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ABSTRACT 

About 1800 water depth points were analyzed to determine the bathymetry of Pandangan 
Island waters in the Makassar Strait.  The results after Jupp (1988) algorithm showed that 
the depth penetration for XS1, XS2, XS3 bands on SPOT satellite were -8 to -10 m, -6 to -8 
m, and <-2 m deep below mean sea level, respectively.  Overall, employing Jupp’s 
algorithm (1988) to estimate water depth from satellite data exhibited a good agreement 
(R2=0.821) with in situ measurements.  In general, water depths determined by satellite 
overestimated (78% of total data) in situ measurements with positive Mean Relative Error 
of 26%. This results indicated that satellite data could be used to produce a bathymetric 
map for clear and relatively shallow water.  
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1.  Introduction 
Water depth is an important 

parameter in solving various coastal 
engineering problems such as erosion, 
shoreline stability, port construction, and 
maintenance of navigation routes.  Field 
data collection for water depth 
specifically for a large area could be 
expensive, time consuming, and 
sometimes extremely difficult to 
perform. Meanwhile, satellite data can 
cover for a relatively large area, 
inexpensive, and relatively easy to 
perform, therefore, it can be used to 
estimate water depth specifically in a 
shallow (coastal) region.  Ground truth at 
selected locations, however, is still 
needed to validate the bathymetric model 
produced by satellite imagery. 

Methods for deriving bathymetry 
from multispectral data generally incur 
problems when the substrate reflectance 
varies appreciably (Nordman et al., 
1990; Jupp. 1988).           Bierwirth et.al.  
                                                                                                             

(1993) derived both substrate reflectance 
and depth from the same algorithm in the 
Hamelin Pool area of Shark Bay, 
Western Australia. They found that 
errors are larger in dark substrates 
resulting deeper estimate than that of the 
true value.   

Stumpf and Holderied (2003) 
stated that a standard algorithm for 
determining depth in clear water from 
passive sensors exists, but it required 
tuning of five parameters and did not 
retrieve depths where the bottom had 
extremely low albedo.   

Several methods exist for 
charting shallow water bathymetry by 
remote sensing. The most advance is the 
Airborne Lidar Bathymetry method. 
Other technologies are based on 
multispectral imaging of bottom 
reflected sunlight, photobathymetry, 
sensing ocean currents-waves-bottom 
interaction with Synthetic Aperture 
Radar, ocean wave refraction, and ocean  
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wave velocity or wave kinematics 
bathymetry (Abileah, 2006).  Depth 
accuracy is defined as a percentage of 
depth estimated by satellite over in situ 
measurement. Accuracy and resolution 
standards for navigation charts were set 
by the International Hydrographic 
Organization (IHO) and “IHO order 1” 
was the goal for charts used in coastal 
navigation. 

Depth water images acquired by 
remote sensing satellites consist of  
reflectance  from water column and also 
atmosphere.  Considering the case of 
water bodies, there will be significant 
change in the reflectance due to various 
parameters including water depth, 
dissolved matter and bed characteristics.  
Assuming the other two parameters 
uniform, it is obvious that the intensity 
of reflected electromagnetic energy will 
vary inversely with the depth of the 
water column. 

The objective of this study was to 
produce bathymetric map of Pandangan 
Island waters in Makassar Strait using 
SPOT-5 satellite image data and to 
estimate its accuracy.  

2. Methods 
2.1.  Study Area 

The area of this study located at 
Pandangan Island waters in the Makassar 
Strait.   In administrative division, 
Pandangan island is a main island for 
Mattiro Ujung village, Liukang 
Tupabbiring district.  The central 
administration of this regency is located 
at Pangkep, South Sulawesi, 40 km from 
Makassar (Figure 1). 

2.2.  Equipments 
The equipments used for field 

survey were: one unit single beam 
gpsmapsounder (dual freq. 50 kHz and 
200 kHz) included its automatic data 
logger and software to sounding the 
depth. Other equipments were one unit 
laptop used for data record, one boat 
with 5 horsepower for survey 
mobilization and digital camera for 
survey documentation.  In case to potrait 
tidal wave dynamic along survey time, 
then one unit tide pole had to establish 

 
 

 

 

 

 

 

 

 

 

 

Figure 1. Location of Pandangan island 
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2.4.2. Creating Depth of Penetration   
            (DOP) Zones (Jupp, 1988)    

To produce water depth map 
from a satellite image, Jupp (1988) 
implement mainly 3 (three) step to the 
image i.e., creating depth of penetration 
zones (DOP), interpolating DOP zones, 
and calibration of DOP zones.   

To create depth of penetration 
zones from the images, all infrared bands 
have to remove and land areas masked 
out, then the following steps need to be 
performed:  
(1) Choose an area of deep water with 

properties we believe to be typical for 
the area. 

(2) Calculate maximum, minimum and 
mean deep water pixel for each band.  

Let the minimum in band i be Li deep 

min, the maximum   Li deep max and the 
mean Li deep mean (Figure 3). 

(3) If a pixel value in band i, Li, is > Li 

deep max, then some light in band i is 
being reflected from the seabed to the 
sensor.  The depth is therefore less 
than the maximum depth of 
penetration, denoted by zi for band i.  
If, for the same pixel, Lj, is > Lj deep 

max , then the depth of that pixel is 
between zi   and zij. 

(4) a few error pixels will have higher 
values in some band, which should 
not happen in theory.  They may be 
coded to be zero and filtered out of 
the final depth image. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

Figure  3.  Depth of Penetration Zones 
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2.4.3.  Interpolating DOP Zones 
 After DOP zones created, 
interpolation to linearize each bands 
values used according to its boundary 
limit need to be conducted as follows: 
(1) Use DOP images to masks all bands.  

All pixels within DOP zone 1 coded 
to a value of 1 and all other pixels in 
the image to 0, and repeating with 
other DOP zones.  

(2) Multiply the original image by each 
DOP zone masks.  Data in pixels 
outside the DOP zone will be recorded 
as 0. 

(3) Estimate Li max and Li min for each DOP 
zone i.  Therefore, Xi min and Xi max can 
be calculated since Lideepmean is known.  
The Ai values can also be calculated. 

(4) Assign depth for each pixel in each 
DOP.  This will produces separate 
interpolated DOP depth images.  
These are added together to produce a 
depth image for the area of interest. 

 
2.4.4.  Calibration of DOP zones 

Finally we have to make 
calibration for DOP zones i.e., to make 
relation between field depth values to 
depth zone from the images as follows: 
(1) Depth data typically consist of echo 

sounder readings at a series of 
positions.  Calculate which sites that 
lie within each DOP and plot 
frequency distribution histograms of 
known depths in each DOP. 

(2) Jupp (1988) indicates that the point of 
intersection between histograms is 
the best decision value for the depth 
separating each DOP zone. 

(3) New values of Zj, ki and Ai are 
calculated to assign depths to each 
pixel in each DOP. 

2.5.  Accuracy Assessment 
To asses the accuracy of satellite 

estimates, Mean Relative Error (MRE) 
was determined as defined as follows: 
              N 
MRE = [∑((sati – in situi)/in situi)]/N,                                                      
              i=1 

where sat=satellite, i is the index for all 
valid data points and N is total number of 
valid points. In order to avoid 
misinterpretation, data were grouped into 
two categories i.e., sati<in situi (MRE1) 
and sati>in situi (MRE2). Otherwise large 
positive errors could be neutralized by 
any large negative errors, producing 
small, inaccurate mean errors.  

 
3. Result and Discussion 
3.1.  In situ water depth map 

About 1800 water depth points 
were measured during bathymetric survey 
at the study area.  Sounding tracks were 
designed to get good depth variations 
from shallow to deeper water (Figure 4).  
Water depth measurements were reduced 
to still water level to produce the final 
depth value that free from sea wave 
dynamics.  After gridding and krigging 
interpolation processes, the final 
bathymetric map was produced as shown 
in Figure 5. In general, steeper 
bathymetry located around eastward of 
reef flat area of Pandangan island.  The 
slope at south west side is the most gentle 
than other side of the area (see Figure 1 
and 5).  
 
3.2.  Geometric accuracy of the  
        Images 

Geometric correction was done in 
order to unification process of coordinate 
system between image and bathymetric 
map. The study area coverage was less 
than 100 kilometers, so the coordinate 
system that appropriate was Universal 
Transverse Mercator (UTM) in zone 50.  
Geometric correction could be done when 
at least 4 common points were identified 
in two systems, image and map.  The pair 
of these common points is shown in 
Table 2. 
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Table 2. Common points for geometric correction. 

raw image UTM map 

Point 

original predicted 

   RMS Cell-X Cell-Y To-X To-Y Cell-X Cell-Y Cell-X Cell-Y 

123.619 87.334 719847.66 9477961.74 "1" 123.619 87.334 123.73 87.278 0.1243 

136.761 119.36 719913.83 9477635.86 "2" 136.761 119.36 136.703 119.389 0.0646 

116.464 124.679 719730.58 9477606.02 "3" 116.464 124.679 116.492 124.665 0.0313 

112.115 77.321 719760.41 9478070.54 "4" 112.115 77.321 112.033 77.361 0.0911 
  

 
 
 
 
 
 
 
 

 
 
 
 

Figure 4. Triangular sounding tracks on water depth measurement 
 

 
 
 
 
 
 
 

 
 
 
 
 

Figure 5.  Bathymetric condition at vicinity of Pandangan island 
 
Functional mathematical relationship 
then formed to transform  all points from 
the image to the map system.  The 
accuracy for this equation is measured 
by root mean square error (RMSe) value, 
where the lowest value is the most 
accurate.  In this case, the average RMSe 
value for corrected image is 0.078 and 
its total RMSe is 0.311. Therefore, any 

point on the image will have positional 
error around 1 meter and the corrected 
image is fit enough for mapping purpose 
on scale 1:10.000.   

The uniformity of coordinate 
system allows bathymetric map to 
overlay the image (Figure 6). This 
combination is needed to extract digital 
number for each band to define the DOP. 
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Figure 6. RGB image is overlay with water depth contour. 
 
3.3.  Depth of Penetration Zones 
 The Statistic histogram of the 
image is shown in Figure 7. The widest 
range of digital number was found at 
XS1 band (133=141-8)  and  the 
narrowest range was found at XS3 band 
(99=135-36).  This happened due to 

lower reflectance variability at infra red 
band comparable to the green band.  The 
range of digital number for red band 
(XS2) (127=147-20) was not significant 
to the green band (XS1). The XS1, XS2, 
and XS3 images are shown in Figure 8a, 
8b, and 8c, respectively. 

 
 
 
 
 
 
 
 
 
 

 
 

Figure 7. Statistic of the image 
 
 
 
 
 
 
 
 

 
 
 
 

Figure 8. XS images for band 1 (left),  band 2 (middle), and  band 3 (right)  
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The DOP zone was formed using three 
visible band on SPOT images i.e., green 
band (XS1, λ: 500-590 nm), red band 
(XS2, λ: 610-680 nm), and infra red 
band (XS3, λ: 790-890 nm) .  The Jupp’s  
algorithm (1988) was implement to the 
DOP.  The main idea of this method was 
to define maximum depth penetration for 
each band whereas the information from 
sea bed still detectable.  Functional depth 
constructed within field measurement 
and its image correspondence digital 
value. The depth boundary and 
functional model represent the optical 
condition of water column at study area.  
 Depth limit for XS1 band is 
valued between -8 to -10 meters (Figure  
 

9). This figure obtained by plotting some 
image digital value for each depth 
contour on Cartesian graph (Figure 10).  
The range of these pixel values were 
representative of DOP for XS1 band and 
also as a function of its attenuation 
coefficient. 

Estimated penetration of depth 
for XS2 band is around -6 to -8 meters 
below mean sea level.  In Figure 10, the 
digital number of 20 for XS2 band 
almost unchanged after the depth of -6 
meters. This could be an indication that 
optical condition of the water column, 
the XS2 only able to get the information 
from surface to the depth of -6 to -8 
meters.   

 
 

 
 

 
 
 
 
 
 
 
 

 
Figure  9.  Band XS1  digital value scatter plot per depth. 

 
 
 
 
 
 
 
 
 
 

 
 
 

Figure  10. Band XS2 digital value scatter plot for each depth. 
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Band XS3 woks in infra red 
wavelength (λ: 790-890 nm ), where  
theoritically, the signal from water 
column completely diminished.  The 
water absorption coefficient is very high 
around wavelength 700-800 nm 
(Mobley, 1994; Kirk, 1994)  and this is a 
reasonable explanation why this band 
has very limited access to water column.   
However, Figure 11 indicated that XS 3 
band was still sensitive for object 
variability until -2 meters deep.  
 DOP image (Figure 12) was 
technically produced from conditional 
reclassifying process of each original 
band images.  This conditional 
formatting based on digital value for the 
deepest point for each band that able to 
be detected (Table 3). 

Due to its wavelength properties, 
we always hope that XS1 will have the 
lowest attenuation coefficient (ki) while  

XS3 must be the highest one.  
Figure 13 shows attenuation coefficient 
for each XS band.  This result showed  

that the ability of XS1 to detect deeper 
water column was comparable to XS2 
and XS3 bands. 

 
3.4.  Final Map and Its Accuracy 
 The final map of bathymetric 
image employing Jupp’s algorithm 
(1988) was shown in Figure 14.  This 
image can be acted as Digital Elevation 
Model if the elevation values are in real 
numbers format.  For simplicity and 
efficiency, this methodology can be very 
valuable for bathymetric mapping 
especially in surf zone area where 
conventional method is hard to 
implement. 
 To calculate the accuracy of the 
method, Mean Relative Error (MRE) 
was calculated. Positive MRE value was 
26% and the negative MRE value was 
14%.  This results exhibited a good 
correlation between the satellite 
estimation vs. in situ measurements.      
One simple way to measure the accuracy 
this bathymetric map is by 

 
 

 
 
  
 
 

 
 
 
 
 
 

Figure 11.  Band XS3 digital value scatter plot for each water depth 
   

Table 3.  Conditional statement to build DOP. 
 

cond. 
Statement XS 1 XS 2 XS 3 DOP 

if Li value is ≥  37 � 21 � 9 then depth > -10 m 
if Li value is < 37 ≥ 21 � 9 then depth = (-2) - (-6)m 
if Li value is <  37 < 21 � 9 then depth = 0 - (-2)m 
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Figure 12.  Depth of Penetration Zones Image 
 
 

 
 

 
 
 
 
 
 

 
 
 

Figure 13.  Attenuation Coefficient for each band 
 

 
using simple linier regression. Profiling 
some sample values for each depth cross 
section could also give us a reliable 
picture about the accuracy. Figure 15 
shows the relationship between depth 
measured (in situ) and depth estimated 
(satellite estimated) with coefficient of 
determination (R2) of linear regression of 
0.821. This result indicated that about 82 
percent of the water depth variability of 

satellite estimates vs. in situ measu-
rements could be explained by the 
regression. The results also showed that 
satellite estimations were overestimate 
the in situ measurements (Figure 15).  
About 78% satellite data were 
overestimate in situ measurements, while 
about 22% satellite data were 
underestimates in situ measurements.   
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Figure 14.  Bathymetric Image of Pandangan Island waters 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 15.  Water depth profile from image and field measurement 
 
4.  Conclusion 

In clear water areas (such a 
remote small island),  the satellite optic 
sensor could be an alternative to map 
shallow water depth.  In this study, the 
maximum water depth estimated by 
HRG sensor on SPOT 5 was -9 meters.  
The most penetrated band was XS1 
(green wavelength) which also has the 
lowest attenuation coefficient. 

 The bathymetric image 
employing Jupp’s algorithm (1988) 
produced a good agreement between 
satellite estimates vs. in situ 
measurements (R2=0.821). Overall, 
satellite results (78% of the data) 
overestimated in situ measurements with   
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positive Mean Relative Error of 26% and 
negative Mean Relative Error of 14%.  
The result indicated that bathymetric 
mapping using satellite data is promising 
in the clear and relatively shallow water. 
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