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Observations of water surface elevation (WSE) and bathymetry of the lagooreraotdsof the Yucatan
Peninsula (YP) in southeast Mexico are of hydrogeological interest. Observations of WSE (orthometric water
height above mean sea level (amsl)) are required to inform hydrological models, to estimate hydraulic gradients
and groundwater flowirections. Measurements of bathymetry and water depth (elevation of the water surface
above the bed of the water body) improve current knowledge on how lagoonsrantdsconnect through the
complicated submerged cave systems and the diffuse flow irotkematrix. A novel approach is described

that uses unmanned aerial vehicles (UAVs) to monitor WSE and bathymetry of the inland water bodies on the
YP. UAV-borne WSE observations were retrieved using a radar and a global navigation satellite system on
boad a multicopter platform. Water depth was measured using a tethered floating sonar controlled by the
UAV. This sonar provides depth measurements also in deep and turbid water. Bathymebryd(witvation

amsl) can be computed by subtracting water liémm WSE. Accuracy of the WSE measurements is better
than 57 cm and accuracy of the water depth measurements is estimated to be ~3.8% of the actual water depth.
The technology provided accurate measurements of WSE and bathymetry in both wetlands)(lagdo
cenotesUAV-borne technology is shown to be a more flexible and lower cost alternative to manned aircrafts.
UAVs allow monitoring of remote areas located in the jungle of the YP, which are difficult to access by human

operators.

Keywords: Mexico, karst,groundwater/surfaceater relationsgenote.

1 Introduction

The Yucatan Peninsula (YRh southeast Mexicis a region of high environmental value, hosting one of the
worl dés | argest and miedadizAdopse 200ayeportecdthaneddfrrewtscieatificui f er s .
datdypes to identify and advocate appropriate management decisidBsundwateron the YP has an
incommensurable value assitistéans biodiversity andsupports numerouscesystemgBauerGottwen et al.
2011) Around the world,groundwater and surface water candmnerallyviewed as one continuous water
resourceputon theYP the high degree of interaction between groundwater and surface watebably more
evident tharanywhereelse(e.g.Schiller et al, 2017) Generally karst aquifers aoharacterisedby landforms
causedby chemical dissolution of thBmestonerock, such as sinkholes (closed depressions, tens of m in
diameter) karst fields (called polje, large depressions withflat floor, several kmi or more) andkarren(also

called lapis, fissures and runnels on the surface, tens of cm wiehroe 1970) However, he Chicxulub
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ImpactCrater (Sharpton et al. 1992, 1993)iscovered byHildebrand et al. (1991, 1995)layed a key role in
defining thedistinctive structural featusef the YP.The footprint ofthe Chicxulubimpact & believedto have
causedmajor fractuiing in the limestoneébedrock andcausedhe high density of sinkholes (locally known as
cenotes Because of th€hicxulubimpact,cenotesare especially densalong asemicircular linenamed the
ring of cenotegPerry et al. 1995; Connors et al. 1998he diameter of theecenoten the YP varies from a
few meters to more than 100 (@chmitterSoto et al. 2002) The cenoteswere classified according to their
formation process and their geometry @amves jug-shaped, cylindrical, and plathapedcenotegHall 1936)
NavarreMendoza(1988 andMarin (1990)differeniated betweemroastalcenotes, which are shallower-83
m deep)andinland cenotes, which hawkepths greater than 100 m and walls up to 2tigh. Thus,theunique
dired connection betweesurfaceandsubterranean water bodisdirstly marked bygroundwater cropping out
in the cenotesthrough fractures and dissolution featu{8shmitterSoto et al. 2002)Secondly,on the YR
groundwater also surfacesthrough a mosaic of freshwatewetlands consistingof sloughs, channels

floodplaing and marshegGondwe et al. 2010b)

This study was motivatedby the necessity to retrieve new hydrological datadytpat provide in the short

term the opportunity to improve understanding of the karst aquifer and enhance knowledge of
groundwatefsurfacewater interaction. Hydraulic measurements are important to promote the establishment of
natural protected aregbydrogeological reserveghat preserveadequate water quality fahe population
(Escolero et al. 200)nd groundwater dependent ecosystéeng. Klgve et al. 2011)Water surface elevation
(WSE) observationscan inform hydrogeological models tomprove knowledge of the piezometric sagé,
groundwater flowstreamlinesandto understand how water bodies are connected in the complicated YP karst
aquifer.Bathymetry observations ammportantto compute the volume of surface water and identify fractures
and caves in the bed of the water bodié®wever,in-situ hydraulic observaibns of bathymetry andvater
surface elevatioare generallyabourintensive especially in theleep cenotes or Wwater bodies located in the
jungled and remote area3 hus the aim of this studyis to demonstrate thahmannedaerial vehicles(UAVS)

are able toretrieve anew airbornereattime observatioal datasetincluding bahymetry andWSE, in the

floodplains anctenote®f the YPwith anunprecedented flexibilityhigh accuracyandhigh spatial resolution

1.1 Water surface elevationobservations
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Groundwater and surfaseaterlevelson the YPhave traditionally been collected manually by field operators.
However, lack of resource#naccessibility due talense vegetatiorthe size of theareg and the poorly
developed terrestrial communication netwoelstrict coverage ofarge areas oestablisiment ofwidespread

monitoring network.

Changedn WSEcan be observed wittyntheticapertureradar nterferometry nSAR) in wetlands Alsdorf et

al. (2001)established that the accuradyinSAR WSE observationss within a fewcentimetresor the L-band.

Lu et al. (2005) demonstratd that also @andInSAR can be used for monitoringd SE changes, with an
accuracy that is potentiallgss or equal t@ cm(Lu and Kwoun 2008)Gondwe et kb (2010) confirmed that
INSAR data (RADARSAT1 wi th HH polarization) can beresanged

located inY P, with an accuracy of few cm

However,there are several constrinn using INSAR data for monitoringhe WSE i) In-SAR datarely on
vegetationemerging fromthe water body that allosvfor a sufficientcoherenceof the backscatteredignal
Generally,only water surface positioned beneath vegetaiog. swamp forest, saline marsh, brackish marsh)
can be monitored Indeed,reflection fromthe water surfacas generallyspecular(Alsdorf et al. 2000and
WSE canbe monitoredvith INSAR only in case ofdouble bounce scatteringhus it requiresthe signato be
reflected twice, i.e. firdby the water surface&and secondlyy vertical vegetation eleamts such agee trunksor
grass ii) INSAR cannot measure thghanges irabsoluteWSE, because phase differences between near pixel
values of interferogramenly observe the relativeemporaldisplacement of water surface. Therefdresitu
measurements at a location within timerferogram are needed to convert from relaW$E changes into

absoluteWSE (Gondwe et al. 2010a)

Only radar altimeters cameasure absoluté/SE, howeverspaceborne radar &ilmeters face limitdions in
monitoring WSE low accuracy, spatial and temporalresolution (Schumann and Domeneghetti 2016)
Spaceborne altimetetsve an accuracy of few decimetr@almant et al. 2008; Domeneghetti et al. 2015)
which is suboptimal for manhydrological applicationdn addition, theyhave aootprint that is in the order of
several hundreds of meter6e Asadzadeh Jari hani et al . 2013; Vi |
Biancamaria et al. 201,7vhichresults in a spatial resolutiooo coarsdor monitoring tle smallandadjacent

water bodies of the YP.
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On the other handUJAVs have a tremendoupotential in environmental monitoringbecausethey can
potentially be used to remotely sensgdradic observations in remotdnaccessible and dangeroases
(Klemas 205; Tauro et al. 2016T he technology describday Bandini et al(2017a)opered up the possibility
of monitoring WSE from UAVs with high accuracy (better than 7 cm) apdimal spatial resolutionallowing

retrieval of WSE alsoin small lakes andarrow rivers

1.2 Bathymetry observations

Bathymetry observations are generally collectediin with manned vessels. On the Yi#flatable dingles or
canoesequipped with echo soundease generally employetb retrieve observations of opevater bodies
These irsitu surveygyenerallyallow for a good coverage of the water body anéth an accuracy that depends
on the echo sounders performantiese surveysan beeasily conduced in wetlands and opesky plate
shapedcenotes but require a minimum water depth navigate and are difficult to conduct in jabgapedor
cylindrical cenotesFurthermore, vessetgenerallyneed to be towed to the water body by a road veffile et

al. 2015) while many water bodies are located in the jungladremote areaghusare difficult to access.

Remote sensing techniques can overcome the limitations-fuirobservationsThe most common remote
sensing techaues to measure bathymetme (i) LIDAR observations(ii) throughwater photogrammetryii)
methods based oestimatingwater depthindirectly from the radiometric properties of multispectral images

These techniques generally require shallow and clear water bodies.

BathymetricLIDARSs are rarely implemented in UAVs, because of the t@dflbetweentheir performanceand
size or cost Becauseof these limitations, accurateathymetricLIDARs are genally too heavy for being
transported byJAVs and require manned aircrafts. Thghtweight innovative LIDARBathymetric Depth
Finder BDF1, which was recentlgresented by RIEGLis one of the firstightweight 5.3 kg) and compact
LIDARs available on th&JAV market specifically developed for bathymetry surveydowever, this profiler
LIDAR can retrieve measurements only up td.% times the Secchi dep{Mandlburger et al. 2016and

requires a large UAV platform (around R@) to be operated

Throughwater photogrammetry involves digital photogrammetry to map the submengegraphyapplying
photogrammetc techniques, after correcting for the diffece between the refractiwedicesof water and ai

Two-media photogrammetric methods havestbepplied to both aerigWWestaway et al. 2000, 200aAnd
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UAV-borne imageg$Woodget et al. 2015)However,the photogrammetric solution relies on the identification
of the homologous point pairs by using automated steratching technique¢Lane et al. 2010)Water
turbidity, water surface roughness, and maximum light penetration depth reduce the a(feeuaey et al.
2008; Marcus et al. 2012nd can even suppress the signal of the bed texture on the irflaaesyet al. 2010)
For these reams,the applicability of throughwaterphotogrammetry is limited and not suitaldbr most of the

water bodies o the YP.

Although the majority of the surveyed cenotes and lagoons are several meters deep, in some cases, the water
was sufficiently cleaandwith a bottom reflectance suitabfer estimatingbathymetrywith optical techniques

In this context Flener et al. (2013)eported amethod to dtermine bthymetry from UAVs, exploiting
reflectance in the optical randgmsed orL y z e n g a 6 s widelly gsedr witht dateilite datats (Lyzenga

1981) However spectraldepthremote sensing generallyappliedonly to rivers with a depth ofess thanl-

1.5 m(Legleiter et al. 2004; Carbonneau et al. 2006; Legleiter 26&@ause of the limited penetration depth

of natural light Moreover, eflectancedepth relationships are affect by substrate type, watasurface
roughness, and water column optical proper{danterbottom and Gilvear 1997; Lejot et al. 2007; Legleiter et

al. 2009; Bergeron and Carbonneau 2012; Legl@ifdd) The asessment of the potential of these methods
would require flights at a sufficient height to capture each water body in one single picture (i.e. altitude of
several hundreds of metergjtherwise incomingadiation sun andc a me r a 6 should beydcarded to

correct for their effecbn theimage brightness

Similarly the potential of satetk highresolution imagege.g.WorldView, IKONOS, QuickBird) hasalready
been assesséd many scientific paper&.g. Eugenio et al., 2015; Mishra et al., 2004; Ohlendorf et al., 2011,
Stumpf et al., 2003and have been applied alsover the very shallow Caribbean sea reef around the YP
(CerdeiraEstrada et al. 2012However, higkresolution satelliternages are only commercially available
this context t he pot eatc ast s @resoldtidipsatailite images, such as Landsat 8 satellite
multispectral imagedpr estimaing bathymetry has already beewaluatedby other researchers, espelgiah

coastal environment{dagalingam et al. 2015; Pacheco et al. 2015)

Bandini et al. (2017b)eported the possibility to measure bathymetry with a tethered floating sonar controlled
by the UAV. This technology was considered as a promising alternative to airborne LIDARs and-optical

derived bathymetry. In thistudy a tethered sonamvhich canbe controlled bylightweight UAVS, showed
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good performance in deepater bodies with variable water tinlly and bottom substrate Furthermore,

sonarderived measuremendse valuable to calibrate and validatendsat &eflectancedepth relationships

2 Material sand methods

For ths proof-of-conceptstudy,an off-the-shelf DJlhexacopterSpreadingWings S900multi-copter platform

equippedwith DJI A-2 flight controller(jError! No se encuentra el origen de la referencia.was used

Fig. 1 (a) Hexacopter DJI Spreading Wings S900. Wa®den box hosts the UAV payload. (b) The

hexacopter during a flight above a lagoon.

Two different cameras were usddring the flights a SonyDSC-RX100, for flights requiring fineresolution
and less distorted images, and a-fste lens Eken H9 camera for flights requiring images with largerdield

view.

The on-boardinertial measuremenanit (IMU) was a Xsense MTi X8eries. The IMU measures tlieear and

angular motion of the UAV witla triad of gyroscopes and accelerometetsle a magnetometer measutias

headingl angl e bet ween the dr one 6.§heandcasiglabal mhvigatior satelliteu e

nort
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system(GNSS)consisted of a NovAtel receiver (OEM628 board) andattom (3GOXX16A4XT-1-4-Cert)
duaHrequencyglobal positioning systemGPS and GLONASS flight antenn& he differential GNSS system

requiredtheinstallation of a static base station.

2.1 Basestation of thedifferential GNSS system

A GNSS station was italled on the top of a building located in Feliperi@® Puerto, Quintana Rodlhe
antenna was secured for stabilitgd positioned very close to the roof surface to avoid multipath errors, in a
location witha clearview of sky. The GNSS antennanstalled on the roof served #% basestation forthe
position solutionof the differential carrierphaseGNSSsystem with the rover antenna located on the drone
Thebasestation was a NovAtel receiver Igxpack6) witha NovAtel GPS703 GGG pinwheelriple frequency
GPS and GLONASS antenniBhe acurate positiorof the base statiohad to becomputedn an international

geodetic reference

A second GNSSantenna which waspart of the Mexicanii N a t iGeauetit Network and is located in
Chetumal (Quintana Ropyvas used as reference statidbservations of this second antenna were available on
thewebsiteofMe x i can i nstitute @Al ngt Gt o glNEA 20a3) The @ositiordoé Est ad:
this second antenna was providedthe reference frame ITRF200820100 epoch with reference ellipsoid
GRS80 To compute the absolute positiofi the base station used fthis study a carrierphase differential
solution was computed in pegtocessingusing the INEGI antenna as master station of known coordinates
Carrierphase differentialGNSS allows corrections for most of all th@NSS errors that are in common
between the receivers (e.g. satellite orbit errors, satellite clock errors, atmosphesg @y multipath
errors and noise of the individual receiver® uncorrelated andannot be corrected in differential mode.
However,the baseline between the two antennas is1@&0 km (jError! No se encuentra el origen de la
referencia). Due to the length of this baselinthe errors of the receive(s.g. satellite orbit, atmospheric
error9 are slightly differentThus,the position othe basestationinstalled for this studgould not be retrieved
with an accuracyf few mm the absoluteaccuracyof the position in the ITRF200&poch2010.0 of thebase

stationis assumed-3 cm. The coordinatesf the two antennas astown inTablel.
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Table 1. Coordinates of the two static GNSS antennas used for the studyoordinates are provided in ITRF2008 at

2010.0 epoch.

Antenna Location Operator Latitude (N) Longitude (W) Ellipsoidal Height
(m)
Chetumal INEGI 18°29'42.99641" 88° 17' 7.20961" 2.955
Felipe Carrillo Puerto| Installed for this| 19° 34'54.03868" 88° 02' 34.73677" 10.5031
study

iError!

No se encuentra el origen

anennas anthe case study area
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de la referencisshows amap with the locations of thetwo GNSS

450000

Cenote Yodzonot Chico
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Fig. 2 (a) Map shovngt he t

395000

385000 390000

450000

wo static GNSS antennas (antenna

network and antenna located in Felipe Carrillo Puerto used asstadiee during the flights). Cenote XII

(Yodzonot Chico) is highlighted with a blue circle(a). The invesgated cenotes and lagoons are showb)

and (c)and in Fig.5 with magnified images. Background map retrieved from Google Earth (2017).

ocC



222 2.2 Flight campaigns
223  Flights were conducted in February and March 2017 with the objective to monitor the lagoons @embtes

224  listed inTable2, whichare located in thetate of Quintana Roo, Mexico.

225 Table 2. Location of the water bodies surveyed with the UAVThe name of some water bodies isot available (-).

Water body Name of the water body Locality Coordinates in UTMzone 16N,
Identification NADB83 reference system
Number x [easting], y [northing](m)
I LagunaNoh-Cah Noh-Cah 376988.541, 2147788.459
Il. LagunaOcom Santa Isabel 383511.933, 2152574.494
Santa Isabel
M. LagunaPucté Ocom 386623.799, 2152920.257
V. LagunaBalam Nah Ocom 387776.341, 2153358.224
V. LagunasSiijil Noj Ha' Ocom 389320.749, 2153519.580
VI. Laguna- Ocom 390749.902, 2153588.732
VII. Cenoe Koux ChancahVeracruz 394103.801, 2154505.004
VIII. Laguna- Felipe Carrillo Puerto 394818.378, 2167972.467
IX. LagunaVigia Chico Felipe Carrillo Puerto 395164.141, 2168099.246
X. CenoteVigia Chico Felipe Carrillo Puerto 396437.701, 2168266.365
XI. Laguna- Felipe Carrillo Puerto 396604.819, 2169032.806
XIl. CenoteYodzonot Chico ChumpénTepich 401107.368, 2218977.181
226
227
228
229 2.3 Payload for UAV-borne WSE observations
230

231 The payload consisted afradar andhe GNSSsystem.Bandini et al.(2017a)described th&VSE measuring
232  system,including the rationale for the sensor selectigmpstprocessing methodsind systemaccuracy.As

233 described in thecited paper, he radaris the ARS 30Xdeveloped fromContinental WSE is measured by

10



234  subtracting the rang® the water surface (range measured by the radar) from the drone gitétrived by
235 the GNSS systemabove thereferenceellipsoid Observations can be filtered with a kpass filter as
236  described iBandini et al. (2017aand corrected to compensate for the drone roll and pitch angles retrieved by

237  the IMU.

238 The base statiorin Felipe Carillo Puertois used for GNSS augmentation to improve the drone position
239  accuracy The baseline between the base and the rstationis less than 15 km for all the flighexcept the
240 flight above cenote Xll, which is ~55 km WSE above the reference ellipsoid can benverted ito

241  orthometric height, i.emetes above mean sea ldvém ams), if the geoidundulationis known. An online

242  programto convert coordinates frorthe GRS80 ellipsoido the GGM10 geoidwhich is the reference

243  gravimetric model for Mexicds available orthe INEQ website

244  WSE measurements were carriedt in all the water bodiefisted in table 1The Water BodyXIl (Cenote
245  Yodznot Chicowas included because of jtgy-shapedyeomorphologyHall 1936) although it is locatee50-
246 60 kmaway from the otherinvestigatedwater bodiesIn this cenote the freesurface water table is several
247  meters below ground levdt. features the prototypicalenotemorphologythat is representat forthe cenotes
248 located in theing of cenotesaround MéridaThiscenoteis included to evaluate the performance of the JAV
249  borne water ranging technology for such targbaideed, here are twomain challenges in retrieving water
250 surface elevatioin thesewater bodiesFirst, he small aperture of tteenoteprecludes a flight inside the small
251  cavity. Indeed, a flight inside the sinkhole would be ideal to have a clear view of the water surface but it would
252  cause a complete loss of the GNSS sigmhls, the flight has to be performed above the sinkholetheut
253  dense vegetationverhanging and surroundirtbe aperture of theenotecomplicates flight manoeuvres and
254  degradeshe GNSS signalvhichis necessary fomeasuringvater surface elevatio®econdly, he radar signal

255  may potentiallybe affected by multipath disturbance from the walls ofcr@ote(Bandini et al. 2017a)

256

11
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Fig. 3 (a) Video frame of the flight above the {sigaped cenote (Water Body XlI). The UAV is highlighted
with a red circle. Vegetation overhanging the cemot@plicates the computation of the position solution from

the GNSS observations. (b) UAbrne picture of the cenote.

2.3.1 Ground truth for water surface elevation

For some water bads, UAV-borne WSE observations were compared with tgeundtruth observatns
retrieved by a GNSS rover statiolbe{ca Viva GS1). Similarly to Gondwe et al. (@10), the antenna of this
stationis manually positioneth a locationclosed to the water bodyhere it @n track several satellites (i.e.
in clearopen sky for 15 minutes or morélhrough levellingechniquesthe offset between thgosition where
the rover stationis placed and the watesurfaceis measuredin this way,accurateWSE determinationis
possible Ground truth observatiofSNSSbasedbservationsre alsgrocesseavith carrierbasedifferential
method using the observations ofhe basestation in Felipe Qaillo Puerto. Compared to the UA\borne
observations,in-situ measurementebtained with this rover statiohave the advantage of excluding the
inaccuracy of the radar system and of averaging GNSS observations in a static mode for a |éngertical

accuracy of-4-5 cm is achievablevith this staticGNSS differentiabystem.
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2.4 Payload for UAV-borne bathymetry observations

Surveys to reconstruct bathymetry were conducted ordysubsebf the water bodiesf Table2 (water bodies

I, v, v, Vi, X). Bathymetry observations are obtained with a tethered sonar sensor controlled by the drone.
The single beam sonar is the Deeper Smart Sonar PRO+ developedcoynihenyDeeper, UAB It allows
retrieval of water depth with an accuracy-8t8% of thedepth for a maximum depth potentially up to 80l1fn
waveform analysis is accurately handlelde tsuccess of the bathymetric survéysot affected bywater
turbidity, bedmaterial,and topographyThe accurate position of the sonardeterminedelativdy to the UAV
platform position. Technicaldetails of this measuring system are describeBandini et al. (2017b)jError!

No se encuentra el origen de la referenciahows the tethered sonar and its measuring beam.
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£

Fig. 4 Sketch of the tethered sonar. The sonar has two measuring beams at two different fre§6eraties:
kHz and 15° at 290 kHz. The higher frequency is used for bathymetric survey, while the lower frequency is

generally preferred for other applications (e.g. to identify fish).

2.4.1 Correlation between water depth and spectral signaturef satellite images

Opticalderived bathymetry is generally basedaoBeerLambert radiative transfer of light in waterquation

(1)), in whichD is the depthL,; is the radiance in thi wavelengthLis is the average sigl over deep water

14



296 ¢ is a function of several optt parameters (e.g. solar irradianegéosphereand watertransmittanceand
297  water surfaceeflectancg Aui is the botton (b) albedoin the i wavelength andK; is the diffuse attenuation

298 coefficient(Jerlov 1976) Solving foroptical depthD, oneobtairs equation(2):

0 O wd M (@D
[I8%] 116 0

o o _ 2
cQ cQ

299  Assuming that the water and the bed sediment reflectance are homogeneous, that background optical effects
300 andsolar irradiancareconstantand thathe water column igniform, equation(3) can be deriveavith Aoand

301 A; as constantoefficients Alternatively, if observedreflectance(R) is considered instead of radiance, the

302  equation shown if4) holds derived withBoandB; as congant coefficients

303

o 6 6dTM O ©)

o 6 6 dTy Y (4)

304 To prove that sonar observations caso be used to calibrate and validate optdafived bathymetry
305 measurementsthe relationship between the top dtmosphere (TOA)reflectance of the Landsat 8
306 panchromatic band, which is the Landsat band with the higlpesialresolution (15 m), and thieathymetry
307 observationsetrieved by the sonawas computedThe dark pixel Re) subtraction is essential to identify the
308 logarithmic correlation(Stumpf et al. 2003; Mohamed et al. 201B) the bathymetry maps shown the
309 Results sectionDigitalGlobe imagery obtained froBoogle Earth(2017)showsthe land surfaceurroundng
310 the water bodies, while the water bodies are represented ity aggie displayinghe TOA reflectance othe
311  eighth band (panchromatic) of Landsat 8J&8/ composite (17tB5th January 20)7 Landsat 8 imagerwas
312  directly downloaded from Google Earth Engif@orelick et al. 2016)Conversion from &it digital number
313 (DN) to TOA Reflectance is performed by the processing methods implemented by Google EarthFrsgine

314 the DNs areconvertedinto radiance values, using the bias and gain valuesifispéo the individual

15



315

316

317

318

319

320

321

322

323

324
325
326

327

scene.Secondly radiance data is convertetd ifOA reflectance with a linear transformation that accounts for

solar elevation and seasonally variable E&tim distancéChander et al. 2009)

3 Results

3.1 WSE measurements

Table 3 shows the WSE measurementsbtained by the UAYborneinstrumentatiorduring each single flight.

Measurements are compared with the ground truth obtained from the GNSS rover station.

Table 3: WSE observations retrieved in the different water bodies. The table shows the mean and the standard
deviation of the UAV-borne WSE observations. Ground truth observations retrieved with the LEICA GNSS rover

station are also repoted. In some water bodies, ground truth observations are not available)(

Water body Mean of UAV- Standard Flight statistics LEICA rover
Identification borneWSE Deviation of Maximum flight height Flight time above station
Number observationsrh UAV -borne [m above ground levgl lagoon (groundtruth)
ams] WSE [sed [m ams]
observations
[cm]
I 1.20 3 48 140 -
I. 1.14 5 50 300 1.16+0.06
. 1.13 3 65 140 1.10+0.05
V. 1.13 4 80 270 1.12+0.64
V. 1.10 11 112 265 1.07+0.05
VI. 1.09 3 45 300 -
VII. 1.02 3 53 270 -
VIIL. 1.05 5 62 350 -
IX. 1.05 10 112 250 1.02+0.05
X. 1.02 6 59 270 -
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328

329

330

331

332

333

334

335

336

337

338

339

340

XL 1.02 10 101 430 -

XIl. 0.8 50 12 370 0.90+0.15

Table 3 shows that there is a good agreement between the gtauhdobservations and the UAbrne
observationshowever accuracies oboth systemwary from site to siteGroundtruth GNSSmeasuements
have an accuracyf ~5 cm As shown inTable 3, the standard deviation of the UAbrne observations is
within 11 cm for all the flightexceptfor the last one (flight aboveenoteXIll), which is~50 cm The mean
values of UAVborne WSE observations show an accuracy witfif? cm when compared tthe in-situ
observationsexcept that focenoteXll. In thecenoteXIl, theaccuracy olUAV-borne dservations degrades
but alsoground truth isconsidered less accurate than for the otleerotesIndeed in this cenotea water level
dip meterhad to be deployetbgether with the GNSS arttie levelling station The dip meter was used
measure the range from the ground level tocieotewater surface An overallsystemaccuracy of~15 cm

was achievedor the insitu measuremesin cenoteXll .

A map of theUAV -bornemeasurements in the water bodiesmberedrom | up to VII, is shown injError!

No se encuentra el origen de la referencia.
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Fig.5 UAV-borne WSE ifi ams) observations. (a) Water bodies from | up to VII. (b) Water bodies from VIII

up to XI.

iError! No se encuentra el origen de la referenciashows thatWSE decreasesonsistently from West to

East, in the direction of the nearby ocean, withagertable slopeof afew cm/km. In the water bdiesfrom |

up to VII, represented iRig 53 there is a difference of 18 cm between the westernmost and easternmost water
body over a distance of 18.4 km. This slope is less than what tudérssreported for this Pliocene area of the
YP, e.g. 37 cm/km (Gondwe et al. 2010b)however, targets may not be aligned glam groundwater

streamline.
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iError! No se encuentra el origen de la referenia. shows an example of the UAMborneWSE observations

specifically the observations ritvedduring the flight abovéil.
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Fig. 6 Observations retrieved by the payload for measuring WSggdiwe flight above lIl. (a) Range to water
surface is measured by the radand altitude above mean sea level is measured by the GNSS system. (b) Red
dots are the raw WSE observations. Blue line shows observations that have been filtered and cortbeted f

pitch and roll angles of the drone.

The radar and the GNSS curves jiError! No se encuentra el origen de la referencia(a) show high
correlation The offset between the two curves should be constant sind&$fein the lagoon is uniform.
WSE observations are shown ji&rror! No se encuentra el origen de la referencia(b). Red colour dots
show observationsbtained by subtracting the radavservationsr@nge tothe watersurfacé from the GNSS
altitude @rone altitudeabove mean sea levelyhe filteredWSE observationswhich are represented with a

blue line, have an average of 1.13 mmdaa standard deviation of3 cm. The standard deviation the
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369
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373
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375

376

377

378

379

380

381

382

383

384

measurementssidue to inaccuracy of theadarGNSS integratedsystem As described in Baii et al.
(2017a), the accuracy of the radar depends on the range to the water surfacthemtturacy of GNSS

system is generally independent of flightdtei

UAV -borneWSE measurements were more problematic injtlgeshapedwaterbody XII (CenoteYodzonot
Chico), as shown inError! No se encuentra el origen de la referencia.Vegetation overhanging the water
body complicated the computation of the position solution from the GNSS rasvvaliens. Indeed the
integer ambiguityf the GNSS sigal was not entirely solvedMU-GNSSintegrated solutions, both loosely
and tightly couplede.g. Groves, 2013; Noureldin et al., 2013)vere tested but did not improve the GNSS
solution positions. This was mainly caused by the disturbance on the GNSS signal dulGigSE&MU
initialization period caused by vegetation canoggwever, the radar successfully measured the rangfgeto
water surfacealthough thisjug-shapedsinkhole exposes only a narrow field of view and its small ground
aperture could potentially cause multip&tfectsof the radar signaNeverthelessthe onboard radar retrieves

the angle and the range of eaelngetin its field of view, which makest possible to identifythe target

representative of the water surfg8andini et al. 2017a)
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Fig. 7 Flight above Water Body XlI (Cenote Yodzoi&@hico). (a) Range measured by the radar and altitude

measured by the GNSS system. (b) WSE observations.
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The standarddeviation of the WSE observatios shown in jError! No se encuentra el origen de la
referencia. is around 0.50 mHowever the mean of th&JAV -borne WSE observations is 0.& ams] while
WSE measured with wsitu instrumentation was around ® amsl Thus,the difference from the ground

based benchmark L0 cm only

3.2 Bathymetry measurements

Bathymetry observations for thegunaSiijil Noj Ha' arereported injError! No se encuentra el origen de la

referencia..

Fig. 8 Bathymetry observations in V (laguna Siijil Noj Ha").

As shown byjError! No se encuentra el origen de la referencia.water depth igetrievedonly in some
points of the lagoon,e. the locations in which the tetherédating sonar is flown angblacedin contact with

the water surfaceThe orthometricelevation of the wet-bed can be computed by subtracting the water depth
from the WSE measured in this lagoon (1.10 ams). The observations retrieved in the inner part of the
lagoon depict water depth betweehand 10.5m and fall into an area of low reflectanoé Landsat 8 The

deepest point of the lagoon is on theesern outer areaof the lagoon where there isfiacture zonen the
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