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aBstraCt

This article presents the methodology used to estimate synthetic bathymetry using Worldview 2 
satellite images of the Serranilla Island Cays Colombian Caribbean. The estimate was made for depths 
of less than five meters. For this, the RGB bands were correlated with in situ bathymetric data, obtained 
using a single beam echo sounder, with the best correlation found for the Red band. This allowed 
bathymetric data to be calculated for the shallow areas, thus facilitating the input of data for the 
implementation of the SWAN spectral wave model in three domains, used to propagate the waves from 
deep waters to the barrier reef in the vicinity of Serranilla Island Cays , with which the wave patterns 
for the study area were obtained.

Keywords: Serranilla Island Cays; light propagation model; spectral wave model, reflectance, 
synthetic bathymetry.

resuMen

En este artículo se presenta la metodología utilizada para estimar batimetría sintética utilizando imágenes 
satelitales Worldview 2 de isla Cayos de Serranilla, Caribe colombiano. La estimación se realizó para 
profundidades menores a cinco metros. Para ello, se efectuó una correlación de las bandas RGB con los 
datos batimétricos in situ, obtenidos con una ecosonda monohaz con mejor correlación para la banda 
Roja. Lo anterior permitió generar datos batimétricos en las zonas poco profundas, facilitando así, el 
ingreso de datos para la implementación del modelo espectral de oleaje SWAN en tres dominios, con el 
fin de propagar el oleaje desde aguas profundas hasta la barrera arrecifal en inmediaciones de la isla 
Cayos de Serranilla, con lo cual se obtuvo los patrones de oleaje para la zona de estudio.

Palabras clave: isla Cayos de Serranilla; modelo de propagación de luz; modelo espectral de oleaje, 
reflectancia, batimetría sintética.
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introDuCtion

In 2000, the Archipelago of San Andrés, 
Providencia and Santa Catalina was declared as 
the Seaflower Biosphere Reserve (SBR) by the 
United Nations Educational, Scientific and Cultural 
Organization (UNESCO). This reserve covers an 
approximate area of 180,000 km2 between 
latitudes 12 and 16° N and between longitudes 
78 and 82° W (Colombian Ocean Commission, 
2015).

From a hydrodynamic point of view, the 
SBR area is very active, as it includes a coral 
barrier reef of great relevance for the Caribbean 
trophic networks. Currently, the SBR is the site 
of important research projects involving inter-
institutional efforts, such as the recent Seaflower 
Scientific Expeditions organized by the Colombian 
Ocean Commission. 

Serranilla Island Cays corresponds to an atoll 
with an approximate area of 1 200 km2 with several 
island cays, of which Beacon Cay, or Serranilla 
Cay, will be the focus of this study (CORALINA - 
INVEMAR, 2012). This bank is bordered by a coral 

formation located on a volcanic base surrounded 
by deep water (Correa et al., 1996), with an 
approximate area of 40 x 40 km, and which 
contributes to the formation of the reef lagoon 
inside. However, to date, the relationship between 
wave parameters and the regular and atypical 
conditions for the formation of the atoll has not 
been studied in detail, as it requires the use of 
wave models that are given bathymetric (depth) 
data of this area of interest (Figure 1).

Bathymetry obtained by the use of passive 
remote sensing has become an important method 
for obtaining water depth information because of 
its wide coverage, the possibility to rapid update 
it, and its low cost. The traditional ship- or boat-
based bathymetric survey method is accurate, 
but it is not applicable in areas that cannot be 
accessed by these vessels. Satellite altimetry is 
often used to produce bathymetry estimates, but 
can be very inaccurate in shallow water (Lee et 
al., 2010). 

Lidar sounding can be used to measure water 
depth in areas that boats cannot reach, such 
as regions around islands and reefs, but it is 
expensive to use and covers narrow measurement 
ranges (Zhang, Ma and Zhang, 2020). 

In the coastal zone, thanks to the fact that 
sunlight can reach the bottom, bathymetry is a 
fundamental parameter that can be determined 
using the proportion of light that is reflected, 
due to the water or bottom albedo, and reaches 
a passive optical remote sensor such as those 
used in most satellites (Abasolo, J., 2016). 
Additionally, at the coast, the seabed is coupled 
to hydrodynamic processes generated mainly by 
wave dynamics. 

In order to validate the readings obtained from 
satellite images of the Serranilla Island Cays, 
we proposed to determine the characteristics of 
the bottom reflectance in shallow waters, which 
make it possible to infer bathymetric data where 
it has not been possible to obtain echo sounder 
data. The wave climate and its propagation were 
obtained using spectral models of high spatial 
resolution.

Figure 1. Study area. Serranilla Bank.
Source: Esri, Maxar, GeoEye, Earthstar Geographics, CNES/Airbus
DS, USDA, USGS, AeroGRID, IGN, and the GIS User Community,
Esri, HERE, Garmin, (c) OpenStreetMap contributors, and the GIS
user community
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MetHoDoloGy

Synthetic Bathymetry

Seabed reflectance characterization was performed from Worldview 2 satellite images (Table 1) in 
order to generate an estimated synthetic bathymetry of the study area. 

Table 1. Characteristics of the WorldView 2 images used in the study.

Name
ATCORCorrected_13NOV05160503-
M2AS-054958618020_01_p001_083

Spectral resolution 7 (R, G, B, N, NDWI, NDVI, ICEDEX)

Spatial resolution 2 m

Radiometric resolution 32 Bits

Temporal resolution 1.1 día

Reference system UTM 17 N

Datum WGS84

The images were provided by the Caribbean 
Oceanographic and Hydrographic Research Center 
(CIOH) and the Agustín Codazzi Geographic 
Institute (IGAC), and were previously treated 
with atmospheric correction using the Empirical 
Linear Model (ELM) (Baugh and Groeneveld 2008, 
Hadjimitsis et al. 2010, and Schott 1997) and the 
ATCOR model (Richter and Schläpfer 2005), which 
have a high capacity to remove atmospheric 
effects. 

For the ELM correction, Ariza and Roa (2015) 
used spectral signatures collected in the field with 
an HR4000 spectroradiometer to measure coral 
formations, vegetation (palms), submerged sands 
and dry sands, achieving a correlation higher than 
90% between in situ data and satellite image 
values for the RGB (Red Green Blue) bands. 

To identify the band of the visible spectrum that 
best matched the bathymetric data, ArcGIS 10.5 
was used to extract the reflectance of each of the 
RGB bands and make the respective comparison, 
which made it possible to identify the one that 
best matched the in situ bathymetry data for the 
first 5 meters of depth.

Wave patterns

Two third-generation spectral wave models, 
WAVEWATCH III™ (WW-III) and Simulating 
Waves Nearshore (SWAN), were used to establish 
wave patterns. For this purpose, the deep-water 
wave climate was established from a virtual buoy 
(the closest computational node of the WW-
III model); then, the wave was propagated in 
three domains (nested grids in Figure 2) using 
the SWAN model with the following wave climate 
boundary conditions: 1) extended domain of 
55 x 46 km with a spatial resolution of 200 m, 2) 
intermediate domain of 15 x 11 km with a spatial 
resolution of 50 m, and 3) study area domain of 
1554 x 1400 m with a spatial resolution of 5 m. 

The first two domains used bathymetric data 
obtained by CIOH using echo sounders up to 
2017. To model the conditions in the vicinity of 
the barrier reef, it was necessary to previously 
generate bathymetry in shallow areas, so 
synthetic bathymetry was used as an input for 
wave simulation in the third calculation domain.
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results anD DisCussion

Optical properties

The reflectance information obtained through 
the processing of Worldview 2 satellite images 
and the bathymetric data provided by the CIOH 
for the study area was verified, through which 
it was found that good estimates of depths less 
than 5 m were obtained using the reflectance of 
the red band (R(630-690 nm)), while the blue 
(B(450-510 nm)) and green (G(510-580 nm)) 
bands did not show a good correlation; this can 
be seen in Figure 3. 

Depending on the transparency of the water, 
the short waves of the visible range of the light 
spectrum reach the depth of the photic layer, while 
the near infrared (NIR) and red (R) bands are 
absorbed within a few centimeters and the first 
meters, respectively, of the water column. This 
explains why the R band is the best associated 
with the depths of the first 3 m.

Figure. 2. Selection of the three calculation domains: extended domain 
(black), intermediate domain (brown), study area domain (green). 

Figure 3. Correspondence of RGB reflectance (vertical 
axis) versus depth in meters (horizontal axis). RGB = 
f(h). The colors correspond to the respective bands of 

visible light: R (red), G (green) and B (blue). 
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Figure 4 shows the coverage of reflectance 
data generated from the satellite images for the 
study area, associated with depths between 0 and 
5 meters. 

Figure 4. Coverage of the pixels of the image 
corresponding to depths of less than 5 m. Study area 

domain from Figure 1.

When analyzing the correlation between the 
depth found by the R-band reflectance and that 
measured with the echo sounder (Figure 5), it 
can be seen that there are two types of curves, 
apparently due to the bottom substrate (sand 
vs. coral). This leads to the need to study the 
dependence of reflectance on bottom type. 

Figure. 5. Correlation between the depth calculated 
from R-band reflectance and that measured directly by 

echo sounder.

Figure 5 shows the correlation with the R-band 
for these two bottom types. The curve fitting 
corresponds to the following expressions: 

Sandy bottom: 
ln(ρR) = -0.963567 ln(H) + 2.39366  (1)

Coral bottom: 
ln(ρR) = -0.89205 ln(H) + 1.31259  (2) 

In equations (1) and (2), rR is the reflectance in 
the Red band (0-255) and H represents the depth 
in meters. In both cases, the fit is logarithmic. 
Coral reflects with lower intensity compared to 
sands for the same depth. 

The light reflectance for the two bottom types 
is shown in Figure 6. The higher values correspond 
to the white calcareous sands on the seabed and 
the lower ones to the coral surfaces. Finally, in 
Figure 7, the synthetic seabed (depth in m) in 
the vicinity of the barrier reef was composed 
by combining echo sounder bathymetry and 
equations (1) and (2).

Figure 6. Depth-dependence of the R-band data for 
the two bottom types.
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Figure 7. Synthetic seabed (depth in m), calculated for 
nested domain No. 3, based on the WorldView 2 image and 

echo sounding data (CIOH).

(a) (b)

Wave patterns

The behavior of the waves, coming from one 
of the nodes closest to the cay (corresponding to 
the study area of the spectral model) and using 
pseudo reanalysis data from the WAVEWATCH 
III model, is shown in Figure 8. The statistics 
include the significant wave height (Hs, Figure 

8a), the peak period (Tp, Figure 8b) and the 
wave direction (Figure 8c) for the last 20 years. 
The regime wave (multiannual) has a significant 
height of 1.69 m, a peak period of 7.3 s and a 
direction of 93° E. As for the predominant swell 
(Figure 8d), the direction of greatest probability is 
East (E) followed by East-Southeast (ESE).
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Figure 9. Wave propagation (significant height in meters) for the extended domain under the dominant weather 
conditions, analyzed with data from the WW-III model. Outputs of the SWAN model. 

(c) (d)

Figure 8. Time series for: (a) Significant height (m), (b) Peak period (s) and (c) Nautical direction (degrees) in 
deep water at a nearby node in WW-III; and (d) Swell rose (significant height in m).

Figures 9-11 illustrate the outputs of the SWAN model for the extended, intermediate and study area 
domains respectively, considering typical swell conditions.
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Figure 11. Wave propagation (significant height in meters) for the study area domain under the dominant weather 
conditions, analyzed with data from the WW-III model. Nested grid from the SWAN model.

Figure 10. Wave propagation (significant height in meters) for the intermediate domain under the dominant 
weather conditions, analyzed with data from the WW-III model. Outputs of the SWAN model. The red circle 

highlights Beacon Cay.
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According to Figure 12, the wave direction 
in the vicinity of the Cay suffers the effect of 
refraction due to the relief of the seabed. The 
calculation corresponds to a wave height of 
1.69 m, peak period of 7.3 s and deep water 
direction of 93° (E).

It is observed that, inside the atoll, to the north 
of the island, the incident wave has a direction of 
10-20° (it arrives practically perpendicular to the 
coast); while, in the southern part, the angle is 
130-140° (SE). However, it should be clarified that 

the direction and length of the waves underwent a 
significant change across the barrier reef and the 
waves shown in Figure 11 (generally within the 
atoll, on the north coast) have decreased as they 
cross the reef. 

Therefore, it is important to consider the 
“single” angle of the mean wave energy direction 
in deep water (93°), found based on the wave 
climate and corresponding to the favorable 
conditions for the past formation of the barrier 
reef with its present orientation.

Figure 12. Mean propagation direction (in degrees) of waves based on the principal pattern in deep waters.

Zambrano and Andrade (2011) described 
the local waves at Beacon Cay using the OLAS 
module and performing spectral analysis of the 
waves from in situ data obtained from pressure 
sensors anchored near the beach at a depth 
between 1.5 and 2.0 m for periods of 6 hours. 
To do so, they classified the beaches of the cay 
by sectors, concluding that the predominant 
characteristic waves in the northern sector come 
from the Northeast-east (NEE) with a probability 
of occurrence of 37.8%. 

For the south beach, the characteristic wave 
direction is from the East-Southeast (ESE) with 
a probability of occurrence of 32.8%, and for the 
west beach, the predominant direction is from the 

Northwest (NW) with a probability of occurrence 
of 1.1% (Tejada, 2002). Considering that the 
study analyzed the local waves on the cay, these 
wave directions most likely correspond to the 
refraction of the predominant swell in the study 
area, which in fact comes from the east. 

ConClusions

From the bottom reflectance obtained by 
processing the Wordview 2 images of Serranilla 
Island Cays, the R band is the one that is best 
associated with the depths of the first 3 m. By 
correlating the bottom reflectance with the in situ 
data, logarithmic profiles were obtained for two 
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curves, apparently associated with the different 
bottom substrate (sands and coral). The wave 
climate was obtained for 20 years (until 2018) 
obtaining a significant height of 1.69 m, a peak 
period of 7.3 s and a direction of 93° E. In the 
vicinity of Beacon Cay, the effect of refraction by 
the bottom could be evidenced and corroborate 
the direction of the waves with respect to the 
coral reef.
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