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Abstract

A spatial resolution effect of remote sensing bathymetry is an important scientific problem. The in situ measured
water depth data and images of Dongdao Island are used to study the effect of water depth inversion from
different spatial resolution remote sensing images. The research experiments are divided into five groups
including QuickBird and WorldView-2 remote sensing images with their original spatial resolution (2.4/2.0 m)
and four kinds of reducing spatial resolution (4, 8, 16 and 32 m), and the water depth control and checking points
are set up to carry out remote sensing water depth inversion. The experiment results indicate that the accuracy of
the water depth remote sensing inversion increases first as the spatial resolution decreases from 2.4/2.0 to 4, 8 and
16 m. And then the accuracy decreases along with the decreasing spatial resolution. When the spatial resolution of
the image is 16 m, the inversion error is minimum. In this case, when the spatial resolution of the remote sensing
image is 16 m, the mean relative errors (MRE) of QuickBird and WorldView-2 bathymetry are 21.2% and 13.1%,
compared with the maximum error are decreased by 14.7% and 2.9% respectively; the mean absolute errors
(MAE) are 2.0 and 1.4 m, compared with the maximum are decreased by 1.0 and 0.5 m respectively. The results
provide an important reference for the selection of remote sensing data in the study and application of the remote

sensing bathymetry.
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1 Introduction

Remote sensing bathymetry is a kind of technical method of
water depth measurement, which has the advantages of a large
area coverage, a speed and an economy. It is especially suitable
for the measurement of the coastal shallow water area where the
vessel is not accessible. The remote sensing bathymetry should
use the remote sensing image data and the water depth control
point information, while the remote sensing image usually has
the different spatial resolutions, that is, different spatial scales. In
the relevant disciplines of spatial information, the issue of scale
has always been a hot topic (Woodcock and Strahler, 1987; Lam
and Quattrochi, 1992; Atkinson and Kelly, 1997; Marceau and
Hay, 1999; Su et al., 2001; Huang and Wu, 2006; Han and Gong,
2008; Ming et al., 2008; Li and Wang, 2013). For remote sensing
applications, the spatial scale is an important performance index
of the remote sensing image, which represents the ability to dis-
tinguish the details of ground features.

Existing research works show that the spatial resolution of the
remote sensing image has a very obvious effect on a remote sens-
ing model and method. For the same region remote sensing im-
age with different spatial resolutions, the remote sensing model
or method will get different inversion results. These research top-
ics include the selection of the optimal remote sensing scale
(Fang et al., 2007; Wang et al., 2007; Ming et al., 2008; Zhou and
Zhang, 2011) and the remote sensing scale transformation (Peng
etal., 2004; Hu et al., 2011; Luan et al., 2013; Zhang, 2013; Liu,
2014), while the research objects are focused on the remote sens-

ing image classification. It is noticed that Powers et al. (2012) re-
search work shows that the difference in the classification accur-
acy of wetland remote sensing images with different spatial resol-
utions can be as large as 12%. Lausch et al. (2013) used 4 and 7 m
spatial resolution aerial hyperspectral remote sensing data to
carry out a comparative study of forest growth conditions, the
results show that the monitoring result of 4 m is better than 7 m.
Ma et al. (2014) used six kinds of typical object in the Huanghe
Estuary wetland as the object of study, quantitatively analyzed
the effects of spatial information compression of the hyperspec-
tral remote sensing image and spatial resolution changes on a
ground feature spectral. Similarly for the remote sensing bathy-
metry inversion, the remote sensing image scale issue cannot be
ignored. Different spatial resolution images are not only related
to the bathymetry retrieval precision, but also are related to the
cost of the remote sensing image, so the image spatial resolution
effect of the remote sensing bathymetry is a scientific and engin-
eering issue that deserves attention.

In this paper, QuickBird and WorldView-2 multispectral im-
ages which cover the Dongdao Island with a spatial resolution of
2.4 and 2 m respectively are used to conduct the remote sensing
bathymetry. Four different spatial resolutions, 4, 8, 16 and 32 m
remote sensing images are achieved using a mean filter al-
gorithm simulation. A classic multiband log-linear bathymetry
model is applied in water depth remote sensing retrieval experi-
ments, in order to analyze the effect of remote sensing image spa-
tial scales by the inversion accuracies of different resolution im-
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ages, and to find an optimal spatial resolution suitable for the re-
mote sensing bathymetry.

2 Study area and data

The Dongdao Island, the second largest island in the Xisha Is-
lands, is selected as the study area. Its shape is roughly rectangu-
lar, northwest to southeast, surrounded by a sand beach. The is-
land lies on a long arc huge reef which is northeast bend. Reef
terrain is smooth, and the sea water is clear, so the area is suit-
able to an optical remote sensing bathymetry inversion.

Two scenes of the remote sensing data are used in this paper.
QuickBird multispectral image is obtained on November 11,
2005, and WorldView-2 multispectral image is obtained on
September 20, 2012, as shown in Fig. 1 respectively. These im-
ages both contain four bands, which are blue, green, red and
near infrared. The spatial resolution of QuickBird image is 2.4 m,
and the spatial resolution of WorldView-2 image is 2.0 m. Both
images are preprocessed by the procedures of a radiance conver-
sion, an atmosphere correction and a space registration.

A remote sensing radiance conversion formula is as follows:

L(%;) = absCalFactor; - DN;/AA;,

where L(4,) is the ith band radiance, and the unit is W/(m?sr-um);
absCalFactor, is the ith band absolute calibration coefficient; DN;
is the DN value of the ith band; A/, is the ith band equivalent
bandwidth (effective bandwidth). The ith band absolute calibra-
tion coefficient and the ith band equivalent bandwidth can be
found in the remote sensing image metadata file.

An atmospheric correction is processed by a professional
software. The atmospheric models of the two images are both set
to “tropical”, aerosol models are both set to “marine”. After the
atmospheric correction, remote sensing reflectance data are ob-
tained.

The positioning accuracy of WorldView-2 image is 2.8 m
through the field check points. In this paper, the WorldView-2
image is used as a reference to the QuickBird image, and the re-
gistration error is within one pixel.

The ship measurement data originated from the “863” project
are used as a depth control and check points in this paper. The in
situ water depth data were measured by single-beam echo
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sounding. The water depth thematic map scale is 1:2 000, it is ne-
cessary to compare with satellite retrieval depth data. Its amount
of depth points is greater than 3x10%, ranging from 0 to 110 m.
Three hundred depth control and check points are selected re-
spectively in a depth range of 0-30 m with 0.1 m interval. The dis-
tribution of the control and check points are shown on the left in
Fig. 2. In this figure, the red triangles represent the control points,
the green dots represent the check points. All points meet the
uniformity of the spatial distribution, with the uniform distribu-
tion in different water depth scopes. Ten survey lines are also se-
lected from the original ship measurement data, the lines con-
tain 1 768 points in total. The distribution of survey lines is shown
in Fig. 2, and each line is numbered 1 to 10 from upper to lower.
Colors represent different depths, from red to blue depth in-
creases. It can be seen that the depth changes more intensely on
the northeast side of the island than that of the southwest side.

A tide height is queried from tide tables in this paper. Quick-
Bird image forming time is 2005-11-11 T03: 19: 48Z, the corres-
ponding tide height is 0.48 m (National Marine Information Cen-
ter, 2004); WorldView-2 images imaging time is 2012-09-20 T03:
26: 18Z, corresponding tide height is 0.72 m (National Marine
Data and Information Service, 2011).

3 Methods

To simulate different spatial resolution images, a mean filter
algorithm is used on the preprocessed QuickBird and World-
View-2 images in this paper to derive 4, 8, 16 and 32 m spatial
resolution images. Together with the original image, there are
five kinds of spatial resolution. Local details of the original image
and the down-scaling resolution images are shown in Fig. 3.

In this paper, we use the same depth points and remote sens-
ing bathymetry inversion model to retrieve the water depth of the
different resolution images, and analyze the accuracy of the in-
version results. The remote sensing bathymetry inversion model
used here is a three band linear-log model (Liang et al., 2015), the
formula is as follows:

Z =A¢+A1X 1+ AxX» + A3X3,

where X; = In(R; — Rix), R, represents the remote sensing re-
flectance of each band pixel, and R, is the remote sensing re-

Fig. 1. QuickBird (a) and WorldView-2 (b) multispectral images.
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A control points

check points

Fig. 3. WorldView-2 multispectral images with different spatial resolution. a.2m, b. 4m, c. 8 m, d. 16 m and e. 32 m.

flectance of the ith band in an infinite deep zone; A is a constant;
A,, A, and A, are the coefficients can be obtained by a regression;
and Zrepresents the depth.

An accuracy is evaluated using the following three indicators:
the mean absolute error (MAE), the mean relative error (MRE),
and a determination coefficient R? which characterize the correl-
ation between the inversion depth and the measured depth.

4 Results and analysis

4.1 Analysis of overall results

Figure 4 is the overall evaluation of results of the two images
in different resolutions depth inversion. As shown in the figure,
with the lower spatial resolution remote sensing images, the MAE

and MRE show a phenomenon of decreases first and increases
after, the inflection point appeared at the spatial resolution of 16
m. The change of the determination coefficient is slightly differ-
ent, the QuickBird image bathymetry inversion results of the de-
termination coefficient increase first with image spatial resolu-
tion reduction, and reach the top of 0.93 at the spatial resolution
of 16 m, then begin to reduce significantly. The determination
coefficient of the WorldView-2 image increases with the decrease
of spatial resolution, while the spatial resolution is 8 m, the de-
termination coefficient is up to 0.95, then almost unchanges.
There is a common denominator in the inversion bathymetry of
the two kinds of image that is to meet the MAE, MRE minimum
and the determination coefficient maximum conditions, the cor-
responding image spatial resolutions are both 16 m. It shows that
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Fig. 4. Evaluation indices of inversion depth from images with different spatial resolution.

the error is minimum and the correlation is the highest when
comparing the in situ water depth and the remote sensing inver-
sion bathymetry.

Examined from the scatter diagram of inversion bathymetry
and check points. The correlation between the true depth values
and the inversion values increases first and then decreases with
the scale decreases of the remote sensing images. The correla-
tion is the highest when the spatial resolution of the remote sens-
ing image is 16 m. Take Worldview-2 image as an example, the
scatter diagram of the inversion depth and in situ depth in Fig. 5
from Fig. 5a to d, as the decreasing of spatial resolution, the
scattered gradually get closer to the fitting line, while spatial res-
olution is 16 m this concentration reached the highest level, and
then remote sensing image spatial resolution further changes to
32 m, scattered point in Fig. 5e began to appear the trend of dis-
persion.

4.2 Analysis of different depth segments

Analyzed from different water depths, the result then shows a
different change trends. In order to better analyze the errors of
different water depths on the different scale remote sensing im-
age bathymetry inversions, study regional 0-30 m depth is di-
vided into seven different water depths segment and, the statist-
ics of the spatial resolution of the image, each depth segment of
MAE and MRE, the statistical results are shown in Fig. 6 and
Tables 1 and 2 respectively.

From the overall change trend, the MAE basically increases
with the increase of the water depth, the MRE is just the opposite.

For WorldView-2 image inversion results, in a depth of 0-2 m
range, water depth inversion error increases gradually with the
scale increase of remote sensing images. The MAE and the MRE
are basically consistent with this trend. For the remainder four
segments, a situation is contrary to the trend of the water depth

in 0-2 m segment, the errors decrease first as the spatial resolu-
tion of the remote sensing image scale increases, the minimum
error is reach while the image spatial resolution is 16 m, then the
errors increase slightly, and the maximum and minimum error
value difference is within zero point five times..

As to the inversion results of QuickBird image, the spatial res-
olutions of the 2.4 m and 32.0 m images in almost all depth of wa-
ter segments are significantly higher than those in the middle of
several sets of the spatial resolution. Spatial resolution 4.0-16.0 m
image in the water depth of each has their own advantages and
disadvantages, and the difference between each other is not obvi-
ous in 0-2, 5-10 and 25-30 m. The depth spatial resolution for
16.0 m image inversion error is minimum; in 2-5, 15-20 and
20-25 m the three depth spatial resolutions for 4.0 m image in-
version error are minimum, and the spatial resolution to 8.0 m
images in 10-15 m water depth inversion error is minimum.

One of the interpretations for the different spatial resolution
remote sensing images in different water depths is the difference
between the different water depths and the corresponding re-
gion in the space range. For cases on the 0-2 m depth section, the
depth space corresponding to the regions is relatively narrow to
other area, so that only high spatial resolution remote sensing
image can accurately show the detail of depth, for low spatial res-
olution as it is very easy to smooth out the region, one pixel can
cover the water depth from 0 to 2 m, even deeper, leading to
lower retrieval accuracy. And for other water depth section area,
because the spatial scope is larger, so large scale remote sensing
image does not smooth out the corresponding details. Instead, it
will have a certain effect of de-noise due to the increase of the
scale, so as to improve the accuracy of the inversion. But scale as-
cension is not without limits, when the remote sensing image
scale is sufficiently smooth feature details and the scale lifting
will have a negative impact on the water depth inversion. In the
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Fig. 5. The scatter plots of the inversion and in situ water depths from WorldView-2 images with different spatial resolutions. a. 2 m,

b.4m,c.8m,d. 16 mande.32m.

experimental results of this paper, the spatial resolution of the re-
mote sensing image of 16.0 m can produce the best water depth
retrieval results in general.

4.3 Analysis along survey lines

In order to further study the influence of the scale change of
remote sensing on the detail of water depth retrieval. In this pa-
per, ten water depth lines are extracted, and the measured water
depth and the inversion water depth are compared between the
ten lines. The results are shown in Fig. 7 (consider all the survey
lines are too similar, only Survey lines 1 and 10 are present).

From an overall point of view, when the water depth is shal-
lower than 30 m, the water depth retrieved from different spatial
resolution remote sensing images can be consistent with the in
situ depths; and when the water depth exceeds 30 m, the accur-
acy will produce swings in water depth inversion. For causes of
such a swing, on the one hand is because the water depth control
points are located in 30 m to shallower areas, unable to contain
30 m to regional deep water depth; on the other hand the visible
light signal in the 30 m to deep area is very weak, noise in corres-
ponding pixel is much larger than the effective signal returning
from the bottom, it is difficult to obtain accurate inversion values.

If only focus on regions shallower than 30 m in each section,
can also notice to the truth that consistent degree of depth pro-
file of different scale image retrieval and the measured depth
profile is not the same. The smaller the spatial resolution is, the
difference between the section line of the image and the meas-
ured profile is larger than that of the larger scale. In Fig. 7 the
swing amplitude of orange line (corresponding to 2/2.4 m image)
is larger than that of the green line (corresponding to 32 m im-
age). In order to quantitatively compare the differences between
the inversion sections and the measured sections, the mean ab-
solute error and mean relative error have been calculated. As

shown in Fig. 8. It can be seen that there are six profile lines (No.
1,2, 7, 8,9 and 10) in the ten lines possess the same change char-
acteristics, namely with the increase of remote sensing image
scale, the average relative error between water depth inversion
value and measured value decreases gradually. This gap is min-
imal when the image scale is 16 m. When the scale continues to
increase to 32 m, the average relative error between the inver-
sion water depth and the measured water depth becomes larger
again.

5 Discussion and conclusions

The experimental results from this paper can be found that
the spatial resolution of remote sensing images will have differ-
ent effects on the accuracy of the water depth retrieval. In the
spatial resolution of the 2.0/2.4, 4.0, 8.0, 16.0 and 32 m of five
kinds of remote sensing images, the overall accuracy of the ba-
thymetry inversion improves as the spatial resolution of remote
sensing images decreases, when the spatial resolution is 16 m the
accuracy is the highest, followed by a rapid decline. When the
spatial resolution is 16 m, the MRE of the water depth of the two
scene images is 13.1% and 21.2% respectively, and the maximum
error is reduced by 14.7% and 2.9% respectively, the MAE is 2.0
and 1.4 m, compared with the maximum is decreased by 1.0 and
0.5 m respectively. Contrary to the intuitive impression, the ori-
ginal resolution of the image although is the highest spatial resol-
ution, but the bathymetry inversion accuracy is the lowest.
Therefore, from the point of view of economy and applicability, it
is not necessary to select the image with high spatial resolution in
the remote sensing bathymetry inversion. The multispectral im-
ages of 16 m can be very compatible to meet the demand.

As used herein, the low spatial resolution images are derived
from images of high spatial resolution by using mean filter al-
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Fig. 6. The MAE and MRE of the inversion depth from images with different spatial resolution.

Table 1. The MAE and MRE of the inversion depth from QuickBird images with different spatial resolutions

24m 4.0m 8.0m 16.0 m 32.0m
No. Segments MAE MRE MAE  MRE MAE MRE MAE  MRE MAE  MRE
1 0-2 2.8 155.5 1.7 86.0 2.3 120.9 12 64.9 1.8 95.4
2 2.5 1.6 33.6 1.1 25.2 1.4 29.8 13 27.7 2.1 46.7
3 5-10 2.9 343 1.8 21.1 1.8 21.0 1.7 205 2.2 26.3
4 10-15 3.0 22.1 2.2 16.2 1.9 14.3 2.0 14.8 3.1 22.5
5 15-20 2.6 14.3 1.8 9.8 1.9 10.1 2.0 10.6 2.4 13.4
6 20-25 2.0 8.4 1.9 7.9 2.2 9.4 22 9.4 36 15.2
7 25-30 4.1 14.1 37 12.8 3.4 11.8 3.0 105 48 16.8
8 Average 2.8 35.9 2.1 23.1 2.2 26.8 2.0 21.2 3.0 315

Table 2. The MAE and MRE of the inversion depth from WorldView-2 images with different spatial resolutions

2.0m 4.0m 8.0m 16.0 m 32.0m

No. Segments MAE MRE MAE MRE MAE MRE MAE MRE MAE MRE
1 0-2 0.8 45.4 11 61.2 11 63.8 11 62.9 13 75.1
2 2-5 1.2 27.3 1.0 23.1 0.8 17.9 0.6 14.0 0.7 15.2
3 5-10 15 17.9 15 17.0 1.2 13.8 1.2 13.3 1.2 13.2
4 10-15 1.7 12.4 1.9 13.9 1.6 11.6 1.4 10.6 1.4 10.2
5 15-20 2.2 12.3 2.1 113 1.7 9.4 1.7 9.2 15 8.2
6 20-25 1.6 6.9 1.2 5.0 1.0 42 0.8 36 0.9 3.9
7 25-30 35 12.0 25 8.7 2.4 8.2 2.4 8.2 2.5 8.6
8 Average 1.9 16.0 17 15.7 15 13.9 1.4 13.1 1.4 13.9

gorithm simulation and resampling. Actual low resolution re-
mote sensing images and the imaging process should be differ-
ent from the above-mentioned simple simulation. So the best
way is to carry out experiments using real different resolution re-
mote sensing image data, but do such way would unavoidably in-

troduced new variables (such as different spectral response, con-
figuration of different wave band, different observation angles,
etc.), these all will make the analysis more complex. So the ana-
lysis method used in this paper is a compromise, the conclusion
still need to validate by large number of practical test.
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