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Shallow water depth is one of the important factors in science and coastal environmental management. However,

in-situ measurement is quite costly and time-consuming. Past research e orts have provided a number of

optically-based methods to estimate shallow water depth distribution from satellite image, but they cannot properly

handle with the heterogeneity in bottom sediment distribution because they require image-specific assumptions or

additional information on bottom reflectivity. It is therefore indispensable to develop a method that can be applied

more generally to water areas with inhomogeneous bottom material.

In any application of depth prediction methods, we need depth data for some points to validate the results. A

leave-one-out cross validation technique enables us to use the data for predictive model building without degrading

the reliability of prediction error evaluation. From this standpoint, we present a new generalized method over the

previous methodologies by utilizing depth measurement data.

In the new method, the bottom reflection term of the optical model is assumed to be a nonparametric function of

the depth-independent variables (bottom indexes), which can be calculated from the brightness values of the pixels.

In this way, the water depth is explained by a semiparametric regression model. The ratios of the di use attenuation

coe cients, which are needed to calculate the bottom index, are optimized to minimize Generalized Cross-Validation

(GCV).

The new method is applied to coral reef areas and artificially generated situations, and the prediction accuracy

is compared with those of the methods proposed by Paredes et al., Stumpf et al., and Kanno et al. As a result, the

new method is found to have the highest accuracy in cases that enough depth-known pixels are available and that the

optical model apply well.

A Generalized Satellite-based Method of Water Depth Mapping with a Semiparametric Optical Model

Ariyo K * , Yukio K * , Wataru T * and Masahiko I *

* * * *

Keywords : Depth Estimation, Semiparametric Regression, Nonuniform Bottom Sediment, Coral Reef
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Fig. Scattergrams of predicted depth against measured depth for this study’s method and Paredes et

al.’s method (Example of the prediction in case in Table with depth-known pixels.

Only randomly-selected points are plotted for visibility).

Fig. Depth distributions predicted by this study’s method and Paredes et al.’s method (Example of

the prediction in case with depth-known pixels). This figure includes copyrighted material

of DigitalGlobe, Inc., All Rights Reserved.

Paredes et al.
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467

+-

+-

+-

,3 - ,**3

0
+ + +**

-**

1
+ +**

+**

0

+

1



�

�

�

�

� �

�� ���	
��
��������������	� ����  

!
!

"
# # # #
# # # # #
# $ � #

% $ � # &
# & " " # # #

# & ' # ( "
#

$ �" & " #
# # # ! # ! # ! # ) ! # #

# " ! " $ � # ! #
! !

! *+ $ ) � ,) )
" #

# - + # # $ �
$ � $ �"
# # " # $ �

# . $ # � #

/ /

0�1234567 �89 	:;
<=

>9?
34@= AB	CD �EFGHD ��
	IJK ��LMNOD 7

34PDQRS T 7 US�� �V9
2WXY@�� ��� ���USZ[R\ ?J]^ 	_`�ab7Z[R 	 @cd

efg	_`�ab7 U Qh 	347ij\  kl	mn7ij\ 2o =pqrqs �
\tR 	 �uUS @vw\ x yz {	 |	} D�~jS �\
�s�	I��7� Q9?\� ���7� �{�
� @0 R\ : 	56=�P @�q
\ ���efg�~? 	���i�q\��7 �S
�>9?Q =�T@�^q? 	��	56@�? �� =

	��	 7 ��RS����R\
 	@�? \tR 	 	56	¡¢

££� @�¤ = �� ��� � 7¥�?¦�VRS=����RSU2U
	kl N§�¨�q?©ª«2¬�­®9? 	eª¯ °Yh 	 �J]2 7 �
±[� o~² �³´9?>Dµ@�? �\ ?¶®=  T 	 �·¸1¹^UK�I��^
={º	kl	�G[��· R Q» q ¼u  �½NO� 	¹^UNO�¨�q?Q

�� � � �

�

�
� �� 	�

� � � 

	� � �� �


 � �
� � 	�

	�
��

� 	� �
�

� �

�

�

�

������	
��
�

��

��

� �

�

�

H max

H max

max H , ,

i

a/w sc
i i , , , ,

i max

H

i i i i, i,

scw
i i i, i,

scw scw
i, IR,

i, i, i j

depth (N ), (b) (c) Maximum depth (H ), and (d) Standard deviation of the noise component

Fig. Fig.

Fig. Results of the numerical experiment using artificial datasets. Averaged Root Mean Square Error

(RMSE) of prediction by each method is plotted against (a) Number of pixels with known

of the error associated with the optical model ( ). N is set to for (b)(c)(d). H is

set to for (a) (d). is set to . for (a) (c) and for (b).

N K K

H H N

REF REF

Stumpf et al. . N

REF

P N K . K . sec sec

REF . Fig. a H

. RMSE N
REF exp K sec sec H ( )

Stumpf et al.

RMSE m

Stumpf et al. RMSE

n

N REf

468

+ ,

+ ,

+ ,

+ + , + + ,

+ ,

+ ,

+/

+ , + + , +

+

,
+ , +/

+

+/

,
, ,

2 2

2

+**
/ * **/ *

+.

+ +**** . ,

, .

. - * * /

, +

/ * , * / ,

* + 2 /

* **/
+.

+ .

2

*

/

/ +

/ ,

G

G

G

s s

s s

e e s s

G G

G q e e

s

s
G q e e

G G G e

G G

e e s

*

*



�

�

�

�

�

� �

�

�

�

�

�

� � � �

� ������	
	��


� � � �

� �
� �

� �� �
�

�
� �� �

� � � �
� � � �

�

�
�

� � �� �
� � � � � �

� �
� �� �

� � �

� � � �� �
�

�
� � �� �

�

�� � ������	
	� � �

� � � ���� �
����	�
� !" � # �$%�

�����	
	��


& ' ( )* � +��,
-./$ � 0 12

� � 3 +���'4-.� ��
��	�
� !�5 6 7 8
�12 912 12 :
; ' < =
> ? � �����	
	��@� A
� ,B C./$D� � �$%�

< ; = � �����	
	
��@� �$� 6E� ��
��12 �$%�

� F	G �����	
	�
�'4HI	J KLM	�N�OP �Q �
$%�

RS� 12TU5 C. , V �

� �

� � W W

�

� � � X � �
� X

X �
� �

� � X �
X �

� �
Y X X

� � � � � W �
X � � W � X �

W � � � W W X � � �
� � � X

� �
X � �

� X
X � � � � �

� X �
X

� X
Y Y X X �

� � � X
W X W
�

X � W
�

� X
�

� � �
X

� �
� � � �

X

�
�

�
X �

� � �
�

� � � � �
� X
� �

�
�

Z X
� �

[ [

. V � � T \ ] ^ R_`.

a- � Tb�6-c �B , Cd-�

�+e �] ^ a-f��Tb`.g ^b�

RS� U � ,

, H 66h� �I	J D, iC.

a �j k^lmd aHn�.mTb� ^ \ - 12� U V �o 6 p
qrU � � , -. � d s n ] ^ R-q6^ S_�n`. t
� � uTb�6BvSr�

12� � U ^ � , � � Cd w�x � y �z-dh
-d Tb{ � |� `d ^ }Tb�q6^ Rr. 12� U ~ /$D�
� R- � 6� ^� C. q� � � 8� �12n�� T ���
�:U � �i�, ���- 12� ^ ^ T , � ^b� �z-d uq6^�

Rr�
� U � � , 12� TU 3 �� z@�

� Cd��L�C.h�Tb� .�C TU , 3 �T n 6Cd�`d-� ~ qrS
TU Tb� U�� �+e ��� � � ,B ��q6T @{ � -

^� � �� y n � ��^ 1 � ,5 Ta�6BvSr�
26 S � � UEr�r T

Tb{ � � 6 12TU �������L���6�eJ��
pd � R- q��:U 12z@� S !�" ��Cd � ��� 8�12�	���
� ^ � s� , ��`d-�q6,   ¡ �¢ n , `. � �£¤
�d-� � � C. ��CdU 1 ���@� � CdU 5 Tb�F�� ��
2� ^ Tb`.�� C S � ¡ ��GF£�, -. t. 12
U � @{ aHn`. q��: T -.¥�¦�§� +��U� ¨ �
U S � ^3 �©tr�ª£�� Cd _S « -.h�Tb� qq�¬Cd H­ �®,
Tb�6-c � , �d-� �� ~� 12^ ¯" 12 ¡°

±� , �.q6, ¬��
� Cd��L�C.h�Tb� � |�

- 12� 6 � 6� �
^ RHn�q6^²_� qrU ^ a-
�U 12� ��������L����+e

^ � , ³.m� w�+e�´4H.mTb�
�z-d V 3 ^ a- �h 12

� � } ^ Tb`. U ��

µ ,t6m�6 12� U V 3 ^
aH �� �+e � ^ - � V
� � Cd Tb�6� Ta�

12TU D�g ´ ¶3 , -. C-
6Cd ���� � n·

�¸ ¹º� ^ s�n D�h Ta�
,5 C. q� U , �

ª	�����L�� 6Cd yC. � ���
�+e �������L��+e , ^V �
3 , -d»¼��	���h�Tb{ V �

S �
pd n n-C � rd-�

�@�3 z@�
n ½T % � C.+��� C. E��

: V 3 ^ �b{ �� �+e�

�� �

�� � �	 


� � 
� � ��� ��� ��
� � � ��

�� �

�� � � !"#$ � � �
% &'() *+�

� � � , ��� �
- �� !. /0�%1

2 � . 345
6 78 
9 : ; � <= 6 >�
? � &@AB C
DE &' () ��

: ; 6 78 � <= �
FG HI0&'()J K�L

��
� � M
N OPJ �

��

� - QJ R QJ

R QJ @ S TUV W X

Y Z[ \+ ] ^_

W Y `L

a bC N& c

d ef Y S TH Z[ � QJ R QJ S
UVd gC C � QJ ! T UV W X h

��i
� QJ jXk Z[ a QJ l m n o L p
QJ@jX q r s � QJ t

u X QJ W Y v +� wx gy zT {
K[ | � QJ &'g} ~ �� Z� �

�
u Z[ � &'g}UVJ � 0 &'
l � � DC t

v Tw � L ��L H
� . � �T Z[ �� � UV �J -

�y QJ jY
QJ �

S �� X � �y . 
 Y �3
QJ �� � L [vT "��� � � �� �
� Q s � �� � -� Y
QJ QJ@jX l �y Q �   �

J QJ Y � V ¡¢ £ ��3%
�y QJ , l ¤¥ ¦   ' §

U¨ � © j � /0 � ª.
« ¬ª | h

l q r
� QJ QJ

W X Y Z
[ � QJ

K[ ­ ®
&' 9 �C Y Z[ �

QJ p L �h v

¡ � QJ &' 9 �C
Y v . L H Z[ R
QJ l HI0

� ¯& ° � , � ±
&'g}UVJ �� «²�3 ³´
) R �� � & K� ��
TQJ - QJ ��µ¶ ���·

C © ¸¶ 0 v
&' 9

� � R QJ
�y

S v T [vL K�L p

,
¹ º » T ¼. K�
&' 9 � ½g v . L

�

� �
�

� �

� � �

	 �

� �

�
�

�

�

�

�
� 	

�




�




�

� �
�




�

�

� �

�

��

� � � �

	
�
�
���

�

�

�

�

�

�

�

�

�

�

�

max H

H

H

H

H max

Vol. No.

:

.

:

pp. .

S. O. Darkwah, C. Deguchi, S. Sugio and M. Kunitake : A

simple method of estimating water depth at the nearshore

zone from satellite data,

pp. .

:

pp.

.

F. C. Polcyn, W. L. Brown and I. J. Sattinger : The meas-

urement of water depth by remote sensing techniques, The

University of Michigan, Ann Arbor, .

:

B .

:

pp. .

:

pp. .

E. C. Paringit, :

pp. .

Philpot

Paredes

Fig. d H N RMSE

Quick-

Stumpf et al.

RMSE N et al.

N RMSE

Paredes et al.

N

Fig. b c N RMSE H

b

c . b

RMSE . m,

. m Paredes et al. Stumpf et al. :

R mgcv

c RMSE

Simon N. Wood

Paredes et al.

Paredes et al. RMSE

Fig.

Case

Paredes et al. Philpot Stumpf et al.

Bird, ALOS/AVNIR- , Terra/ASTER

469

+.

+

+/

+-

+-

+ ,

+ ,

+0

+- +/

+0

+0

+-

+0

, + ,

+-

+ ,

+- +. +/ +0

,3 - ,**3

+

+32,

,

.*

, ++*0 +++* +33-

-

+2 , +- ,1 +332

.

+- 00 1*

,***

/

+31*

0

/

+ +33/

1

.1 , +-/+ +-// ,***

2

.3 , +/,+ +/,/ ,**,

3

.3 , ++3+ ++3/ ,**,

. .

+

2 / +**

2 +

+

-*

.

2 +**

* * **/

+

* *-3

* *1.

.

, , , ,**/

/

, / 2

+

,

0

s

s s

s s

s s s

s s



�� �����	
��
��� ����� ��

� �

� � � � � �
�

� � � � � �� �
� � � �

� � � �
� � �

� �� � �
� �

�
� � � � �

� �

�
�

�
� � � � �

� � � �

� �
� �

� � �
� � �� ��� �

� �
�

� �
� � � �

� � � �
� �

� � � �
� �

� �

�
� � �� �

� �

� � � � �� �
� � �� � � ��

� � � � � � �
� � � �

� � � �
� � � � �

� � �
� �

�
�

� � � �� � !

" # $ % &� ' ( ) * �$ �+,�-.
� � /���� �01 2 3 4�56�7�89: � ; ��

 � !
<=> ? @AB �CD �D

EFG H 3I % J K5� 4� LM �01N-OP Q� 4�RS
� �01 �T �� � ! ��U
�-V-.�W X�YZ[W !

\ ]^ _` a b

' ( c G d ) *
L� eG Jf g5$ % �01

 � !

b � � V87 b � �  
h �i j �k � �i j b � �k lm

i�noipW 4qr� stl t pW�  � s l  
m t tl qr� 0u � b � vwYnox x
�k noi lyzm �{ no no| }~JQ� 0u
�� ���� � �qr�0 Z��g�qr ��$ ��U
�-

� L ���1��U
� V-.�no��� � �
-V-.~ x �W� ��U
�-V-.�W ��W0u � �J � �W
�W � �W N-OP�W � b 0u�YZ[W �J � �W0u�W
� �k � i�noi0unoi � �k � �J ��U
�-V-.�W0u�W�
noipW 4qr� s0u � � � � �J�� ��U
�-V-.�W � �W
W0u  � � �J�� � � ���W|

b � �k ��noipW b � �  �i j
�  � s lm t l  � � � � �  �i}��
b � �  � � qr �i} b � �  �i�� ¡JQ

~JQ� 0u b � �k � 0u b � �k �
� i�noipW 4qr� s i�noipW 4qr� s��
Z� b � 9¢N£U�  � l a���qr � S
 ¡���� ¤ �¥-.¦U§¨ © �� �W ©

ªN-OP ¡J �� L«q�¬�I qr ­~ ���qr a  ¡ ����W �
qr® wY�T ���1noJ¯°�K1 x �W � i�wY�Y ±W� T iW²| 3
�W� �W qr�W � �W N-OP� ³´Uµ¥�¶noW²| ·¦�U
� �3
W � �W ¸qr²|W0u ¹R W²| �� ¹ º  ¡J
¸qrwY�J�� � �W � � �» ¼W �

� �W � � �W�� �²|W
J��

½ ½

�� � �� ���	
��
�

�	
� � �� ��

� �� � �� � � ���� � �  ! �� �
�""� #
 $ %� & �'(" )* +,- .� /'

��
0 1 �2 �345 67

8 9 :; < = �* � � > ? @ A > BC
�� DE
���� F �� G ��

HIJ KL M NO- PQ R S

���� � � T U VA  ! ?
W ' X � � ���	
��


� � ��

Y� YS &  Y� YS &  Z[
\] ^ Y�& _` ^ YS & & a
\] � b c d e b a
c d �Y �& �YS & � f
� a c g +h +h Y

i "� j �
�	 ? 
� Y 
 kl

� m BC Z[ �� n Y YBC o
-
p NOq: BC Y S & �� YBC o
-

& _` \] r �& � n YBC n
� b s �� Y Z[ BC BC o
-

� �� n t "� u

YS & & YS &  Z[ ^
e b a c d a v w&  Z[
S p & �  x S &  Z[

Y S & & _ Y S & & _` \
` \] � b ] � b
bh S y �z a { S&
y | } { ~k Z[ {

L i " z � \� PQ R �{ BC �
� � \� F Z[ � � � F

m Z[ � BC � � �~ ��

Y Y Z[ � � �i � r � �� C � �h
Y Z[ �� n Y y �� Y
Z[ �� Y Z[

� �

� �

� � � �

� � � �

�� �� 	
� �
� �� � ���� ���

�� �� ���� �� !" #$ �%& '()�

* +,-./

�

�

�

� �

�
�

�

�

�

�
�

�

� �
�

�
�

pp.

spectral imagery, Appied Optics, ( ), pp. , .

D. M. Allen : The relationship between variable selection and

data augmentation and a method for prediction, Techno-

E. C. Paringit : Ikonos :

pp. .

. :

:

pp.

pp. . .

D. R. Lyzenga : Passive remote sensing techniques for D. R. Lyzenga : Remote sensing of bottom reflectance and

mapping water depth and bottom features, Appied Optics, water attenuation parameters in shallow waters using air-

( ), pp. , . craft and Landsat data, Inter. Jour. of Remote Sensing,

J. M. Paredes and R. E. Spero : Water depth mapping from ( ), pp. , .

passive remote sensing data under a generalized ratio as- :

sumption, Applied Optics, ( ), pp. , . .

W. D. Philpot : Bathymetric mapping with passive multi- R. Ihaka, R. Gentleman : R : A language for data analysis

and graphics, J. Comp. Graph. Stat., ( ), pp. ,

R. P. Stumpf, K. Holderied, and M. Sinclair : Determina- .

tion of water depth with high-resolution satellite imagery S. N. Wood : Generalized additive models : an introduction

over variable bottom types, Limnology and Oceanography, with R, Chapman&Hall/CRC, Boca Raton, .

( ), pp. , .

:

metrics, ( ), pp. , .

pp. .

E-mail : kanno westech.k.u-tokyo.ac.jp E-mail : wataru iis.u-tokyo.ac.jp

AGU

E-mail : koi k.u-tokyo.ac.jp CEJ

Award

E-mail : isobe k.u-tokyo.ac.jp

470

/+ , +.*+

,2 2 +/03 +/12 +323

+* +1

// , +.0+ +.0/ ,**2

+.*. ,**. +2

++

/- ,2

, +.,0 +.-* ,**0 ,2+ ,2, ,***

+, +3

+1

- -13 -2- +312 ,

+- + 1+ 2, +32+

,*

,, 2 ++-. ++-/ +32- ,**.

+. ,+

/ - ,33 -+.

+/ +330

,,

,**0

.2 + /.1 //0 ,**- ,-

+0

+0 + +,/ +,1 +31.

/, 23/ 3** ,**2

+32, ,**/ +31/ +333

,**1 ,**.

,**1

,**+

,**+ ,**,

,**1 ,**/

,**2

,**3

,**+ +31/

,**- +333

,**0 ,**1 +320

+33, +331

,**/


