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Abstract: It is inevitable to find in studies that shoreline position extracted from unknown capture
time aerial photograph or satellite image was not corrected to tidal effect. In this study, an approach
is introduced that can estimate the capture time of image from the solar azimuth angle and the length
of shadow of a vertical object on the horizontal surface on the earth. The capture time of tze aerial
photograph estimated from solar azimuth angle has a much smaller deviation than the one estimated
from the length of the shadow. This error is acceptable for tidal correction purposes. The approach
was also utilized to estimate the capture time of a set of satellite images on Sendai coast. Therefore,
the tidal correction was implemented for shoreline positions extracted from those images.
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1. Introduction

In the studies of coastal morphology, raw data such as waves, bathymetry, shoreline position,
etc., is important and highly required. Among them, shoreline position plays a key role to understand
the evolution of morphology in both short-term and long-term periods. Moreover, in the developing
countries, where field data of waves, bathymetry, etc., is very limited, shoreline position data plays
even more important roles. There are ways to obtain shoreline position such as extracting from aerial
photograph or satellite image, video camera monitoring system and GPS data.

Due to the dynamic nature of the idealized shoreline boundary, a shoreline indicator is used
as the proxy to represent the “true” shoreline position. Reference [1] summarized two categories
of shoreline indicator that have been proposed by various studies. Category 1 includes visually
discernible coastal features such as a previous high-tide line or the wet/dry line. The indicator in
this category is dependent on the variation of tide from time to time. On the other hand, Category 2
comprises the tidal datum-based shoreline indicator that is obtained from the intersection of coastal
profile with a specific vertical, defined by tidal constituents of a particular area, for example, mean
high water or mean sea level.

The wet/dry line, which represents the highest extent of the water along the beach during the
most recent tidal cycle, is the most commonly used shoreline indicator because it is visible in the
field, and can be interpreted on both color and grey scale aerial photographs [2,3]. After delineating,
shoreline data needs to be corrected to the tidal level to eliminate the effect of the tide on the position
of the shoreline. The amount of tidal correction can be large or small depending on the tidal range
and beach slope. The maximum correction amount can be from a few meters to a few dozen meters in
cases of mild slope and large tidal range [4,5]. However, in many cases only the dates of capture are
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available while actual capture times are unknown, especially images collected from open source or
captured a long time ago (e.g., Google Earth, Geospatial Information Authority of Japan (GSI - Japan)).
Therefore, in many studies shoreline positions were not corrected to tidal level [6-9]. This could result
in large uncertainty of shoreline data and a big challenge for studies in the areas where the amplitude
of shoreline change is small.

Usually, aerial photographs and satellite images utilized in the studies of coastal morphology
are taken during good weather. They cover a large area on the ground surface including shoreline,
and vertical objects such as building, electric pole, etc. Tall objects leave their shadows on the ground
surface. There are available literatures which give relationships between the real time and solar
azimuth angle (more details in Sections 2.1 and 2.2), and between real time and the length of shadow
of a vertical object on the horizontal surface on the earth (e.g., [10-13]).

Accordingly, this study would introduce an approach that can correct the tidal effect on the
shoreline position extracted from a capture time-unknown image using the solar position and
aerial photograph.

2. Methodologies

This study attempts to estimate the capture time of image from solar azimuth angle and the
shadow of tall and vertical objects print on rectified image through the solar zenith angle. Once we
have obtained the capture time of image, the tidal correction for shoreline position extracted from
image can be implemented. The angle between the north direction and the shadow line of a vertical
object, and the length of shadow line are measured from rectified image. Solar position (azimuth and
zenith angles) of the date that the image was taken is also computed. By comparing the measured angle
and length of shadow line with calculated results, the capture time of each image can be obtained.

The earth spins around its pole and orbits the sun. These motions result in days, seasons and years.
The daylight time on the earth can be estimated from the solar position. An algorithm for calculating
solar position has been proposed in the solar radiation literatures. There are notable attempts such
as [9-11]. However, these methods are valid in a certain period or have the uncertainty greater than
£0.010. Reference [12] introduced a simple step by step procedure algorithm for calculating solar
position. In this study, the algorithm to estimate the solar zenith and azimuth angles, which are
important parameters, were derived from several parameters with corrections. They reported that the
uncertainty of the solar zenith and azimuth angles calculation is +0.0003°.

2.1. Method 1—Estimation of Image Capture Time From Solar Azimuth Angle, o

The solar azimuth angle, o, is the angle between the north direction and the perpendicular
projection of line joining the observer and the sun (Figure 1). It is measured eastward from north and

given by Equation (1),
X = Arctan( - sin ! > 1
costsing — tandcos @

where, t is the topocentric local hour angle. Detailed calculation of this parameter is given in Reda
and Andreas, 2004 [12]; ¢ is the observer geographical latitude (in radians), positive or negative if the
north or south of the equator; 4 is the solar declination angle which is the angle between a line joining
the centers of the sun and the earth to the equatorial plane.
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Figure 1. Spherical geometry for solar azimuth and zenith angles calculation.

Solar declination angle changes every day, in fact, every instant. It is well approximated by the

Fourier series, Equation (2),
3
5 =) aycos(nby) + by sin(ndy) ()
n=0

where, d, is the day number, which ranges from 0 on 1 January to 364 on 31 December,

2nd,

365 ®)
a and b are coefficients and given in Table 1. Detailed calculation of the solar declination angle can be
found in [10].

0; =

Table 1. Values of coefficient a and b.

n an bn

0 0.006918

1 —0.399912 0.070257
2 —0.006758 0.000907
3 —0.002697 0.001480

From Equation (1), the time-varying of solar azimuth angle in a day-time at a particular place on
the earth can be calculated. Therefore, by comparing the value of azimuth angle obtained from the
image with the calculated azimuth angle of the same day, the capture time of image can be obtained.

2.2. Method 2—Estimation of Image Captured Time from the Length of Shadow on Horizontal Ground Surface
(through Solar Zenith Angle, 0;)

The solar zenith, 6, is the angle between the local zenith and the line joining observer and sun
(Figure 1). It is the complement of solar altitude angle and varying between 0 to 71/2. The solar zenith
angle is given by Equation (4),

0; = — e (4)

T

2
where, e is the solar altitude angle (in radians), given by Equation (5),

e = Arcsin(sin ¢sind + cos ¢ cosd cost) (5)

The length of shadow of a vertical object on horizontal surface, L, can be obtained from Equation (6),

L = tan 6;H (6)

where, H is the height of a vertical object on horizontal ground surface.
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From Equation (6), the length of shadow of a vertical object varying in a day-time can be calculated.
Therefore, by comparing the value of length of shadow of a vertical object on the image with its
calculated length of shadow on the same day, the capture time of image can be obtained.

3. Study Area and Data Collection

The area around the Nanakita River mouth, which is located in the northern part of Sendai coast,
Miyagi Prefecture, Japan (Figure 2), is selected as the study area. Satellite images covering this area,
which were downloaded from Google Earth Pro, are available for the period from 2002 until now.
There are about 15 clear images, and the objects covered in the image that can be seen visually have
been taken in this period. The capture dates of these satellite images are available; however, the capture
times are missing.
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Figure 2. Location map of study area.

In order to verify calculated capture time, a set of aerial photographs with the exact capture time
of the study area is also utilized. They were taken every one or two months since 1990. The capture
date and time of these aerial photographs are available. More information on the aerial photographs
and satellite images utilized in this study is presented in Table 2. The photographs cover two buildings
of Miniami Gamo wastewater treatment plant. The heights of buildings are ranging from 13.7 m to
20.45 m, respectively, depending on the corners.

Aerial photographs are taken at different times from airplane, hence they need to be rectified.
Athough satellite images obtained from Google Earth have been rectified, there is deviation between
images that were captured from different epochs. Thus, they are required to be re-rectified too.
More details on the rectification process and technique can be found from [14].

Calculated tidal level at Sendai Port is collected from NOWPHAS—]Japan’s website and utilized
in this study. The mean sea level is T.P. +0.90 m (Tokyo Peil). The tidal range of this area is about 1.6 m
with the high and low mean sea levels of 0.00 m and +0.16 m, respectively. The beach slope of 0.11
was reported by [15]. This sole value is utilized for calculating the amount of tidal correction on the
shoreline position along the study coast. It can contribute more uncertainty as the beach slope can be
different from place to place along the coast. In addition to the survey data, alternatively, the beach
slope can also be obtained from empirical formulas (e.g., [16]).

Aerial photographs and satellite images of the study area are georeferenced to the World Geodetic
System (WGS-84) using a set of control points which are the fixed points covered in the images.
A shore-parallel line with a 210° clockwise north direction is taken as a baseline for shoreline position
measurement. Shoreline positions were extracted from rectified images (satellite images) in the
alongshore direction based on the difference of color intensity of water and dry sand sides. More details
on the technique and uncertainty of image analysis can be found in [1,14,17-19].
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Rectified images are utilized to estimate the solar azimuth angle and the length of shadow of
a vertical object on horizontal ground surface. Figure 3 shows a rectified aerial photograph of the
study area. In this figure, the locations of buildings are illustrated by rectangles. Figure 4 shows some
selected rectified aerial photographs and satellite images, which are used to measure the solar azimuth
angle and the length of shadow.

Figure 4. Measuring azimuth angle and length of shadow on aerial photographs and satellite images,
(a—h) are the selected rectified images.
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Table 2. Summary characteristics of aerial photograph and satellite image.

6 0f 9

No. Date Taking Time Source Scale Spatial Resolution (m)
1 6 March 2011 9:53 Aerial photograph 1:8000 0.5
2 12 March 2011 NA Google Earth Pro NA NA
3 14 March 2011 NA Google Earth Pro NA NA
4 24 March 2011 NA Google Earth Pro NA NA
5 27 March 2011 NA Google Earth Pro NA NA
6 6 April 2011 NA Google Earth Pro NA NA
7 3 May 2011 NA Google Earth Pro NA NA
8 8 June 2011 11:27 Aerial photograph 1:8000 0.5
9 6 July 2011 10:29 Aerial photograph 1:8000 0.5
10 7 September 2011 14:25 Aerial photograph 1:8000 0.5
11 24 September 2011 9:18 Aerial photograph 1:8000 0.5
12 29 October 2011 9:33 Aerial photograph 1:8000 0.5
13 26 November 2011 9:17 Aerial photograph 1:8000 0.5
14 18 January 2012 10:30 Aerial photograph 1:8000 0.5
15 22 February 2012 NA Google Earth Pro NA NA
16 14 March 2012 11:36 Aerial photograph 1:8000 0.5
17 8 April 2012 9:59 Aerial photograph 1:8000 0.5
18 10 April 2012 NA Google Earth Pro NA NA
19 12 April 2012 NA Google Earth Pro NA NA
20 7 May 2012 14:28 Aerial photograph 1:8000 0.5
21 4 July 2012 14:10 Aerial photograph 1:8000 0.5
22 1 August 2012 15:46 Aerial photograph 1:8000 0.5
23 19 August 2012 NA Google Earth Pro NA NA
24 7 September 2012 11:20 Aerial photograph 1:8000 0.5
25 12 January 2013 13:31 Aerial photograph 1:8000 0.5
26 4 March 2013 10:5 Aerial photograph 1:8000 0.5
27 9 September 2013 12:39 Aerial photograph 1:8000 0.5
28 7 January 2014 11:48 Aerial photograph 1:8000 0.5
29 24 February2014 11:6 Aerial photograph 1:8000 0.5
30 24 March 2014 NA Google Earth Pro NA NA
31 2 April 2014 10:8 Aerial photograph 1:8000 0.5
32 4 May 2014 11:30 Aerial photograph 1:8000 0.5
33 2 July 2014 14:22 Aerial photograph 1:8000 0.5
34 6 September 2014 9:24 Aerial photograph 1:8000 0.5
35 8 November 2014 11:38 Aerial photograph 1:8000 0.5
36 15 March 2015 10:19 Aerial photograph 1:8000 0.5
37 1 May 2015 14:0 Aerial photograph 1:8000 0.5
38 2 July 2015 9:56 Aerial photograph 1:8000 0.5
39 3 September 2015 12:58 Aerial photograph 1:8000 0.5
40 1 November 2015 11:52 Aerial photograph 1:8000 0.5

4. Results and Discussion

4.1. Estimation of Capture Time of Aerial Photograph and Satellite Image

Table 3 illustrates the actual and estimated capture times of images shown in Figure 4. The capture
time of an image is the average capture time estimated from the two buildings. In some cases, the

capture time can only be estimated from either building because the azimuth angle or length of shadow
of one is not clear. The schematic diagram of how to measure the solar azimuth angle and the length
of shadow from rectified aerial photograph is given in Figure 4a. The difference between estimated
capture time and actual capture time of aerial photographs, At, are presented in Figure 5. According to
these results, the maximum difference between estimated capture time obtained from solar azimuth
angle and actual capture time (Method 1) is 7 min. The error based on the length of shadow (Method 2)
is 30 min. This error is much larger compared to the error of Method 1. The large error can be attributed
to several reasons such as the non-horizontal ground surface, and the uncertainty in the estimation
of the length of shadow on the rectified photographs. For more details, the water level on the T.P.
(Tokyo Peil) datum at the time of images captured is given in Figure 6. According to these results,
many images were captured at very low or high tide. That can cause large uncertainty if the tidal
correction is not implemented. In order to know more details about the maximum amount of tidal level
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change associated to the error of capture time estimation, a function, Equation (7), which describes the
motion of a tide, is utilized. This is the simplified form of the theoretical form of local astronomical

tide given by Equation (8).

Table 3. Actual capture times and estimated capture times of images.

Capture Time

(UTC+9.00) Osaka, Sapporo, Tokyo

Image (Figure)
Estimated (Unit: Minute)

Actual Remark
Method 1 Method 2
Figure 4a 9:53 9:53 10:00 (+7) Aerial photograph
Figure 4b NA 13:50 NA Satellite image from Google Earth Pro
Figure 4c NA 14:32 NA Aerial photograph from GSI-Japan
Figure 4d 14:25 14:30 (+5) 14:15 (—10) Aerial photograph
Figure 4e 14:10 14:07 (—3) 14:11 (+1) Aerial photograph
Figure 4f 11:20 11:20 11:55 (+35) Aerial photograph
Figure 4g 14:22 14:21 (—1) 14:11 (—11) Aerial photograph
Figure 4h 14:00 13:59 (—1) 14:23 (+23) Aerial photograph
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Figure 5. Error of estimated capture time of aerial photograph (Af = estimated capture time—actual

capture time).
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where, 4 is the tidal amplitude; o is the tidal angular frequency; ¢ is the phase difference. Based on
Equation (7), the relationship between tidal level variation, Ay, associated with the change of time, At,
can be given as Equation (9),

Ay = aocosot At 9)

For example, a semidiurnal tide with the tidal range of 1.5 m (2 = 0.75 m), the maximum error of
tidal level estimation associated with the error of capture time estimation, Af = 7 min, presented above
is AYmax = 5 cm. Therefore, the error of tidal level estimation can be neglected.

From the above results and discussion, it can be said that the capture time of image estimated
from solar azimuth angle is more accurate than the one estimated from the length of shadow. Moreover,
that error is small and acceptable for the purpose of tidal correction of shoreline position.

4.2. Tidal Correction for Satellite Image

Satellite image from Google Earth Pro, aerial photograph from GSI Japan or images from open
sources, for which the actual capture time is not available, can be estimated based on the methods from
the latter parts. In this study, satellite images collected from Google Earth Pro are utilized. The time
of capture is estimated based on the solar azimuth angle available on the image. After obtaining the
estimated capture time for each image, the tidal correction for shoreline position extracted from the
image is also implemented. The amount of tidal correction is the multiple of the difference between
water level at the moment of capture and mean sea level with the beach slope of 0.11. Figure 7 presents
the temporal variation of shoreline positions extracted from satellite images from cases without
and with tidal correction. The maximum tidal correction is 9.1 m. In addition to the uncertainty
contributed from other sources such as image rectification, shoreline detection, etc., the above amount
of tidal correction could significantly affect the investigation of shoreline evolution if the correction is
not implemented.
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| | | | | | ]
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| |
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Figure 7. Temporal variation of extracted shoreline position in cases without and with tidal correction.

5. Conclusions

This study has introduced an approach to extract the tidal correction for shoreline position from
images whose capture times are missing. This method is highly useful for the images collected from
Google Earth, GSI Japan or other open sources. The capture time of the image can be estimated
from the solar azimuth angle and the length of shadow of a vertical object on the horizontal ground
surface. The capture time estimated from the solar azimuth angle is more accurate than the other
one. The difference between the estimate and actual capture time is small and acceptable for tidal
correction purposes.
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