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Abstract. To support calibration and validation of satell&®a-Surface Temperature (SST) retrievals, oveHih

Resolution SST (HRSST) drifting buoys were deplogedea between 2012 and 2017. Their data recoediswed here. It
is confirmed that sea-state and immersion depthghamportant role in understanding the data ctdié by such buoys and
that the SST sensors need adequate insulatiordditian, calibration verification of three recovdrdrifters suggests that
the sensor drift is low, albeit negative at aroed@1 K/year. However, the statistical significardehese results is limited,
and the calibration procedure could not be exaettyoduced, introducing additional uncertaintigs ithis drift assessment.

Based on lessons learnt from these initial buoygvasensor package fer-generation-drifter Surfacedisl Platform with

Barometer (SVP-Bwas designed to serve calibration of SST retriebgiEuropean Union's Copernicus satellites. The

noveldrifter sensor packagacludes an HRSST sensor calibrated by a metrdialggratory. The sensor includes a pressure
probe to monitor immersion depth in calm water, anduires SST data at 1 Hz over a 5-minute integvaty hour. This
enables the derivation of mean SST as well as abpercentiles of the SST distribution. The HRS®Mser is calibrated
with an uncertainty better than 0.01 K. Analysiste data collected by two prototypes deployechinMediterranean Sea

shows that the buoys are able to capture smakksR&Il variations. These variations are found terballer when the sea-
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state is well-mixed, and when the buoys are locati¢ain eddy cores. This affects the drifter SSTad@presentativeness,

which is an aspect of importance for optimal usthete data.

1 Introduction

The Earth Observation Copernicus Sentinel progranfumeled by the European Union, Iceland, and Nopwayg driven the
development of new space-borne sensors, with newngr segments and data processing chains. Of yartimterest to
oceanographers is the acquisition of high quakty surface temperature (SST) data. Over shortdoakes, this essential
ocean state variable provides important informatiarthe spatial distribution and intensity of dynerstructures, such as
eddies, coastal currents and upwelling regionsieiar real time (within a few hours after acquisijioOver the long term
(multi-decade), it describes the distribution ofitheithin the Earth system. Long time-series of $iafasets (e.g., Merchant
et al, 2014) are crucial to provide information on glbbhad regional sea surface temperature trends.eTbas be used
directly to monitor the evolution of the surfaceean on decadal time scales and help quantify teasity of events such as
El Nifio/La Nifia, as well as being useful to constrelimate reanalyses (e.g., Dekeal, 2014). For these reasons, the
importance of monitoring SST was recognized asi@ity by the Copernicus programme, and a sensoediat observing
SST was included on Sentinel-3 satellites, the |12ea Surface Temperature Radiometer (SLSTR, Cappbh 2013). To
deliver the SST data product service (Bonekamnal, 2016), the dual-view capability and onboard calilobn of SLSTR

gives itcomparable accuracy to-greater-accuracy-than-egdigerations-oéimilar sensors, such as the Advanced Along-
Track Scanning Radiometer (AATSR, Llewellyn-Joegeal, 2001).

Satellite sensors measure top-of-atmosphere ragliamhich has some relation to but is not identimalthe physical
temperature of Earth’s emitting surface. The inegueocess of inference of the surface state temdsnplify uncertainty.
Achieving the desired quality of Earth Observatiansasurements from SLSTR places stringent requimsmen the
SLSTR sensor calibration (Donlon, 201&)-a-higherlevelthan-earliergeneratiohs-ebeenThis drives a requirement for
higher accuracy and better knowledge of uncertsntif the surface measurements used for validdimgatellite products.
This process requires the highest-possible qualiytu measurements, with well-characterized uncertanse that the
error budget of SST products can be investigatagl, (Eorlettet al, 2014). Such investigation requires covering tagous

regimes of satellite SST retrievals, mandatingiim that the high-qualityn-situ data be geographically well-distributed.

As a result, concomitantly to the SLSTR developméme¢ Copernicus programme aims to develop Fidugeference
Measurement (FRM) initiatives. Among them is thepldgment of an array of temperature measuring sarf@rifters,
covering several SST regimes. The operational aand climate quality of Sentinel-3 datasets apeeted to deliver long-
term data-records (Donlon, 2011). For consistetiig,implies that the surface references useddbbrmation and validation

must also be homogeneous over time. This FRM thidacomplements others started lately, such agwutice European
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Space Agency (ESA) project Fiducial Reference Memmants for validation of Surface Temperature fr8atellites
(FRM4STS), which has conducted in particular a cangon of infrared radiometers with radiation themeters in
laboratory (Theocharougt al, 2018). Beyond comparisons, the goal is to estalitie traceability of the various sensing
techniques to the Systeme International (SI) @stit then guarantees anchoring to internationgsiphl standards. In such
attempt, the importance of metadata to define éx#wt sensor and its environment is essential dfifters measuring SST,
this means knowing in particular the SST sensothdapd type, its calibration process, and otheeeétspinfluencing the

buoy behaviour (such as drogue loss).

Based on lessons learnt from previous similaratiites, a new type of drifter has had to be dewedoand submitted to a
rigorous calibration procedure to meet this goal.short, this new type of drifter must carry a etaf-the-art digital
temperature sensor coupled to a hydrostatic wasspre sensor, allowing for a measurement frequefngp to 1 Hz. The
value of this new drifter for calibration and valitbn (cal/val) of SST satellite retrievals is est@® to be assessed through

international collaboration.

The outline of this paper is the following. Sect@mevisits the past HRSST drifting buoy initiattyéncluding error budget
analysis. Based on the lessons learnt, Sectioes®epts the design adopted for a new generatiorifte#rdcalled the Surface
Velocity Platform drifter with Barometer and Refece Sensor for Temperature (SVP-BRST). Sectionodvstpreliminary
measurement results from two SVP-BRST prototypegloged in the Mediterranean Sea. Finally, Sectiorgi®es

conclusions and prospects for future work.

2 Genesis: lessons learnt from past HRSST driftinQuoy initiatives
2.1 Background: The HRSST-1 and -2 requirements

O’Carroll et al (2008) compared SST retrievals from AATSR with S8fievals from a microwave sensor and viftfsitu
SST from drifters. The drifters were found to havstandard deviation of error smaller than the omietve SSTs and larger
than those from the AATSR. This highlighted the chder improvedin -situ calibrated reference temperature data for
satellite SST callval, particularly in referencethe validation of high-quality dual-view satelli&STs, and the satellite and
in-situ communities started a dialogue on collaboratiod mmprovements. In 2009, the Group for High-ResohutSST
(GHRSST) called on the Data Buoy Cooperation PEDBICP) HRSST Pilot Project (HRSST-PP) to implema&mtumber

of key requirements for buoys to be eligible to o HRSST work (Donlon, 2009). The buoys would éndw provide:
hourly measurements, nominal or design depth imoahter of the drifting buoy SST to an absoluteusacy of 5 cm,
location accuracy of 500 m, SST with a nominal hetson of 0.01 K or less and a total uncertainty @05 K, and

measurement time to within 5 minutes.
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These requirements were adopted on a number buegleydd by the Economic Interest Group (EIG) EUMEIN
Operational Service for surface marine observat{@aSURFMAR) and European partners. This brouglualiour major

technical improvements, as compared to standatipea at the time.

First, the location accuracy was increased, thamkaPS instead of Argos for estimating positiord aaveral buoys adopted
Iridium instead of Argos for the transmission, twsere regular hourly data reports. Second, the ¢eabypre was reported
and transmitted to shore at a resolution of 0.0ITKese technical improvements are collectively kmag ‘HRSST-1'.
While only few buoys adhered to the HRSST-1 reguést in 2009, it has now become the standard edtirtie of writing,
for almost all drifters deployed globally. From tbga third requirement appeared, namely the aolopif a new Binary
Universal Form for the Representation of meteorigligdata (BUFR) template in 2015, to encode th& 8&ta at the
resolution of 0.01 K, and transmit to operationatadusers via the World Meteorological Organizatfg¢éiMO) Global
Telecommunications System (GTS), without loss érimation. That template became operational at matt originating
centers by the end of 2016: before that, many tlatesmitted on the GTS were sent at reduced Slutes of 0.1 K. At

the time of writing, all these three improvemenmts standard for most operational drifters.

The fourth technical improvement was for each btmyse an individually-calibrated temperature prabetead of one
picked from a batch calibration, in order to guéeanthe more stringent total uncertainty requireneé®.05 K, as well as
traceability to national standards. This requiretm@m top of previous ones) was called ‘HRSST-2'.tbtal, 46 such
HRSST-2 buoys fitted with all three technical adses) as well as including each a barometer, weskoged between 2012
and 2017. These buoys are listed in Table 1 beldwy were manufactured by Metocean (Petolas, 20i)g Yellow

Springs Instrument Company (YSI Inc.) sensors desdrin the table. One buoy was redeployed aftening ashore.

In addition, several other HRSST-2 buoys were mactufed for experimental purposes, also by Metacach buoy

carried a Conductivity-Temperature (CT) probe mantifred by Sea-Bird Electronics (SBE) in order tasure salinity.

Each HRSST-2 SVP buoy with Barometer and SalirsyR-BS) hence included two individual-calibratedr§$obes: one

integrated with the buoy hull (around 17 cm deptn)d one in the CT probe (around 45 cm depth). This-sensor

configuration offered near-optimal horizontal aremporal co-location by virtue of the buoy desigmeTonly major

differences between the two sensors were the aémpiositioning and the housing of the sensors (@ig@al SST sensor
integral with the hull, the other CT sensor immekgatirely in water). In total, there were 19 sibicioys deployed between
2012 and 2015 (one buoy was redeployed after begkchiable 2 shows the list of such buoys, the @egpknt areas, and
the mission dates. Most buoys were deployed ilNibreh Atlantic.
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2.2 HRSST-2 SVP-BS data record revisited

In order to exploit the co-located information frawo individually-calibrated SST probes, the daaard from the second
set of HRSST-2 buoys, SVP-BS fitted with CT proliesaddressed here. The record consists of abq008data reports
between 2012 and 2016. Figure 1 shows a scattesitggitot of the two temperatures. The twin measwets are highly
correlated, and the robust standard deviation efdifference is 0.03 K. This result is compatiblghwuncertainty in a
difference of two sensors with total uncertaintiester than 0.05 K (or possibly 0.02 K). Howevegufe 1 shows a small
fraction of outliers in both directions, especialyr warmer temperatures. In fact, the Root Meanaseg (RMS) of the

differences is quite large, at 0.36 K.

The differences between the two measurements amr@enhodue to sensor accuracy but also to the plece of the sensors:
vertical location and housing (one integral witke thuoy hull, the other underneath the buoy). Taebatnderstand the
sources of differences, Figure 2a shows the diffeze between the two sensor temperatures as aofuétsolar elevation

angle.Differences that are out-of-range (below -1 K opwb 1 K) are also shown for completeness (at -In# a1 K,

respectively); they represent about 0.5% of thereerdata record. We find- Aaexpectedihat most large-magnitude

differences(absolute value greater than 0.2 &e positive during day time (the hull sensor bdimzpted closer to the
surface). The-are-fewer-large-magnitudiifferences are smaller at night athése-are-smallavhen the Sun is more than

30 degrees below the horizon. The large deparamnesbserved sometimes during day-time suggesbtiebr other of the

two SST sensors may have been differentially affiétty direct solar radiation, or by the buoy heatip the sensor through
heat conduction.

Unlike promising new developments with wave drété€Centurioniet al, 2016), the HRSST-2 drifters did not provide any

information about sea-stati® past SST studies, wind speed is generally usatéscribe sea-state mixing (e.g., Donébn

al., 2002, Morak-Bozze@t al., 2016). In this study, we also consider significamve height—Suchnformationabout both

parameterscan be obtainedroweverby co-locating with the ERA5 reanalysis (Hersbactl @ee, 2016). The ERA5
reanalysis data are interpolated in space fronn trainal resolution (spectral truncation T639)the buoy locations, using
the nearest-in-time hourly reanalysis map. Fig@eand 2cshows (respectivelylthat the large-magnitude SST difference
mostly arisevhen the wind speed is up to moderate (under 8—/%D amdwhen thesea-state-is-calm wave heights are up to
moderatg(significant-wave-heightander 2—3 m). The agreement between the sensoeases when there is more wave

activity, probably because of greater mixing. Wkanh is the case, almost all SST differences anedfan the range from -

0.1 to 0.0 K. Sea-state mixing caused by wavesatam controlled or mitigated by a platform as draala 40 cm diameter
drifter. However, the role of the waves, probabiy mixing, is suggested here to be quite importmén using the SST
data collected by drifting buoys. A knowledge of tlhcal SST dynamics, as the buoy is following aduum movement

and senses the temperature surface at varioussdjittin the top few metres of the ocean, woulghmdtter understand the
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distribution of SST that is measured, and how itegponds to satellite measurements, or how itldhmeli considered in the

call/val process.

The differences between the probes can also bedteg as a function of mean solar local time (MSIfd) each buoy. For
this, we only retain the buoys that reported adtléar 250 days, without issue. For the subseqdatat analysis, we filter out
12 cases when differences are larger than 20 Kblgisn Fig. 1), likely to be erroneous. Figure I3ow/s that the mean
differences feature a diurnal cycle, with the maximpositive differences around 12:00 MSLT. Thigdmsistent with the
depth difference of the two probes in the contexdiornal vertical stratification of the surfacentperature. Diurnal

stratification tends to peak around 14h (e=eyerdinet al., 2013;Morak-Bozzoet al, 2016), and temperature stratification

larger than 0.1 K within the upper 0.5 m would teéadbccur only at the lowest wind speeds. Howethes, daily cycle in
difference may also be partially explained by thdl bensor being heated by the surrounding buogl/carby direct solar
radiation (an effect which might tend to peak mameund 12h MSLT). These latter effects are nottedlao the

environment and should be avoided.

2.3 Recovered buoys

Three HRSST-2 buoys manufactured in 2012, deplay@®14, ran ashore in 2016 in Great Britain anitt&@ry. They were
recovered and offered together a unique opportuttitye-assess sensor accuracy and drift severab yafeer initial
calibration. The buoys were recovered without Vgsibuter damage. It is not impossible that the @enmay have aged
differently during the various phases of the bug tycle: (a) after calibration and until deploymhe(b) at sea, (c) after
recovery. Unfortunately, it proved impossible toséadahe probes calibrated by the same laboratoryn{BePetolas, 2016,
private communication)able 3 shows the results of the calibration veaiibn done by the initial laboratory (Measurement
Specialties, Lab. #1 in the table), and the calibnaverifications done by two other laboratories different dates), after the
buoys were recovered from shoB¥espite the same Metocean interface being usell #iree laboratories, the calibration
procedure, being inherently laboratory-dependeringb in additional uncertainties. For example, Wagious laboratories
involved here did not use the same verificatiomfmiThe initial laboratory used three calibratpmints (0°C, 25°C, 40°C),
i.e., the bare minimum to compute the three StetrHart coefficients per sensor. The same tempsratwere then used to
assess the (residual) calibration error. In théetdbab.#2 refers to the Service Hydrographiqu®©eéanographique de la
Marine (SHOM) metrology lab, which used seven veations points (between 2°C and 32°C, at stef® @}, and Lab. #3
refers to the Scottish Association for Marine Scee(SAMS) metrology lab, which used three verifimatpoints (0°C, 10°C
and 20°C).

frem-shereTo remove the impact of different dates, the ladtimn shows the estimated temporal drifts. Thet dei$ults
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vary in magnitude between the probes and the lafmiea. This is probably mainly because of différehoices for the
verification temperatures, though other factors rhaye also played a role, such as probe resolupiaie response time,
and temperature laboratory influence on the measemés (with the electronics not immersed in watariong others.
However, all the results found here suggest negatends, around -0.01 K/year for Lab. #2 and & KR@ear for Lab. #3.

Note, it cannot be ruled out that the probes, aeceoved from the buoys, did respond differentlyntldring the initial
calibration setup. Indeed, the temperature vanatibeing looked at are very small, and any infleeat the acquisition
electronics may affect the results. The exact emvirent used for housing the electronics duringocation of the initial
probes, as well as during the verifications, eviespiecified in the initial calibration sheets, canme replicated with

certainty.

Consequently, these results are to be taken wiiticcg and the importance of the calibration apperatands out as being
an important part of the traceability. However, @dathe negative trend (cooling) be confirmed, @uld have an impact on
the exploitation of the SST drifter data for sateltal/val, as well as corrections that are madglobal datasets. Recent

adjustments have actually recognized buoys as bminger than ships in terms of SST (Huasal, 2015),in line with

earlier findings (e.q., Emenst al., 2001; Rayneet al., 2010),though no difference was made especially for digftbuoys

as a function of their ‘ageThe three recovered buoys achieved lifetimeseasfectively) 580, 515, and 453 days (see Table

1). These durations are close to or above the geatsfter lifetime of 450 days (Lumpkin ak., 2012). Considering all the

estimated temporal drifts shown in Table 3, thegerature biases of these drifters (averaged oweintission duration)
would range between -0.002 K and -0.010 K.

In conclusion, given the importance of drifting JuBST in climate studies, the impossibility of jndt together firm
metrology results indicates that a better-docuntetdibration protocol is needed for the measurémérSST by these

platforms, both to ensure initial calibration aradileration verification several years afterwards.

2.4 Evaluation of HRSST-1 and HRSST-2 drifters

The analysis of O’Carroblit al (2008) identified the standard deviation of ewbthe drifting buoy network to be 0.23 K. An
interpretation of this finding is it is equivaletat the standard uncertainty of the error distrimutiAn alternate approach to
the method of O’'Carrokt al (2008) is to derive a theoretical uncertaintyraate for the satellite SST (Bulgahal, 2016),
which can then be validated using satellite/drifigferences (Lean and Saunders, 2013; Budyjiad, 2016; Neilsen-Englyst
et al, 2018). The concept of uncertainty validation regented in detail by Corleét al (2014). Briefly, the standard
deviation of the satellite/drifter differences @mnaprised of contributions from the satellite anidtelr measurements, as well
as terms to represent the spatial and temporardiites between the two measurements. Having usddisito adjust the
drifter measurement to be the same time and deyptheasatellite SST, Corladt al (2014) showed the standard deviation of
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the satellite/drifter differences approximately weds to two terms, the satellite SST uncertaintgt #re drifter SST

uncertainty as in Equation 1.

~ 2 2
Osatellite minus drifter = \[JSatellite + Jdrifter (1)

Figure 4 shows a comparison between 1 October 26d&0 June 2017 of satellite SST validation resfolt the dual-view
3-channel retrieval from SLSTR for two sets of w@i§: all drifters in Fig. 4815,551 matchupsand a subset of HRSST-1
and HRSST-2 drifters in Fig. 46625 matchups)In the figure, the green lines indicate the tk&oal dispersion of

uncertainties using Eq. (1) and a value of 0.2®Kofyirer (2N assumption between those of O’Carebll, 2008 and Lean

and Saunders, 2013). The blue lines indicate thmuleded dispersion for each set of data and tlelines indicate the

standard error. If the assumptions are correct therdispersion of the blue lines should trackgheead of the green lines,
which we see is the case in Fig. 4a (all driftevghere the dispersion does not match the expeptedd, the large standard
errors imply a low number of satellite/drifter @ifEnces in those bins. For the subset of HRSSTedsjfFig. 4b shows that

the dispersion underestimates the spread, evdavitcstandard error cases, meaning one assumptioodgrect in this case.

With all other factors being equal, the distinctionthe drifter type between Fig. 4a and Fig. 4lggasts the drifter
uncertainty assumed (0.20 K) is inappropriate fr HRSST subset. To verify this, Figure 5 contdives same data as
Fig.ure 4 but with the theoretical dispersion (green ljneslculated for a drifter uncertainty of 0.05 Khil¢ the calculated
dispersion does not track any more the expecteshdgfor all drifters (Fig. 5a), the assumption @K for the uncertainty
of the HRSST drifter data gives a much betterHig( 5b). This demonstrates the improved qualityH®SST drifter data

for satellite SST validation.

2.5 Influence of the droque on drifter SST measureants

This section investigates the effect of the sedanor drogue on drifter SST measurements. By Exeitis own weight and

by following currents centered at 15 meter degdib, drogue pulls the float downwards, via the tetfidis maintains the

float and its drogue aligned in the vertical, inv@droughs. When the drogue is lost, the floatrase freedom to oscillate

by roll and pitch, and the temperature probe canesimmes be exposed to waters closer to the surfdse, when in that

situation, the float is more likely to reach wavests. There, the sky visibility is improved, rethgcthe GPS Time To First

Fix (TTEF), which can serve as an additional intticaf drogue loss (Petolas, 2013).

To investigate the influence of the drogue, the & data record is revisited. These buoys used sufEnce sensors,

whereas drifters nowadays use strain gauges, ®igdeated by Rio (2012), who developed a advamgethod to identify

drogue loss using drifter currents, satellite adtirp, and wind reanalysis data. The submergencéetber strain gauge)

readings are neither straightforward to interpnet;, fully reliable on their own (Rio, 2012). Howeyé¢he SVP-BS drifter

data considered here (available from the CorigliSitu Thematic Assembly Centre) are not foundhia drifter dataset of
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Rio and Etienne (2018), which includes drogue presdlags. Consequently, for this analysis, wetheesubmergence and
GPS TTFF data. A visual inspection indicates tlabfithe 20 buoys in Table 2 have lost their dragiiering their mission.

For these buoys, two series of data records araat&t: (1) before drogue loss, and (2) after dedgss.

During day time, the median of the differences leetvthe twin SST measurements is -0.04 K in (1greds it is -0.03 K

in (2). The reduction in differences may appeaigmficant, but it is consistent with the CT sendming more often

exposed to depths similar to the sensor integrah#o hull when the drogue is lost, than when thegde is present.

Similarly, the robust standard deviation of thdetiénces between the twin SST measurements iKOi031), whereas it is

0.01 K in (2). Again, this reduction is consistanth drogue loss, for the same reasons.

During night time, no influence of the drogue lisgxpected, if the temperatures are homogenestd@low the surface.
This is indeed what is observed. The median ofdifferences is -0.04 K in both (1) and (2), and thbust standard
deviation of the differences is 0.03 K in both &b (2).

In other terms, the SVP-BS data record confirmsetkgectation that once the drogue is lost, the f®bes on a drifter are

more likely to be exposed to water immediately betbe surface, than when the drogue is presenttlasdffect is more

visible in the presence of stratification (e.g.tidg day-time). To keep track of the drogue eff@etSST measurements, it is

important to monitor drogue loss as well the imnmrslepth and its variations.

2.52.6Limited traceability

Adopting a more general point-of-view for SST olvsdions, several works have already attempted tumient the
uncertainties in the various-situ SST measurement methods. The present paper doaampt to review all these efforts,
but cites relevant results from the comprehenswvéew of Kennedy (2014). While the focus of thisliea work was on the
creation on long time-series, with the largestéssidentified at the time of World War Il (traneiti on ships from bucket to
engine-room intake), the quality of SST buoys wanfl to be the subject of several concerns. Tis¢ dioncern is the
spread in quality between buoys, depending on tliece of the uncertainty estimate, with no relialiié to the actual
metrological reference. The second concern is gesigd improvement in quality over time, thoughhaitt quantified
evidence or cleaa priori reason for it that would be explained by metratagidocumentation. Both points stem from an
insufficient knowledge of the sensor technologyd anf the calibration procedure that was actuallgdidor each drifting
buoy deployed. The results shown earlier, showiiffgrénces in SST quality between general drifteessus HRSST

drifters, reinforce the importance of enhancingkhewledge of drifter metrology and metadata.
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3. Design of the SVP-BRST

The HRSST-2 efforts were initiated by the cal/vaéds of AATSR SST retrievals. With the demise &f thstrument after
ten years of service in 2012 (ESA Communicationpdnent, 2012), the HRSST-2 developments weragpathalt, until
the replacement sensor (SLSTR on Sentinel-3) wasclted. However, this gap gave time to finish aRS$T-2
deployments and review the lessons learnt from tf@wooupled with the need to assert long consisterd-series of SST at
an accuracy level compatible with SLSTR requiremestund bases were used to imagine a rnas&brm sensor package
for reference SST. The result is the SVP-BRST, dasethe SVP-B design (Sybrandyal, 2009) with a strain gauge to
detect drogue loss. In addition,——but-addihg HRSST-2 requirements presented eadier includedas well as others,

described hereafter.

The first additional requirement is to employ aditidnal HRSST sensor, in addition to the regul8iT $ensor. The HRSST
sensor collects data within the 5 minutes befoeerttund hour, when the position is updated by mef/@&NSS. The mean
SST is to be computed from 1 Hz SST measurementadtition, the data can be relayed at 1 Hz frequeor
investigation. Furthermore, the distribution of S&3served within the 5 minutes is transmitted atrse resolution (10%
percentile, 30% percentile, 50% percentile or medi®% percentile, and 90% percentile). This norayeetric information
makes no assumption about the shape of the SSibdit&in: it can be used to drive an ensemble pliagtions, rather than

using solely the mean SST, and to assess for egantther the SST distribution is symmetric.

Second, the HRSST sensor is removable from the huithysimple tools (see Fig. 6), and includes damated pressure
sensor that allows reporting static pressure witlaecuracy of 5 cm in calm waters. Even if therumsient is affected by
accelerations in wavy conditions, and the deptbnily valid in rather calm conditions (when the sendepth is already

known by design), information can be derived alibathydrostatic water pressure variability (witBiminutes).

Third, all SST sensors are insulated, to shieldmtifieom unwanted effects caused by the non-waterosuoding

environment. This aims to avoid, for the SST sesisexchanges by conduction with the buoy hull, ergfes by radiation
with the sun and the atmosphere, and radio intamfar from the buoy electronic board and antenns. i$tdone in practice
by using, respectively, insulating material betwek@ sensor and the buoy, a small cap to shieldS®€& sensor from

radiation, and a metal plate underneath the busgtrelnic board and antenna.
Fourth, the HRSST sensor is defined with a calibgahousing and protocol. Calibration coefficieat® determined for

each HRSST sensor individually so that their expdndalibration uncertainty can be assessed. Thesertainties are
calculated according to the Guide For Uncertairfitileasurement (BIPM, 2008). They are found to ballemthan 0.01 K
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for each buoy. Response time and systematic ersdased to the integration in the buoy have beesessed on two

prototypes. The details of these laboratory measenés will be the subject of another paper.

4. Results

Initial testing was conducted in the Brest areae(supplementFig:).7The results presented hereafter are based an dat
5] collected by the two prototypes the Mediterranean Sdasetween 27 April and 11 June. The data are availablopen

access (see the section on data availability).

4.1 Deployment

Two SVP-BRST prototypes were deployed, as showiidhle 4. At the time of writing, the second profmyis still
operating. Before deployment for release, the bwesre deployed briefly on 23 April for comparisanthe seawater with

10 an SBE-35 thermometer. The SST differences werefthend to be -0.006 K for one buoy and -0.001 Ktfe other buoy,
thereby meeting the 0.01 K claimed uncertaintycdmparison, the SST difference between the reqalaanalogue) SST
sensor with the SBE-35 was found to be -0.05 K lffath buoys).

4.2 Analysis of the data collected at sea

Once deployed on 26 April 2018, the buoys haveowedid the tracks shown in Fig8. The separation distance between the
15 two buoys, initially under 1 km, remained underkif until 23 May. After that, the two buoys quickdyerged until the

first one ran ashore.

The buoy reports data to shore using Iridium adeogrdo a binary data format number #091 documebte@louchet al
(2018). Besides the usual parameters reported B+BYuoys (position, time, strain gauge, air pressanalogue SST, and
20 other technical parameters such as battery volageGNSS Time To First Fix), one notes the follayvkey additions: the
mean temperature over 5 minutes reported by the3AR&nsor, 5 percentiles of the SST distributiothiwithat time
interval (10%, 30%, 50% or median, 70%, and 90%}) the mean and the standard deviation of the Isyaktio water

pressure during 5 minutes.

25| These parameters are shown in &g, where atmospheric pressure, SST, and signifiesanve height from the ECMWF
operational analyses have been added. This infametas co-located to the buoy dates, times anatilmts using the same
procedure as described in section 2.2 (albeit figrdnt horizontal and temporal resolutions). Hoe sake of comparing

results, the time-series are only for as long dk baoys were freely drifting (until 11 June).
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The information from ECMWEF analyses, although atasizontal resolution of around 10 km, is indeperidieom the
buoys. It hence provides interesting informatiorceasider when assessing the buoy data. For eéspre (Fig8%a), both
buoys agree with the ECMWF analyses to within (P& IRMS. This is comparable to state-of-the-art Bv/éeployed in

this region.

For SST (Fig89b), the comparison to ECMWF analyses only suggéststhe latter are typically lagging behind theyu
evolution by 24 hours, until 5 June 2018. It mustrbmembered that the SST is not currently analyzétle ECMWF
prediction system, but this system was upgradedume 6, including a component to include atmospbeean coupling
(Buizzaet al, 2018).

The depth inferred from the HRSST hydrostatic pressensor (Fig89c) shows values around 15 to 18 cm (which is the
design location of the HRSST sensor). The spreaddam the two estimates is stable in time, arounth4The calibration
procedure of the pressure sensors may explaindifievence. This remains however close to the desigpth of 18 cm

below the flotation line of the buoy.

The spread in the SST percentiles, shown in &g, is usually within 0.1 K but sometimes exceedK.3 such situations,
the calibration accuracy of the sensor is not ofiminelp to help exploit the data for precise congoar with other sources.
However, the availability of five estimates of SSistead of just the mean, should help users meie applications to a

small (5-member) ensemble, and better understawdt® spread in inpub-situ SST impacts their products.

Figure 9e-8e shows the standard deviation of depth (inferrecuragsg hydrostatic equilibrium). This estimate varie
between 1.5 and 3.5 cm. It is largest when theifsignt wave height (estimated by the ECMWF anadyse largestin line

with stronger winds at the same times (Fig. 8his is expected from the buoy dynamics (as tlesqure measured will be

affected by positive and negative accelerations), @nfirms that the ECMW#ind andwave height analysis appears to be
correct. Given this result, the larger spread i $8rcentiles appears to be well-correlated withasions where the wave
heightsand wind speedare smaller. This would seem to validate the cdnjes formed earlier by revisiting the HRSST-2
SVP-BS data record, namely that the sea-stateimmortant parameter to consider when exploitirgithsitu SST data.

Regarding the SST data, we see that both buoysireafsirly well the diurnal warming/cooling cycle, feature that is
generally clearly missing from the ECMWF analy3&hat is more, the amplitude of the daily cycle dsiable, suggesting
that the local ocean and atmospheric dynamics iteghe SST measured by the buoys. This is indeedake for the period
from 29 April to 5 May (time period A in Fig19): the observed SST is slightly cooler and, crigjas missing the diurnal
cycle found in the rest of the time-series. Lookiafg co-located wind data (not shown), we do notl famy clear

modification, suggesting that the reason for tlekdvior in the SST data is principally oceanic aatlatmospheric. Indeed,
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if we look at the buoys’ location during that tiperiod, we see that they are trapped within an eddg (Fig.1019), and,
significantly, it is a cold eddy. It is known théitese eddies generate an upwelling within theie clading to colder and
vertically more homogeneous surface and near surfeaters. The buoy data suggest that this upwelimige than
compensates the diurnal warming and eliminates#da surface stratification. During time periodthe average diurnal

cycle measured by the two buoys is rather weak (Rigi3a and111d).

Once the buoys move out of the eddy core (Fig. th2)diurnal cycle is once again found in the datas is visible in Fig.
940 during time period B, and in Fig11x and1113, where the da|Iy amplitude in SST exceeds 0.5vKef it was less
than 0.2 K in time period A)hat-i

g%eatest—@;@—ge)—suggesmg%edwa#eaﬁtlvn

Looking at the evolution of SST 5-minutes percestienables to gauge the small-scale variationsnipérature near the
surface. Figurd.314 shows that the two buoys during time period Awad as the first buoy during time period B, presen
smaller departures from the mean throughout thelay the second buoy during time period B. Thegnag-igs-trest110
and 12 may hold the clue to explaining this: in finst three cases, the buoys are the closest deegdwhile the fourth
situation is when the buoy is travelling furthesirh an eddy core. Overall these remarks suggesttiraocean surface
circulation may be of importance too, in additionsea-state, to properly exploit tiresitu SST data for satellite cal/val, as

this may affect the representativeness of the S8€rwedn-situ.

5. Conclusions

Revisiting the previous HRSST drifter initiativeéswas found that higher-quality SST was likelylie collected by such
drifting buoys, as compared to general drifterse Tdillowing points were also identified to requitether consideration, to
improve upon HRSST-2 drifters. First, the sea-sttgamics, affected by theind andwave activity, has influence on the

vertical stratificationgconsistent with earlier findings (e.g., Doetcal., 2017),so that the depth of the sensors is an important

parameter to monitor. Second, the housing of th&8Rsensors needs to be insulated from exterdabmfes other than
exchanges of heat with the seawater, in orderetdl ylata that reflect the diurnal cycle without #ffect of heat conduction
from the buoy and heating of the sensor by direldrsradiation. Third, a better-documented protasateeded for initial
sensor calibration, allowing post-mission recalilo to avoid introducing additional uncertaintyraugh the use of

unspecified calibration procedures. Fourth, traid#salbo national metrological standards needscestablished.

These findings were taken onboard to design a reedor package for SVP-Bbyder the sake of providing FRM SST

data for the calibration and validation of satell8ST. The new buoy, called SVP-BRST, carries t8® Sensors, one of

standard manufacture, the other of absolute unngrthetter than 0.01 K (absolute uncertainty refeere to expanded
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uncertainty). In addition to measuring SST with iowed calibration, the HRSST sensor also includagdrostatic water
pressure sensor. The present paper indicates itied design, which may evolve slightly as expedens gained from

expected future deployments in greater numbers.

The two prototypes deployed in the Mediterraneaa f8ature, before release, deviations within 0.0ftdfn a reference
SBE-35 thermometer. Once freely drifting, the buogserve that the SST spread within 5 minutes usliyssmaller than
0.1 K, especially when the sea-state is well-miaed the buoys are within an eddy core. The avditiploif percentiles from
the 5-minute distribution of SST sampled at 1 Hz dlsensor with a fast response time) should hedpsiimprove their data
processing chain to move towards an ensemble aglprdae results in this paper suggest that it {goirrant to consider the
sea-state mixing and the ocean surface circulatiamderstand the representativeness ofritsitu SST data, as they both
affect observed SST variations (within the day a#itthin 5 minutes). Consequently, they may both leetlvconsidering in

the process of satellite SST cal/val.

In addition, a fairly standard analysis, where océgnamics behaviour can be inferred from the hidetp, suggests that the
high resolution SST data holds a wealth of infoioratProperly analyzed and interpreted, this data provide a useful
insight of the dynamics of the sampled area, eafigcivhen supplementary information is brought inke picture to
consider sea-state and ocean surface circulatieen Enore interesting may be to collect full sampéd Hz data, when
possible, in addition to the summaries of the thiation with 5 percentiles. Such a High-FrequencRS$T dataset
(HFHRSST) may serve other applications beyond Igat&ST ca/val, such as fine-scale model develaopsnend enhanced

understanding of SST variability.

Future efforts include evaluation of the HRSST semkift. This will be done by keeping one SVP-BRBoy at post in a
monitored environment, and by recovering as manP-BRST buoys as possible. The goal will be to assdwther the
temporal stability of SST from drifting buoys isthin +/- 0.01 K/year after manufacture. This is orpant for climate
monitoring, as initial results from past HRSST-20¥s, presented in this paper, suggest temporatsdtifat are
systematically negative and close to this figutgugh the very small number of drifting buoys syec (3) is not
significant enough to be conclusive. At least 1MPSBRST buoys are expected to be deployed in tlethese years, with

a view to cover a wide range of atmospheric anéwoagraphic conditions.

Code availability

N/A
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WMO identifier | Deployment basin HRSST sensor madal S/N | Start date End date

6200683 North Atlantic Digital YSI 46000 10021 19/2012 | 10/12/2012
6200686 North Atlantic Digital YSI 55032 10030 14/2012 | 17/11/2012
4400730 North Atlantic Digital YSI 55032 10028 18/2012 | 10/01/2014
4400769 North Atlantic Digital YSI 55032 10023 18/2012 | 15/11/2012
4400775 North Atlantic Digital YSI 55032 10022 19/2012 | 25/01/2014
4400776 North Atlantic Digital YSI 55032 10029 20/2012 | 18/02/2013
1300659 North Atlantic Digital YSI 55032 10010 1@/2012 | 17/03/2016
1500545 South Atlantic Digital YSI 55032 10006 Br012 | 30/08/2013
1300660 North Atlantic Digital YSI 55032 10003 2Q/2012 | 02/02/2016
1300661 North Atlantic Digital YSI 55032 10009 30/2012 | 22/06/2014
4100738 North Atlantic Digital YSI 55032 10001 09/2012 | 21/02/2014
4100739 North Atlantic Digital YSI 55032 10007 18/2012 | 21/12/2015
1500546 South Atlantic Digital YSI 46000 10002 283012 | 29/12/2012
1500547 South Atlantic Digital YSI 46000 10005 2P012 | 28/06/2015
1500548 South Atlantic Digital YSI 46000 10004 2807012 | 28/05/2015
6200515 North Atlantic Digital YSI 55032 10064 22/2013 | 18/01/2014
4400770 North Atlantic Digital YSI 55032 10050 22/2013 | 17/04/2014
6200514 North Atlantic Digital YSI 55032 10065 22/2013 | 20/08/2015
4400771 North Atlantic Digital YSI 55032 10035 22/2013 | 27/10/2014
4400550 North Atlantic Digital YSI 55032 10027 28/P013 | 30/01/2014
1300662 North Atlantic Digital YSI 55032 10070 12/2013 | 15/12/2015
1300664 North Atlantic Digital YSI 55032 10033 18/2013 | 24/04/2015
6200712 North Atlantic Digital YSI 55032 10063 0%/2013 | 12/01/2014
6200695 North Atlantic Digital YSI 55032 10038 0%/2013 | 03/02/2016
4400868 North Atlantic Digital YSI 55032 10037 0B/2013 | 29/08/2016
4400604 North Atlantic Digital YSI 55032 10047 05/2013 | 01/07/2013
1300665 Tropical Atlantic Digital YSI 55032 10040 7/@5/2013 | 04/03/2014
1300666 Tropical Atlantic Digital YSI 55032 10061 7/@5/2013 | 17/02/2014
3100718 North Atlantic Digital YSI 55032 10068 16/2013 | 12/11/2016
3100734 North Atlantic Digital YSI 55032 10066 05/2013 | 15/12/2016
3100866 North Atlantic Digital YSI 55032 0010 06/2013 | 13/04/2015
3100868 South Atlantic Digital YSI 55032 0008 102®3 | 30/01/2017
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6200537 North Atlantic Digital YSI 55032 10032 06/2014 | 07/03/2015
4400866 North Atlantic Digital YSI 55032 10052 28/2014 | 03/01/2017
6500598 North Atlantic Digital YSI 55032 10069 26/2014 | 18/05/2015
4400871 North Atlantic Digital YSI 55032 10034 26/2014 | 28/01/2016
1300667 Tropical Atlantic Digital YSI 55032 0009 /03/2014 | 26/10/2014
1300668 Tropical Atlantic Digital YSI 55032 0007 /0%/2014 | 11/02/2015
1500549 Tropical Atlantic Digital YSI 55032 0006 /08/2014 | 29/03/2015
4400548 North Atlantic Digital YSI 55032 10048 18/2014 | 16/03/2016
4400603 North Atlantic Digital YSI 55032 10031 0@/2014 | 07/03/2015
4400604 North Atlantic Digital YSI 55032 10055 08/2014 | 10/02/2017
4400608 North Atlantic Digital YSI 55032 10051 10/2014 | 08/03/2016
6200552 North Atlantic Digital YSI 55032 10067 10/2014 | 06/01/2016
6400551 North Atlantic (*) Digital YSI 55032 10064 23/06/2015 | 05/02/2018
4400770 North Atlantic (*) Digital YSI 55032 10028 02/07/2015 | 30/11/2015
1501601 Tropical Atlantic Digital YSI 55032 10039 6/11/2016 | 06/09/2017
4101711 North Atlantic Digital YSI 55032 10036 08/2017 | 20/10/2017

Table 1 Mission report of HRSST-2 SVP-B buoys. A staritages redeployment (note the WMO identifier mayeha

changed, possibly re-using a number previouslygassi to an earlier buoy). The third column show§ Sé&sor references.
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WMO identifier | Deployment basin HRSST sensor madal S/N | Start date| End date
4100736 North Atlantic Digital YSI 46000 10014 12/9012| 26/01/2013
6200513 North Atlantic Digital YSI 46000 10011 18/R012| 17/01/2013
6200505 North Atlantic Digital YSI 46000 10017 23/p012| 10/04/2013
6200501 North Atlantic Digital YSI 46000 10019 26/2012| 10/12/2012
6100788 Mediterranean Sea Digital YSI 46000 10020 | 4/092012 16/02/2013
3100739 North Atlantic Digital YSI 46000 10016 30/2012| 06/07/2013
3100740 North Atlantic Digital YSI 46000 10044 02/2012| 06/03/2013
6100530 Mediterranean Sea Digital YSI 46000 10013 0/0B2013 19/05/2013
6100525 North Atlantic Digital YSI 46000 10042 22/9013| 16/08/2013
6100524 North Atlantic Digital YSI 46000 10049 22/2013| 05/05/2013
6200504 North Atlantic Digital YSI 46000 10045 28/P013| 27/11/2014
1300899 Tropical Atlantic Digital YSI 46000 10043 6/@5/2013 10/12/2013
6200509 North Atlantic Digital YSI 46000 10062 2%/2013| 15/10/2013
2300587 Indian Ocean Digital YSI 46000 10071 092068| 07/09/2013
2300588 Indian Ocean Digital YSI 46000 10053 092068| 07/09/2013
4100737 North Atlantic Digital YSI 46000 10059 08/2013| 10/03/2015
4100800 North Atlantic Digital YSI 46000 10058 08/2013| 16/01/2015
6200500 North Atlantic Digital YSI 46000 10054 1@/2014| 18/02/2016
6500511 North Atlantic Digital YSI 46000 10056 16/2014| 25/06/2014
3100719 Tropical Atlantic (*) Digital YSI 46000 120 11/04/201%20/06/2015

Table 2 Similar to Table 1, but for HRSST-2 SVP-BS bu@gach buoy was also fitted with a CT probe).
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WMO id. |Lab. # | Date Mean error|Time interval sinci{Temporal drift sincg
lab#1 (days) lab#1
4400871 1 02/10/2012 -0.010 K 0 -
23/09/2016 | -0.063 K 1452 -0.013 Klyear
16/08/2017 | -0.043 K 1779 -0.007 Klyear
4400608 1 16/10/2012] -0.006 K 0 -
23/09/2016 | -0.055 K 1438 -0.012 Klyear
3 16/08/2017 | -0.037 K 1765 -0.006 K/year
6200552 1 01/09/2012 0.031K 0 -
2 23/09/2016 | -0.007 K 1483 -0.009 Klyear
3 16/08/2017 | +0.014 K | 1810 -0.003 Klyear

Table 3. Individual calibration data for SST sensors fr8BMHRSST-2 buoys that were fortuitously recovereke Tean

error is the average difference, for several waatfon points, between the temperature reportedhbysensor and the
temperature of the calibration bath. Lab. #1 inisahe initial calibration and verification thatsvmade then. The last
column, showing temporal drift (in K/year), is 385.times the difference between the mean errosasdeby lab. #2 (or 3)

5 minus the mean error assessed by lab. #1, divigékebnumber of days elapsed.
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WMO identifier | Deployment basin HRSST sensor madal S/N | Start date End date

6102622 Mediterranean Sea Digital MoSens 4658 23008 | 12/06/2018

6102623 Mediterranean Sea Digital MoSens 4656 25008 | -

Table 4. Similar to Table 1, but for 2 prototype SVP-BRBUoys (each buoy is fitted with a HRSST and stat&ssure
probe).
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Figure 1: Density plot of the scatter between hulSST measurements (horizontal axis) and CT SST measurents (vertical axis),
from HRSST-2 SVP-BS buoys.
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Figure 3: Mean differences (a) between the two SSEssors, with the number of data records shown in {bfor HRSST-2 SVP-BS
buoys that reported for at least 250 days (WMO idetifier indicated in legend), as a function of mearsolar local time (horizontal
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27



y (K)

Measure of
discrepanc

(a) All drifters Theoretical (b) HRSST drifters

04 ' ' —— SDV ' ' T

T __ -~ -| —— Median +/- SE e ]
02F - -~ T Bl i
0.0 +oeee oo J el .
-0.2F - - _ - 1 F--- . i

0.0 01 02 03 04 05 00 0.1 02 03 04 05

SST uncertainty (K) SST uncertainty (K)

(SLSTR 3-channel nighttime)

(SLSTR 3-channel nighttime)
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Figure 6: Sketch of the SVP-BRST (for the drogue, dp the tether attachment is shown here), with the RSST sensor unplugged
shown in zoom (b). Note each SST sensor is protectiedm solar radiation by a cap.
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Legend

& Frototype #1
oo Prototype #2

i il

| Figure 78 Trajectories of the two SVP-BRST prototypes afterdeployment on 26 April 2018. The two buoys separatesh 22 May
2018. Map data: SIO, NOAA, U.S. Navy, NGA, GEBCO; Ma image: Landsat/Copernicus.
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Prototype #1 Prototype #2

ECMWF estimate for prototype #1 ——— ECMWF estimate for prototype #2

(c) Depth inferred from water hydrostatic pressure minus air press.
0.44(d) SST (90% - 10%) percentile difference
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Figure 89: Time-series of data collected by the two SVP-BRSTrptotypes until one of them ran ashore. Panels (ajb), ard-(e), and
(f) also shove, in lighter colors, ECMWF analyses co-located to th buoys dates, times, and locations.
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| Figure 920 Time-series of the SST data, measured by the two ®MBRST prototypes’ HRSST sensors. A and B indicate twtime
periods selected for discussion.
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Sea Level Anomaly Data 2018-04-29 to 2018-05-06
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| Figure 1041 Mean Sea Level anomaly map with the two SVP-BRSTrptotypes’ tracks overlaid (prototype#1 in red, praotype #2
in blue), for the time period 29 April to 5 May 2038.
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Figure 1113 Average SST diurnal cycle observed by the two SVBRST prototypes’ HRSST sensors, during time periods Aand B
defined earlier. For each panel, the reference i%ié mean SST at 00 UTC. Horizontal thin dotted linesndicate zero.
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nomaly Data 2018-05-29 to 2018-06-13
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Figure 12: Mean Sea Level anomaly map with the two SVP-BRST ptotypes’ tracks overlaid (prototype#1 in red, protaype #2 in
blue), for the time period 29 May to 13 June 2018.
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1314 Diurnal cycle of differences between each 5-minat percentile (five percentiles are reported by thesVP-BRST

prototypes: 10%, 30%, 50% or median, 70%, and 90%pand the 5-minute mean. Horizontal thin dotted linesndicate zero and +/-
0.01 K.
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Supplement to “The Copernicus Surface Velocity Pldbrm
drifter with Barometer and Reference Sensor for
Temperature (SVP-BRST): Genesis, design, and initia
results”

Photo of a SVP-BRST unit deployed for testing in the roadstead of Brest (France).



