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Abstract: Bathymetry has a great importance in coastal projects. Obtaining proper bathymetric
information is necessary for navigation, numerical modeling, and coastal zone management studies.
Over the past three decades, a number of measuring protocols have been validated for bathymetry
mapping, either by means of echosounding or LIght Detection and Ranging (LIDAR). Although these
traditional methods hold a high vertical accuracy, they may have limitations in accessibility for some
areas. Remote sensing (RS) techniques can be alternatively utilized for bathymetry extraction and
update for such cases. The satellite derived bathymetry (SDB) can be analytically or empirically
obtained based on various RS datasets with different spatiotemporal resolution. The current study
proposes a methodology to spatially enhance the Landsat-derived bathymetry. Two different satellite
images, i.e., Landsat and PlantScope with a spatial resolution of 30 and 3 m respectively have been
assessed in bathymetry mapping. The Landsat image resolution has been spatially enhanced to match
the Planetscope resolution. The panchromatic band of the Landsat image has been downscaled and
used for pan-sharpening the multispectral bands. The bathymetry was empirically estimated from
the blue and green spectral bands using the linear model by Lyzenga. The SDB model was calibrated
using field measurements of water depths observed by a single beam echosounder. The Bathymetry
detection methodology has been applied in an area of the Northern coast of Egypt. The SDB from
the PlanetScope, Landsat 8 OLI, and Enhanced Landsat 8 OLI were assessed using error analysis. It
was found that the Enhanced Landsat has a comparable result with the PlanetScope. The root mean
square error is 0.38 and 0.43 m for PlanetScope and Enhanced Landsat, respectively. The current
methodology was also tested by the ratio transform model for SDB and the results revealed the same
conclusion as the linear model. Thus, the developed algorithm provides SDB using free Landsat
images that is of comparable accuracy to the relatively expensive PlanetScope SDB.

Keywords: satellite derived bathymetry; hydrography; PlanetScope; Landsat; downscaling;
pan-sharpening; linear band algorithm

1. Introduction

Bathymetry is the measure of water depths to define the seabed terrain. Proper determination of
bathymetry is important due to its involvement in multiple applications in the coastal environment.
It is used to produce nautical charts to ensure the safety of navigation [1]. Further, it helps in
understanding wave climate and hydrodynamics as an input for numerical models [2] and has a
significant role in coastal zone management. Also, bathymetric maps contribute in the prediction of
climate change consequences.

Conventionally, bathymetric data is collected via various methods such as echosounding and LIght
Detection and Ranging (LIDAR) devices. For sounding based techniques, single beam echosounders
(SBES) or multi-beam echosounders (MBES) may be alternatively used. As for the LIDAR, either
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airborne lidar bathymetry (ALB) or LIDAR installed on vessel devices are available tools [3]. Depth
samples can be precisely generated in case of utilizing SBES with cost less than MBES. For both
sounding types, the constraints are the cost, time & labor consuming and the sensitivity to the sea
climate [4]. In addition, some difficulties in accessibility for shallow water, rocky seabed or coral reefs
areas. ALB provides quick and accurate bathymetric information especially for quietly clear waters
and in nearshore where sounding is least effective. Currently, the satellites around the earth have a
wide coverage with frequent revisits. So, satellite derived bathymetry (SDB) attracts a lot of scientists’
concern to explore the satellites ability and limitations of for bathymetry mapping.

The basic rule for the SDB is that different wavelengths of the light spectra are attenuated through
water bodies by varies degree. When the light passes through water, it is attenuated by interacting
with water column according to Beer’s law. In such a way, several attempts have been implemented for
bathymetry estimation using remote sensing (RS) either analytically or empirically. Analytical methods
are built up on some of physical parameters that account for atmosphere, water surface state, entire
water column properties and bed characteristics [5]. All these considerations are induced in the process
of light propagation in water. However, such methods allow bathymetry retrieval with higher accuracy
compared to the empirical methods if properly calibrated [6]. Empirical models mathematically study
the relationship between the remotely sensed data e.g., digital number/radiance/reflectance and the
real water depths. From the fitted relationship, the water depths can be estimated for other points
throughout the satellite image.

The attempts to use RS in bathymetric data retrieval was initiated by Lyzenga using aerial
multispectral data and radiometric techniques [7]. Analytically, Spitzer and Dirks investigated the flow
radiative transfer model to estimate water depths [8]. Other analytical methods have been provided by
Benny and Dawson [9] and Philpot [10]. Nevertheless, the most popular empirical approach is the
linear band of Lyzenga [11,12] that assumes the observed reflectance is an exponential function of the
water depth. Thus, a linear relationship can be produced between water depth and bottom reflectance.
After that, Jupp suggested a new empirical algorithm that consists of three consecutive steps, i.e.,
calculation of depth of penetration (DOP) zones, interpolation of depths within the DOP zone, and
the calibration of depths within the DOP zones [13]. Moreover, Stumpf et al. proposed a linear ratio
model contrary to the linear band algorithm which succeeded in deriving depths greater than 25 m
for clear water state [14]. Many researchers contributed to different empirical methods [15–20] using
nonlinear or machine learning techniques and different types of sea bottom with wide variety of RS
data. Most researchers refer to the widely known approaches as the linear band method by Lyzenga
or/and the ratio transform model by Stumpf et al. for comparison and accuracy assessment.

In general, SDB was accomplished via different sources of RS information, varying in spatial
and temporal resolutions including Landsat multi spectral scanner, Landsat thematic mapper, and
Landsat operational land imager (OLI) [11,12,21,22]. SDB algorithms have been also applied to SEASAT,
IKONOS and SPOT6 [14,23,24]. Also, Sentinel-2 constituted another supply for RS data [5].

The main advantage of using Landsat is the free access and the spatiotemporal resolution of
the Landsat 8 OLI products, with 30 m spatial resolution and 16 days revisit time. The Landsat 8
OLI sensor collects data from 11 spectral bands with different characteristics as shown in Table 1 [25].
The assessment criteria of RS data quality (spatiotemporal resolution) depend on the application area.
The Landsat 8 OLI multispectral (MS) bands have lower spatial resolution than the simultaneously
captured panchromatic (PAN) band with 15 m spatial resolution. Hence, refining the OLI image can be
introduced by fusing MS and PAN bands following pan-sharpening approaches [26]. By applying
the Pan-sharpening technique, the pixel size of MS image will be the same as the PAN image. Here,
additional enhancement has been proposed, i.e., downscaling of PAN band by reducing the band pixel
size before image fusion [27–29]. Therefore, a downscaling then pan-sharpening technique is suggested
to produce a higher spatial resolution image, termed enhanced Landsat image in this manuscript.
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Table 1. Landsat 8 OLI bands information.

Band Number Description Wavelength (µm) Spatial Resolution (m)

Band 1 Coastal/Aerosol 0.435–0.451

30

Band 2 Blue 0.452–0.512
Band 3 Green 0.533–0.590
Band 4 Red 0.636–0.673
Band 5 Near-infrared 0.851–0.879
Banf 6 Short wavelength infrared 1.566–1.651
Band 7 Short wavelength infrared 2.107–2.294

Band 8 Panchromatic 0.503–0.676 15

Band 9 Cirrus 1.363–1.384 30

Band 10 Thermal-infrared 10.60–11.19
100Band 11 Thermal-infrared 11.50–12.51

On the contrary, high resolution RS data such as WorldView and Quickbird with sub-meter spatial
resolution and revisit frequency of one day are commercially available and can be used for SDB. Such
sources are more accurate in bathymetry generation but they are rather expensive. Alternatively, Planet
Labs provide products from CubeSats that image the earth’s surface with fine spatiotemporal resolution
at lower cost. Hence, it is interesting to research how this advancement in RS can be employed in SDB.
Poursanidis et al was the first to attempt to enroll Planet data in SDB for fine and accurate bathymetry
prediction [30]. Landsat 8 OLI is available freely and its resolution can be improved. Accordingly,
a comparison between Landsat OLI, Enhanced Landsat OLI and PlanetScope in SDB has been studied.
The SDB algorithms have been applied based on the similar bands (bands wave lengths) for both
satellites data.

Planet operates PlanetScope, RapidEye and SkySat release processed data in a variety of formats
to serve different uses [31]. Imagery may be captured as a single red-green-blue (RGB) scene or a
split-frame with RGB and near-infra-red (NIR) depending on the capability of the satellite. Each
PlanetScope satellite is a CubeSat 3U form factor (10 × 10 × 30 cm). The complete PlanetScope
constellation of approximately 130 satellites able to image the entire land/water surface of the Earth
every day (equating to a daily collection capacity of 340 million km2/day). Planet offers three levels for
PlanetScope imagery: A basic scene product (level 1B), an ortho scene product (level 3B) and an ortho
tile product (level 3A). The orthorectified scene was designed for a wide variety of applications that
require imagery with an accurate geolocation and cartographic projection. These scenes are delivered
as visual (RGB) and analytic products as digital number (DN), radiance and surface reflectance (SR).
Products are in 3 m spatial resolution and consist of four spectral bands with different characteristics,
Table 2.

For Landsat data, the principal spectral bands commonly used for SDB are blue and green bands
(B2 and B3) and sometimes other bands are added. Similarly, in PlanetScope blue and green bands
(B1 and B2) can be utilized for the same purpose.

The objective of the current research is to compare the nearshore bathymetry obtained using
Lyzenga’s linear band algorithm from PlanetScope 3B images and Landsat 8 OLI images (with original
resolution and enhanced), using as calibration and validation dataset an acoustic bathymetry of a
study site in the Northern coast of Egypt. The goal is to provides SDB using free Landsat images that
is of comparable accuracy to the relatively expensive PlanetScope SDB.

Field survey has been conducted for calibration process where the MS bands reflectance’s
corresponding to each survey point are computed via image pixels interpolation. The current
research proposes a rapid, accurate, and cheap method for deriving bathymetry maps with reasonable
spatiotemporal resolutions.



J. Mar. Sci. Eng. 2020, 8, 143 4 of 17

Table 2. PlanetScope bands information.

Band Number Description Wavelength (µm) Spatial Resolution (m)

Band 1 Blue 0.455–0.515

3
Band 2 Green 0.500–0.590
Band 3 Red 0.590–0.670
Band 4 Near-infrared 0.780–0.860

2. Study Area and Datasets

2.1. Study Area

The current study area is bounded by (30◦50′25′′, 30◦49′11′′) in northing and (29◦3′21′′, 29◦5′19′′)
in easting and located at the North coast of Egypt as presented in Figure 1. It extends about 3.2 km
alongshore starting from Marina El Alamein resort in the West to El Lotus resort in the East and
2.2 km in the cross-shore direction as shown in Figure 2. The total coverage of the study area is about
6.77 km2. The geomorphology of this area is highly dynamic due to the pro-activity in sediment
transport processes. A large amount of sediment is transported from west to the east while several
coastal structures exist along the coast that affect the sedimentation behavior. The area includes
several features such as sand bars, shelf parts and ridges while the bottom is mostly composed of sand.
The water body is almost clear at this region and no coral reefs formation exist. The maximum wave
height is close to 5 m and about 40% of approaching waves do not exceed 0.5 m [32]. The highest
waves come from the NNW and WNW directions. This area is exposed to a limited portion of waves
from N to ENE sector. In this region, the tidal range is small: less than 0.5 m.
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2.2. Datasets

2.2.1. In Situ Data

For bathymetry estimating and testing, measured water depth is required to calibrate the available
remotely sensed data. Accordingly, in situ data must be attained either by executing survey or from
the available global datasets. So, the accuracy of the calibration data will affect the accuracy of the
SDB. Nautical charts and hydrographic charts may be used [33]. Also, light detection and ranging
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(LiDAR) data can be utilized [22] and many researchers use data from acoustic bathymetry surveys
(i.e., acquired with an echosounder) [30]. In the current study, field measurements from extensive
bathymetric survey using a single beam echosounder have been used. The devices employed in
survey included NavisoundPC100 as a single beam echosounder and Trimble 2000 GPS for horizontal
positioning. The recorder of NavisoundPC100 was operated at 200 kHz frequencies with resolution
1 cm of measured depth. The vertical accuracy is 0.01% of total depth and the recording range is
from 0 to 30 m. Calibration check of the echosounder was done by means of a bar check. The bar
checks were carried out as a supplementary check for velocity of propagation in sea water and also to
confirm the transducer draught depth. That was achieved by suspending a round steel plate beneath
the transducer face at variable depths (2 to 4 m). The horizontal positioning accuracy of the GPS at 95%
confidence level is 5 m + 5% of water depth.

Figure 2 shows the echosounder paths and the surveyed points distribution within the studied
domain. The echosounder observations were collected during the day of 14th September 2019 and
gathered depths of 7659 points. The water depths varied from 0.38 m to 8.37 m. Figure 3 gives an
informative representation of the measured depths frequencies.
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2.2.2. Remote Sensing Data of PlanetScope

The PlanetScope image used in this research belongs to the level 3B (orthorectified scene) products.
The 3-m pixel image data is available as raw DNs, at sensor Top of Atmosphere (TOA) reflectance’s or
atmospherically corrected SR. The used image for SDB is the already processed SR product. Regarding
the processing made by Planetscope Lab, the image is radiometrically corrected using sensor telemetry
and a sensor model. It is geometrically corrected using ground control points (GCPs) and fine digital
elevation models with 30 m to 90 m resolution and projected to a cartographic map projection, i.e.,
UTM WGS84. Atmospheric effects are accounted for using 6SV2.1 radiative transfer code. AOD, water
vapor and ozone inputs are retrieved from MODIS near real time data. The used image shown in
Figure 4 was acquired at 29th September 2019 with central scene time of 08:23:05.68 UTC and origin of
X = 684,123, y = 3,419,832 UTM WGS84. The cloud cover, sun azimuth and sun elevation were 0.01%,
142.9◦ and 50.5◦ respectively. A visual inspection of the RGB images does not show a sun glint effect.
In addition, no sun glint was identified by inspecting the NIR values as no significant variation exists.
Before using the image in the bathymetry algorithm, it was cropped to the region of interest (ROI) and
SR was converted to scaled SR.
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2.2.3. Remote Sensing Data of Landsat

The Landsat satellite imagery is commonly used for SDB. These imaging platforms were established
and operated by the U.S. geological survey. Seven satellites; from Landsat 1 to 5 in addition to Landsat
7 and 8; were launched for remotely gathering earth surface data from space and the current mission
is Landsat 8. Landsat 8 satellite is orbited at 705 kilometers and carries OLI and thermal infrared
sensor (TIRS). OLI and TIRS collect image data for nine shortwave bands (from band 1 to band 9) and
two longwave thermal bands (band 10 and band 11). The ultra-blue band 1 is useful for coastal and
aerosol studies while band 9 is useful for cirrus cloud detection. Thermal bands 10 and 11 are useful in
providing more accurate surface temperatures and are collected at 100 m resolution. The approximate
scene size is 170 km by 183 km. A satellite image at level 1 from Landsat 8 OLI data sets was used in
this study; shown in Figure 5. The image was acquired at date of 5th October 2019 with scene center
time of 08:36:35 UTC. It was chosen based on the full coverage of proposed site, minimum cloud cover
and the temporal proximity to both of bathymetric survey date and PlanetScope image acquisition date.
The cloud cover, sun azimuth, and sun elevation are 0.01%, 149.08◦, and 50.52◦, respectively. The image
is less affected by sun glint and no correction is required; the same tests as applied on Planetscope
were performed. The image was cropped to fit the study area. Further, in parallel, the Landsat image
was then enhanced, and its spatial resolution was refined via downscaling of the panchromatic band
and pan-sharpening of MS bands.
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3. Methodology

Figure 6 summarizes the implemented research methodology. The methodology is mainly
composed of two major parts, Landsat 8 OLI image enhancement and bathymetry extraction. The aim
of the enhancement procedure is testing the improvement of SDB accuracy caused by an increased image
spatial resolution. Prior to this stage, the Landsat image has been geometrically and atmospherically
corrected. As the Landsat 8 OLI is available with a panchromatic band with higher resolution of
15 m, it is useful to merge this band with the multispectral bands to refine the MS resolution. Various
approaches differing in their assumptions and theoretical basis, known as pan-sharpening, have been
designed for this image fusion. Some of these pan-sharpening methods are included in the widely
known RS software such as ENVI or ERDAS IMAGINE. A procedure was adapted to lower the
PAN pixel size (downscaling) before pan-sharpening. The bathymetric data was estimated based
on the produced downscaled & pan-sharpened image of Landsat 8 OLI and the readily processed
PlanetScope 3B in parallel. Bathymetry was attained empirically by the linear band algorithm by
Lyzenga based on the green and blue bands reflectance. In bathymetry prediction, the bathymetry
derivation model was validated with the measured in-situ data and the results were statistically
evaluated using error analysis.J. Mar. Sci. Eng. 2020, 8, x FOR PEER REVIEW 8 of 18 
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3.1. Landsat Image Enhancement

3.1.1. Image Processing

With different configurations of sensors characteristics, atmospheric conditions and image
acquisition aspects, satellite imagery products needed to be normalized. Image processing is
preliminarily implemented on RS scenes before utilizing and analyzing their data. Further, it is
critically necessary because the extracted features from the image are sensitive to the process scheme.
Processing is mainly proposed to eliminate the image distortion caused by any unwanted path-radiance
and other atmospheric effects. Processing is commonly performed through three major steps, i.e.,
geometric correction, radiometric calibration, and atmospheric correction.

Geometrically, both PlanetScope and Landsat images were geo-referenced using GCPs with
WGS84 UTM zone 35 projection to assure elimination of any rotation and shift within the images.
Although the imageries are geo-referenced and provided in UTM projection, it is better to re-correct
the images using the GCPs to improve the precision of geo-locations. So, four GCPs within the study
area were used for this correction; two points at Marina El Alamein and other two points at El Lotus.
Radiometric calibration is basically executed to convert the image DNs to TOA reflectance. PlanetScope
3B orthorectified scene has been already processed. Landsat images were radiometrically calibrated
using the ENVI Radiometric Calibration tool. Atmospheric correction is necessary to reduce some
atmospheric impacts negatively affect the light reflectance. This correction was only applied to the
Landsat image as PlanetScope 3B images had been already corrected.

The fast line of sight atmospheric analysis of spectral hypercubes (FLAASH) model of ENVI is
commonly used to subtract the atmospheric errors in the Landsat scene [34]. Hence, it was used to
atmospherically correct the Landsat image. The FLAASH algorithm uses as radiative transfer model
the moderate resolution atmospheric transmission (MODTRAN) that corrects wavelengths in the
visible through NIR and shortwave infrared regions, up to 3 µm. The input image for FLAASH is a
radiometrically calibrated radiance image in band interleaved by line format. The module further
takes into consideration the date of acquisition, time as well as the sensor altitude for further correction
of the image. The tool uses a dark pixel reflectance ratio method to retrieve the aerosol amount and
estimate the average scene visibility [35]. One of the standard MODTRAN models is chosen according
to the expected surface temperature of the RS scene.

Finally, PlanetScope 3B and Landsat OLI reflectance’s were scaled to values from 0 to 1 using
the band math suit in ENVI software. These scaled reflectance values were the input data used for
deriving bathymetry empirically.

3.1.2. Downscaling

Downscaling is powerfully used in RS to refine the spatial resolution of coarse images. Atkinson
defined the downscaling terms, its importance in RS and critically reviewed most of the methods and
operators [36]. Commonly, interpolation methods or geostatistical tools as bilinear, spline, kriging and
others are alternatively utilized for satellite image downscaling [36]. Kriging is one of the advanced
geostatistical modules estimate surfaces from a scattered set of z-values. It requires an interactive
investigation of some phenomenon demonstrated by the inputs to tune the best model parameters
used for generating the output surface [37]. There are two Kriging methods: ordinary and universal.
Ordinary Kriging is the most popular among the kriging family used for interpolation. In the current
research, downscaling was configured based on ordinary Kriging. It was applied to reduce the observed
PAN band pixel size from 15 m to 3 m to match the PlanetScope image resolution. The Kriging and the
related parameters optimization were accomplished by ArcGIS software.
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3.1.3. Pan-sharpening

Pan-sharpening is a resolution merge between a high spatial resolution image and a coarse
spatial resolution MS image preserving the spectral features of the original MS image [38,39]. Several
studies contributed to sharpening developing and concentrated on extracting multiple land surface
features from different imageries [40,41]. Two categories of pan-sharpening techniques exist, i.e.,
component substitution (CS) based and multi resolution analysis (MRA) based techniques [42]. Among
the CS based algorithms is intensity hue saturation (IHS) [43,44], principal component analysis
(PCA) [38,45,46], Gram Schmidt (GS) [41,47], Brovey transform (Brovey) [48], partial replacement
adaptive component substitution (PRACS) [49]. While the MRA based algorithms include high pass
filtering (HPF) [42], smoothing-filter-based intensity modulation (SFIM) [50], additive injection model
(Indusion) [51], additive à trous wavelet transform (ATWT) [52,53], and additive wavelet luminance
proportional (AWLP) [54] among others. MRA-based techniques for pan-sharpening has a superiority
to the CS-based type in fusing Landsat 8 OLI images especially, Indusion, ATWT and AWLP; they
are the most accurate and achieve realistic visualizations [55]. Accordingly, ATWT was selected to
conduct the MS image sharpening mission. Finally, a fine spatial resolution image in the form of
downscaled PAN band (3 m) was fused into the 30 m MS Landsat data, transforming it to a 3-m
resolution MS image.

3.2. Bathymetry Estimation

3.2.1. SDB Model Validation

The depth calculation was carried out empirically. The empirical approaches include constructing
a mathematical relationship between the field measurements and RS data. In this way, 60% of the
measured water depths randomly distributed within the study area has been utilized to build the SDB
model while, the rest of data has been used to evaluate the model validity via error analysis. Since the
required data either field measurements or RS data were readily collected and prepared, a decision is
needed to decide which SDB model will be used. In the current study, the linear band algorithm by
Lyzenga [11,12] was applied as an efficient method for shallow water bathymetry mapping as field
surveyed depths is less than 10 m. Additionally, it was validated for use in literature for both Landsat
8 OLI and PlanetScope 3B data [20,30]. In general, the bands with shorter wavelengths like blue and
green are preferred for the SDB because of their strong penetration proficiency. So, the blue and green
bands were utilized in the linear band model of bathymetry derivation. Lyzenga model assumes the
water surface reflectance is an exponential function of the water depth. So, a linear relationship can be
estimated between water depth and surface reflectance. It is formulated as follows:

Z = a◦ +
n∑
i

aiXi (1)

where,

Z is the water depth
Xi = Ln(Ri −Rdpi)

Ri is the observed reflectance in each band.
Rdpi is the reflectance of dark water pixels.
a◦ and ai are regression coefficients from the relation between the measured depths and the bands
reflectance based on least square error.
n is the number of spectral bands contributes in the linear regression.

If imagery has already been atmospherically corrected then, Xi = Ln (Ri) [56]. This model is not
restricted to only two bands, i.e., three bands such as coastal aerosol, blue, and green can be utilized in
bathymetry estimation [22].
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3.2.2. Statistical Analysis

Based on 60% of field measurements, three bathymetries were generated for the three different
scenes; PlanetScope 3B, Landsat 8 OLI and Enhanced Landsat 8 OLI. In order to evaluate the outputs of
these images and compare them with the measured data, a statistical analysis has been applied to the
other 40% of field measurements via variable parameters including the bias, the root mean square error,
the mean absolute error, and the coefficient of determination. The parameters are defined as follows:

Bias = Mean
(
Zp

)
−Mean(Zm) (2)

RMSE =

√√√ N∑
1

(
Zp −Zm

)2
/N (3)

MAE =
1
N

N∑
I

∣∣∣Zp −Zm
∣∣∣ (4)

R2 =

 N∑
1

(
Zm −Zp

)2
/

N∑
1

(Zm −Mean(Zm))2

 (5)

where,

Zp is the predicted depth from satellite imagery.
Zm is the measured water depth.
N is the number of field measurements.

4. Results and Discussion

Three images were developed using the three sources described above to estimate the water depths.
Figure 7 demonstrates samples of PlanetScope 3B, Landsat 8 OLI and the enhanced Landsat 8 OLI
images. Visually, the enhanced Landsat 8 OLI roughly approaches the quality of the high-resolution
image of PlanetSope 3B. The raw Landsat 8 OLI image is visually less fine than the others.
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Figure 7. Samples from the satellite images: (a) PlanetScope 3B; (b) Landsat 8 OLI and (c) Enhanced
Landsat 8 OLI.

Since the input for the bathymetry estimation model were the blue and green bands reflectance,
these reflectance values were obtained from three images for each point of the measured water depths.
The blue and green bands are bands 2 and 3 for Landsat 8 OLI image while they are band 1 and band 2
for PlanetScope image. Figure 8 provides the scaled reflectance values distribution for the blue and
green bands related to each imagery type. It is observed that, for both bands, the different imagery
sources depict a similar pattern.
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Figure 8. Different images reflectance distribution: (a) blue band; (b) green band.

The Lyzenga model coefficients; ao, a1 and a2 were obtained through a multi-linear regression
between the measured water depths and reflectances of blue and green bands, as illustrated in Table 3.
Three equations have been developed for the three different images; PlanetScope 3B, Landsat 8 OLI
and Enhanced Landsat 8 OLI. Firstly, in order to evaluate the model performance for each image
data, the correlation between measured and predicted water depths was computed in form of R2.
As observed in Table 4 and Figure 9, all images prove a good linear trend, while the best relationship is
developed from PlanetScope data; R2 = 0.96. This result appears better than that achieved by [30] for
nearly similar water depth range (0–10) m and using Planetscope imagery; R2 = 0.88. On the contrary,
Landsat 8 OLI without enhancement had the lowest value of R2; 0.93 and then the enhanced Landsat 8
OLI; R2 = 0.95. The real water depths versus the model predictions were more concentrated around
the line in case of PlanetScope. Conversely, dispersions varying from moderate to high for Enhanced
Landsat 8 OLI and Landsat 8 OLI respectively. This scattering especially appears and increases for
the lower water depths. In all cases, the linear band model overestimated the water depths less than
2 m with variable degrees for each imagery type. Higher predicted depths mean lower recorded
reflectances by the satellite sensors. Since the model was calibrated, water depth can be predicted for
any location within the study area, Figure 10.

Table 3. Linear band algorithm coefficients for the different imageries.

Image ao a1 a2

PlanetScope −3.24 14.72 −18.48
Enhanced Landsat 8 OLI −0.37 3.78 −6.07

Landsat 8 OLI −2.84 2.72 −5.98
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Table 4. Statistical analysis summary for the estimated bathymetries from the different satellite imageries.

Image R2 RMSE (m) MAE (m) Bias (m)

PlanetScope 0.96 0.38 0.30 −0.024
Enhanced Landsat 8 OLI 0.95 0.43 0.32 −0.013

Landsat 8 OLI 0.93 0.51 0.37 0.026
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Figure 10. Measured and estimated bathymetry from different imageries by linear model: (a) Measured;
(b) PlanetScope; (c) Enhanced Landsat 8 OLI; (d) Landsat 8 OLI.

On other hand, root mean square error (RMSE) and mean absolute error (MAE) were calculated for
each image as an indicator for the produced error, Table 4. For PlanetScope, the predicted bathymetry
was the best among the images achieving the lowest error; RMSE = 0.38 m and MAE = 0.30 m.
This obtained RMSE is better than the resulted error by [30] for the SDB from Planetscope;
RMSE = 0.88 m for water depths (0–10) m. The raw Landsat 8 OLI product produced the highest errors;
RMSE = 0.51 m and MAE = 0.37 m and enhancing image had a positive effect reducing the errors to
RMSE = 0.43 m and MAE = 0.32 m. Accordingly, upon RMSE and MAE, PlanetScope RS data was the
best in retrieving bathymetry and the enhanced Landsat 8 OLI bathymetry is so close to it. Regarding
the bias, the shift of means between measured and predicted depths was found as negligible for all
retrieved bathymetries, as shown in Table 4.

Additionally, water depths were gathered into clusters to partially evaluate the error distribution
within each zone. That is to clarify the error related to each region and the parts holding low or
high error concentration. RMSE was represented for each mid-point of depth class according to the
three different imagery types, Figure 11. In general, at the higher water depths (>5) m, the error was
decreasing for all images while especially the PlanetScope was better performing. The depths from
(3–5) m had a larger error values than first zone (>5) m. For the remaining depths (<3) m, the error was
higher due to the model overestimations as illustrated earlier. It is also observed that PlanetScope and
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enhanced Landsat 8 OLI had the same changes in error with depth. A unique behavior was observed
for Landsat 8 OLI data, in which the error was much larger than for the other images.
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Alternatively, the percentage of error in water depths were estimated through the region of interest
(ROI). That was to express the deviation in the estimated depths with respect to the measured values.
The percentage of error in water depth was computed by subtracting the measured from the estimated
and then the dividing by the measured depth. The variability in water depth estimates was around
±20% and concentrated in the shallower depths such as the western side of the ROI, in Figure 12.
For PlanetScope, the portions corresponding to percentage of error ranges (>−10), (−10–0), (0–10) and
(>10) % were 0.25%, 50.11%, 48.36%, and 1.28% respectively. Around 98.47% of the percentage of error
was within ±10% and that ensures the efficiency of PLanetScope in bathymetry retrieval. Similarly, the
percentages of the same ranges were obtained from enhanced Landsat 8 OLI were 11.70%, 32.90%,
54.48%, and 0.92% respectively. So, 87.38% of the percentage of error is within ±10% and that is so
closer to PlanetScope results. Also, for Landsat 8 OLI these percentages were changed to 12.12%,
24.44%, 60.20%, and 3.24% respectively. Thus, 84.64% of the percentage of error was within ±10% and
that is the lowest achievable performance compared to other imageries.

In order to validate the methodology of the current research, the ratio transform method for SDB
by Stumpf et al. [14] was investigated against the linear method of Lyzenga. Ratio transform model
was calibrated and tested with the same approach as the linear model. The analysis of testing results
for both linear model and Stumpf et al model was summarized in the Taylor diagram, depicted in
Figure 13. Taylor diagram shows the correlations, RMSEs and standard deviations of predictions for
the three different images based on both SDB models. For the three images, ratio transform models
achieved lower correlations and higher RMSEs than linear models. The correlations of ratio transform
models were from 0.84 to 0.98, while for the linear models were from to 0.96 to 0.98. The produced
RMSEs were from 0.37 m to 1.03 m for ratio transform model while from 0.38 to 0.51 for the linear
model. However, the linear model performed better than the ratio transform model, as the model of
Stumpf et al. proves the previous conclusion that PlanetScope is better than Landsat 8 OLI in estimating
bathymetry and the Landsat 8 OLI image enhancement has a positive impact on the obtained SDB.
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(b) Enhanced Landsat 8 OLI; (c) Landsat 8 OLI.
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(a) Linear model; (b) Stumpf et al model.

5. Conclusions

The current research presents a methodology for estimating coastal bathymetry from two different
RS datasets, one is the commercial product of PlanetScope and the other is the freely available Landsat 8
OLI data. PlanetScope is an orthorectified scene level 3B with 3 m spatial resolution while Landsat 8 OLI
data contains a 30 m spatial resolution for multispectral bands and a 15 m panchromatic band. In the
procedure, the Landsat 8 OLI image was downscaled and pan-sharpened in order to match the same
pixel size of PlanetScope image. The panchromatic band was fused to the multispectral bands using
kriging and ATWT as interpolation and pan-sharpening techniques respectively. The methodology



J. Mar. Sci. Eng. 2020, 8, 143 15 of 17

was applied to a region located at the North coast of Egypt which is characterized by the clear water,
sandy bottom and absence of coral reefs.

The objective was to assess the accuracy of the satellite derived bathymetry from the three
images; PlanetScope 3B, Landsat 8 OLI and enhanced Landsat 8 OLI. Firstly, Landsat 8 OLI image was
radiometrically calibrated, geometrically and atmospherically corrected. PlanetScope image was just
georeferenced because it was attained in a processed format. Three bathymetries were produced based
on linear band model. The linear model was calibrated via 60% of field measurements of water depths
acquired by a single beam echosounder till depth nearly 8.37 m. The remaining 40% of the measured
water depths randomly distributed within the study area were used to test and evaluate the model via
error analysis.

The error analysis revealed that, for the three images, a good correlation between the measured
and predicted water depth was achieved. For Planetscope, enhanced Landsat 8 OLI and Landsat 8
OLI images, the R2 were found to be 0.96, 0.95, and 0.93 while the RMSE were 0.38, 0.43, and 0.51,
respectively. PlanetScope 3B product is a promising estimator for coastal bathymetry and the enhanced
Landsat 8 OLI can predict bathymetry with similar accuracy with a much lower cost. This conclusion
was assured by using the ratio transform model for the SDB by the current methodology.

The developed approach generates bathymetry of adequate quality to be used in a variety of
fields such as coastal zone monitoring and management.
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