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ABSTRACT 

At present the eutrophic status of reservoir water quality in Taiwan is 
classified by Carlson index on point-basis sampling data.  However, a 
limited number of water samples are insufficient to represent the entire 
waters, and the crisp eutrophic criteria can not reflect all aspect from 
different viewpoints varying with human’s altitude and seasonal change.  
Taking a SPOT satellite image of Feitsui Reservoir in February 2004 for 
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example, this paper addresses how to transform a satellite image into a two- 
dimensional distribution of water quality variables, such as chlorophyll a, 
total phosphorus and Secchi depth, and subsequently to employ fuzzy 
criteria in Carlson index for eutrophic dispute between water suppliers and 
users.  The Feitsui Reservoir in February 2004 is evaluated consonant as 
oligotrophe from both producer’s and user’s viewpoints.  However, based 
on the criteria of total phosphorus there is 27% and 16% of total water area 
being considered as eutrophe from the user’s and the producer’s standpoints, 
respectively, that also implies that total phosphorus is the major factor of 
Feitsui’s eutrophicaiton problem and those 16% water area should be paid 
great attention to in the first priority.  Through a proper design of 
membership functions, the fuzzy evaluation model of eutrophication can 
also be adjusted for standing at different time points during a year while 
considering the seasonal eutrophication pattern in the water quality 
management strategy in the future. 

一、前 言 

 [1]

 (Eutrophic state) OECD (Organization 
of Economical and Cooperative Development) 

 (Carlson) 
 [2-4]

 

 [5] DEM

 [6-8]  [6,9,10] 
 (Carlson Trophic Status Index CTSI) 

[2,11] Stumpf
 [12] Gordon

 [13] Dekker

 [14] Thiemann
Mecklenburg

 [15]  
 SPOT 4 

 ( ) 
a  (chlorophyll a)

 (Secchi depth)  (total phosphorus) 

 

二、研究方法 

2.1  水質優養化評估原則 

 (Oligotrophe)  
(Mesotrophe)  (Eutrophe) 

OECD
 [16] 

1

CTSI a

 ( 2)  

CTSI

 [17]

 [18]

 [19]

a  [20]  
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1   

 a

 
(µg/L) (µg/L) (m) 

 < 7.9 < 2 > 4.6 

—  8 ∼ 11 2.1 ∼ 2.9 4.5 ∼ 3.8

 12 ∼ 27 3 ∼ 6.9 3.7 ∼ 2.4

—  28 ∼ 39 7 ∼ 9.9 2.3 ∼ 1.8

OECD 

 > 40 > 10 < 1.7 

 < 12 < 2.6 > 4 

 12 ∼ 24 2.6 ∼ 7.2 2 ∼ 4 Carlson 

 > 24 > 7.2 < 2 

 < 10 < 4 > 3.7 

 10 ∼ 20 4 ∼ 10 2 ∼ 3.7US PEA 

 > 20 > 10 < 2 

2   (CTSI) 

CTSI = (TSI(SD) + TSI (Chl-a) + TSI(TP)) / 3 
TSI (SD) = 60 − 14.41 ln(SD)       SD —  (m)
TSI (Chl-a) = 9.81 ln(Chl-a) + 30.6     Chl-a — a

 (µg/L) 
TSI (TP) = 14.42 ln(TP) + 4.15       TP — 

(µg/L) 
 

 
 

2.2  衛星影像轉換水質參數 

1

 [4,21,22]  

ln lni jY a b X= +   (1) 

Yi  ( a )
Xj a b

 
[23]
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2.3  模糊集合理論與模組架構 

 
[24]

 

2.3.1   

 (membership function) 

 [4,25]

2 1

2

 (Degree of Membership = 0.5) 
 [26,27]

 ( 3)  ( 4) 
 

2.3.2   

 
[4,28] U  

U = { }a  (2) 

V
V

V  

{ }V =   (3) 

三、案例應用 

3.1  翡翠水庫簡介 

 ( 3)
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2   

 

3   

 (2090-2095)
4 a(chl-a)  (sd) 

 (tp)

94 81 86
11.5 µg/L 87 94 7 25.0 µg/L

 
 [29] 20

a
5

a a
 [30]

 [31]

1996
 [32]  

3.2  衛星影像分析 

SPOT4 2004 2 11
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6   

a  [23]

 

3.3  回歸模式 

2004 2 10 10
3 3 SPOT4

G R NR SR

 (Pearson Correlation) 
4  

4

a
 

2lnChl = 2.819 ln(NR) 6.085 ; R  = 0.734× −  (4) 

2lnSD = 1.805 ln(R) 4.382 ; R  = 0.827×  −  (5) 

2lnTP = 2.810 ln(SR) 4.068 ; R  = 0.653× −  (6) 

3.4  模糊範圍設定 

 
(Split-half method) 7 a

2.6 µg/L 7.2 µg/L
 (4.9 µg/L) 

2.6 

3   

 SPOT   
 TP 

(µg/L)
SD 
(m)

Chl-a 
(µg/L) G R NR SR

2090 30 5.1 1.2 41 28 10 13 

2091 10 4 0.5 37 24 7 9 

2092 27 5.2 0.9 42 28 9 13 

2093 10 5.1 1.3 42 27 9 11 

2094 16 4.1 1.3 44 26 9 11 

2095 13 5.1 1.4 43 28 9 12 

4   

 Lntp Lnsd Lnchl-a LnG LnR LnNR LnSR
Lntp Correlation 1.000 0.425 0.204 0.273 0.608 0.646 0.809

Sig. (2-tailed)  0.401 0.698 0.601 0.201 0.166 0.051 
Lnsd Correlation  1.000 0.532 0.398 0.910 0.693 0.809 

Sig. (2-tailed)   0.277 0.434 0.012 0.127 0.051 
Lnchl-a Correlation   1.000 0.904 0.737 0.857 0.637 

Sig. (2-tailed)    0.014 0.095 0.029 0.174 

*  Correlation is significant at the 0.05 level (2-tailed). 
** Correlation is significant at the 0.01 level (2-tailed). 

 

7  a  

µg/L 7.2 µg/L

3.75 µg/L 6.05 µg/L
1.45 

µg/L 3.75 µg/L 6.05 µg/L
8.35 µg/L

 [0,1]
 

3.5  使用者立場隸屬函數 

 ( ) 

8

(7)-(9)[25]  

2
14 (log )o a xµ =   (7) 
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8   

2
21 4 (log )e a xµ = −   (8) 

01m eµ = − µ − µ   (9) 

 µo, µe, µm a
x1, x2  µ(x) = 0.5

 µ(x) = 0 1
 

a
 µ  

(1) a  µchl 

chl-o (x) = 1 ,  chl 1.45µ <  (10) 

2

chl-o (x) = 4 log , 1.45 chl 3.75
3.75
chla ⎡ ⎤⎛ ⎞µ ≤ <⎜ ⎟⎢ ⎥

⎝ ⎠⎣ ⎦
 (11) 

chl-o chl-e(x) = (x) = 0 , 3.75 chl 6.05µ µ ≤ <  (12) 

2

chl-e (x) = 1 4 log , 6.05 chl 8.35
8.35
chla ⎡ ⎤⎛ ⎞µ − ≤ <⎜ ⎟⎢ ⎥

⎝ ⎠⎣ ⎦
 (13) 

chl-e (x) = 1 , chl 8.35µ ≥  (14) 

chl-m chl-o chl-e(x)=1 (x) (x)µ − µ − µ  (15) 

(2)  µtp 

t p-o (x) = 1 , tp 9µ <  (16) 

2

tp-o (x) = 4 log , 9 tp 15
15
tpa ⎡ ⎤⎛ ⎞µ ≤ <⎜ ⎟⎢ ⎥

⎝ ⎠⎣ ⎦
 (17) 

tp-o tp-e(x) = (x) = 0 , 15 tp 21µ µ ≤  <  (18) 

2

tp-e (x) = 1 4 log , 21 tp 27
27
tpa ⎡ ⎤⎛ ⎞µ − ≤ <⎜ ⎟⎢ ⎥

⎝ ⎠⎣ ⎦
 (19) 

tp-e (x) = 1 , tp 27µ ≥  (20) 

tp-m tp-o tp-e(x) = 1 (x) (x)µ − µ − µ  (21) 

(3)  µsd 

sd-o (x) =1 , sd 4.5µ ≥  (22) 

2

sd-o (x) = 4 log , 3.5 sd  4.5
3.5
sda ⎡ ⎤⎛ ⎞µ < <⎜ ⎟⎢ ⎥

⎝ ⎠⎣ ⎦
 (23) 

sd-o sd-e(x) = (x) = 0 , 2.5 sd 3.5µ µ ≤ <  (24) 

2

sd-e (x) = 1 4 log , 1.5 sd 2.5
1.5
sda ⎡ ⎤⎛ ⎞µ − < ≤⎜ ⎟⎢ ⎥

⎝ ⎠⎣ ⎦
 (25) 

sd-e (x) = 1 , sd 1.5µ <  (26) 

sd-m sd-e sd-o(x) = 1 (x) (x)µ − µ − µ  (27) 

R  

tpe tpm tpo

chle chlm chlo

sde sdm sdo

R
µ µ µ⎡ ⎤

⎢ ⎥= µ µ µ⎢ ⎥
⎢ ⎥µ µ µ⎣ ⎦

  (28) 

a
 (Comparison Matrix) J

a a
3 2 1 [4,7,20]  

11 2
2

2 1 3
1 1 1
2 3

J

⎡ ⎤
⎢ ⎥
⎢ ⎥

= ⎢ ⎥
⎢ ⎥
⎢ ⎥
⎣ ⎦

  (29) 

J D  

0.2857 0.2727 0.3333
0.5714 0.5455 0.5
0.1429 0.1818 0.1667

D
⎡ ⎤
⎢ ⎥= ⎢ ⎥
⎢ ⎥⎣ ⎦

 (30) 

Y  

[0.8917 1.6169 0.4914]Y =  (31) 

W  

[ ] [0.2972 0.5390 0.1683]tp chl sdW W W W= =  (32) 

B  
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1 2 3 1 2 3B = [ ] [ ]
tpe tpm tpo

chle chlm chlo

sde sdm sdo

W W W W B B B
µ µ µ⎡ ⎤

⎢ ⎥×µ = × µ µ µ =⎢ ⎥
⎢ ⎥µ µ µ⎣ ⎦

 

  (33) 

3.6  管理者立場隸屬函數 

9 (34)-(36)  

2
14 (log ) 1o a xµ = − +   (34) 

2
24 (log )e a xµ =   (35) 

01m eµ = − µ − µ   (36) 

(34)-(36) (7)-(9)
a

 µ  
(1) a  µchl 

chl-o (x) = 1 , chl 1.45µ <  (37) 

2

chl-o (x) = 1 4 log , 1.45 chl 3.75
1.45
chla ⎡ ⎤⎛ ⎞µ − ≤ <⎜ ⎟⎢ ⎥

⎝ ⎠⎣ ⎦
 (38) 

chl-o chl-e(x) = (x) = 0 , 3.75 chl 6.05µ µ ≤ <  (39) 

2

chl-e (x) = 4 log , 6.05 chl 8.35
6.05
chla ⎡ ⎤⎛ ⎞µ ≤ <⎜ ⎟⎢ ⎥

⎝ ⎠⎣ ⎦
 (40) 

chl-e (x) = 1 , chl 8.35µ ≥  (41) 

chl-m chl-o chl-e(x) = 1 (x) (x)µ − µ − µ  (42) 

 

9   

(2)  µtp 

tp-o (x) = 1 , tp 9µ <  (43) 

2

tp-o (x) = 1 4 log , 9 tp 15
9
tpa ⎡ ⎤⎛ ⎞µ − ≤ <⎜ ⎟⎢ ⎥

⎝ ⎠⎣ ⎦
 (44) 

tp-o tp-e(x) = (x) = 0 , 15 tp 21µ µ ≤ <  (45) 

2

tp-e (x) = 4 log , 21 tp 27
21
tpa ⎡ ⎤⎛ ⎞µ ≤ <⎜ ⎟⎢ ⎥

⎝ ⎠⎣ ⎦
 (46) 

tp-e (x) = 1 , 27tpµ ≥  (47) 

tp-m tp-o tp-e(x) = 1 (x) (x)µ − µ − µ  (48) 

(3)  µsd 

sd-o (x) =1 ,  sd 4.5µ ≥  (49) 

2

sd-o (x) = 1 4 log , 3.5 sd  4.5
4.5
sda ⎡ ⎤⎛ ⎞µ − < <⎜ ⎟⎢ ⎥

⎝ ⎠⎣ ⎦
 (50) 

sd-o sd-e(x) = (x) = 0 , 2.5 sd 3.5µ µ ≤ <  (51) 

2

sd-e (x) = 4 log , 1.5 sd 2.5
2.5
sda ⎡ ⎤⎛ ⎞µ < ≤⎜ ⎟⎢ ⎥

⎝ ⎠⎣ ⎦
 (52) 

sd-e (x) = 1 , sd 1.5µ <  (53) 

sd-m sd-e sd-o(x) = 1 (x) (x)µ − µ − µ  (54) 

R
(Comparison Matrix) J W  

四、研究結果分析 

EDRAS 
Imagine

Matlab  

4.1  水質參數轉換成果 

10 2004 2
a 1 µg/L 2 µg/L 5

10 µg/L 30 µg/L
a
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(a) a (µg/L) 

 
(b)  (µg/L) 

 
(c)  (m) 

10   

30 µg/L
 

4.2  模糊評價隸屬函數成果 

11 12
a

a
a

 

 
11   

 
12   

a 2.6 µg/L
11

a 1.92 µg/L

12 µg/L
10.1 µg/L

4

4.23
 

a 12
0.5 2.9 µg/L

a
12

12.9 µg/L 3.75
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4.3  優養程度模糊綜合評價成果 

13 16
a

16
a 3 2 1

a
 ( 5.c) 2

a
a

2

2  
5

a

 

 
                    (a)                                        (b)  

13  a  

 
                    (a)                                        (b)  

14   

 
                    (a)                                        (b)  

15   

 
                    (a)                                        (b)  

16   
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5   

      
 78% 22% − a 
 94% 6% − 
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 9% 64% 27%  
 30% 54% 16% 

 ( ) 
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五、結論與建議 
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