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ABSTRACT

An international comparison of field deployed radiometers for sea surface skin
temperature (SSTskin) retrieval was conducted in June 2022. The campaign comprised a
laboratory and a field comparison. In the laboratory part the radiometers were compared
against reference standard blackbodies, while the same was done with the blackbodies used
for the calibration of the radiometers against a transfer standard radiometer. Reference values
were provided by the National Physical Laboratory (NPL), traceable to the primary standard
on the International Temperature Scale of 1990. This was followed by the field comparison at
a seaside pier on the south coast of England, where the radiometers were compared against
each other while viewing the closely adjacent surface of the sea. This paper reports the results

of the laboratory comparison of radiometers and blackbodies.

For the blackbody comparison, the brightness temperature of the blackbody reported by
the participants agreed with the reference value measured by the NPL transfer standard
radiometer within the uncertainties for all temperatures and for all blackbodies. For the
radiometer comparison, the temperature range of most interest from the SSTskin retrieval point
of view is 10 °C to 30 °C, and in this temperature range, and up to the maximum comparison
temperature of 50 °C, all participants’ reported results were in agreement with the reference.
On the other hand, below 0 °C the reported values showed divergence from the reference and
the differences exceeded the uncertainties. The divergence shows there is room for
improvement in uncertainty estimation at lower temperatures, although it will have limited

implication in the SSTin retrieval.

1. Introduction

The temperature of the Earth’s surface is a fundamental and integral parameter within the
larger system of the global climate. Patterns of sea surface temperature (SST) reveal the
subsurface ocean variability, while long-term evolution of the global, regional and seasonal
averages of SST are potential indicators of climate change (Minnett and Barton 2010). As
such, SST is defined as one of the Essential Climate Variables (Bojinski et al. 2014) that
critically contributes to the characterization of the Earth’s climate by the World
Meteorological Organization Global Climate Observing System (GCOS) (WMO 2022).
Satellites have been monitoring global surface temperature for several decades, and have

established sufficient consistency and accuracy between on-orbit sensors. This includes
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measurement of the SST, in which case the derived variable is the surface skin temperature
(SSTskin) (Donlon et al. 2007). However, it is essential that such measurements are fully
anchored to the International System of Units (SI) and that there is a direct regular correlation

with “true” surface/in-situ based measurements.

The most accurate of these surface-based measurements (used for validation) are derived
from field-deployed infrared radiometers (or technically ‘radiation thermometers’, although
in this article the term ‘radiometer’ will be used following the common usage of the
terminology in this field). These are in principle calibrated traceable to SI, generally through
a reference standard radiance blackbody (BB) source. Such radiometers are of varying
design, operated by different teams in different parts of the globe. It is essential for the
integrity of their use, both to provide validation data for satellites on-orbit and to provide the
links to future sensors, that any differences in the results obtained between them are
understood. This knowledge will allow any potential biases to be removed and not to be
transferred to satellite sensors. This knowledge can only be determined through formal
comparison of the instrumentation, both in terms of its measurement capabilities in relation to
primary “laboratory based” calibration facilities, and its use in the field. The provision of a
fully traceable link to SI as part of this process ensures that the data are evidentially robust
and can claim their status as a “climate data record”. In Ohring et al. (2005), the target
accuracy for satellite-derived SST is given as 0.1 K, and the ship-borne infrared radiometers
therefore aim to have similar accuracies, which is better than the measurement requirements

for current satellite missions of <0.3 K (Donlon et al. 2012).

The calibration and validation community within the Committee on Earth Observation
Satellites (CEOS) is well versed in the need and value of such comparisons, and has held
highly successful exercises in Miami, Florida in 2001 (Rice et al. 2004, Barton et al. 2004),
and at the National Physical Laboratory (NPL), Teddington UK and in Miami in 2009
(Theocharous et al. 2010, Theocharous and Fox 2010) and at the NPL in 2016 (Theocharous
et al. 2017, Barker-Snook et al. 2017a, Barker-Snook et al. 2017b, Theocharous et al. 2019),
all carried out under the auspices of CEOS. However, six years had passed since the last
comparison and it was considered timely to repeat/update the process, and so a similar

comparison was conducted in 2022. The 2022 comparison included:

a. Comparison of the BB reference standards used for calibrating the radiometers

(laboratory based).
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b. Comparison of the radiometer response to a common Sl-traceable BB target

(laboratory based).

c. Evaluation of differences in radiometer response when viewing sea surface targets in
particular the effects of external environmental conditions such as sky brightness (field-

based).

The comparison took place during two weeks in June of 2022. The first week involved
the laboratory-based comparisons (a., b.) at NPL. The second week was devoted to the field-
based comparison (c.), at the tip of Boscombe Pier in Bournemouth, UK, and this part of the

comparison is reported in an accompanying paper (Yamada et al. 2023d).

This paper covers the result of the laboratory comparison of both the radiometers of the
participants and of the BBs used to calibrate the radiometers. Detail of the comparison results

can be found in two reports (Yamada et al. 2023a; 2023b).

2. Overview of the comparison

As in the recent prior comparisons, NPL, the UK National Metrology Institute (NMI),
served as the pilot for the 2022 comparison, by coordinating the comparison, preparing the
protocol, providing the reference value traceable to the SI, analysing the results, and
preparing the reports. The protocol agreed by the participants can be seen in Yamada and Fox
(2022). Seven participants including the pilot took part. This is a reduction from the previous
2016 comparison where eleven institutes, including the pilot, were present. No institute could
participate from the USA and China, primarily due to travel restrictions imposed due to the

COVID-19 pandemic.

The laboratory comparison was undertaken in the week 13 to 17 June 2022. For the
radiometer comparison, participants took turns to measure the reference standard BBs
belonging to NPL. These BBs had calibrated platinum resistance thermometers monitoring
their temperature which provided the reference value. For the BB comparison, a transfer
standard radiometer was used to measure the brightness temperature of the participant BBs.
The transfer radiometer was itself calibrated against the NPL reference standard radiometer
traceable to the NPL primary temperature standards, and thus served to provide the reference

value. Details on the reference standards are provided in the next section.

3 Reference standards
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a. Reference standard BBs

Two variable temperature BBs were utilised in the radiometer comparison. One is an
ammonia heatpipe BB (NH3-BB) (Chu and Machin 1999), and the other is a large aperture
stirred liquid bath BB (SL-BB) (McEvoy et al. 2024). The comparison reference values are
given by the standard platinum resistance thermometers (SPRTs), which are calibrated
traceable to the NPL primary temperature standards, measuring the temperature of the BBs.
Of the two, the NH3-BB was the same as used in the previous comparison, and a diagram can
be found in the paper by Theocharous et al. (2019). In the current comparison, the second BB
source (SL-BB) was introduced, so that two measurements could be run side by side dividing

the temperature range to be shared by the two BBs for improved efficiency.

The specifications for the two NPL variable temperature BBs are shown in Table 1. In
recent years the uncertainty for the NH3-BB has been re-evaluated and its day-to-day
working uncertainty is slightly increased from what is shown in (Chu and Machin 1999), now
being in the range from 0.13 K to 0.10 K below 0 °C and 0.095 K above 20 °C (k= 2). The
SL-BB has a smaller uncertainty, which is around 0.05 K at 0 °C to 30 °C (k = 2), due to its

higher emissivity.

Both BBs have purge systems utilising a flow of dry nitrogen gas which is used below
10 °C. They also have detachable, black-painted apertures which have been applied during
the comparison measurements at set-point temperatures below the dew point to prevent
ambient air from entering the cavity that can cause condensation of dew and frost. When the
aperture is removed at around room temperature, the resulting decrease in cavity emissivity is
almost completely balanced by the increase in the cavity reflectance of the ambient radiation,
so the same correction and uncertainty due to cavity emissivity have been applied for with

and without the aperture.

Table 1 Variable-temperature reference BB specifications

NH3-BB SL-BB
Aperture diameter ¢ 75 mm max ¢ 160 mm max
Aperture distance from front panel 75 mm 35 mm
Emissivity 0.9993@10 pm 0.9998 @11 pm*
Temperature range —40 °C-50 °C —10°C—-40 °C
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Reference thermometer PRT PRT

*: With ¢ 80 mm aperture applied to the cavity opening

b. Reference and transfer standard radiometers

The reference standard for the BB comparison was the NPL’s reference standard
radiometer Absolute Measurements of BB Emitted Radiance (AMBER) (Theocharous et al.
1998). In previous comparisons the AMBER was radiometrically calibrated by evaluating the
radiance ratio against the gallium (Ga) melting point (29.7646 °C) realised by an NPL
reference fixed-point BB (Machin and Chu 1998). When the AMBER views an object the
target temperature is derived from the measured radiance ratio. Here, radiance is evaluated as
the spectral integration of the Planck’s function multiplied by the pre-evaluated relative
spectral responsivity function of the instrument. This is analogous to the definition of the
ITS-90 above the silver point (Preston-Thomas 1990), although applied at a much lower
temperature. The calibration had previously been verified through comparison with
Physikalisch-Technische Bundesanstalt (PTB), Germany (Gutschwager et al. 2013).
However, the scheme requires the knowledge of the zero-radiance signal that is derived
through measurement of a zero-radiance source such as a cryogenic blackbody, which is hard
to implement in practice. For the current comparison exercise, a new calibration scheme was
applied employing a second reference temperature at around —30 °C through measurement of
the NH3-BB, and extrapolating down to determine the zero-radiance signal, thus rendering
the problematic realisation of the zero-radiance source unnecessary. A detailed description of
this two-point interpolation scale realization is described in a separate article (Yamada et al.

2023¢).

A transfer standard radiometer was introduced for the first time in this comparison, which
was the NPL TRT-IV.82 manufactured by Heitronics Infrarot Messtechnik GmbH
(hereinafter referred to as ‘Heitronics’). This transfer standard was introduced following the
positive contribution to the previous comparison by a radiometer of a similar model
belonging to PTB (Theocharous et al. 2017). The Heitronics transfer standard radiometer was
calibrated by comparison against the AMBER reference standard utilising as the comparator
sources the same NPL variable temperature NH3-BB and SL-BB described above. Then the

Heitronics transfer standard was used to measure the temperature of the participant BBs.
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The AMBER has a relatively small but not insignificant size-of-source effect (SSE).
Therefore, a correction was made to account for the difference in the size of the two sources
used for scale realisation (30 mm diameter for the Ga-point BB and 75 mm diameter for the
NH3-BB) and the AMBER SSE. For the Heitronics, a correction was made for the effect of
the difference in the source size of the NH3-BB used to calibrate the Heitronics by
comparison with the AMBER, and the participants’ BB sizes. For this, a SSE correction
scheme was applied that enables correction up to large source sizes at all measurement
temperatures, based on a method described in Bloembergen (1999). The stability of the
Heitronics was monitored by measurement of the Ga-point BB a few times a day before and
during the comparison period. An abrupt shift of approximately 70 mK was detected after the
calibration and just before the comparison, and a correction was applied to the measurements

made of the participants’ BBs to account for this. The uncertainty in this correction was also

included in the uncertainty of the reference temperature.

The specifications of the AMBER and Heitronics relevant to the comparison

measurements are given in Table 2.

Table 2 Reference and transfer standard radiometer specifications

AMBER

(reference standard radiometer)

Heitronics TRT-1V.82

(transfer standard radiometer)

Wavelength
Target size
Measurement distance

Effective window/lens

diameter

Scale realization

10.1 pm (9 pm — 11 pm)
¢ 5 mm
70 mm

¢ 13 mm

Through relative spectral

response measurement, and BB
measurement at the Ga melting
point and at a second reference

temperature at —30 °C.

8 um - 14 um
¢ 8.7 mm
503 mm

¢ 57 mm

By comparison with AMBER
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4. Participants’ instruments

a. BBs

There are, in general, two types of BBs used for calibration of radiometers for SSTskin
retrieval. One is a BB cavity immersed in a stirred liquid bath, and the other is a BB cavity
formed in a metal block. The BBs that participated in this comparison all belong to one of
these two types. None of the BBs had a purge system to prevent formation of dew and frost.
Therefore, their operation was limited to above the dew point of the laboratory, which was

just below 10 °C during the comparison.

1) SPECIALISED BB WITH CAVITY IN STIRRED LIQUID BATH

BBs of the stirred liquid bath type that participated in the comparison are the CASOTS
(Donlon et al. 1999) and CASOTS-II (Donlon et al. 2014) BBs. Both are similar in
configuration and operation, the difference being in the improved thermal insulation leading
to better temperature uniformity for the latter. The BB consists of cylindroconical cavity of
copper with internal black coating of NEXTEL Suede Coating (NEXTEL Velvet Coating for
CASOTS), leading to a high estimated emissivity of 0.99981 with a 50 mm diameter aperture
plate (CASOTS-II). The bath has no temperature control and the adjustment is made by
adding or removing hot water, cold water or ice. The temperature of the bath is monitored by

a thermistor or a platinum resistance thermometer.

The Science and Technology Facilities Council (STFC) Rutherford Appleton Laboratory
(RAL) brought with them their CASOTS, while University of Southampton (UoS) and
CSIRO / Australian Bureau of Meteorology (CSIRO) took part in the comparison with their
CASOTS-IL.

2) COMMERCIAL BB WITH CAVITY IN METAL BLOCK

Two participants participated with the same commercial BB system (Manufacturer:
AMETEK-LAND, Model: Landcal P80P). This system comprises a cylindroconical BB
cavity with black, high temperature refractory coating in an aluminium block to achieve an
emissivity higher than 0.995. The temperature of the block, heated and cooled by Peltier

elements, can be monitored by a platinum resistance thermometer.

University of Valencia (UoV) and Karlsruhe Institute of Technology (KIT) participated in
the BB comparison with this type.
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b. Radiometers

The radiometers that participated in this comparison can be categorised in to two types:
dedicated systems for SSTin retrieval equipped with internal BB references, and systems
based on a commercially available instrument for general use without internal BB references.
Other types of radiometer that were present in the previous comparison, such as Fourier-

Transform Infrared Spectroradiometer type, were not among those that participated this time.

1) DEDICATED SYSTEMS FOR SSTskiw RETRIEVAL WITH INTERNAL BBS

The SISTeR radiometer (Barton et al. 2004, Theocharous et al. 2019) of RAL, and ISAR
radiometer (Donlon et al. 2008) manufactured by UoS belong to the category of radiometer
with an internal BB. Both have two reference BB cavities, one at ambient temperature, and
the other, with a constant heater power supplied, at a slightly higher temperature
(approximately 12 K higher for ISAR, and 17 K higher for SISTeR). Both have a 45 °©
scanning mirror that deflects the field of view of the radiometer to successively measure the
radiation from the sea, the sky and the two BBs. ISAR’s detection is made by use of a
radiometer (Manufacturer: Heitronics, Model: KT15.85) with detecting wavelength range
from 9.6 pm to 11.5 pm. SISTeR utilised a pyroelectric detector in combination with a

bandpass filter centred at 10.85 um with full width at half maximum of 0.88 um.

RAL participated with SISTeR, while UoS, CSIRO and the Danish Meteorological
Institute (DMI) participated with various models of ISAR. For all ISAR models the optics

and the detectors are of the same design.

2) COMMERCIAL INSTRUMENTS WITHOUT INTERNAL BB REFERENCE

Two institutes participated with radiometers of the category without internal BBs. KIT
brought a set of two radiometers (KIT-1, KIT-2, Manufacturer: Heitronics, Model:
KT15.85 IIP) with wavelength range from 9.6 um to 11.5 um. One was intended for sea
surface radiance measurement while the other was intended for sky radiance measurement.
Similarly, UoV took part with a set of two radiometers (manufacturer: CIMEL Electronique,
model: CE312-2), each with six selectable spectral bands (B1: 8.0 pum to 13.3 um, B2:
10.9 um to 11.7 um, B3: 10.2 ym to 11.0 pm, B4: 9.0 um to 9.3 pm, BS5: 8.5 um to 8.9 um,
and B6: 8.3 um to 8.6 um) utilising thermopile detectors. In this comparison each of these
bands was treated as an independent participating instrument. A summary of the participants’

instrumentation is given in Table 3.
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Table 3 Participants’ BBs and radiometers. Acronyms are used in graphs. UoV-1 and 2

radiometers each have 6 bands, which have acronym extensions from B1 to B6 and each band

is treated as an independent instrument in the comparison.

Institute BB Radiometer
Model Acronym Model Acronym
University of Landcal P8OP UoV CIMEL Electronique
) CE312-2

Valencia
Unit 1 UoV-1B1-B6
Unit 2 UoV-2 B1-B6

Karlsruhe Institute Landcal PSOP  KIT Heitronics KT15.85 1IP

of Technology SN #9353; ‘surface’ KIT-1
radiometer
SN #13794; ‘sky’ KIT-2
radiometer

CSIRO / CASOTS-1I CSIRO ISARS5-E CSIRO

Australian Bureau serial number 16

of Meteorology

University of CASOTS-II UoS ISARS5-C UoS

Southampton serial number 3

STFC Rutherford CASOTS RAL SISTeR RAL

Appleton

Laboratory

Danish — — ISAR-5D DMI

Meteorological

Institute

A view of the laboratory where the BB comparison was carried out is shown in Fig. 1 a).

On the left, the NPL transfer radiometer (Heitronics) is shown viewing the reference standard

compact Ga-point BB placed on the optical bench. On the left of the Ga-point BB a red
CASOTS BB is seen, together with two blue CASOTS-II BBs to its left. At the far end of the
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row of BBs a Landcal P8OP BB is seen. A second Landcal PSOP was present but is not shown

in the photograph. A view of the laboratory during the comparison of radiometers is shown in
Fig. 1 b). On the left, the CSIRO ISAR radiometer is measuring the SL-BB. On the right, the
UoV CIMEL radiometer is being set up to measure the NH3-BB.
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b)

Figure 1 View of laboratory during comparison measurements. a) BB comparison from far
left: Landcal PSOP, CASOTS-II, CASOTS-II, CASOTS, Ga-point BB. Facing the BBs is the
Heitronics transfer radiometer. b) Radiometer comparison measurements from left: ISAR

measuring the SL-BB, Right: CIMEL being prepared for NH3-BB measurement.

5. Measurement temperatures and measurand

In both the BB and the radiometer comparisons, the principle measurand was the brightness
temperature of the BB sources at 10 um. Therefore, where the temperature values are derived
from contact thermometers monitoring the BB (as in the case of participant reported values in
BB comparison, and pilot reference value in the radiometer comparison) corrections in the
brightness temperature are required for source emissivity and ambient reflection. Where
temperatures are measured by a 10 pm-range radiometer (as in the participant reported value
in the radiometer comparison, and the pilot reference value in the BB comparison) corrections
are required for the SSE of the radiometer (when possible) but nothing else. Temperature here

refers to that on the International Temperature Scale of 1990 (ITS-90) (BIPM 1989).

a. BB comparison

12
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For the BB comparison the participants’ BBs were compared at the nominal temperatures
covering the range from 10 °C to 50 °C as shown in Table 4 using the Heitronics transfer
standard radiometer. All BBs participated at all temperature points up to 35 °C, above which
only two participants (KIT, UoV) participated. Measurements at 55 °C and 60 °C were also
made by KIT, but these are not considered a part of the comparison since AMBER and
Heitronics were not calibrated prior to the comparison up to these temperatures and

measurement uncertainties with these instruments at these temperatures were not available.

b. Radiometer comparison

For the radiometer comparison the NPL BBs were set at the nominal temperatures covering
the range from —30 °C to 50 °C as shown in Table 4. The temperature range of main interest
for SSTskin retrieval is 10 °C to 30 °C, so the SL-BB, having better temperature stability and
higher emissivity as well as larger aperture for ease in alignment, was assigned to cover this
range. The NH3-BB, being able to rapidly change set-point temperature and covering a wider
range, was assigned to cover the higher and lower ends. At 0 °C and 30 °C, both BBs were
measured so that a check could be made of the agreement of the radiometer measurements
made with the two BBs. All participants participated in all temperature points except at 50 °C,
where only UoV, KIT and RAL participated. However, CSIRO later withdrew from submitting
their results for three of the points (—15 °C, 35 °C and 40 °C) after noticing an issue with the

alignment of their radiometer against the NH3-BB.

Table 4 Measurement temperature points. Italic fonts represent temperature points where

limited number of participants made measurements.

Comparison type Nominal temperature / °C

BB comparison 10, 15, 20, 25, 30, 35, 40, 45, 50(, 55, 60)*

*: Outside the scope of comparison
Radiometer comparison
NH3-BB source =30, -15, 0, 30, 35, 40, 50

SL-BB source 0, 10, 20, 30

6. Measurement and reporting
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a. BB comparison

The participants set the BBs to the set-point temperature and, when the temperature was
sufficiently stable, the pilot took measurements of the BB brightness temperature with the
transfer standard Heitronics radiometer. At least three repeated measurements were made
with the Heitronics, including a re-alignment. The participants themselves took
measurements of the BB temperature through contact thermometers. This was continuously
logged for CASOTS and CASOTS-II BBs, and time stamped data was reported. For the P80OP

BBs it was checked that the BB temperature stayed constant during the pilot’s measurement.

Participants reported values of BB temperature after correcting for the BB emissivity and
for the ambient reflection. The values measured with the transfer standard Heitronics by the
pilot were corrected both for the difference from the reference AMBER scale, and for the
Heitronics’ SSE to account for the difference in the size of the source used to calibrate the
transfer radiometer and the size of each of the participants’ BBs. The SSE was measured with
a flat plate radiator as a source in front of which apertures with varying diameters were
placed, with sufficient space and tilt between them to prevent multiple reflections. The
method for the SSE correction follows that presented by Bloembergen (1999), which allows
correction to be applied to temperatures at which SSE is not directly evaluated. Heitronics
temperature values after the corrections became the reference brightness temperatures of the
BBs. The mean of the differences between the three reference brightness temperature values
and the participant temperature values made at the same time was evaluated, and the
reproducibility was assessed and included in the comparison uncertainty. When the
participant reported a single value instead of temporal data the difference of this value from
the simple mean of the reference measurements was used. Participants reported uncertainties
of the measurement accompanying each measured value. The uncertainties included such
sources as BB emissivity uncertainty, thermometer calibration uncertainty, cavity
temperature non-uniformity, BB temperature stability, and reflected ambient radiation, as
well as Type A uncertainties. Details of the uncertainty estimations are found in Yamada et

al. (2023a).

An example of measurement data from a participant BB with the transfer radiometer is
shown in Fig. 2. Here, the UoS CASOTS-II BB is measured intermittently by the Heitronics
while the water bath temperature is continuously monitored by a thermistor. The logging of

the data was done on two separate computer systems whose clocks were synchronized prior
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to data acquisition. CASOTS-II BB does not have temperature control capability, so the
temperature is seen to gradually heat up due to the heat generated by the bath stirrer pump.
The transfer standard Heitronics radiometer measurement is seen to follow this trend. Since
the data acquisition synchronization (better than 30 s) is well within the time for significant
temperature drift (at a rate of less than 0.01 °C/min), the change in BB temperature has

insignificant effect on the measurement.

25.5
254
253
252
25.1 ¢
250 r .
249 o
248

247 1
24.6 UoS

245 * * * Ref

13:45 13:50 13:55 14:00
Time (h:min, BST)

Brightness temperature / °C

Figure 2 An example of measurement data of participant’s BB brightness temperature. UoS
CASOTS-II BB at a nominal temperature of 25 °C measured by a thermistor monitoring the
water bath temperature (‘UoS’) and by the transfer standard Heitronics radiometer (‘Ref”).

Error bars denote standard uncertainties.

b. Radiometer comparison

The participants took turns to align and measure the NPL BBs, with their radiometers,
when the BB temperature was stable at the set-point. The pilot measured the BB temperature
continuously with SPRTs whose calibration was traceable to the NPL primary temperature
standards, with corrections to the temperature applied for the cavity emissivity and ambient
reflection to derive the reference brightness temperature value. The participants reported the
time-stamped measured brightness temperature values and the associated uncertainties. The
uncertainties included such sources as the primary calibration uncertainty of the radiometer,
linearity, drift since calibration, and ambient temperature effect, as well as Type A
uncertainties. Details of the uncertainty estimations reported by each participant are found in
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Yamada et al. (2023b). The measurements reported by the participants were compared with
the reference value at the same point in time. The mean of the differences of the temperature
values corresponding to the same timing was evaluated and the uncertainty of the mean was

included in the comparison uncertainty.

An example of the measurement data of the reference SL-BB with participant radiometers

is plotted in Fig. 3.

30.6
304 ¢
302 r
30.0 r
29.8
29.6

294 . yov-1 e UoV-2 KIT-1
297 L« KIT-2 « RAL CSIRO

* UoS DMI —Ref
29.0 : : :

09:00 09:30 10:00 10:30 11:00 11:30 12:00 12:30
Time (h:min, BST)

Brightness temperature / °C

Figure 3 An example of measurement data of the reference BB brightness temperature.
NPL’s SL-BB at a nominal temperature of 30 °C is measured by reference SPRT monitoring
the water bath temperature (‘Ref”) and by participants’ radiometers. Error bars denote
standard uncertainties. For both UoV-1 and UoV-2 radiometers, each plot corresponds to a

spectral band, from B1 to B6 in this order from left to right.

7. Comparison results

a. BB comparison result

Agreement with the reference value is evaluated by plotting the data with error bars added
to both the participant reported values and the reference values, as shown in Figs. 4 a) and b).
The error bars are the expanded uncertainties (k = 2). Plots are shifted slightly to make them
distinguishable.
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Since the CASOTS and CASOTS-II BBs have significantly smaller reported uncertainties

than those for the other participant BBs, Fig. 4 a) show results for these BBs, while Fig. 4 b)

shows those for the others. Note the difference in the vertical scales.
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Figure 4 BB comparison result. Error bars denote expanded uncertainty (k= 2). The

expanded uncertainties of the reference values are the black bars. a) Specialised BBs

(CASOTS and CASOTS-II). b) Commercial BBs (Landcal PS8OP)

b. Radiometer comparison result

Agreement with the reference value is evaluated by plotting the data with error bars added

to both the participant reported values and the reference values, as shown in Fig. 5 and Fig. 6.

Plots are shifted slightly to make them distinguishable. The error bars are the expanded

uncertainties (k = 2). At each temperature point, each participant reported either a set of time

stamped measurements or a single averaged value. For the former, evaluation of the standard

error of the mean of the temperature difference from the reference was evaluated for each set
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388  of measurements, and this was combined with the participant claimed combined

389  measurement uncertainty.

390 Since the ISAR and SISTeR radiometers have an internal reference BB to improve the
391  accuracy of measurement, the quoted uncertainties are significantly smaller than for the other
392  two types of radiometer. Therefore, Fig. 5 a) and Figs. 6 a) and b) show results for the ISAR
393  and SISTeR instruments, while Fig. 5 b) and Fig. 6 ¢) show those for the others. Note the

394  difference in the vertical scales.
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Figure 5 Radiometer comparison result with SL-BB. Error bars are the expanded
uncertainties (k = 2) for the participant measured values and for the reference value (latter
shown as black bars). Plots are shifted slightly to make them distinguishable. a) CSIRO, UoS,
RAL and DMI radiometers. b) UoV and KIT radiometers.
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Figure 6 Radiometer comparison result with NH3-BB. Error bars are the expanded
uncertainties (k = 2) for the participant measured values and for the reference value (latter
shown as black bars). Plots are shifted slightly to make them distinguishable. a) CSIRO, UoS,
RAL and DMI radiometers. b) CSIRO, UoS, RAL and DMI radiometers (magnified vertical
scale). ¢) UoV and KIT radiometers.

8. Discussions

a. BB comparison

Figure 2 shows an example of a measurement of the CASOTS-II BB, which is the type
with the BB cavity immersed in a stirred bath. The figure shows that, although the BB
temperature is slowly fluctuating, the Heitronics’ reading follows the temporal fluctuation of
the monitored BB temperature. The figure also verifies that the stability of the participant
CASOTS-II BB is sufficient as long as the timings of the temperature readings are matched
with the timings of the radiometric measurements, as is done in the current comparison. The
other BB type, with the cavity in a temperature-controlled metal block (the Landcal P8OP), is

believed to have stable enough temperature control to assume its temperature to be constant,
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although this was not verified from the data since no temporal data were provided by the
participants. In the case of the UoV BB, the stability was studied, before the comparison,
using external PRT readings at fixed BB temperatures (10 °C, 20 °C, 40 °C and 50 °C) during

90 min, obtaining a maximum standard deviation value of 0.03 K.

The standard measurement uncertainty with the Heitronics, including the scale realisation
on the AMBER, was approximately 45 mK at 20 °C, which is comparable to or slightly
smaller than the 53 mK reported for AMBER in the previous comparison (Theocharous
2017). This is due mainly to the employment of the novel two-point interpolation scale
realisation on the AMBER, and the improved short-term stability and reproducibility
achieved by using the Heitronics as the transfer standard for the comparison measurements.
The short-term repeatability of the Heitronics was good and including this uncertainty term

did not increase the calibration uncertainty.

Figure 4 a) shows that the deviations of the participant reported temperatures for the
CASOTS and CASOTS-II BBs (belonging to RAL, UoS and CSIRO) from the reference
(brightness temperature) values are relatively small and are all less than 50 mK. The Landcal
P8OP BBs (of UoV and KIT) show larger deviations exceeding 0.1 K in some cases (Fig. 4
b)). No apparent dependence of the deviations on BB temperature is observed. The Landcal
P80P BBs have an emissivity of 0.995 (cf. section 3. a), and may be affected by reflection of

objects that are at different temperatures from the ambient.

In the figures, the error bars, corresponding to the expanded participant and reference
value uncertainties (k = 2), overlap with each other, confirming the agreement with the
reference value within the uncertainties for all BBs at all temperatures. The uncertainty of the
reference is larger than the claimed uncertainties for the CASOTS and CASOTS-II BBs, but
the former is sufficiently small to claim the comparison supports the reliability of the

compared artefacts.

The temperature range of comparison for the CASOTS and CASOTS-II BBs was from 10
°C to 35 °C, and good agreement with the reference value was confirmed in this range. This
range is largely sufficient for the intended application, namely SSTskin retrieval. If similar
accuracy is to be required for ice or land surface temperature retrieval, the BB operation
temperature range needs to be expanded. It should be noted that formation of dew and frost

will not be an issue if the ambient temperature can also be lowered together with the set point
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so that it corresponds better to the actual condition in the field, for by doing so the dew point

will also be lowered.

b. Radiometer comparison

Figure 3 shows that the stability of the reference SL-BB was sufficient to evaluate the
agreement of the participants’ temperature scales with the SI. For both this BB and the NH3-
BB, the evaluated standard errors of the mean for each set of measurements were all small
enough that including these only increased the combined uncertainty by less than 5 %.
Exceptions were some cases at —15 °C and —30 °C, but, for these extreme cases, it could be
confirmed from the scatter of the data that the poor repeatability was caused by the
radiometer and not the reference BB. For the temperature range from 0 °C to 30 °C, which is
of most interest from the SST.in retrieval objective, the SL-BB was used, and the
introduction of this additional reference source for this comparison has made a positive

impact through its exceptional stability.

In Fig. 5 and Fig. 6, the agreement of the participants’ values with the reference value is
evaluated. The expanded uncertainties (k = 2) are expressed by error bars for both the
participant measurements and for the reference. Overlap of the error bars for the
measurement and the reference value, indicating the agreement of the two, is confirmed for
all participants in the range 10 °C to 30 °C. The main source of the uncertainty for the UoV
and KIT radiometers corresponds to the primary calibration uncertainty (from the Landcal
P8OP BB used), which was estimated as 0.34 K for UoV and 0.15 K for KIT (k= 1, cf. Fig. 4
b)), and was mainly due to the BB cavity temperature non-uniformity effect. However, the
good agreement observed in the comparison result indicates this is likely an overestimation.
This is further confirmed in the BB comparison (Fig. 4). Investigation is envisaged to

determine a more realistic reduced calibration uncertainty.

Separate graphs of the differences of the participant values from the reference value are
given for the two sources, the SL-BB (Fig. 5) and the NH3-BB (Fig. 6). At 0 °C and 30 °C
both sources are measured by the radiometers, and it can be verified that the two sources are
practically equivalent, i.e., the differences (participant value — reference value) agree. The
single outlier at these two temperatures is the measurement by CSIRO of the NH3-BB at
30 °C, which shows an almost 1 °C lower value than with the SL-BB. This is most likely

caused by an issue with the alignment of the radiometer against the NH3-BB aperture, the
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wide field of view of the radiometer not being fully contained within the aperture that is

located deep inside from the BB front face.

In Fig. 5 and Fig. 6, results for the ISAR and SISTeR radiometers are plotted separately
from the other instruments with larger uncertainties. It is clear from the graphs that all three
ISARs agree very well with each other while the SISTeR shows a different trend. A
systematic error in the ISAR instrument may be present. An investigation into the cause is

recommended for improved reliability.

In Fig. 5 and Fig. 6, it can also be seen that the scatter of the data increases as the
temperature becomes lower, and also larger differences from the reference are observed. This
is natural since the detected radiance signal of the radiometers becomes lower and the signal-
to-noise ratio decreases, leading to more ‘noise’ (scatter) in the results. Furthermore, all
radiometers have some kind of an internal temperature reference kept at around ambient
temperature and often a second reference slightly above this, and therefore have the highest
accuracy around these temperatures. The further away the target temperature becomes from
ambient, the larger the extrapolation from the internal references, and therefore the larger the
uncertainty. Finally, the BBs used to calibrate the radiometers, a Landcal P8OP or a
CASOTS/CASOTS-II, are not equipped with purge systems to prevent formation of dew and
frost in the BB cavity. This means that the use of the BBs is limited to above the dew point,
which is normally above 0 °C; or, if they are used below the dew point, they could be
affected by dew and frost. The participant scales in the temperature range to below 0 °C are
therefore most likely realized by extrapolation, leading to increased uncertainty at these

temperatures.

Even though a lower target temperature introduces various difficulties for accurate
temperature measurement the declared uncertainties do not increase as expected, and for
some participants they are almost the same as in the ambient temperature range. In the
temperature range below 0 °C, the error bars of the measurements do not necessarily overlap
with that of the reference, indicating that the uncertainty estimation does not fully represent
the true measurement capabilities of the participants. The result suggests that all participants
need to reconsider the uncertainty budget so that such effects as extrapolation from the
calibration temperature, low signal level due to reduced radiance, and larger deviation of the
target temperature from the internal blackbody temperature are adequately taken into account

in order that the uncertainties reflect the true measurement capabilities.
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From the point of view of SSTiin retrieval, increasing the uncertainty is not an issue,
since measurement at these low temperatures is required only for measurement of the sky
brightness temperature and not for the sea surface brightness temperature. Sky brightness
temperature is used in the correction for reflection at the sea surface when deriving the
SSTikin from the sea surface brightness temperature. Since the emissivity of the sea surface is
high, this correction is small especially when the sky has no overcast cloud and its brightness
temperature is low. For instance, sky brightness temperature measurement error of 10 K at —
30 °C will only introduce an error of around 50 mK in the derived SSTkin. Thus the

requirement for accuracy in the sky brightness temperature is much more relaxed.

9. Conclusion

Six SSTikin retrieval radiometers as well as five BBs used for calibrating them were
gathered at NPL and their realised brightness temperatures were compared against the NPL
reference standard scale as a part of the CEOS International Thermal Infrared Radiometer
Inter-comparison (CRIC). During the comparison which took place during five days in June
2022, the BBs were measured with the transfer standard radiometer calibrated against the
reference standard radiometer, AMBER, on which the scale was realised radiometrically
traceable to the ITS-90 primary standards of NPL. The six radiometers viewed the cavities of
an NH3-BB and a SL-BB, and brightness temperatures detected by the radiometers were
compared against the values derived from the platinum resistance thermometers measuring

the BBs, which were calibrated traceable to the ITS-90 primary standards of NPL.

The temperature range of the BB comparison covered from 10 °C to 35 °C for all
participants, and to 50 °C for two of the participants. The brightness temperature reported by
the participants agreed with the reference value measured by the NPL transfer standard

radiometer within the uncertainties for all temperatures and for all BBs.

The SL-BB was applied for comparison in the range 0 °C to 30 °C. The temperature
range of most interest from the SSTskin retrieval point of view is 10 °C to 30 °C, and in this
temperature range all participants reported results that were in good agreement with the

reference.

The NH3-BB was applied to the extreme temperatures at —30 °C, —15 °C, 0 °C, 30 °C, 35
°C, 40 °C, and 50 °C. The temperatures above 30 °C showed good agreement, similar to 30

°C. On the other hand, at and below 0 °C, the participant reported values showed divergence
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from the reference which grew as the temperature became lower, and the divergence
exceeded the uncertainties. This will not have a major significance in the derivation of the
SSTskin, since this low temperature range is only required for sky brightness temperature
measurement, is used for correction of the reflection at sea surface, and this requires lower
accuracy. However, it indicates there is deficiency in the uncertainty estimation capability for
all participants, especially when the derived SSTkin deviates from the ambient, and this
should be improved in future if the participants are to maintain confidence in their SSTskin

retrieval capabilities.

Three new features were introduced in the current comparison compared to the previous
comparison in 2016. The first is the introduction of the transfer standard radiometer to
perform the measurement of the BBs. This overcomes the issue of the short-term stability of
the AMBER, eliminates the thermal interaction of the cryogenically cooled AMBER with the
BB, and reduces the problem with its poor operability encountered during practical
measurements. The second is the employment of a novel scale realisation on the AMBER
utilising two reference temperatures, which resulted in reduced uncertainty and made the
realisation of a zero-radiance source unnecessary. The third is the introduction of the new SL-
BB. This proved to have a positive impact, not only for improved efficiency of the
measurements, but also from the point of view of improvement in measurement accuracy by
the participants owing to its large aperture, high emissivity, and temporal stability.
Measurement of the two BBs made at same temperatures showed similar agreement, which

confirmed that they produce identical comparison results.

It should also be noted that the comparison in the laboratory is not always equivalent to
measurement in the field. The comparison results show that divergence from the reference is
noticeable where the target temperature diverts from the ambient temperature. The
instruments tested here utilise internal reference BBs at temperatures at around the ambient,
which means high accuracy is expected if the target is around the ambient. In the laboratory,
this is not always the case, for the room temperature is maintained around 23 °C regardless of
the BB source temperature. On the other hand, in the field the ambient temperature is nearly
always close to the SSTkin. Performance of the instruments when deriving SSTikin should
therefore be expected to be better in practice compared to what this comparison shows, and

the results shown in this comparison should be interpreted as a worst-case scenario. The
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result of the accompanying field comparison shows very good agreement among participants,

and this seems to support the above observation (Yamada et al. 2023c; 2023d).

In recent years, new improved radiometers for SSTskin retrieval have been developed, and
more radiometers are being deployed at the sea. A future repeat of the current comparison
exercise will be needed, possibly with a reduced interval between comparisons than the

current six to eight years, when the new radiometers are being used in the field.
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