are two versions of L3S SST products available in the netCDF format,
namely, fv01 (near real-time) and fv02 (reprocessed in delayed mode). Following GDS
2.0 compliance [16], the filename for all L3S products includes mention of its file version
(fv01 or fv02). The user can also use the “file_version” metadata field of these products to
distinguish between two versions. Real-time, operational, Multi-sensor fv01 L3S netCDF
files containing average SSTs over periods of 1, 3, 6 days and 1 month have been produced
at the Bureau since 21 November 2018. Using the same compositing method, the data
have been reprocessed back to 1 March 2012 using all available satellite sensors among
NOAA-18, NOAA-19, MetOp-A, MetOp-B, NPP and N20 to produce fv02 Multi-sensor L3S
netCDF files. The BoM stopped ingesting NOAA-19 into operational L3S SST products in
1 October 2018 and replaced it with NPP VIIRS SST in real-time operational “Multi-sensor”
(AVHRR and VIIRS) L3S products from 16 November 2018. Table 3 gives a summary of the
time periods for platforms that were included in the reprocessing Multi-sensor data.

Table 3. Dates when platforms were included in the reprocessing of Multi-sensor L3S SSTs.

Platform Period

NOAA-18 1 January 2012 to 31 December 2020
NOAA-19 1 January 2012 to 3 September 2018

NPP 1 March 2012 to 31 December 2020
N20 6 June 2018 to 31 December 2020

MetOp-A 1 January 2012 to 19 January 2016
MetOp-B 20 January 2016 to 31 December 2020
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Figure 5. Sea surface temperatures for fv02 L3S–1day from AVHRR-only (NOAA-18) (a) day, (c)
night and (e) day and night, and Multi–sensor (NOAA–18, MetOp–B, NPP, N20) (b) day, (d) night
and (f) day and night for 12 December 2018. The data shown are for QL ≥ 3. Data were accessed
from [48,49].
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The Multi-sensor L3S data are available in the fv02 (reprocessed) format from 1 March
2012 to 31 December 2020 and in the fv01 (real-time) format from 1 January 2019 to
present from the National Computational Infrastructure (NCI) Project qm43 (https://my.
nci.org.au/mancini/project/qm43/join, accessed on 30 June 2022) and Thredds server
(https://dapds00.nci.org.au/thredds/catalogs/qm43/ghrsst/ghrsst.html, accessed on 30
June 2022) in separate directories for fv01 (“v02.0fv01”) and fv02 (“v02.0fv02”). Information
on the directory structure is available at https://opus.nci.org.au/pages/viewpage.action?
pageId=141492235 (accessed on 30 June 2022). The Multi-sensor L3S data are also available
from the Australian Ocean Data Network (AODN) Thredds server at http://thredds.aodn.
org.au/thredds/catalog/IMOS/SRS/SST/ghrsst/catalog.html (accessed on 30 June 2022)
in the L3SM-1d, L3SM-3d, L3SM-6d and L3SM-1m sub-directories, and from the AODN
portal (http://portal.aodn.org.au, accessed on 30 June 2022), but filenames are modified
so that fv01 and fv02 files have the same filename formats to enable data aggregation
over time.

Since 21 November 2018, the IMOS Multi-sensor 1-day night-time fv01 L3S SSTs have
been ingested into the Bureau of Meteorology’s ReefTemp NextGen system ([14], http:
//www.bom.gov.au/environment/activities/reeftemp/reeftemp.shtml, accessed on 30
June 2022), used by the Great Barrier Reef Marine Park Authority (GBRMPA) for monitoring
coral bleaching conditions over the Great Barrier Reef. The ReefTemp NextGen service
defines the SST-related indices using the fv01 Multi-sensor L3S 1-day night SST product,
and GBRMPA uses these indices for understanding heat stress affecting coral reefs. Maps
of the fv01 Multi-sensor composite SSTs and associated SST anomalies and percentiles are
available for various Australian regions from IMOS OceanCurrent (http://oceancurrent.
imos.org.au, accessed on 30 June 2022) back to 1 January 2018. The Multi-sensor L3S SST
products are useful for monitoring Marine Heat Waves [17], coastal upwelling [50] and
climate trends over Australasian waters.

Figure 6 shows the verification of 1-day night-time Multi-sensor L3S SSTs (with
sses_bias subtracted and matched to buoy depth by adding 0.17 K) against drifting and
tropical moored buoys for the period 1 January 2019 to 31 December 2020. It indicates that
Multi-sensor L3S SSTs have significantly lower bias and standard deviation than AVHRR-
only L3S SSTs, for all quality levels. The number of matchups in the Multi-sensor L3S
case is significantly higher than in the AVHRR-only L3S case, reflecting additional satellite
sensor data in the Multi-sensor L3S products (Figure 6e,f). These plots demonstrate the
significant improvement in data density and accuracy of the daily night-time Multi-sensor
compared with the AVHRR-only L3S SST product. Validation of the night-time 1-day
Multi-sensor L3S SST against in situ SST shown in Figure 4 indicates that incorporating
VIIRS data significantly reduces the standard deviation of the 30-day differences, from
typically 0.4–1.2 ◦C to 0.2–0.9 ◦C for highest quality level L3S SSTs.

Data of QL 5 has lesser bias and standard deviation compared to data of QL 3 and
QL 4 (Figure 6a–d). Because of higher SSES bias and standard deviation values for the
AVHRR data, most of the NOAA-18 and MetOpB data are assigned to QL 4 by our quality
redefining method discussed in Section 2.2.5. Some of the VIIRS data are also assigned to
QL 4. Only very high-quality data are assigned to the QL 5 in the Multi-sensor L3S product.
Thus, there are more matchups available for QL 4 than QL 5 (Figure 6f).

https://my.nci.org.au/mancini/project/qm43/join
https://my.nci.org.au/mancini/project/qm43/join
https://dapds00.nci.org.au/thredds/catalogs/qm43/ghrsst/ghrsst.html
https://opus.nci.org.au/pages/viewpage.action?pageId=141492235
https://opus.nci.org.au/pages/viewpage.action?pageId=141492235
http://thredds.aodn.org.au/thredds/catalog/IMOS/SRS/SST/ghrsst/catalog.html
http://thredds.aodn.org.au/thredds/catalog/IMOS/SRS/SST/ghrsst/catalog.html
http://portal.aodn.org.au
http://www.bom.gov.au/environment/activities/reeftemp/reeftemp.shtml
http://www.bom.gov.au/environment/activities/reeftemp/reeftemp.shtml
http://oceancurrent.imos.org.au
http://oceancurrent.imos.org.au
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Figure 6. Bias-corrected fv02 L3S-1day, night only, monthly statistics, February 2017 to December
2018, median for (a) AVHRR-only and (b) Multi-sensor, and standard deviation for (c) AVHRR-only
and (d) Multi-sensor, number of matchups for (e) AVHRR-only and (f) Multi-sensor, when compared
with drifting and tropical moored buoys. Note: Matchup thresholds: <10 km distance and <6 h time
difference. Statistics relating to QL 5 L3S data are shown in green, QL 4 in blue and QL 3 in orange.
Data were obtained from [48,49].

Although the coverage and quality associations of L3C and L3S files follow different
rules and it may not be good to compare directly, we can consider median bias and standard
deviation against drifting buoys and tropical moorings for the QL ≥ 3 values, which we
recommend for practical use. L3C and L3S skin SST data were converted to drifting
buoy depths by adding 0.17 K [12], and the sses_bias values were subtracted prior to
calculating the statistics. The performance of all the satellite platforms that were available
for reprocessing from 1 January 2017 to 31 December 2018 is shown in Figure 7 irrespective
of whether they were included in the Multi-sensor L3S or not. Figure 7a shows the median
bias. The Multi-sensor L3S moves considerably closer to zero bias than any of the L3C or
non-Multi-sensor L3S products. Figure 7b shows the standard deviation, which indicates
that the MetOpB standard deviation closely matches the Multi-sensor L3S until the end of
2018, where an additional VIIRS platform from NOAA (N20) was introduced. The standard
deviation for Multi-sensor L3S is consistently smaller than all platforms, except for VIIRS
NPP up until late 2018.
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Figure 7. Bias-corrected fv02 L3C-1day and L3S-1day, QL≥ 3, night only, monthly statistics, February
2017 to December 2018, (a) median and (b) standard deviation for NOAA–15 (green line), NOAA–18
(aqua line), NOAA–19 (violet line), NPP (grey line),NOAA-20 (red line), MetOp-B (pink line), HRPT
AVHRR L3S (thick blue line) and Multi-sensor L3S (thick orange line), when compared with drifting
and tropical moored buoys. Note: Matchup thresholds: <10 km distance and <6 h time difference.
Data were obtained from [48,49].

3.3. Case Study: The Great Barrier Reef

The Great Barrier Reef (GBR), off the north-eastern coast of Australia, contains the
highest diversity of corals and associated marine species in the world [51,52]. The GBR
has experienced extensive and severe bleaching in recent times [53,54]. Some studies have
linked past severe bleaching occurrences with the spatial pattern of increased SSTs [55–58].
The accurate measurement of ocean temperature over long periods and over large areas is
much needed in this region. In situ measurements are a valuable source for temperature
measurements in this area but have limitations. For example, drifting buoys provide
high-quality temperature measurements at a depth of 20 cm [59]; however, there is no
guarantee of continuous data as the drifting buoys are driven away from the GBR with
equatorial upwelling and surface current divergence [60,61]. Temperature measurements
taken from self-recording thermometers deployed at the coral depth and provided by the
Australian Institute of Marine Science (AIMS) are a good proxy of temperature at that
level, but spatially these observations are relatively sparse. In contrast, satellites provide
high-quality data more frequently for large areas. Recent studies have shown that the
satellite-derived surface temperature fields are an accurate proxy for temperatures at the
depth of corals [62].

The L4 SSTs are widely used to create indices for monitoring heat stress affecting
corals [63]. The L4 products are formed using data from different satellite sensors and in
situ data sources with the use of optimal interpolation in the cloud-affected areas. This
results in feature resolution degradation in L4 SST products. It is challenging to know
this degradation or identification of which grids have real observations or which one
are estimated with the modelling. The IMOS L3S Multi-sensor (IMS) products discussed
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here are created without any addition of modelled data and without any data smoothing
techniques and, therefore, are expected to better preserve the feature resolution present in
the original sensor’s imagery.

The Geo-Polar Blended L4 SST Analysis (referred to as GPB hereafter) [64] are used for
monitoring coral bleaching risk factors in NOAA’s Coral Reef Watch (www.coralreefwatch.
noaa.gov, accessed on 30 June 2022), including over the GBR. GPB is produced daily by
the Office of Satellite and Product Operations (OSPO) using optimal interpolation on a
global 0.05-degree grid [64]. Over GBR, it is formed using data from ACSPO AVHRR, VIIRS
and the Japanese Advanced Meteorological Imager (JAMI). Coral Reef Watch use GPB L4
SST products to create CoralTemp SST products that are further used in developing Coral
Bleaching Heat Stress products [65].

Since 2013, the BoM ReefTemp NextGen system (http://www.bom.gov.au/environment/
activities/reeftemp/reeftemp.shtml, accessed on 30 June 2022) has used IMOS night-time
1-day L3S composite SST to monitor the GBR for coral bleaching conditions [14]. These
L3S products were based on IMOS AVHRR L3S prior to 21 November 2018, and IMOS
Multi-sensor L3S data (IMS) from 21 November 2018. For this case study, we investigate
the period from 1 January 2017 to 31 December 2018, using the reprocessed (“fv02”) IMOS
1-day night-time Multi-sensor L3S SST data [49].

A comparison between GPB and IMS over the Great Barrier Reef may shed some light
on the relative utility of the two products for Coral Reef temperature monitoring. For the
region of interest, we consider the Great Barrier Reef Marine Park Region, which has an
area of approximately 344,000 km2, as outlined in Figure 8. Since L3S is not a gap-filled
product, we consider a comparison with GPB only where there are measurements from
both products. Figure 9a shows that the coverage of the IMS product is significantly larger
than the IMOS L3S NOAA AVHRR-only product, but there are still significant periods
of time where the gapped product exists. The average coverage over the GBR for the
IMS product is 63%, compared to 46% for the IMOS L3S NOAA AVHRR-only product for
QL ≥ 3. ReefTemp persists previous days’ measurements in order to provide gap-free data,
so having greater coverage will ensure that fewer measurements are persisted, and in the
IMS product, most of the coverage is now daily data on average, which is a significant
change. Due to quality level remapping, the Multi-sensor product has fewer assigned
QL = 5 retrievals as a proportion of the population, with the majority of quality assigned
to QL = 4 (Figure 9b). This reflects the impact of degradation, expressed by the additional
cross-platform uncertainty estimate on the quality assignment. Since it is recommended
that QL ≥ 3 is used as a selection criterion, this has no practical impact.

Over a multi-year cycle, the average and extreme temperatures measured over the
Great Barrier Reef Marine Park with the Multi-sensor L3S product and GPB are shown in
Figure 10a,b. The range is impacted by a small quantity of poorly retrieved extremes since
no smoothing has taken place, and there are occasionally errors with cloud clearing, which
contaminate the retrieval with cold pixels. This does not occur so readily on the warm side
of the mean; however, sharp extremes are still seen in the record, which is undetected in
the GPB product. Moreover, the GPB product has a significantly smaller range and a clear
bias, with a trailing tail on the cold side of the mean and a relatively tighter distribution
on the warm side of the mean (Figure 10b) compared to the Multi-sensor L3S (Figure 10a).
A seasonal fluctuation of around 5 ◦C is immediately apparent in both products. However,
the average difference between GPB and Multi-sensor L3S over the region is well within
1 ◦C year-round(Figure 10c). Note that 0.17 ◦C is added to the Multi-sensor product at
all quality regimes to adjust the cooling of the skin by surface winds, radiation and other
atmospheric couplings. This cooling appears slightly stronger in the (southern hemisphere)
winter months and slightly less in summer.

www.coralreefwatch.noaa.gov
www.coralreefwatch.noaa.gov
http://www.bom.gov.au/environment/activities/reeftemp/reeftemp.shtml
http://www.bom.gov.au/environment/activities/reeftemp/reeftemp.shtml
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Figure 8. Great Barrier Reef Marine Park Extent of Park and catchments. https://www.transparency.
gov.au/annual-reports/great-barrier-reef-marine-park-authority/reporting-year/2019-20-4, ac-
cessed on 10 April 2022. This study considered the region outlined by the red boundary.

Figure 9. GBR Marine Park SST stacked plot of coverage (%) for (a) NOAA AVHRR versus Multi-
sensor for QL ≥ 3 and (b) Multi-sensor by quality. Data were sourced from [48,49].

https://www.transparency.gov.au/annual-reports/great-barrier-reef-marine-park-authority/reporting-year/2019-20-4
https://www.transparency.gov.au/annual-reports/great-barrier-reef-marine-park-authority/reporting-year/2019-20-4
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Figure 10. A comparison of IMOS Multi-sensor L3S and Geo-Polar Blended L4 over GBR Marine Park
(a) average and range for Multi-sensor L3S (QL ≥ 3), (b) average and range for Geo-polar Blended
SST L4 Analysis and (c) SST discrepancy, SST Multi-sensor Geo-polar Blend by quality. Data were
sourced from [49,66].

In order to compare the variability of the two products, we consider the anomaly from
the SSTAARS climatological SST [13] without the inclusion of multi-year warming trends.
The variance of the anomaly over the Great Barrier Reef Marine Park can be determined
from both products, σ2

IMS is the IMS anomaly variance, while σ2
GPB is the GPB anomaly

variance (units for σ2 is degrees Celsius squared). Figure 11a shows this trend in anomaly
standard deviation (σ). The GPB variability is almost always smaller than the Multi-sensor L3S
variability. On average, the standard deviation of the anomaly of the Multi-sensor L3S product
is around 1.43 times larger than the GPB product (Figure 11b). In an attempt to partition the
variability, we consider the simple linear model, which we assume holds in general,

σ2
IMS = κσ2

GPB + η2, (9)

Fitting Equation (9) for κ (dimensionless) and η (unit degree Celcius) using ordinary
least squares, we find (κ, η2) = (0.94± 0.04, 0.083± 0.005C2) , where C is the temperature
in degrees Celsius. The uncertainties quoted are the ordinary least-squares standard errors.
The variability of the two products will have contributions that come from the spatial scale
n (unit km), on which the products are produced, the difference between skin and depth at
which the SST correspond, and other variabilities due to noise, misclassification of cloud or
other factors that relate to the method of retrieval in IMS and method of gap-filling in the
GPB. To this end, we provide a series of spatial averaging filters at equal or higher quality—
the SST is averaged over pixels that have the same or greater quality than the quality for
the SST at the centre of the averaging kernel—over spatial scales varying geometrically in
powers of 2, from 1 (half-pixel radius) to 32 km (16-pixel radius).

For illustration purposes, Figure 11c shows the standard deviation ratio over time for
the various filtering radii. σ2 can be identified as the variance of IMS and GPB anomaly
with respect to SSTAARS. We then fit Equation (9) at each spatial scale n, leading to a pair
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(κn, η2
n), presented in Table 4. The near-unity value of κn is encouraging, and we consider

this tentatively as confirmation that the Multi-sensor variability can be considered as an
uncorrelated additive to the GPB.

It is further tempting to break down the constant component into three assumed
uncorrelated contributions in an attempt to tease out high spatial frequency components
from retrieval and other components,

ηn
2 = a2 +

s2 p2

n2 + g2e−
n
λ , (10)

where a2 represents the fixed residual constant variability component that describes the
skin to depth difference, s2 represents the sampling component, which decreases with the
sample size and has the unit C2, p is the nominal pixel size (i.e., 2 km) and g2 is the spatial
variability component on spatial scale λ (unit km). A summary of these contributions
is provided in Figure 11d. The variability exhibits an exponential component of magni-
tude, g2 = 0.042± 0.004C2 and a characteristic scale λ ≈ 8 km, a sampling variability of
s2 = 0.04± 0.02C2 and a skin to depth difference of a2 = 0.021± 0.002C2. The Multi-sensor
L3S product is able to capture the small-scale spatial variability and skin to depth variability
likely to characterize shallow reefs. Although there is a rather large sampling variability
that is not representative of the physical system, this is able to be mitigated somewhat with
small-scale averaging while retaining much of the small-scale structure.

Based on this analysis, we thus expect a greater utility in the detection of small-
scale features where data are available in the Multi-sensor L3S product over the GBR
than the GPB product. Improved Multi-sensor L3S coverage over the GBR also aids
in the employed persistence gap-filling method; however, the degree to which the skin
temperature overestimates warming from the coral bleaching perspective (which includes
the residual constant variability), as well as the optimal approach to mitigating sampling
variability, is still open for further investigation and understanding.

Table 4. Fitted variability contributions to IMOS Multi-sensor L3S climatology anomalies that were
reflected in Geo-Polar Blend L4 climatology anomalies. The linear coefficient is approximated by
unity to within 10%.

Average Spatial Scale n (km) Fitted Linear Coefficient
dσ2

IMS
dσ2GPB

= κn

Fitted Constant Coefficient
ηnC2

0.67 0.94 ± 0.04 0.083 ± 0.005
1.33 0.93 ± 0.04 0.062 ± 0.004
2.67 0.93 ± 0.04 0.053 ± 0.004
5.33 0.92 ± 0.03 0.042 ± 0.004
10.7 0.91 ± 0.03 0.032 ± 0.003
21.3 0.89 ± 0.03 0.024 ± 0.003
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Figure 11. A comparison of IMOS Multi-sensor L3S and Geo-Polar Blended L4 with attributions of
variability over GBR Marine Park. SST Anomaly (SST-SSTAARS) (a) standard deviation variation
variability, (b) standard deviation ratio, (c) variability ratio with different filter radii and (d) allocation
of residual variability. Where the red line denotes combined variability, the blue line denotes
exponential variability (0.042 ± 0.004C2) on a ≈ 8 km scale and the orange line denotes sampling
variability ≈(0.04± 0.02C2)/(sample size), where these all add to the green line denoting a residual
constant variability (skin to depth variability) of ≈0.021± 0.002C2. Data were sourced from [49,66].

4. Discussion

BoM and CSIRO have HRPT AVHRR data at a 1.1 km (at nadir) from NOAA-9
to NOAA-19 from reception stations in Australia and Antarctica since the mid-1980s.
As part of IMOS and in collaboration with CSIRO, the BoM has processed locally received
HRPT AVHRR SST to provide a range of high-resolution products over the Australian and
Antarctic regions tailored to various applications. In November 2018, NOAA officially
replaced the AVHRR sensor with the VIIRS sensor. In September 2018, NOAA-19, which is
the last in the NOAA POES series, started entering a fully sunlit orbit, thereby affecting
its AVHRR Black Body calibration accuracy, and the Bureau stopped ingesting NOAA-19
into its composite SST products and replaced it with data from the VIIRS sensor carried
on NPP. The Bureau’s compositing method needed to be updated so that SST data from
still-functional AVHRR sensors on NOAA-18 and the MetOp series of satellites can be
ingested with VIIRS data to achieve better data coverage in the SST composite L3S products.

In the current operational Multi-sensor L3S SST product, we use data from NOAA-18,
MetOp-B, NPP and N20 satellites. Raw HRPT AVHRR data are received by Australian
ground stations for NOAA-18. The Bureau processes it further using CSIRO’s navigation
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and stitched raw data files and produces L3U data for NOAA-18. MetOp AVHRR data are
sourced from EUMETSAT-produced L2P SSTs, and VIIRS data are sourced using NOAA
ACSPO-produced L3U SSTs from satellites NPP and N20. Standard IMOS L3U SSTs
for all satellites are produced by making some modifications to the data obtained from
EUMETSAT and NOAA/NESDIS/OSPO. These changes include converting SSTsubskin
temperature to SSTskin temperature, substituting ancillary data with ancillary data usually
used for standard IMOS SST products and recalculating l2p_flags accordingly. To get
all the available satellite platforms on the same baseline, the quality level remapping is
considered before compositing all these platforms together. The quality remapping method
uses data supplier-provided SSES parameters, sses_bias and sses_standard_deviation.
The adjustment to the quality level in this fashion is performed for the following reasons:

• The BoM compositing algorithm uses sses_bias, sses_standard_deviation and degrees
of freedom as parametric quality assessments and quality_level as a non-parametric
measure. Only the highest non-parametric quality data are combined parametrically.
Thus, we need an effective way to compare, in absolute terms, the quality of data
streams from a non-parametric standpoint;

• It is necessary to be able to track degradations in quality over the platform’s life.
This allows us to combine “old” platforms with “new” platforms with appropriate
quality assessment;

• It allows us to reflect upon the greater uncertainty of measurement and degraded
quality as the uncertainty and deviation from in situ measurement increases. Both lead
to greater uncertainty so that the skin measurement follows the validation, and the
method degrades the quality accordingly;

• It allows supplier quality assessment based on other metrics to be included in the
discussion. The process of quality remapping does not promote retrieval to higher
quality, it only degrades it based on estimates of SSES parameters. This will tend to push
quality assessments down, but they remain closer to an absolute (over time) assessment.

Comparisions between L3C and L3S show that the blended product indeed performs
better than the individual products in terms of median bias. L3S and L3C standard
deviations compare well with MetOpB radiative transfer retrievals but are larger than
NOAA’s NPP and N20 (VIIRS) retrievals, despite the clear difference in bias. MetOpB
SST retrievals performed by EUMETSAT OSI-SAF follow a “semi-open loop” approach
that incorporates radiative transfer calculations and does not make direct use of buoy
SST [38], whereas NOAA’s processing method makes extensive use of the buoys to correct
the bias in Fisher space [28]. NOAA’s approach is expected to better fit the buoys at the
buoy location and thus underestimate the standard deviation (Figure 7), but the correction
around highly dynamical regions has not been closely examined. We expect suppression of
natural variation as we approach the sub-mesoscales that our L3S dataset could be used for.
Further investigation of the sses_standard_deviation assigned by NOAA needs to be made
to determine if this poses a problem for the product (which may overweight the NOAA
products in these regions).

The coverage over the product’s spatial extent and lifetime shows little seasonal
variation in Night Multi-sensor L3S (not shown). The daily variability over short time
scales is much larger than the mean variability over seasonal scales. The IMOS Australian
domain on which these L3S products are developed covers a large extent, including tropics
and high-latitudinal regions. Times of the year that show less cloud coverage in the tropics
often show more coverage at higher latitudes. The seasonal variation will be affected due to
a combination of seasonal anti-correlation in cloud coverage and the seasonal oscillation of
length of night, which tends to slightly increase the extent of night SST coverage at higher
latitudes in the winter. Local seasonal variation could be expected to be significantly larger.
In this paper, the GBR case study shows a small reduction in coverage around the autumnal
equinox due to the activity of cyclones (Figure 10). In order to determine the suitability of
this product at meso to sub-mesoscales, we checked the performance of Multi-sensor L3S
over the GBR in Section 3.3.
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The Multi-sensor L3S product is able to capture the small-scale spatial variability
compared to the GPB L4 Analysis SST product. Based on the analysis shown in Section 3.3,
we expect a greater utility in the detection of small-scale features, where data are available
in the Multi-sensor L3S product over the GBR than the GPB product. Improved Multi-
sensor L3S coverage over the GBR also aids in the persistence gap-filling method used
in ReefTemp Next-Generation [14]. However, the degree to which the skin temperature
overestimates warming from the coral bleaching perspective (which includes the residual
constant variability), as well as the optimal approach to mitigating sampling variability, is
still open for further investigation and understanding.

It is worth noting that the SSES method we used to quantify the quality level can be
affected by how the SSES bias and standard deviation are calculated by data providers.
Following the GDS2.0 requirement [16], all data providers provide estimates of SST bias and
standard deviation for each reported SST value. However, as there is no specific guidance
available on how these variables are calculated, different SSES definitions are used by data
providers (e.g., [27]). We modified quality levels according to the SSES bias and standard
deviation provided by the original data providers. NOAA/NESDIS/STAR, the developer
of the VIIRS data produced operationally by NOAA/NESDIS/OSPO, used piecewise
regression to calculate SSES. They employed segmentation of the SST domain in the space
of regressors and derived the segmentation parameter from the statistics of regressors
within the global dataset of matchups. For each segment, local regression coefficients were
calculated using the corresponding subset of matchups and used to generate piecewise
regression SST. SSES biases were then estimated as differences between baseline regression
SST and piecewise regression SST [27]. Whereas EUMETSAT, our provider of MetOp-A
and MetOp-B data, calculated SSES for each quality level by analysing differences between
full-resolution satellite SSTs collocated with drifting buoys available from the EUMETSAT
operational SST matchup dataset. For twilight conditions, they computed SSES as the
average between daytime and night-time SSES [38]. As the SSES are calculated using
different methods, the quality level remapping might not have worked uniformly for all
sensors that contributed to the Multi-sensor L3S SST products. Further, this may have
affected the overall data coverage specific to quality levels and their validation results are
shown in Section 3. In the future, we will investigate the development of an SSES model
that could be applied to all sensors contributing to the Multi-sensor L3S SSTs so that the
quality level can be modified more uniformly.

In 2022, we plan to ingest MetOp-C data into the Multi-sensor L3S products. In re-
sponse to user demand for more frequent high-resolution data, we will also experiment
with combining 10-min Himawari-8 data with AVHRR and VIIRS data and introducing
a new 4-hourly and daily Geo-Polar Multi-sensor L3S SST product [39,67].

5. Conclusions

In response to user demand for more gap-free satellite SSTs at the highest possible
spatial resolution, the Bureau introduced new Multi-sensor L3S SSTs on the Australian
(70◦E to 190◦E, 70◦S to 20◦N) and Southern Ocean (2.5◦E to 202.5◦E, 77.5◦S to 27.5◦S)
domains. For reprocessing data back to 2012, the data from the AVHRR sensor aboard
satellites NOAA-18 and NOAA-19 are processed from scratch using raw data received
from ground stations in Australia and Antarctica. The high spatial resolution (0.75–1.5 km)
and accuracy of VIIRS SST data, in conjunction with the existing 1.1–4 km HRPT AVHRR
SST data, show significant improvement in spatial coverage of the IMOS Multi-sensor
L3S SST products. The new real-time Multi-sensor L3S SST products are providing better
input for applications, such as ReefTemp NextGen Coral Bleaching Nowcasting and IMOS
OceanCurrent, due to their enhanced spatial coverage (Figure 5) and accuracy (Figure 6).
These SST products are, therefore, useful for monitoring coral thermal stress, Marine Heat
Waves (e.g., [17]), coastal upwelling [50] and climate trends over Australasian waters. As a
case study, we compared Multi-sensor L3S with NOAA’s GPB L4 analysis SST data for the
period 1 January 2017 to 31 December 2018. The addition of high spatial resolution VIIRS
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SST data and AVHRR MetOp-B SST data results in significant improvements in spatial
coverage of IMOS Multi-sensor L3S SST products over the GBR. The average difference
between GPB and Multi-sensor L3S over the region is less than 1 ◦C; however, the night-
time Multi-sensor L3S exhibits a wider range of SSTs over the GBR region compared to the
Geo-Polar Blend L4 SSTs. It shows more variability and restores small-scale features better
than the GPB L4 analysis SST data.

The new IMOS Multi-sensor L3S products, both real-time (“fv01”) and reprocessed
(“fv02”), can be accessed via NCI (https://dapds00.nci.org.au/thredds/catalogs/qm43/
ghrsst/ghrsst.html (accessed on 30 June 2022) and [46]) and the Australian Ocean Data
Network (AODN, https://portal.aodn.org.au, accessed on 30 June 2022).
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