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1. EXECUTIVE SUMMARY

The FRMA4SST project is funded by the European Space Agency (ESA) and, through various activities,
aims to sustain and evolve the International Sea Surface Temperature (SST) Fiducial Reference
Measurement (FRM) Network (ISFRN). One way that this aim is fulfilled is through the collection,
processing, analysis, publication and reporting of in situ FRM field measurements made using ISAR
and SISTeR Instruments, that are near-contemporaneous with satellite data from the Sentinel-3A and
Sentinel-3B SLSTR instruments.

The objectives for the FRM4SST project are:

OBJ-1: Deploy and maintain shipborne thermal infrared (TIR) FRM radiometers and necessary

supporting instrumentation to validate satellite SST products.
OBJ-2: Maintain FRM protocols for satellite SST measurements and uncertainty budgets.

OBJ-3: Process, quality control, archive and deliver approved FRM4SST data sets following

documented FRM procedures and approve their use for FRM satellite validation.
OBJ-4: Validate satellite SST products to FRM standards and publish monthly results.

OBJ-5: Promote the FRM4SST outputs and maintain the International SST FRM Radiometer
Network (ISFRN).

In order to ensure that the SLSTR geophysical data products are reliable, the in situ data that the
products are validated against need to have a reliable uncertainty budget associated with them (OBJ-
2).

This report is deliverable D3 on the FRM4SST contract and describes the uncertainty budgets used by
the FRM4SST Team. The FRM4SST uncertainty budgets for shipborne radiometers and supporting
measurements used for satellite SST validation will continue to be updated and maintained through the
project lifetime.
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2. INTRODUCTION

2.1 Overview

For satellite-derived SST datasets to be used for the compilation of climate data records (CDRSs)
in which SST is regarded as an essential climate variable (ECV) (Bojinski et al. 2014), a rigorous
approach to satellite data quality should be followed, as recommended by Barker et al. (2015).
Most notably, this implies that the in situ SST observations used for validating satellite datasets
should be accompanied with estimates of the uncertainty of each SST record, in accordance
with formal metrological protocols (JCGM 2008) that are now incorporated into the Committee
on Earth Observation Satellites (CEOS) specifications for CDRs (QA4EO Task Team 2010).
More recently, these independent ground-based SST measurements are labelled as Fiducial
Reference Measurements (FRM). Donlon et.al 2014 defines the mandatory characteristics for
FRM as:

1. FRM measurements have documented evidence of Sl traceability via inter-comparison

of instruments under operational-like conditions.
2. FRM measurements are independent from the satellite SST retrieval process.

3. An uncertainty budget for all FRM instruments and derived measurements is available

and maintained, traceable where appropriate to Sl ideally directly through an NMI.

4. FRM measurement protocols and community-wide management practices

(measurement, processing, archive, documents, etc.) are defined and adhered to.

All of the above points are addressed by the FRMA4SST project, point 1 is satisfied by regular
inter-comparisons, the last one being conducted in 2022 (see Yamada, Y., et.al. 2024 and
2024a). The second point is addressed by the careful design of the shipborne radiometers such
as ISAR, SISTeR and M-AERI (Donlon et.al 2008, Minnet et.al. 2001) and their processing
system (Wimmer et.al. 2016). The third point will be discussed in this report and the final point
is addressed by the FRM4SST project in publishing the community wide protocol and

measurement strategies on the ships4sst website.

A comprehensive and reliable uncertainty budget allows a dataset to be compared either with
themselves or with a reference standard and as such, can be used with confidence.
Uncertainties arise due to many reasons but can be grouped into the following primary
categories (Donlon et al. 2014a?) as:

1 https://doi.org/10.1016/B978-0-12-417011-7.00018-0
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e Instrument measurement uncertainty: those relating to instrument hardware e.g.

detector noise, optical misalignment, etc.

e Retrieval/algorithm uncertainty: those relating to derived quantities e.g. the value of
sea water emissivity, temporal differences between sea surface and atmospheric
radiance measurements, etc.

e Application uncertainty: those relating to a specific application e.g. differences in the

type of SST measurement (e.g. of SSTdepth OF SSTskin).

These uncertainties can further be split into two categories as described by Donlon et al. 2014.:

e Measurement uncertainty: The uncertainty associated with the typical variability of the
measured property, e.g., variability of the brightness temperature (BT) of the sea and

sky view measurements, or the uncertainty of seawater emissivity, etc.

e Instrument uncertainty: The uncertainty related to the instrument introduces regardless
of the measured property such as detector noise, thermistor calibrations, electronics

digitization uncertainty, and so on.

Another way of evaluating uncertainties is according to the character of the uncertainty, which broadly
maps to the more commonly used terms of systematic and random uncertainties, where Type A
uncertainties are often labelled as random uncertainties and Type B uncertainties as systematic

uncertainties. Wimmer and Robinson, 2016, describe Type A and Type B uncertainties as:

e Type A: Uncertainties that must be estimated by using statistics, sometimes also
referred to as random, since the uncertainties can be reduced by increasing the number

of samples used in producing a single data record.

e Type B: Uncertainties estimated from knowledge of component behaviour or other
information, sometimes also referred to as systematic, because they are not reduced

by obtaining more samples.

As an example of such a shipborne uncertainty model, we look at the ISAR uncertainty model as
described by Wimmer et.at. 2016. The ISAR model uses Type A and Type B uncertainties, which mainly
include above Instrument measurement uncertainty and Retrieval/algorithm uncertainty. A more
thorough investigation into how these categories relate specifically to shipborne radiometer SST

measurements can be found in Donlon et al. 2014.

2.2 The ISAR Model

A comprehensive uncertainty budget and analysis for a shipborne radiometer has been produced by
Wimmer et al. 2012 and Wimmer and Robinson, 2016 for the ISAR radiometer. The ISAR uncertainty
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model was created based on FRM standards and requirements and so not only are pre- and post-
deployment calibrations performed but also a per-measurement model is used. This means that not

only are shipborne radiometers fully traceable to Sl standards (Preston-Thomas et al. 1990) but it also

reduces the need for a large number of nhominally independent observations to reduce the random
uncertainty (for example, in the case of drifting buoys). The ISAR uncertainty model is based on a
breakdown of uncertainties for the entire end-to-end instrument and data processing system, and was
developed on a first principle bases by analysing these components of the ISAR instrument and
propagating their associated uncertainties through the measurement equation that is shown in Figure
2-1 (Wimmer and Robinson, 2016). Type A uncertainties are coloured in blue and Type B uncertainties

are coloured in red. Boxes with both colours indicate that the component contains both Type A and

Type B uncertainties.

&

[SST — RB']‘*(H_*.«;—(1—‘3:"‘1?5.\-9}J
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Figure 2-1: The ISAR SST Measurements equation featuring a breakdown of some of the main elements
of the ISAR SST processor to show the factors that introduce uncertainties. The boxes coloured in blue
represent Type A uncertainties, boxes coloured in red show Type B uncertainties, and boxes in red and
blue contain both Type A and Type B uncertainties. R2T stands for radiation to temperature
transformation, Rsea iS the radiation from the sea, Rsky the radiation from the sky, € the seawater
emissivity, Resi2the radiation from the two on-board blackbodies, and Sigsea, Sigsky, Sigss1,2are the

signal from the detector when viewing the sea, sky of the two blackbodies (Wimmer and Robinson, 2016).
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Figure 2-2 shows the main sources of uncertainty for the ISAR instrument, an indication of it values and

range and if it is a Type A or Type B uncertainty. Wimmer and Robinson, 2016, discuss every item on

the list in Figure 2-2 extensively, with justifications and supporting literature.

11
12
13
14
15
16

Item Uncertainty Unit Tvpe
Detector linearity = 001 % K month ™ B
Detector noise ~~ 0.2 Volts A
Detector accuracy =035 K B
ADC *1{=76.3) L5B (uV) B
ADC accuracy *0.1% Range B
ADC zero drift 6 pveC! B
Reference valtage 16-hit ADC *15 mW B
Reference voltage 12-hit ADC =20 my B
Reference resistor 1 k] B
Reference resistor temperature * 10 Ppm ¢! B
coeflicient
BB emissivity *(LHKITTE Emissivity B
Sea surface emissivity 007 Emissivity B
Steinhart—Hart approximation *(.01 K B
Radiate transfer approximation (L1 kK B
Thermistor =005 K B
Thermistor noise R LT ¥ A

Figure 2-2: Sources of uncertainties arising within the ISAR SST retrieval processor.

Wimmer and Robinson, 2016, also provide some simple uncertainty propagation models to study the

sensitivity of the ISAR SST processor to verify the steps needed in the uncertainty estimation for a self-

calibrating radiometer such as ISAR and concluded on the following approach:

The thermistors’ uncertainties are calculated by first assigning the ADC uncertainty to the
measured voltage. The resistance of the thermistor is then calculated by taking the uncertainty
of the reference voltage and the reference resistor into account. The resistance is converted
into a temperature by using the Steinhart—Hart approximation, taking the uncertainty of the
approximation into account. The uncertainty resulting from this temperature calculation is then
combined with the manufacturer-quoted thermistor uncertainty of 60.05 K and the variability of
the thermistor temperature during a blackbody (BB) target view to derive the thermistor

uncertainty used in the temperature-to-radiance transformation.

For the detector signal, the ADC uncertainty and the detector temperature dependence, using
the temperature of the detector case thermistor (which is calculated using the approach
described above) and the variability over each target view, are used to calculate the detector
signal uncertainty.

The internal BB radiances with uncertainties are then calculated using the BB and window

thermistor temperatures together with the internal BB emissivity uncertainty.
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4. Now the sky view and sea view radiances can be calculated by first calibrating the detector
signal together with its uncertainties, and then using the calibrated detector signal to calculate
sky and sea radiances with the associated uncertainty from the BB radiances. The BB

radiances are estimated as described in step 1.

5. The sea water emissivity is estimated using the Niclos et al.,2009, model averaged over a wind
speed range of 0 — 20 m/s with the view angle calculated from the maximum ship roll during

the sea view and sky view.

6. The penultimate step is calculating the SST with a total uncertainty by using the sea and sky
radiances and their associated uncertainties together with the sea water emissivity and its
uncertainty.

7. The final step is to add the CASOTS Il BB uncertainty (Donlon et al., 2014) in quadrature to the
uncertainty, as calculated by the previous steps. This step is necessary only because of the
different responses of the half-bridge resistor circuit of individual ISARs. Without this step, the

traceability is achieved through the BB thermistors.

The Type A uncertainties are estimated in the averaging calculation at each of the BB views and the

sea view and sky view. The averaging at each of these views is necessary to reduce the detector noise.
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3. UNCERTAINTY RESULTS

The ISAR uncertainty model produces a number of outputs including the total uncertainty, the
instrument and measurement uncertainty, and the Type A and Type B uncertainties for each SSTskin
data point as shown in Figure 3-1 and Figure 3-2. Furthermore, a number of uncertainties dependences
plots are produced to be able to monitor the performance of the ISAR uncertainty model which are
shown in Figure 3-3 and Figure 3-4 .

ISRN netcdf data plots

ISAR 003
start: 20181001 00:10:08 Fig: 1 end: 20181004 23:54:24
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Figure 3-1: The top plot shows the ship’s track during AMT28 onboard RRS Discovery fieldwork
in October 2018, with the colour of the track representing the measured SSTskin. The bottom
plot shows the SSTskin over time with the colour representing the uncertainty as calculated by

the ISAR uncertainty model.
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ISRN netcdf data plots
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Figure 3-2: The top panel shows the total ISAR uncertainty over time, the middle panel shows the total
ISAR uncertainty split into Type A (blue) and Type B (red) uncertainty, and the bottom panel shows the
total ISAR uncertainty split into instrument (blue) and measurement uncertainty.

Southampton RAL Space Do ow ¥Space!

® \ejr, klima og hav

° ConneXions

14



FRM4SST Project: Measurement Uncertainty Budgets
ESA 3-15990/19/NL/IA FRM4SST-MUB-SCL-001

ISRN netcdf data plots
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Figure 3-3: The figure shows ISAR instrument uncertainty versus a number of parameters: Panel a
shows the total uncertainty, panel b shows the uncertainty in over the BTsea = Teeamb difference, panel c
shows the uncertainty plotted against the latitude and panel d shows a histogram of the uncertainty.
Panel e shows the uncertainty plotted against the BTsea, panel f shows the uncertainty plotted against the
BTsky, panel g shows the uncertainty plotted against the temperature of the ambient BB, and panel h
shows the uncertainty plotted against the SSTskin. The blue dots represent data where BTsea is colder

than the ambient BB and red dots show data where BTsea is between the ambient BB and the hot BB.
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ISRN netcdf data plots
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Figure 3-4: The plots show the measurement uncertainties dependence versus a number of parameters:
Panel a shows the uncertainty to roll relationship, panel b shows the uncertainty to pitch relationship,
panel ¢ shows the uncertainty to the standard deviation of the roll during one scan cycle, panel ¢ shows
the uncertainty to the standard deviation of the pitch during one scan cycle, panel e shows roll versus
the rolls standard deviation with the colour representing the uncertainty, panel f shows pitch versus the
pitch standard deviation with the colour representing the uncertainty, panel g shows the uncertainty vs
the suns azimuth (green) and zenith angle (purple), and panel h shows the uncertainty versus the solar

azimuth angle relative to ISAR.
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Overall, the approach by Wimmer and Robinson, 2016, for a shipborne radiometer uncertainty model
seem to work very well, however, important considerations to address include the following, as stated
by Donlon, 2014:

e Are all significant terms included in the instrument and measurement uncertainty budget?

e How should one handle the large uncertainty associated with broken cloud conditions that result
in a differently measured sky radiance compared to the sky radiance at the time of sweater
radiance measurement (i.e. a cloud is present in one measurement but not the other), Donlon
and Nightingale, 2000?

e What is the best way to determine a geophysical component for the natural SSTskin variability
that is expected to be more variable than the SSTsubskin Or SSTdepth (Donlon et.al., 2005)?

e Most importantly, there is a need to validate the uncertainty estimates for all shipborne TIR

FRM radiometers. The next section will try and address this point.
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4.  UNCERTAINTY VALIDATION

Uncertainty validation is a key requirement and essential for the user’s confidence in those
uncertainties. The overall performance of the shipborne radiometers have been verified through regular
inter-comparisons, starting in 1999, 2001, 2009, 2016, and the most recent one in 2022 (see Yamada
2024, 2024a) showing that they perform to their stated uncertainty in laboratory and semi controlled
filed conditions such as a pier. However, because shipborne radiometers are expensive and ship time
even more so, there have not been many at sea inter-comparison of shipborne radiometers.
Nevertheless, a number of at sea comparisons have been carried out to verify the ISAR uncertainty

model over the years, such as:
e SISTeR - ISAR 03, M/V Queen Mary 2, 18.10.2015 to 05.11.2015
e ISAR 03 -ISAR 12, RRS James Clark Ross, 24.09.2018 to 29.10.2018

e ISAR 03 -ISAR 07, RRS Discovery, 12.10.2019 - 22.11.2019

These side-by-side comparisons were used to verify the ISAR uncertainty model and to check if any

parameters produce inconsistent results.
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Figure 4-1: SISTeR — ISAR inter-comparison on the Queen Mary 2. The left panel shows the SISTeR
uncertainty versus the SSTskin difference of SISTeR — ISAR, and the right panel shows the ISAR
uncertainty versus the SSTskin difference of SISTeR — ISAR. The red dot shows the median with the
standard errors as error bars, the blue shows the standard deviation, the magenta dot shows the mean

and the green lines are the theoretical limit.

The SISTeR — ISAR at sea comparison showed that both instruments performed very similarly and the

uncertainty model works very well for small uncertainties.
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Figure 4-2: The ISAR 03 — ISAR 12 inter-comparison on the James Clark Ross. The left panel shows the
ISAR 03 uncertainty versus the SSTskin difference of SISTeR - ISAR, and the right panel shows the ISAR
12 uncertainty versus the SSTskin difference of SISTeR — ISAR. The red dot shows the median with the
standard errors as error bars, the blue shows the standard deviation, the magenta dot shows the mean
and the green lines are the theoretical limit.

The ISAR 03 to ISAR 12 inter-comparison showed again a good agreement at low uncertainties, but
also showed the overestimation of uncertainties which is due to a high sensitivity of the emissivity on
the roll of the ship. It also showed an issue with ISAR 12 during the deployment, resulting in the large
low uncertainties compared to ISAR 03.
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Figure 4-3: ISAR 03 — ISAR 07 inter-comparison on the Discovery. The left panel shows the ISAR 03

uncertainty versus the SSTskin difference of SISTeR — ISAR, and the right panel shows the ISAR 07

uncertainty versus the SSTskin difference of SISTeR — ISAR. The red dot shows the median with the
standard errors as error bars, the blue shows the standard deviation, the magenta dot shows the mean
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The ISAR 03 to ISAR 07 inter-comparison showed again a good agreement at low uncertainties, and

confirmed what was seen on the comparison on the James Clark Ross; an overestimation of

uncertainties due to a high sensitivity of the emissivity on the roll of the ship.
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5. MODEL UPDATES

The ISAR uncertainty validation showed an over-estimation of high uncertainties, which is due to the
emissivity roll dependence model used. To reduce the roll dependence of the sea water emissivity, a

number of changes were introduced for version 2 compared to the ISAR uncertainty model version 1:
. Roll is Hanning filtered, length is 11 values
. Sky and sea signals use over 5 SST samples
— Centre Weighted average is 1, 4, 4,1

— Variance of the signal gets added to the sea and sky signal uncertainty before

internal calibration

And in order to get some idea of the geophysical induced uncertainty, a geophysical indicator was

introduced for version 3:

. SST weighted std gets estimated as geophysical indicator — extra uncertainty variable
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Figure 5-1: The plot shows ISAR uncertainty model version 1 with SSTskin against time and the colour

representing the total uncertainty.
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Figure 5-2:The plot shows ISAR uncertainty model version 2 with SSTskin against time and the colour

representing the total uncertainty.
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Figure 5-4: SISTeR - ISAR inter-comparison on the Queen Mary 2. The left top panel shows the SISTeR
uncertainty versus the SSTskin difference of SISTeR - ISAR, the left bottom panel shows the ISAR
uncertainty version 1 versus the SSTskin difference of SISTeR — ISAR, the right top panel shows the ISAR
uncertainty version 2 versus the SSTskin difference of SISTeR — ISAR, and the right bottom panel shows
the ISAR uncertainty version 3 versus the SSTskin difference of SISTeR — ISAR. The red dot shows the
median with the standard errors as error bars, the blue shows the standard deviation, the magenta dot

shows the mean and the green lines are the theoretical limit.
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Figure 5-5: ISAR 03 — ISAR 12 inter-comparison on the James Clark Ross. The left top panel shows the
ISAR 12 uncertainty versus the SSTskin difference of ISAR 03 — ISAR 12, the left bottom panel shows the
ISAR 03 uncertainty version 1 versus the SSTskin difference of ISAR 03 — ISAR 12, the right top panel
shows the ISAR 03 uncertainty version 2 versus the SSTskin difference of ISAR 03 — ISAR 12, and the right
bottom panel shows the ISAR 03 uncertainty version 3 versus the SSTskin difference of ISAR 03 — ISAR
12. Thered dot shows the median with the standard errors as error bars, the blue shows the standard

deviation, the magenta dot shows the mean and the green lines are the theoretical limit.
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Figure 5-6: ISAR 03 -
ISAR 07 uncertainty versus the SSTskin difference of ISAR 03 —
ISAR 03 uncertainty version 1 versus the SSTskin difference of ISAR 03 —

ISAR 07 inter-comparison on the James Clark Ross. The left top panel shows the
ISAR 07, the left bottom panel shows the
ISAR 07, the right top panel
ISAR 07, and the right
ISAR

07. The red dot shows the median with the standard errors as error bars, the blue shows the standard

shows the ISAR 03 uncertainty version 2 versus the SSTskin difference of ISAR 03 —
bottom panel shows the ISAR 03 uncertainty version 3 versus the SSTskin difference of ISAR 03 —

deviation, the magenta dot shows the mean and the green lines are the theoretical limit.

The data from the comparison shows that the new ISAR uncertainty model addresses the roll
dependence issue of the emissivity, however, while version 2 and version 3 seem to be an improvement
over version 1, more work is heeded as its clear from the data that there are either misrepresented or

unresolved cross-correlation issue in the model.
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6. CONCLUSION

It is essential for climate data records to have a verifiable uncertainty model. In order for satellites to be
able to be seen as a CDR they need validation data which not only is traceable but also has a verifiable
uncertainty model, especially if the ground data wants to be recognised as an FRM. The ISAR
uncertainty model is an example of a shipborne radiometer FRM uncertainty model that is derived from
first principle, and performs excellently under controlled conditions. However, more work is needed to

understand the measurements uncertainty in the field better.

The validation of the FRM uncertainty models is essential but non trivial, and the datasets are sparse,
especially at the higher uncertainties. Furthermore, investigating the areas where the ISAR uncertainty
model is currently under-performing is not a simple task and will require not only man power but also

funding.
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/.  ACRONYMS AND ABBREVIATIONS

AATSR Advanced Along-Track Scanning Radiometer
ATSR Along-Track Scanning Radiometer

BB Blackbody

CDR Climate Data Record

ECV Essential Climate Variable

EDS Engineering Data System

EO Earth Observation

ESA European Space Agency

EU European Union

FRM Fiducial Reference Measurements
FRMA4STS Fiducial Reference Measurements for validation of Surface

Temperature from Satellites

GHRSST Group for High Resolution SST

IR Infra-Red

ISAR Infrared SST Autonomous Radiometer

ISFRN International SST FRM Radiometer Network

LST Land Surface Temperature

M-AERI Marine-Atmospheric Emitted Radiance Interferometer
NOCS National Oceanography Centre, Southampton

RAL Rutherford Appleton Laboratory

RSD Robust Standard Deviation

SCL Space ConneXions Limited

SISTeR Scanning Infrared Sea surface Temperature Radiometer
SLSTR Sea and Land Surface Temperature Radiometer
SST Sea Surface Temperature

ST Surface Temperature

STFC Science and Technology Facilities Council

TIR Thermal Infra-Red
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