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Abstract

We present SCI-DEM, a method for deriving Digital Elevation Models (DEMs) of intertidal beach surfaces, profiles and
beach widths from time-series waterlines using low-cost coastal CCTV cameras and modelled water levels. SCI-DEM builds
on two established components: a waterline extraction method built on a semantic segmentation model, and a camera-
pose-estimated homography, used to georeference each waterline. The SCI-DEM-specific contribution is the spatiotemporal
aggregation of the resulting waterline time series: over a two-week moving window, waterlines are cleaned, intersected with
fixed cross-shore transects, tagged with modelled water elevation (astronomical tide plus sea-level anomaly), and fit with shape-
constrained monotonic regression under automated quality control; profiles passing quality control are combined into intertidal
DEMs, mean-high-water (MHW) shoreline contours, and per-transect beach-width estimates. We validate SCI-DEM against
RTK-GNSS beach-profile surveys at two camera deployments in Southern California, Torrey Pines and Oceanside Harbor
South Jetty, and demonstrate its beach-width product at a third, Ehukai Beach Park (Hawaii), a microtidal beach with no
survey programme. At all three sites an independently produced CoastSat satellite-shoreline record is shown alongside the
camera series. Camera-derived and surveyed profiles agree to a mean absolute vertical residual of 0.09m (1 October 2024),
0.15m (20 May 2025) and 0.10m (6 October 2025) at Torrey Pines and 0.11m (1 October 2024) and 0.18m (6 October 2025) at
Oceanside Harbor South Jetty. The resulting beach-width time series reproduce the in-situ MHW crossings to within 3.0m at
Torrey Pines and 2.2m at Oceanside Harbor South Jetty, and follow the same seasonal trends as the tidally corrected CoastSat
record. SCI-DEM is currently running on over 60 live cameras. The method offers a cost-effective route to continuous, high-
temporal-resolution beach-profile and beach-width monitoring that complements (and densifies) episodic physical surveys.

Keywords: shoreline detection; digital elevation model; beach morphodynamics; coastal video; intertidal zone;
monotonic regression

1 Introduction1

Accurate monitoring of beach morphodynamics in-2

forms coastal-erosion assessment, climate-change adap-3

tation, and management of the nearshore environment.4

Roughly a quarter of the world’s sandy shorelines are5

eroding [Luijendijk et al., 2018], and projected sea-6

level rise threatens the beach area that shields coastal7

communities and infrastructure [Vitousek et al., 2017,8

Ranasinghe, 2016]. The spatiotemporal resolution at9

which beach profiles can be measured directly bounds10

the questions such data can address.11

The traditional reference for beach-morphodynamics12

monitoring is topographic GPS survey, which achieves13

high vertical and horizontal accuracy but at low tempo-14

ral and spatial resolution [Pardo-Pascual et al., 2005].15

Airborne lidar [Sallenger et al., 2003] and unmanned16

aerial vehicle (UAV) photogrammetry [Turner et al.,17

2016, Casella et al., 2020] extend spatial coverage at18

centimetre-to-decimetre vertical accuracy, but each sur-19

vey is a snapshot whose repeat interval is set by20

operating cost. At the other end of the trade-off,21

satellite optical imagery now supports multi-decadal22

shoreline records at global coverage [Vos et al., 2019a,23

Turner et al., 2021], with open toolkits such as Coast-24

Sat [Vos et al., 2019b] making the extraction rou-25

tine. The performance of satellite-derived shorelines is26

site-dependent, with reported horizontal errors of 3.7–27

13.5m [Pardo-Pascual et al., 2024], revisit cadence pre-28

vents instantaneous beach-profile reconstruction, and29

the correction of each instantaneous waterline to a ref-30

erence contour requires a beach-face slope that must31

itself be estimated [Vos et al., 2020]. Water-level ef-32

fects are the dominant error source in a recent multi-33

algorithm benchmark [Vos et al., 2023]. Between a34

twice-yearly survey of centimetre accuracy and a near-35

daily satellite record of metre-to-decametre accuracy36

there is no operational method that delivers profile-37

grade measurements at sub-weekly cadence.38

Between these extremes sits the waterline method : if39
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Figure 1: Study sites. (A) Oceanside Harbor (OS-1070); (B) Torrey Pines (TP-0520); (C) Ehukai Beach Park. The
overview map locates the Southern California and Oahu deployments; satellite insets show the local camera context
at each site. The white marker and wedge in each inset are the camera position and its horizontal field of view at the
calibration zoom (64◦ at Torrey Pines, 19◦ at Oceanside, 23◦ at Ehukai), drawn to a nominal 390 m: the cameras
view to the horizon, so the dashed arc is a drawing range, not a coverage limit. The black and red lines in each inset
are the SANDAG and SCI-DEM transects, respectively.

the elevation of the waterline is known at the moment40

it is observed, each waterline is an elevation contour,41

and a set of waterlines spanning the tidal range can be42

assembled into a digital elevation model (DEM) of the43

intertidal zone. The principle was demonstrated with44

satellite radar three decades ago [Mason et al., 1995]45

and has since been applied to satellite composites and46

shore-based radar [Sagar et al., 2017, Bishop-Taylor47

et al., 2019, Bell et al., 2016]. Fixed video cameras48

are its natural platform: a stationary camera observes49

the shoreline continuously, over the full range of tidal50

levels, at cadences bounded only by the capture rate.51

Plant and Holman [1997] first estimated intertidal to-52

pography from time-exposure video images, Aarninkhof53

et al. [2003] quantified and corrected the water-level bi-54

ases of video-detected shorelines, and Uunk et al. [2010]55

automated the workflow at a single site; subsequent56

work has broadened detection techniques from colour57

classifiers to neural networks [Vousdoukas et al., 2011,58

Valentini et al., 2017, Soloy et al., 2021, Montes et al.,59

2023].60

Per-site calibration and supervision have kept this61

thirty-year-old idea from operating at network scale.62

Coastal video systems such as Argus [Holman and Stan-63

ley, 2007] are georeferenced through surveyed ground-64

control points and photogrammetric calibration work-65

flows [Simarro et al., 2017, Bruder and Brodie, 2020],66

shoreline detectors are tuned or manually reviewed per67

site [Montes et al., 2023], and each installation is a sci-68

entific instrument attended by experts. Repurposing69

consumer-grade camera infrastructure, as CoastSnap70

did for fixed smartphone stations [Harley et al., 2019],71

also requires calibration, detection, cleaning, and qual-72

ity control to run unattended.73

We present SCI-DEM, which addresses the tempo-74

ral and spatial resolution gap between the in-situ sur-75

vey and the satellite record; a method for producing76

intertidal beach DEMs from the video-derived shore-77

line streams of an operational surf-camera network,78

with shoreline contours and beach-width time series ex-79

tracted at a chosen reference elevation, here taken as80

mean high water (MHW). SCI-DEM takes its inputs81

as: waterlines produced by the extraction method of82

Reinwald et al. [2026b], georeferenced by a camera-pose83

homography calibrated against ground control points84

(Section 2.4.2) and a water-level estimation. What85

SCI-DEM contributes, and what this paper evaluates,86

is the spatiotemporal aggregation of the resulting wa-87
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terline time series: waterlines are intersected with fixed88

cross-shore transects, fit with shape-constrained mono-89

tonic regression under automated per-transect quality90

control, and combined into intertidal DEMs, MHW91

contours, and per-transect beach widths with attached92

uncertainty. The method runs unattended on more93

than 60 live cameras at a daily cadence with a two-94

week aggregation window, improving the two in-situ95

survey records per year to circa 365 measurements per96

year at camera-equipped sites. SCI-DEM is validated97

against episodic in-situ beach-profile surveys at two98

camera deployments in California and demonstrated at99

a third in Hawaii; at all three, a CoastSat satellite-100

derived shoreline record is shown alongside the camera101

series as an independent observation of the same beach.102

The remainder of the paper describes the methodol-103

ogy (Section 2), reports validation results (Section 3),104

and closes with an outlook on extensions (Section 4).105

Appendix A shows the complementary satellite-derived106

shoreline methods used to support the validations.107

2 Methodology108

2.1 Study sites109

SCI-DEM is evaluated at three camera deployments110

(Figure 1). Torrey Pines and Oceanside Harbor South111

Jetty (Southern California) have repeated RTK-GNSS112

beach-profile surveys from the San Diego Association113

of Governments (SANDAG) [San Diego Association of114

Governments, 2025], against which the method is vali-115

dated. Ehukai Beach Park (Oahu) has no survey pro-116

gramme; it is included to demonstrate the beach-width117

product at a highly dynamic microtidal beach with a118

different camera geometry, and no accuracy claim is119

made for it. At all three sites a CoastSat satellite-120

derived shoreline record (Section 2.3) is shown along-121

side the camera series. The sites span micro- to meso-122

tidal conditions and varying camera locations and an-123

gles.124

2.2 In-situ beach profiles125

Ground-truth beach morphology at Torrey Pines and126

Oceanside Harbor comes from the SANDAG Shore-127

line Monitoring Program, which conducts twice-yearly128

RTK-GNSS cross-shore profile surveys along fixed tran-129

sects [San Diego Association of Governments, 2025].130

We use transect TP-0520 for Torrey Pines and OS-131

1070 for Oceanside Harbor. The SCI-DEM historic132

data covers three survey dates for Torrey Pines and two133

for Oceanside Harbor. Each profile records elevation134

(relative to MLLW) versus cross-shore distance from135

the transect origin. Near the low-tide end of each pro-136

file the SANDAG surveys switch from terrestrial RTK-137

GNSS to boat-based bathymetry without a marker in138

Figure 2: Averaged 1Hz waterlines at Torrey Pines in
October 2024 (black) and May 2025 (red), both at a
water level of 0.73m (2.40 ft) and a common camera
perspective. Each extracted waterline traces the eleva-
tion contour equal to the water level at capture, so at
a matched water level in calm conditions the difference
between the two is morphological.

the data, which bears on the profile residuals at low139

elevations (Section 3.1).140

The RTK-GNSS surveys are the only reference of141

known accuracy used here; they check the absolute ele-142

vations of the camera-derived surface at specific points143

in time. Beach width and profile are compared against144

in-situ data by shifting the SCI-DEMmeasurements to145

the origin of the in-situ survey transect (Section 2.6).146

2.3 Satellite-derived shorelines147

At all three sites a satellite-derived shoreline record148

is shown alongside the SCI-DEM beach widths, ex-149

tracted with CoastSat [Vos et al., 2019b] from Sentinel-150

2 and Landsat 8–9 imagery, run unsupervised with the151

toolbox’s automated quality control, intersected with152

the validation transect, and tidally corrected to the153

site MHW contour with the beach-slope method of Vos154

et al. [2020]. The two are independent remote-sensing155

observations of the same beach; the satellite record is156

not a reference, and no accuracy claim is made for either157

method against the other. Its configuration, a worked158

example scene, the differences between the two records159

and their sampling density are given in Appendix A.160

2.4 SCI-DEM derived shorelines161

SCI-DEM produces georeferenced waterline time se-162

ries from 1Hz coastal CCTV, then aggregates them into163

intertidal DEMs before extracting the MHW contour to164

track the shoreline position. Throughout, a waterline165

is the instantaneous land/water boundary in a frame or166

a 10 minute average waterline and the shoreline is the167

MHW contour extracted from the aggregated surface.168

2.4.1 Waterline extraction169

Waterline positions are taken from the 1Hz waterline170

extraction method of Reinwald et al. [2026b], which171

delineates the land/water boundary in each frame from172

a semantic segmentation model. SCI-DEM consumes173
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those waterlines as given; the extraction itself is de-174

scribed and evaluated in that paper.175

Each ten-minute video segment is processed as a176

batch: 600 1Hz waterlines are temporally averaged into177

a single representative average waterline, which sup-178

presses short-term oscillations from breaking waves in a179

manner analogous to the time-exposure (Timex) meth-180

ods of Harley et al. [2019].181

Figure 2 shows representative average waterline out-182

puts at Torrey Pines on two dates sharing a common183

mid-tide water level.184

2.4.2 Homography and georeferencing185

Each averaged waterline is georectified with a tide-186

adaptive homography. A pinhole camera model (Eq 1187

P) is fitted per camera to surveyed ground control188

points collected with an RTK-GNSS surveyor at Ocean-189

side Harbor and a mobile phone at Torrey Pines, giving190

the intrinsic (Eq 2 K ) and extrinsic matrices (Eq 3 R191

and t). The sea surface is treated as a horizontal plane192

at the water level anchored to the waterline and hori-193

zon (Section 2.5). Thus, at a known elevation Z, the194

pinhole model yields a homography from image coordi-195

nates (Eq 1 u, v, Z ) to real-world coordinates that can196

be used to georectify waterlines.197

u
v
w

 = P


X
Y
Z
1

 = K [R | t]


X
Y
Z
1

 (1)

K =

fc 0 ch
0 fc cv
0 0 1

 (2)

[R | t] =

 r11 r12 r13 tx
r21 r22 r23 ty
r31 r32 r33 tz

 (3)

In Eq 1, (X,Y, Z) are world coordinates in meters, east198

and north of a local reference point and elevation, and199

(u/w, v/w) is the corresponding pixel position in the200

image. In K, fc is the focal length in pixels and (ch, cv)201

is the principal point, the pixel at which the optical202

axis meets the image, fixed at the image center. R203

rotates the world axes into the camera axes and is set204

by the camera azimuth, tilt and roll. The translation205

is t = −RC, where C is the camera position in world206

coordinates. The fit solves for seven parameters: the207

three components of C, the three rotation angles and208

fc.209

Calibration quality was checked by reprojecting the210

surveyed ground control points through the fitted211

model and comparing them with their surveyed posi-212

tions, giving a mean horizontal error of 1.4m at Torrey213

Pines and 0.43m at Oceanside Harbor. GCP surveys214

were completed at low tide, covering the top beach and215

intertidal zone to provide as much information to the216

fit as possible. It is expected that georectification error217

is a function of distance from the camera and camera218

height and so the accuracy of the rectification is depen-219

dent upon where the waterline is measured in the scene220

which can change over seasons. The difference in hori-221

zontal error between the two GCP collection methods222

is attributed to the GPS accuracy of the RTK-GNSS223

surveyor compared to a mobile phone.224

2.4.3 Waterline aggregation and DEM con-225

struction226

The SCI-DEM-specific processing aggregates georef-227

erenced, water-level-tagged waterlines from a two-week228

window ending on the report date. Over this window229

each ∼10-minute video segment contributes one geo-230

referenced waterline and its total water elevation, sam-231

pling the intertidal zone across a representative range of232

water levels. The aggregation is a per-transect, mono-233

tonically shape-constrained variant of the classic video234

waterline method: as the tide rises and falls, each de-235

tected waterline traces an elevation contour whose ele-236

vation equals the water level at capture [Montes et al.,237

2023].238

Cleaning. 10-minute average waterlines are excluded239

when the video recording is flagged as degraded by the240

SCI-VIS visibility classifier [Reinwald et al., 2026a], or241

when the waterline is self-intersecting due to poor seg-242

mentation. The remaining waterlines are clipped to the243

bounds of the pre-defined transects for each camera.244

Transect intersections and tide-conditioned245

cleaning. The intersections of the waterlines with246

the pre-defined transects are computed, recording the247

cross-shore distance from the transect’s landward origin248

and the intersection lat/lon position; where a waterline249

crosses a transect more than once it is considered cor-250

rupted and dropped from the analysis. Elevation is251

attributed to each waterline from Section 2.5. Outliers252

are removed within six tide quantile bins using a Tukey253

1.5×IQR rule on cross-shore distance, so genuine tidal254

movement is not confused with scatter at a fixed water255

level.256

Monotonic profile fitting. For each transect the257

cleaned (elevation, distance) samples are fit under a258

physical monotonicity constraint: as water level de-259

creases the waterline can only retreat seaward, so cross-260

shore distance is a non-increasing function of elevation.261

The fit proceeds by isotonic regression, followed by262

smoothing of the isotonic curve, and finally a piecewise-263

linear refit with 0–6 complexity-penalised breakpoints264

whose turning points summarise the profile shape (Fig-265

ure 3b). Automated metrics—tidal coverage, coverage266

of the reference contour (MHW), fit RMSE, residual267
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Figure 3: The aggregation of a single two-week window at Torrey Pines. (a) The seven consecutive alongshore
transects that passed the fit quality checks. Each transect shows the monotonic profile (black) fitted through the
waterline–transect intersection points (gray, every second one drawn); the surface is swept between adjacent fits at
matched elevation, and the MHW contour (red) is the constant-elevation line from which the beach width is reported.
Tick labels are omitted because (a) illustrates the construction; the two horizontal axes share one scale and elevation
is exaggerated ten times. (b) The transect drawn with the heavier line in (a), with all 412 of its intersections. The
fit follows the scatter over the full tidal range while cross-shore distance decreases monotonically with elevation. The
red dot is the beach width, the fitted distance at the MHW elevation (dashed). The 82 intersections within ±0.1m
of MHW are drawn in light red; the red bar is the ±1σ beach-width uncertainty of 2.3m, the standard deviation of
their cross-shore distances about the fit.

spread near that contour, and perpendicular distance268

to the fit—assign each transect a pass or fail quality269

flag; only passing transects contribute to the reported270

surfaces.271

Beach width, MHW contour, and surface DEM.272

The beach width on a transect is the fitted profile’s273

cross-shore distance at the site’s MHW reference con-274

tour (Section 2.5), interpolated inside the fitted range275

or edge-extrapolated and clamped to the observed dis-276

tance range when the contour lies just outside it. The277

crossing points on adjacent transects form the MHW278

shoreline contour used for beach-width monitoring. An279

uncertainty is attached to each width as the standard280

deviation (1σ) of the measured waterline intersections281

whose water level lies within ±0.1m of the reference282

contour, so it expresses the scatter of the observed wa-283

terline at the elevation at which beach width is defined284

(Figure 3b).285

A surface is created with straight constant-elevation286

bands between each of the fitted profiles and projected287

onto a regular lon/lat grid. This surface can then be288

used to interpolate along any given transect within the289

camera field of view for monitoring or validation. Fig-290

ure 3 shows the whole construction for one Torrey Pines291

window.292

The two products degrade differently as tidal range293

shrinks. At microtidal sites, such as those in Hawaii,294

the intertidal zone is so narrow that the water level295

sweeps too little of the beach face to resolve a profile,296

and the elevation–distance fit approaches a vertical line.297

Beach width survives this limit: a near-vertical fit still298

locates the reference contour in cross-shore distance,299

so width remains recoverable at sites where the profile300

itself does not. This limit is therefore dynamic and is301

dependent on both the slope of the beach and the tidal302

range.303

After experimenting with different window sizes, this304

two-week window reflects a trade-off between sample305

density (enough tidal range to span the intertidal zone)306

and temporal resolution (short enough to capture rapid307

morphodynamic response to storms or nourishment308

events).309

2.5 Water-level estimation310

Both the satellite-derived shorelines (Section 2.3) and311

SCI-DEM (Section 2.4) require an instantaneous312

water-surface elevation at each waterline observation so313

that cross-shore positions can be compared on a com-314

mon vertical datum or, for SCI-DEM, used directly as315

the elevation coordinate in profile fitting.316
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Tide prediction. The astronomical predicted tide317

for each ten-minute average waterline is derived from318

NOAA tidal harmonic constituents at nearby tide319

gauges and rounded to the nearest 0.1m. Torrey Pines320

uses the La Jolla (Scripps Pier) station [NOAA Na-321

tional Ocean Service, Center for Operational Oceano-322

graphic Products and Services, 1991b]. Oceanside Har-323

bor and Ehukai Beach Park use the San Clemente and324

Haleiwa subordinate stations, whose predictions are325

time and height offsets from the San Diego [NOAA Na-326

tional Ocean Service, Center for Operational Oceano-327

graphic Products and Services, 1978] and Honolulu328

[NOAA National Ocean Service, Center for Opera-329

tional Oceanographic Products and Services, 1991a] ref-330

erence stations, taken from NOAA tide-prediction ta-331

bles as distributed in the XTide harmonics database332

[Flater, 2021]. The same source is applied to both the333

camera-derived and the satellite-derived shorelines in334

Appendix A, so the two share a vertical reference by335

construction. Tide is expressed in metres relative to336

the local tidal MLLW datum of the assigned station337

and so no vertical conversion was required to compare338

with the in-situ survey elevations.339

Sea-level anomaly. The astronomical tide zast is340

augmented with daily sea-level anomaly (SLA) zsla341

from the Copernicus Marine Service global altimeter342

L4 product at the nearest grid point to the site cen-343

troid (for these cases <5 km from the site), which adds344

the meteorological contribution to the observed water-345

line. The SLA correction is an order of magnitude346

smaller than the tidal signal — a decimetre-scale off-347

set (0.05–0.16 m) against a tidal range of 1.7–1.9 m348

for these validation cases — but on shallow beach faces349

even an offset of this size can contribute significantly to350

the beach-width estimate, so it is not negligible at the351

accuracy being validated. The total water level is352

ztwl = zast + zsla (4)

Remaining elevation errors are therefore attributed to353

unestimated surge and wave set-up, which are assumed354

to average out over the two-week aggregation window.355

Reference contour. The target contour zref is each356

site’s mean high water (MHW) level, taken as the357

average high-tide elevation over the site’s 2023–2024358

tide time series. The same value of zref is used for359

SCI-DEM (Section 2.4.3) and for the satellite-derived360

shorelines (Appendix A), referenced to the same local361

tidal datum as that site’s tide time series, so zref and362

ztwl share a common vertical reference: 1.19m at Tor-363

rey Pines, 1.20m at Oceanside Harbor, and 0.39m at364

Ehukai Beach Park. These MHW elevations are derived365

from the tide series rather than taken from published366

NOAA/NOS datums, so that the same procedure can367

be applied at sites without a published datum.368

Application. In SCI-DEM, ztwl is attached to each369

retained waterline and propagated through transect in-370

tersection and monotonic profile fitting, so each cross-371

shore sample lies on an elevation contour equal to372

the water level at capture. For satellite shorelines,373

the same ztwl feeds the slope-based contour normali-374

sation in Equation (A1), mapping each instantaneous375

shoreline observation to the reference elevation used for376

beach-width comparison.377

2.6 Transect alignment for validation378

The SCI-DEM validation transect and the in-situ sur-379

vey transect are in slightly different locations at both380

sites with surveys (Figure 1). The camera transects381

are positioned for the camera field of view, whereas the382

survey lines run seaward from fixed origins established383

by the survey programme, so the two origins do not384

coincide: the in-situ origin lies 39m alongshore of the385

camera transect at Torrey Pines and 95m at Ocean-386

side Harbor. Cross-shore distances measured on the387

two lines are therefore not directly comparable. The388

two are brought to a common origin with a single con-389

stant offset. The in-situ survey origin is projected onto390

the SCI-DEM transect and its along-transect distance391

from the SCI-DEM origin is read off, positive seaward392

(+8.0m at Torrey Pines; −80.2m at Oceanside Har-393

bor, where the origin lies landward of the SCI-DEM394

origin). Subtracting this offset from every SCI-DEM395

cross-shore distance re-references it to the in-situ origin,396

so beach profiles can be compared directly. The shift is397

applied to every distance measured on the SCI-DEM398

transect—the elevation-surface samples compared with399

the surveyed profiles (Section 3.1), the MHW crossing400

that defines the beach width, and the CoastSat intersec-401

tions on that transect (Appendix A)—and changes only402

the coordinate at which a value is read: elevations, pro-403

file shape and the width uncertainty are untouched. A404

constant shift assumes that the elevation contours run405

perpendicular between the camera transect and the in-406

situ transect. This could contribute to perceived errors407

in the results where there is a material beach change408

between the transects.409

3 Results410

SCI-DEM is validated at the two surveyed deploy-411

ments (Figure 1; Section 2.1): camera-derived elevation412

surfaces against episodic in-situ beach profiles, with413

particular attention to the mean high water (MHW)414

contour at which beach width is defined, and beach-415

width time series against the in-situ MHW crossings.416

The Ehukai Beach Park series is shown alongside as417

a demonstration, and the CoastSat record at all three418

sites is compared in Appendix A.419
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Figure 4: Beach-profile validation at the two sites with survey data, one row per site: (a) Torrey Pines, three
survey dates; (b) Oceanside Harbor, two survey dates. Left: in-situ beach profiles (markers) and aligned SCI-DEM
elevation surfaces (lines); the dashed line is the site’s MHW reference contour at which beach width is defined—1.19m
and 1.20m on each site’s local tidal datum. The horizontal error bar on the MHW line is the ±1σ cross-shore spread
of the waterline intersections lying within ±0.1m of that contour over the lagged 14-day aggregation window. Right:
the corresponding absolute vertical residual |∆z| = |zin-situ − zSCI| at each overlapping survey sample, in the same
colours, with horizontal lines and labels giving the per-survey mean. Note that the residual scale differs between
sites.

3.1 Beach profile validation420

Figure 4 overlays the surveyed profiles with the SCI-421

DEM elevation surfaces (left column) alongside the cor-422

responding absolute vertical residuals (right column).423

The comparison is restricted to the cross-shore range424

over which the fitted SCI-DEM profile and the survey425

overlap. Ehukai Beach Park has no survey programme426

and does not enter the validation (Section 2.1).427

At Torrey Pines (Figure 4 a), in-situ and SCI-DEM428

profiles agree closely across the intertidal zone, with429

the tightest correspondence at higher elevations; mean430

vertical residuals are 0.09m (October 2024), 0.15m431

(May 2025), and 0.10m (October 2025). Importantly,432

the SCI-DEM accurately reproduces the seasonal and433

annual beach width change captured by the bi-annual434

survey programme. It should also be noted that this435

camera pose calibration was solved using GCPs from436

a mobile phone. Rectification errors would show in437

the results as constant bias in the SCI-DEM profiles,438

which is not present, indicating that the mobile phone439

GCP fit is performant enough to capture these profiles.440

The horizontal error bars drawn at the MHW ref-441

erence contour in Figure 4 give the cross-shore uncer-442

tainty on the MHW shoreline position on each survey443

date, namely the 1σ spread of the waterline intersec-444

tions observed within ±0.1m of MHW (Section 2.4.3).445

At Torrey Pines the beach-width uncertainty is ±1.3m,446

±3.4m and ±3.0m in October 2024, May 2025 and447

October 2025 respectively, and ±4.0m and ±2.5m at448

Oceanside Harbor in October 2024 and October 2025.449

The beach width at MHW is therefore resolved to a450

few metres in the cross-shore. Measured against beach451

widths that vary by tens of metres between seasons452

(Section 3.2), a spread of this size leaves the seasonal453

signal well resolved.454

Oceanside Harbor (Figure 4 b) shows mean residuals455

of 0.11m (October 2024) and 0.18m (October 2025),456

in line with Torrey Pines. This is a more challeng-457

ing site for georectification due to the waterlines being458

over twice as far from the camera compared to Tor-459

rey Pines, as well as being more obliquely angled. In460

October 2025, residuals are below 0.08m from 107m461

to 133m, the stretch spanning the MHW crossing at462

114m, and grow seaward of it, to 0.15m at 139m and463

0.46m at 156m near the low-tide end of the profile.464

This residual growth toward the low tide is likely an465

artefact of distance from the camera, since small pixel466

displacements yield large real-world distances as the467

waterlines move closer to the horizon in pixel space,468

which is the vanishing point of the planar homogra-469

phy. Due to the 95m distance between the comparison470

transects, it is also possible that this low tide gully471

exists along the in-situ transect but not along the SCI-472

DEM transect. The October 2024 profile shows no such473

growth: its residuals stay below 0.19m over the whole474

105–183m overlap, including the low-tide end.475
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Figure 5: Stacked beach-width time series at the three
sites (shared time axis from September 2024). (a) Tor-
rey Pines; (b) Oceanside Harbor; (c) Ehukai Beach
Park. Black line: SCI-DEM MHW beach width, with
the grey ±1σ band of waterline intersections near that
contour. Red markers: in-situ RTK crossings at the
site reference contour, with the marker shapes of Fig-
ure 4 (circle October 2024, square May 2025, trian-
gle October 2025). Faded grey dots: the independent
CoastSat record, individual shorelines tidally corrected
to the same contour by the slope method of Equa-
tion (A1) (Appendix A). Dashed grey line: the median
of those CoastSat shorelines over a trailing 14-day win-
dow, matching the SCI-DEM aggregation window so
the two are smoothed comparably; it is drawn only be-
tween overpasses less than 28 days apart, so breaks in
it mark intervals with no usable scene.

3.2 Beach-width time series476

Figure 5 shows the continuous beach-width time se-477

ries at the three deployments. Each panel shows SCI-478

DEM beach width on the site’s validation transect,479

with an uncertainty band of ±1σ of the waterline in-480

tersections falling within ±0.1m of the MHW contour481

(Section 2.4.3). In-situ RTK crossings are drawn at the482

two surveyed sites and the tidally corrected CoastSat483

record at all three; the SCI-DEM and satellite cross-484

shore distances, both measured on the camera transect,485

are shifted to the in-situ survey origin where one exists486

(Section 2.6).487

At Torrey Pines (Figure 5a) the SCI-DEM MHW488

beach width lies within 3.0m of the three in-situ RTK489

crossings (+0.7, −3.0 and +2.8m, positive seaward),490

and at Oceanside Harbor (Figure 5b) within 2.2m of491

the two crossings (−2.2 and +1.1m); in every case the492

measured in-situ beach width is within the ±1σ un-493

certainty band (Section 3.1). Ehukai Beach Park (Fig-494

ure 5c) has no survey programme; its series demon-495

strates the beach-width product at a microtidal beach496

with a different camera geometry and carries no accu-497

racy claim. At all three sites the camera and CoastSat498

records follow the same seasonal trends; the differences499

between the two records and their sampling density are500

reported in Appendix A.501

4 Conclusion and outlook502

We have described SCI-DEM, a method for produc-503

ing intertidal beach DEMs and beach-width time series504

from video-derived waterlines, modelled water levels,505

and shape-constrained profile aggregation. Validation506

against in-situ beach profiles at two camera deploy-507

ments (Section 3) shows agreement across the intertidal508

range, tightest at the mean high water (MHW) contour509

used for beach-width extraction (Figure 4), and beach-510

width time series that reproduce the in-situ RTK cross-511

ings (Figure 5). At those sites and at a third, unsur-512

veyed deployment in Hawaii, the camera series and an513

independent CoastSat record follow the same seasonal514

trends (Appendix A).515

The value of the method is in temporal resolution and516

unattended operation at network scale: SCI-DEM is517

currently running on more than 60 live cameras, pro-518

ducing continuous beach-profile and beach-width time519

series at a daily cadence. This densifies the intermittent520

physical-survey record by orders of magnitude with-521

out the large compromise in accuracy that is the case522

with satellite derived shorelines. The natural next di-523

rections are (i) expanded multi-site profile validation524

against additional survey programmes, (ii) characteri-525

sation of the geometry-dependent low-tide error across526

a range of camera elevations and viewing angles, (iii)527

quantification of the segmentation-error contribution528

separately from the georeferencing and water-level es-529

timation errors, (iv) alerting on rapid morphodynamic530

change (e.g., post-storm response), and (v) training531

site-specific predictive models on the outputs to fore-532

cast morphodynamic change.533

Author disclosure534

B. Freeston, a co-author of this paper, is the named535

inventor on US Patent 10,891,481 B2 (Freeston [2021]),536

assigned to Surfline/Wavetrak, Inc., which discloses537

the broader automated ocean-sensing framework within538

which SCI-DEM was developed.539
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Data and code availability540

The validation reference data (SANDAG beach-541

profile surveys) is publicly available from SANDAG’s542

Shoreline Monitoring Program (https://www.543

sandag.org/projects-and-programs/environment/544

shoreline-management/monitoring-program). The545

camera imagery, per-camera segmentation and ho-546

mography configurations, and derived DEMs are547

proprietary to Surfline/Wavetrak, Inc. and are not548

publicly released. The methodology described in this549

paper is sufficient for independent re-implementation550

against a comparable camera deployment.551

A Satellite-derived shoreline552

comparison553

A.1 Shoreline extraction and tidal cor-554

rection555

CoastSat is used to extract shorelines (the toolbox’s556

term for the instantaneous water boundary in a scene)557

from multiple satellite sources at each site; each is inter-558

sected with the validation transect and tidally corrected559

to the site’s MHW reference contour (Section 2.5) us-560

ing an estimated beach slope, giving a cross-shore beach561

width comparable with the SCI-DEM product.562

Shoreline extraction. Satellite-derived shorelines563

are extracted with CoastSat [Vos et al., 2019b] from564

Sentinel-2 (Level-1C) and Landsat 8–9 (Collection 2,565

Tier 1, the tier recommended for time-series analy-566

sis) top-of-atmosphere imagery. Detection and qual-567

ity control are fully automated, with no manual re-568

view of individual scenes: scenes with more than 50%569

cloud cover or a georeferencing accuracy poorer than570

10m are discarded, shorelines are not mapped within571

300m of cloud pixels, detections are confined to a572

100m buffer around a digitised reference shoreline,573

sand objects below 1000m2 and shoreline segments574

shorter than 500m are rejected, and transect inter-575

sections pass CoastSat’s quality-controlled intersection576

routine (25m alongshore window) followed by Otsu-577

threshold and physical-implausibility despiking. Coast-578

Sat’s cloud-mask correction is additionally enabled at579

the two Californian sites, where bright sand was visi-580

bly being masked as cloud. Running CoastSat unsuper-581

vised in this way is established practice at regional scale582

[Graffin et al., 2023, Tiede et al., 2023] and is how the583

toolbox is characterised in the satellite-derived shore-584

line benchmarking intercomparison [Vos et al., 2023];585

it also means neither side of the comparison is hand-586

curated, since SCI-DEM likewise rejects observations587

only by automated rule (Section 2.4.3).588

Transect intersection. Each waterline is inter-589

sected with the site’s validation transect, recording the590

cross-shore distance from the transect origin at the591

crossing nearest the landward end. Because satellite-592

derived waterlines are observed at instantaneous water593

levels that rarely coincide with the reference contour,594

each intersection is tidally corrected to a common ele-595

vation (Equation (A1)).596

Slope estimation. The beach-face slope β is esti-597

mated per site with the spectral method of Vos et al.598

[2020], applied to the tide-only signal (excluding the599

non-tidal surge residual, which would only add noise to600

the tidal frequency the method targets). The method’s601

frequency-grid resolution parameter (assumed sampling602

interval, in days) is set per site to the ceiling of that603

site’s median inter-image interval: 2 days at Torrey604

Pines and 4 days at Oceanside Harbor and Ehukai605

Beach Park. On a slope search grid of resolution 0.005,606

this converges to β = 0.050 at Torrey Pines and Ocean-607

side Harbor, and yields β = 0.051 at Ehukai Beach Park608

via a published fallback source.1609

Tidal correction. Following the linear beach-slope610

method of Vos et al. [2020], the observed shoreline dis-611

tance d at total water level ztwl is corrected to the ref-612

erence contour zref via613

dcorr = d− zref − ztwl

β
. (A1)

Corrected distances are shifted to the in-situ survey ori-614

gin with the same offset as the SCI-DEM widths (Sec-615

tion 2.6); water levels ztwl are computed as described616

in Section 2.5.617

Figure A1 makes the preceding steps concrete on a618

single overpass at Torrey Pines, and places the resulting619

satellite shoreline beside the SCI-DEM MHW contour620

for the aggregation window containing it.621

A.2 Differences between the two622

records623

Median cross-shore differences, CoastSat minus SCI-624

DEM, are 3.9m at Torrey Pines over 226 coincident625

days, 10.3m at Oceanside Harbor over 161 and 6.5m at626

Ehukai Beach Park over 88, positive where the satellite627

shoreline lies seaward of the camera shoreline. At each628

site the seasonal range of beach width is larger than629

the 3.7–13.5m horizontal error reported for satellite-630

derived shorelines [Pardo-Pascual et al., 2024]. At631

Ehukai Beach Park the CoastSat waterlines are often632

seaward-biased because bright whitewater from waves633

1At Ehukai the spectral estimate does not converge; the pub-
lished slope of Vos [2026] for its usa HI 0023 site is used instead,
disclosed as a fallback rather than an independently derived es-
timate.
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Figure A1: An overview of how satellite-derived shorelines (using CoastSat) were compared with SCI-DEM at
Torrey Pines. (a) The full Sentinel-2 scene in true colour, with the validation transect in red and the box marking
the extent of (c). (b) The same scene under CoastSat’s pixel classification, with the extracted shoreline overlaid.
(c) The validation transect at pixel scale. The satellite observes an instantaneous waterline (solid line), which
Equation (A1) moves onto the SCI-DEM MHW shoreline (dashed line). Only the corrected line is comparable with
SCI-DEM; the solid line is the raw observation.

breaking on the offshore reefs shifts the detected wa-634

ter boundary seaward; this is visible as the offset in635

Figure 5c.636

A.3 Sampling density of the satellite637

and camera records638

The density of the CoastSat markers in Figure 5 varies639

markedly between sites and through time, which bears640

directly on how much of the record either method can641

resolve. A satellite-derived shoreline requires a cloud-642

free overpass that also survives the quality control of643

the detection and tidal-correction steps, so the sam-644

pling of the resulting series is limited by the revisit in-645

terval and the local cloud conditions. To quantify the646

data availability for a lagged 14-day window, and to647

compare against the SCI-DEM data availability, the648

aggregation window was stepped across the full time649

series at each site and a count of how many data points650

are available for aggregation was made (Table A1, Fig-651

ure A2): usable CoastSat scenes on the satellite side,652

and on the camera side the number of distinct days con-653

tributing rewinds to the SCI-DEM aggregation win-654

dow. Every calendar day is evaluated for both, not655

only the days carrying an observation, so intervals with656

no usable scene and days on which the aggregator pro-657

duced no window are counted rather than skipped.658

Even at Torrey Pines, the best-sampled site by659

CoastSat, the median 14-day satellite window holds660

only 4 scenes and the total valid scenes amount to only661

31.5% of what a daily sensor would deliver. The scene662

availability issue is particularly prevalent at Ehukai663

Beach Park, where the median window holds only 2664

scenes and 75% of aggregation windows would have665

fewer than two scenes to average over. With so few666

data points to aggregate, there is not enough data to667

average out the uncertainty in the waterline estimation668

from the satellite-derived beach widths.669

The right-hand panel of Figure A2 is the same mea-670

surement made on the camera record. Its distribu-671

tion shows the median window at every site draws672

on all 14 days. Each ∼10-minute daylight segment673

yields one waterline (Section 2.4.3), so a window is674

built from hundreds of waterline observations spread675

across a representative range of water levels, rather676

than from whichever few tide stages a cloud-free over-677
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Table A1: Number of data points in a trailing 14-day window at each site, for each method, evaluated on every day
of the time series. The coverage columns express the mean count as a percentage of a hypothetical complete record
— one observation every day, and therefore 14 in every window.

CoastSat SCI-DEM

Scenes Median Empty Coverage Median days Empty Coverage
Site in record per window (%) (%) per window (%) (%)

Torrey Pines 221 4 3.2 31.5 14 0.0 98.7
Oceanside Harbor 134 3 7.0 19.4 14 0.0 100.0
Ehukai Beach Park 87 2 16.0 12.5 14 0.0 99.9

Figure A2: Number of data points in a trailing 14-day window, one colour per site: left, usable CoastSat scenes; right,
days of camera data in the corresponding SCI-DEM aggregation window. Both panels are evaluated on every day of
the record and share the same count axis. Bar heights are normalised against a complete record of one observation
per day (14 per window) rather than against the observations that exist, so each bar gives the share of that ideal
volume.

pass happened to catch. The satellite-derived shore-678

lines nonetheless follow the same long-term trends as679

the SCI-DEM series (Section A.2).680
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