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1. INTRODUCTION 17 

Both urbanization, primarily through the construction of impervious cover, and climate 18 

change, mainly through extensive increase of temperature and severe variation of 19 

precipitation, progressively impact the hydrologic, physical, and biological qualities of 20 

aquatic health. That is, urbanization increases annual storm water runoff, diminishes baseflow, 21 

degrades stream habitat conditions, deteriorates water quality, and reduces the diversity of 22 

aquatic insects, riparian plants, and fish (CWP, 2005). In case of climate change, the resulting 23 

impacts on instream flow, BOD conc., and ecological status of relevant ecosystems varies in 24 

different localities. 25 

Therefore, an increasing consensus supports that climate change and urbanization should 26 

be considered in making water resources and environmental management decisions. Clearly, 27 

many of the decisions made in the past have either had only short-term consequences or have 28 

only been weakly climate sensitive. Yet, the majority of the environment management 29 

decisions come with long-term commitments, and they are often very sensitive to climate and 30 
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land use. Examples of such decisions can be risk management strategies, infrastructure 31 

development for water management. These decisions such as flood mitigation plans have 32 

consequences over periods of 50–200 years. These kinds of decisions are also vulnerable to 33 

changes in climate and land use conditions and also to rising sea levels (Hallegatte, 2009).  34 

Some studies on climate change have focused on the issue of robust decisions; however, 35 

most of them have mainly focused on the mitigation side of the problem (Lempert et al., 1996; 36 

van Lenthe et al., 1997; Lempert and Schlesinger, 2000; Caldeira et al., 2003; Yohe et al., 37 

2004). Even less researched is the identification of robust decisions about uncertainties of 38 

climate change in the context of adaptation, mainly because of the lack of consistent 39 

treatment of uncertainties in climate change scenario constructions (Carter et al., 2001). Some 40 

attempts have been made to examine robust adaptation decisions against climate change 41 

uncertainties (Yohe, 1996; Hobbs, 1997; Hobbs et al., 1997; Risbey, 1998); however, they 42 

only sampled a fraction of the known range of future climates.  43 

Much attention has been paid to climate change impacts and the relevant policy responses, 44 

such as a goal-programming approach to regional policy responses (Yin and Cohen, 1994), a 45 

multi-objective programming method for land resources adaptation planning (Huang et al., 46 

1998), a statistical approach to identifying policy areas (Smith, 1997), an integrated approach 47 

based on the analytic hierarchy process (AHP) for evaluating adaptation options of water 48 

resources (Yin, 2001), a multi-criteria decision-making-based expert system for climate 49 

change impact assessment and adaptation planning (Qin et al., 2008), and an analysis of 50 

water management options and climate change scenarios (Sulis et al., 2009). Many studies 51 

have also investigated on the impacts of land use changes and the relevant policy responses 52 

(Bae et al., 2007; Lee and Chung, 2007a; Praskievicz and Chang, 2007; Chung et al., 2011c).  53 

Although adaptation to climate change and urbanization is inadequate, most existing 54 

watershed management plans have not considered their impacts. That is, options for 55 

sustainable water resources management and planning should include the potential effects of 56 

climate change and urbanization on the hydrological cycle. However, few studies have dealt 57 

with the impacts of either climate change or urbanization and relevant policies. Therefore, an 58 

effectiveness analysis was conducted on alternatives for watershed management by 59 

considering urbanization and climate change scenarios. The climate change scenarios were 60 

obtained using a statistical downscaling model (SDSM; Wilby et al. 2002), and the 61 

anticipated urbanization scenarios from the existing urban planning.  62 
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Watershed management and planning for climate change adaptation and mitigation is 63 

closely related to the multi-criteria decision making (MCDM) problem. There have been 64 

many studies on water resources planning and management using various MCDM methods 65 

(Pavlikakis and Tsihrintzis, 2003; Chen and Hou, 2004; Levy et al., 2007; Meyer et al., 2009; 66 

Chung and Lee, 2009; Al-Juaidi et al., 2010; Zardari et al., 2010, Chung et al., 2011a). In 67 

decision making, the weights assigned to the decision criteria attempt to represent the genuine 68 

importance of the criteria. When criteria cannot be expressed in quantitative terms, then it is 69 

difficult to represent the importance of these criteria accurately. In a situation like the above, 70 

the decision making process could be improved considerably by identifying the critical 71 

criteria and then re-evaluating the weights of these criteria more accurately. The intuitive 72 

belief is that the criterion with the highest weight is the most critical one. This may not 73 

always be true and in some instances the criterion with the lowest may be most critical. 74 

The decision maker can make better decisions if one can determine how critical each 75 

criterion is. That is, how sensitive the actual ranking of the alternatives is to changes in the 76 

current weights of the decision criteria. Therefore, this study determined how critical each 77 

criterion is, by performing a sensitivity analysis on the weights of the criteria. This sensitivity 78 

analysis approach determines the smallest change in the current weights of the criteria, which 79 

can alter the existing ranking of the alternatives (Triantaphyllou, 2000). 80 

This study consists of two analyses. Firstly, the effectiveness analyses of watershed 81 

managements were conducted using the Hydrological Simulation Program in Fortran (HSPF; 82 

Bicknell et al., 2001), to examine the climate change and urbanization scenarios. Applying 83 

the methodology and results of Chung et al. (2011c), the flow and biochemical oxygen 84 

demand (BOD) conc. duration curves were derived, and the numbers of days required to 85 

satisfy the environmental instream flow needs (EIF) and target BOD conc. were counted. 86 

Secondly, the prioritization of water management was determined using Multi-Criteria 87 

Decision Making (MCDM) techniques. The driving force-Pressure-State-Impact-Response 88 

(DPSIR; European Environmental Agency, 1999) framework and cost component were used 89 

to consider all relevant indicators including social, economic and environmental factors. 90 

Finally, a sensitivity analysis of the MCDM methods was conducted to reduce the uncertainty 91 

of weighting values. 92 

 93 

2. DESCRIPTION OF THE SELECTED WATERSHED 94 
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The Suamcheon (SA), Ojeoncheon (OJ) and Dorimcheon (DR) streams are branches of the 95 

Anyangcheon which is the first-order tributary of the Han River (Fig. 1); This study selected 96 

three sub-watersheds because the Anyangcheon watershed located in the central Korea near 97 

Seoul, has been observed to have serious problems in the quantity as well as the quality of 98 

water. The length of the Anyangcheon River is 32.38 km; it drains the watershed area of 287 99 

km
2
 that contains 3.88 million people (population density of ~13,500 persons/km

2
). The 100 

watershed land cover consists of 43% urban area, 40% forest, and 13% agricultural fields (as 101 

of 2000). The water supply systems in the study watershed are mainly surface water 102 

(approximately over 98%). But private groundwater supply systems have been used, 103 

occasionally. The amount cannot be measured because it is illegal (Lee et al., 2008). 104 

This study was applied to the Anyangcheon watershed which has suffered from potential 105 

streamflow depletion and possible water quality deterioration (Chung and Lee, 2009b). 106 

Therefore, some local governments had strong political wills to restore the distorted 107 

hydrological cycle through some suggested measures as follows: redevelopment of the 108 

existing reservoir, reuse of treated waste water effluent, use of groundwater poured into 109 

subway stations and construction of a small waste water treatment plant (WWTP). Four kinds 110 

of alternatives are intended to secure the abundant instream flow and induce water quality 111 

enhancement. 112 

The channel lengths of the OJ, SA and DR are 2.85, km, 5.50 km, and 14.20 km and the 113 

areas of OJ, SA, and DR watershed are 4.26 km
2 

, 8.07 km
2
, and 40.96 km

2
, respectively. OJ 114 

is located in the upstream region of the Anyangcheon, SA in the middle-stream, and DR in 115 

the downstream region as shown in Fig. 1. The urban area ratios in 2000 were 11.4%, 25.4%, 116 

and 62.3%, respectively. The populations were 26,370 for OJ, 49,960 for SA and 982,804 for 117 

DR.  118 

Chung and Lee (2009a) showed that approximately 40.5% (OJ), 43.5% (SA) and 70.3% 119 

(DR) of the precipitation input to the study watersheds is discharged as direct runoff, and 120 

approximately 11.3% (OJ), 9.4% (SA), and 1.8% (DR) of the precipitation is discharged as 121 

baseflow. That is, since base flows of three watersheds are very small, it can be easily 122 

guessed that the instream flow would not be enough. Especially, DR shows the depleted 123 

stream during all dry periods (Oct. ~ April). 124 

Also, modeling studies were conducted to analyze the BOD conc., which has estimated to 125 

be approximately 13.3 mg/L (OJ), 10.1 mg/L (SA), and 20.5 mg/L (DR) and the daily load to 126 
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be 68.9 kg/day (59.0 kg/ha/yr, OJ), 68.4 kg/day (30.9 kg/ha/yr, SA), and 292.8 kg/day (25.7 127 

kg/ha/yr, DR) (Chung and Lee, 2009). That is, since average BOD conc. of three study 128 

watershed are too high (over 10 mg/L), it is definitely necessary to develop some measures 129 

for the reduction of BOD conc. As a result, fish of the study watershed have died frequently 130 

from even small rainfall events. From this result, this study determined the target pollutant as 131 

BOD since the study watershed has suffered from BOD conc. problems for a long time. 132 

Chung et al. (2011c) showed that the temperatures of the Anyangcheon watershed (1964–133 

2008) have a strong increasing trend using the Mann-Kendall trend test. In addition, the water 134 

supply structure in the study watersheds consists of mainly surface water and rarely private 135 

groundwater supply systems.  136 

 137 

[Fig. 1] 138 

 139 

 140 

3. METHODOLOGY 141 

3.1 Procedure 142 

This study is carried out in five stages as shown in Fig. 2. At Step one, five alternatives for 143 

three watersheds were proposed from Chung and Lee (2009a). The alternatives are (Alt 1) 144 

redevelopment of the existing reservoir, (Alt 2) reuse of highly-treated WWTP effluent, (Alt 145 

4) construction of small WWTP, (Alt 5) use of groundwater collected by subway stations and 146 

(Alt 3) combination of alt 4 and 5.  147 

 148 

[Fig. 2] 149 

 150 

At Step two, future climate change scenarios and planned urbanization scenario were 151 

developed. First, the Coupled Global Climate Model 3 (CGCM3), a popular global 152 

circulation model, was selected. Since this study focus on the development of decision 153 

making procedure considering climate change and urbanization, just one GCM result was 154 

used. A1B and A2 from CGCM3 were chosen from the Special Report Emission Scenarios 155 

(SRES) based on realistic feasibility. All precipitation and temperature data under this study 156 

were downscaled through the statistical downscaling model, SDSM-a software package 157 

accompanying statistical downscaling methodology that enables construction of climate 158 
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change scenarios for individual sites at daily time-scales, using the grid resolution GCM 159 

output. For the urbanization scenarios, the land use change scenarios of the selected 160 

watersheds were individually constructed from the existing urban planning 2020. 161 

Step three is to quantitatively analyze the effectiveness of all the alternatives by all the 162 

climate change and urbanization scenarios using the HSPF model. HSPF can simulate the 163 

hydrologic and associated water quality processes on pervious and impervious land surface 164 

and in streams and well-mixed impoundments. The duration curves of flow and BOD conc. 165 

of all the sub-watersheds were identified and the numbers of days required to satisfy the 166 

target instream flow and BOD conc. were counted. The instream flow is the amount of water 167 

needed in a stream to adequately provide for downstream uses occurring within the stream 168 

channel and the target BOD conc. is the daily ave. determined by local governments. This 169 

study watershed covers some or all of the following uses that extend beyond the need for 170 

aquatic habitat, recreation, riparian vegetation and water quality. The target instream flow and 171 

BOD conc. for all sub-watersheds were collected from Lee and Chung (2007b) and Chung et 172 

al. (2011b); they were calculated by considering the stream flow seasonal variability and the 173 

fish habitat suitability at this step. 174 

Step four is to prioritize five alternatives reflecting the future climate change and 175 

urbanization. Multi-criteria decision making techniques include a simple additive weighting 176 

method and ELECTRE II (Elimination and Choice Translating Reality). For the rational 177 

consideration of social and economic factors, all criteria were selected from the DPSIR 178 

framework which uses a cause-effect relationship. Since the weighting values evaluation is a 179 

time-consuming process, this study developed some feasible scenarios for weighting values. 180 

The final step is to do a sensitivity analysis of MCDM methods. In this application, this 181 

study determined how critical each criterion is by performing a sensitivity analysis on the 182 

weights of the criteria.  183 

 184 

3.2 Hydrologic model  185 

This study modified Chung et al. (2011c)’s HSPF model to estimate flow rate and BOD 186 

loads in the Anyangcheon watershed. HSPF requires physical (topographic and land use) and 187 

climate data and stream flow and water quality data are required for calibration and validation.  188 

Therefore, a 1:25000 digital elevation model (DEM) and landuse map of the year 2000 of the 189 

study watershed were used as physical data. Also, climate data (daily precipitation, 190 
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temperature, ave. wind speed, ave. humidity, and ave. solar radiation data) of Suwon and 191 

Seoul weather stations operated by Korean Meteorological Administration (KMA) were 192 

introduced to the climate data input of HSPF since the study watershed is located between 193 

two stations. Stream water quantity and quality data were obtained from Lee (2007) and 194 

Ministry of Environment of Korea. This study used the validated HSPF model of Chung et al. 195 

(2011c) which had showed the results of sensitivity analysis and results of calibration and 196 

validation. In case of flow rate, Nash-Sutcliffe coefficients showed 0.67~0.81 for calibration 197 

and 0.62~0.72 for verification and in case of BOD conc., RMSE showed 1.61 ~ 4.43 mg/L 198 

for calibration and 1.95~15.18 mg/L for verification. 199 

 200 

3.3 Downscaling method 201 

The daily mean temperature and precipitation are calculated for the study watershed using 202 

CGCM3 model output from A1B and A2 emission scenarios for the future senarios (2011-203 

2100) and SDSM. Chung et al. (2011c) showed the procedure and results for calibration and 204 

verification. From the Mann-Kendall test (2010-2100), it can be estimated that Seoul and 205 

Suwon weather stations have a strong tendency for increasing temperatures and precipitation 206 

as shown in Fig. 3.  207 

The ave. temperature at Seoul and Suwon stations would increase by 1.6℃ and 2.0℃ 208 

under A1B and 2.0℃ and 2.4℃ under A2 during the period 2010-2100, respectively. 209 

Especially, the summer temperature of Seoul (A2) would increase up to 4.2℃. The ave. 210 

precipitation at Seoul and Suwon stations are 1896.9 mm and 1679.5 mm under A1B and 211 

2029.5 mm and 1803.6 mm under A2. Especially, the summer intensity of Seoul station 212 

increased severely from 845.9 mm to 1317.3 mm (A2) and the remaining seasons didn’t show 213 

any extreme increases. 214 

 215 

[Fig. 3] 216 

 217 

3.4 DPSIR Framework 218 

 219 

   DPSIR stands for Driving force-Pressure-State-Impact-Response; the components of an 220 

analytical framework that links the socioeconomic factors (driving force) forcing 221 

anthropogenic activities (pressure), the resulting environmental conditions (state), the 222 
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environmental consequences resulting from these conditions (impact) and finally, the 223 

measures taken to improve the environmental state (response) (Skoulikidis, 2009). 224 

 225 

3.5 Additive Value Function (AVF) 226 

The AVF method is a simplified version of a multi-attribute utility function (MAUF). In 227 

MAUF method, the risk attitude of the decision-maker can be incorporated through a concave 228 

(risk averse) or a convex (risk seeker) utility curve. The way scores are normalized in the AVF 229 

method makes it an MAUF method for a decision-maker that has a risk-neutral or risk-adverse 230 

attitude (Clemen, 1997). Each score ( ijs ) in the matrix is replaced with a value ijv  according 231 

to Eq. (1): 232 










ii

iij

ij
ss

ss
v      (1) 233 

where ijs  is the impact of an scenario ( j ) with respect to a criterion ( i ); is  is the worst 234 

score of the criterion ( i ) with respect to all scenarios; and is  is the “best” score of the 235 

criterion ( i ) with respect to all scenarios. All scores in the payoff matrix are scaled between 236 

the values of 0.0 and 1.0. An overall value index ( jV ) for each scenario is calculated as shown 237 

in Eq. (2): 238 





n

i

ijij vwV
1

     (2) 239 

where iw is the relative weight assigned to criterion ( i ) and n  is the total number of criteria. 240 

  This study used the concept of payoff matrix which consisted of rows and columns. Each 241 

row represents one action that the decision maker might or might not freely choose to perform 242 

and each column represents a possible state of nature. At the time the decision must be made 243 

the decision maker assumes that one of the columns represents the actual decision situation, 244 

but the decision maker does not know which column is the correct one. The cell of the matrix 245 

represent payoffs that the decision maker would receive if the decision maker chose the action 246 

represented by a particular row and the actual state of nature were the one represented by a 247 

particular columns. 248 

 249 

3.6 Electre II 250 

ELECTRE II is an improved version of ELECTRE family that produces a ranking of 251 
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alternatives rather than indicating the most preferred. It outranks based on alternatives that 252 

are preferred with respect to most of the criteria and that do not drastically fail with respect to 253 

any one or more criteria. The first attribute is expressed by the “concordance” index and the 254 

second by the “discordance” index. Alternative A outranks alternative B if both concordance 255 

and discordance indices are satisfied. The concordance index ),( BAC  measures the strength 256 

of support in the information given for the hypothesis that A  is at least as good as B . The 257 

discordance index ),( BAD  measures the strength of evidence against this hypothesis. 258 

),( BAC can be calculated as shown in Eq. (3). 259 

 260 

    









www

ww
BAC ),(    (3) 261 

 262 

where 
w  is the sum of the weights of all criteria where A  is better than B ; 

w  is the 263 

opposite case, i.e., the sum of the weights of the criteria where B  is better than A ; and 
w  264 

is the indifferent cases. ),( BAD  can be calculated as shown in Eq. (4). 265 

 266 

    )(max),( iAiB vvBAD     (4) 267 

 268 

where iBv  is the value function of the impact of alternative B  with respect to criterion )(i  269 

and iAv  is the value function of the impact of alternative A  to outrank B , ),( BAC  has to 270 

be greater than ),( BAD , and both of ),( BAC  and ),( BAD  should be higher than a 271 

present threshold value p  and lower than a preset threshold value q , respectively. 272 

Moreover, 
w  has to be greater than 

w .  273 

 274 

3.7 Sensitivity analysis approach for MCDM methods 275 

There must be three assumptions for the sensitivity analysis to criteria of MCDM 276 

methods as follows (Triantaphyllou, 2000): 277 

Assumption 1) Let jik ,,  (for mji 1  and nk 1 ) denote the minimum change 278 

in the current weight kw  of criterion kc  such that the ranking of alternatives iA  and jA  279 
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will be reversed. Next l

jik ,,  is defined as follows:  280 

k

jik

l

jik
w

100
,,,,    for any  mji 1  and nk 1 .   (5) 281 

That is, the parameter l

jik ,,  expresses changes in relative terms.  282 

Assumption 2)  283 

- The Percent-Top critical criterion is the criterion which corresponds to the smallest 284 

l

jk ,1,   (for mj 1  and nk 1 ) value. 285 

- The Percent-Any critical criterion is the criterion which corresponds to the smallest  286 

l
jik ,,  (for mji 1  and nk 1 ) value. 287 

Assumption 3) 288 

The criticality degree of criterion kc  denotes as 
'

kD  id the smallest percent amount by 289 

which the current value of kw  must change, such that the existing ranking of the alternatives 290 

will change. That is, 
'

kD  can be calculated as follows: 291 

 l

jikk
mji

D '

,,

'

1

min



 , for all 1 kn    (6) 292 

The sensitivity coefficient of criterion kc  denotes as )(sens kc , is the reciprocal of its 293 

criticality degree. That is,
 

)(sens kc  can be calculated as follows:  294 

'

1
)(sens

k

k
D

c  , for all 1 kn .     (7) 295 

If the criticality degree is impossible to change any alternative rank with any weight change, 296 

then the coefficient is set to be equal to zero. 297 

For this case, it is assumed that a decision maker used AVF and wishes to alter the 298 

existing ranking of the two alternatives iA  and jA  by modifying only the current weight 299 

kw  of criterion kc . If ji PP  , Triantaphyllou (2000) showed the minimum quantity jik ,, , 300 

needed to reverse the current ranking of the two alternatives iA  and jA , should satisfy the 301 

following relation:  302 

 
 kikj
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jik
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PP
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,, , if kjki aa  .  (8) 303 
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Furthermore, Eq. (10) should also be satisfied for the new weight 
*
kw (Eq. 9) to be 304 

feasible: 305 

jikkk ww ,,

* 
     (9)

 306 

or

or

0

0

,,

,,

*

jikk

jikk

k

w

w

w













         (10)

 307 

At this step, 1* iw  is not required. 308 

The quantity, l

jik ,, , by which the current weight kw  of criterion kc needs to be 309 

modified so that the ranking of the alternatives iA  and jA  will be reversed, must be 310 

satisfied as follows: 311 

 
  kkikj

ijl

jik
waa

PP 100
,, 




 , if kjki aa  , or 

 
  kkikj

ijl

jik
waa

PP 100
,, 




 , if kjki aa  .    (11) 312 

Furthermore, Eq. (12) should also be satisfied for the value of l

jik ,,  to be feasible:  313 

 
  k

kikj

ij
w

aa

PP





.              (12) 314 

 315 

 316 

4. RESULTS 317 

4.1 Alternatives for Watershed Management 318 

This study used the five alternatives for OJ, SA and DR that Chung and Lee (2009a) have 319 

developed for integrated watershed management. They are shown in Fig. 1 and their detailed 320 

descriptions are as follows: 321 

- Alt 1 (OJ): redevelopment of the existing reservoir (capacity: 55,000 m
3
, outflow: 322 

0.01 cms) ( 1A ) 323 

- Alt 2 (SA): reuse of treated waste water effluent (discharge quantity: 11,000 m
3
/d and 324 

discharge conc.: 4.7 mg/L of BOD)( 2A ) 325 

- Alt 3 (DR): use of the groundwater collected by subway (17.703 m
3
) and construction 326 

of a small WWTP (capacity: 12,540 m
3
/day and discharge conc.: 5.0 mg/L of BOD) 327 

( 3A ) 328 
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- Alt 4 (DR): use of groundwater collected by subway ( 4A ) 329 

- Alt 5 (DR): construction of a small WWTP ( 5A ) 330 

The initials in all parentheses refer to the name of the watershed where each alternative is 331 

proposed to be set up.  332 

The small reservoir in OJ was built for the agricultural uses about fifty years ago. Now, it, 333 

however, is not used anymore for that reason because the agricultural area has been 334 

substituted by the urban. Therefore, the reservoir should be redeveloped for the target 335 

instream flow (Alt 1). Recently, treated waste water effluents were reused for sustainable 336 

water management in Korea, frequently. The transfer system was constructed in SA and 337 

operated to supply plenty of instream flow and enhance water quality (Alt 2). Since the 338 

groundwater level in the study watershed is fluctuated all year around, groundwater gets into 339 

subway station occasionally. Most subway stations forced the groundwater transferring to the 340 

WWTP through sanitary sewers in usual. However, the groundwater quantity is relatively 341 

enough and the quality is very clean. Therefore, the groundwater should be transferred to the 342 

depleted streams for the target instream flow and BOD conc. through the pumping device and 343 

transfer system. It can increase the numbers of days to satisfy the EIF due to the increase of 344 

instream flow (Alt 4). A small WWTP was proposed about twenty years ago to maintain 345 

small water depth since DR stream had suffered from extremely depleted instream flow (Alt 346 

5).  347 

 348 

4.2 Future Scenarios for Climate Change and Urbanization  349 

This study used the downscaled precipitation and temperature data from Chung et al. 350 

(2011c) which used CGCM3 to develop some future climate change scenarios (A1B and A2). 351 

The SDSM indicated (forecasted) that the annual ave. temperatures would increase by 352 

1.8°C ~ 2.4°C under A1B and by 2.7°C ~ 4.3°C under A2 during the period 2010–2100. The 353 

increased values were not biased to particular seasons. In addition, the annual ave. 354 

precipitations would increase by 90 ~ 440 mm under A1B and by 360 ~ 500 mm under A2, 355 

during the period 2010~2100. The total rainfall during the summer increases and the amount 356 

of rainfall in the remaining months decreases. That is, the flood control and the water supply 357 

would become increasingly difficult (Chung et al., 2011c). 358 

The Anyangcheon watershed has been urbanized rapidly over the past 40 years regardless 359 

of previous urban planning. The urban area ratio increased from 16.7% in 1975 to 43.2% in 360 
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2000. In addition, three studied watersheds OJ, SA, and DR have been urbanized from 2.5% 361 

to 11.4%, and 4.5% to 25.4%, and 25.7% to 60.3%, respectively, over the last 25 years. The 362 

urban area ratio is still on the increase through political connections and economic demands.  363 

The existing urban planning reports forecasted the future urban area ratios of OJ, SA, and 364 

DR individually to be as follows: OJ (25%), SA (60%), and DR (no increase in urbanization). 365 

When the impervious area was added to the watershed, new urban areas were developed 366 

adjacent to the existing city. Although new cities can be developed in the upstream region or 367 

without any consideration for the old cities, this study assumed homogeneity for urban 368 

growth. 369 

 370 

4.3 Hydrological Analyses  371 

In this study, HSPF was formulated to simulate the flowrate and BOD loads of the 372 

Anyangcheon watershed, including OJ, SA and DR. Because the three study-watersheds (OJ, 373 

SA, and DR) have no monitoring data, HSPF was constructed at the Anyangcheon watershed 374 

which includes OJ, SA, and DR. Therefore, this study used the HSPF model constructed by 375 

Chung et al.(2011b). It has shown the detailed HSPF formulation process and described the 376 

periods of performance, the model efficiencies, and the RMSEs that resulted from the 377 

calibration and validation.  378 

The hydrological output was examined in terms of the flow and BOD conc. duration 379 

curves which is useful in quantifying the stream flow quantity and quality variability. This 380 

study adopted all the criteria from Hejazi and Moglen (2008), which are the 90, 95, and 99 381 

percentile values for water quantity during the dry period. Three criteria were selected to 382 

assess the water quality, i.e., the 1, 10, and 30 percentile values of the daily ave. pollutant 383 

conc.. 384 

It is probably true that the anticipated effectiveness of all the alternatives for watershed 385 

management, which was estimated at the design process, will be changed if climate change is 386 

not considered. Definitely, land use change would pose the same problem for water 387 

resources/watershed planning. Therefore, this study analyzed the differences of simulated 388 

results between water resources/watershed planning with and without climate change impacts. 389 

In these analyses, it is assumed that land use change will come up with climate change. So, 390 

climate change scenarios were projected to the planned land use scenarios. In other words, we 391 

compared two scenarios: one scenario for the present climate and land use conditions and the 392 
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other scenario for the forecasted climate change and planned land use change conditions. The 393 

ratios of effectiveness changed to low flow (quantity) and ave. BOD conc. (quality) were 394 

analyzed as shown in Fig. 4. 395 

As a result, the effectiveness of all the alternatives to water quantity and quality decreased, 396 

and A2 scenario showed more severe reduction than A1B. Alt 3 showed the largest reduction 397 

of water quantity effectiveness at A1B scenario, while Alt 5 at A2. On the other hand, Alt 5 398 

was analyzed to show the largest reduction of water quality effectiveness at both A1B and A2 399 

scenarios.  400 

Since the watersheds proposed in Alt 1 and Alt 2 will be planned to be urbanized, the 401 

expected changes in the ratio of alternative effectiveness due to urbanization are calculated, 402 

and the results are shown in Fig. 5. In general, the changed effectiveness to quantity showed a 403 

much larger increase than that to quality. In addition, the effectiveness will decrease because 404 

of climate change.  405 

In the case of the numbers of days required to satisfy the target water quantity and quality, 406 

four alternatives among five showed that the effectiveness of both water quantity and quality 407 

decreased because of climate changes. On the other hand, the analysis of Alt 2 showed that 408 

the effectiveness of water quantity and quality is increased because of climate changes. 409 

When compared to the OJ, and SA results, the combination of construction of small 410 

WWTP and use of groundwater collected by subway station showed high effectiveness but 411 

was more sensitive to climate change. The effectiveness of SA was by far the greater than that 412 

of OJ and DR. In addition, the alternative having large improvements of hydrological cycles 413 

shows a larger decrease in effectiveness due to climate change as shown in Figs 4 and 5 and 414 

Table 1. Finally, the impacts of the present watershed management plans may change in the 415 

near future since the possibilities of urbanization and climate changes are increasing. The 416 

scale and capacity of the alternatives should be expanded considering the impacts of climate 417 

changes and urbanization. 418 

 419 

[Fig. 4] 420 

[Fig. 5] 421 

[Table 1] 422 

 423 

4.4 Prioritization of Alternatives Using Multi-Criteria Decision Making Techniques 424 
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New decision making for future water management should consider social and economic 425 

factors. Based on the DPSIR framework, as shown in Section 2.4, the criteria for alternative 426 

ranking were selected as shown in Fig. 6. This study modified all the criteria of Chung and 427 

Lee (2009a). Fourteen criteria were selected including components of water quantity and 428 

quality. As shown in section 3.4, since driving force and pressure components should include 429 

the socioeconomic factors and anthropogenic activities, population (D1) and population 430 

density (D2) were selected for driving force and urban area ratio (P1), groundwater 431 

withdrawal (P2), slope of watershed (P3), and ratio of covered stream length (P4) were 432 

included to pressure component. P1 can affect both water quantity and quality directly and P2 433 

and P3 have positive tendency with stream flow quantity during the dry period. P4 can 434 

decrease water quality due to intervention of sunlight and inflow of untreated waste water. 435 

All standardized values of Driving force ( 1c ), and Pressure ( 2c ) for five alternatives were 436 

collected and aggregated from statistical data and GIS analyses, as shown in Fig. 7.  437 

Since state is related to the resulting environmental conditions, 95 percentile value of 438 

flow duration curve (Q95) over EIF (S1) and 10-percentile BOD concentration (C10, S2) 439 

were selected for water quantity and quality indicators, respectively. In addition, since impact 440 

should consider the environmental consequences resulting from state, numbers of days to 441 

satisfy EIF (I1) and target BOD conc. (I2) were used. Finally, since response is related to 442 

measures taken to improve the environmental state and impact, the changed ratio of four state 443 

and impact criteria were proposed. All values of State ( 3c ), Impact ( 4c ) and Response ( 5c ) 444 

were derived by analyzing the simulation results of HSPF, as shown in Table 2. Since the cost 445 

( 6c ) must be considered for sustainable management, all costs were estimated, as shown in 446 

Fig. 8.  447 

 448 

 449 

[Fig. 6] 450 

[Table 2] 451 

[Fig. 7] 452 

[Fig. 8] 453 

 454 

The rankings of five alternatives were analyzed as shown in Table 3. The rankings in 455 

Table 3 mean not the fixed values but the most plausible (e.g. the most frequent at all cases). 456 
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Since the cost is a crucial management component for water resources, two scenarios with 457 

and without cost were compared. In addition, since the weighting values of all criteria can be 458 

assumed differently by every decision maker, this study used some weighting scenarios 459 

agreed by five experts. From the discussion, six sets of weighting values were derived as 460 

follows: 461 

WSc 1) (Without cost) All random values 462 

WSc 2) (Without cost) Response > Impact > State > Pressure > Driving force 463 

WSc 3) (Without cost) Driving force=Pressure=0, State = 0.1, Impact = 0.3, and 464 

Response = 0.6 465 

WSc 4) (With cost) all random values 466 

WSc 5) (With cost) Cost = Response > Impact > State = Cost > Pressure > Driving force 467 

WSc 6) (With cost) Driving force=Pressure=0.05, State = 0.1, Impact = 0.15, Response = 468 

0.25, and Cost = 0.4 469 

Five experts working for water resources/watershed planning agreed that WSc 6 is the most 470 

reasonable and universal scenario. 471 

As a result, the cost component changed the ranking, largely. With cost, Alts 2 and 5 472 

showed high prioritization, but Alt 3 showed the opposite results. WScs 1, 2, and 3 showed 473 

the same result. That is, weighting values have no impacts on prioritization of these five 474 

alternatives if cost is not considered.  475 

For the consideration of the uncertainty of MCDM techniques, ELECTRE II was added to 476 

this decision making problem, as shown in Table 3. Since ELECTRE II showed no different 477 

result except WSc 6, only the result of WSc 6 was presented. When ELECTRE II is used, Alt 478 

4 showed a totally different prioritization because of high environmental efficiency. For the 479 

final decision, two MCDM results must be considered.  480 

As shown in Sections 3.5 and 3.6, Electre II and AVF prioritize all alternatives with 481 

totally different algorithms. We, therefore, cannot select one method to be more trustful. If 482 

you want to determine all ranking with comparatively exact weighting values, AVF will be 483 

more convenient. Otherwise, Electre II which can show the outranking priorities will be more 484 

effective. 485 

 486 

[Table 3] 487 

 488 
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4.5 Sensitivity Analyses to Six Criteria 489 

If the base scenario is assumed to be WSc6 with AVF, the relation 41325 PPPPP   490 

holds, and as a result, the most preferred alternative is 5A . It can be observed now that 491 

according to the weights of the six criteria, criterion cost ( 6c ) appears to be the most 492 

important one. Using Eq. 8, all possible values jik ,,  for reversing the current ranks are 493 

calculated as shown in Table 4. The minimum change 4,1,6  is needed to alter the current 494 

weight 6w  in order that the current ranking of the two alternatives 
1A  and 

4A  will be 495 

reversed. 496 

Using Eq. 5, all possible weighting values kw  for reversing the current ranking were 497 

calculated as shown in Table 5. It can be observed that the negative changes in Table 4 498 

indicate increases of weighting values, while positive changes indicate decreases. The 499 

highlighted numbers in both tables indicate the minimum critical changes. 500 

The PT critical criterion can be found by looking for the smallest relative value of all 501 

rows which are related to alternative 5A (i.e., the best alternative) in Fig. 9. The smallest such 502 

percentage (i.e., 13.0%) corresponds to criterion 6c  when the pair of alternatives 3A  and 503 

5A  is considered. For criterion 6c  a reduction of its current weight by 68.3% will make 3A  504 

the most preferred alternative, and 5A  will not be the best alternative any more.  505 

The PA critical criterion can be found by looking for the smallest relative l

jik ,,  value in 506 

the entire Fig. 9. Such smallest value is l

4,1,6 =7.5%, and it corresponds to criterion 6c  again. 507 

Therefore, the PA critical criterion is 6c . Finally, as Triantaphyllou (2000) mentioned, it is a 508 

coincidence that both definitions of the most critical criterion indicate the same criterion in 509 

this application.   510 

The criticality degrees and sensitivity coefficients of the six criteria were calculated by 511 

using Eqs 6 and 7 as shown in Table 6. As a result, the most sensitive decision criterion is 6c , 512 

followed by the criteria 5c , 1c , 4c , 3c  and 2c  in that order. Therefore, the ranking 513 

trajectories of five alternatives to criterion 6c  were derived as shown in Fig. 10. If 514 

127.06 c , 5A  is the most preferred. Since it is definitely certain that the cost component 515 

weighting value is over 0.127, 5A  will be the most preferred alternative in this application. 516 
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From Table 6 and Fig. 10, it can be seen that 5A  dominates over 
1A  and 

2A . That is, it is 517 

impossible to make alternatives 
1A  and 

2A  more preferred than alternative 5A  by 518 

changing the weights of the criteria.  519 

 520 

[Table 4] 521 

[Table 5] 522 

[Fig. 9] 523 

[Table 6] 524 

[Fig. 10] 525 

 526 

 527 

5. CONCLUSIONS 528 

Numerous studies have analyzed management plans by means of monitoring and 529 

hydrologic modelling (Tripathi et al., 2005; Abaci and Papanicolaou, 2009; Hess et al. 2010) , 530 

but few considered the impacts of both climate change and urbanization. This study derived 531 

the analysis results of five alternatives for integrated watershed management under 532 

urbanization and climate change scenarios. The climate change scenario was obtained by 533 

using the SDSM model, and the urbanization scenario by using the existing urban planning. 534 

The alternatives for the Anyangcheon watershed consist of reusing WWTP effluent and 535 

redeveloping the existing reservoir, construction of a small WWTP and use of groundwater 536 

collected by subway stations. The Flow and BOD conc. duration curves were derived using 537 

the HSPF model. 538 

Therefore, this study analyzed the differences of simulated results between with and 539 

without climate change impacts. In these analyses, it is assumed that land use change will 540 

come up with climate change. So, the climate change scenarios were projected to the planned 541 

land use scenarios by comparing the present climate and land use conditions with the 542 

forecasted climate change and planned land use change conditions. 543 

The results of this study show that the low flows (Q95) and BOD conc. (C10) are very 544 

sensitive to the alternatives. Although urbanization distorts the hydrological cycle, effective 545 

alternatives can reduce its damage. The climate change reduces the effect of the alternatives 546 

on low flow and water quality, while urbanization increases the effectiveness in general. Also 547 

climate change affects the effect of the alternatives on water quality more than on water 548 
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quantity, but urbanization causes the effect on low flow to increase. The impacts of A2 are 549 

greater than those of A1B. The numbers of days required to satisfy the target instream flow 550 

and BOD conc. are also sensitive to urbanization. In addition, the alternative having large 551 

improvements of hydrological cycles shows a larger decrease in the effectiveness of the 552 

alternatives because of the climate change and the urbanization. 553 

Finally, prioritization of water management options must include climate change and 554 

urbanization impacts since the anticipated effectiveness of all alternatives for watershed 555 

management, which was estimated at the design process, is more likely to be changed if 556 

climate change and urbanization are not considered. All the criteria were selected from 557 

DPSIR framework. Moreover, since the cost is a crucial management component for water 558 

resources, two scenarios of with and without cost were compared.  559 

An analysis of social and economic components, and uncertainty of weighting values and 560 

MCDM techniques for decision making revealed that the most sensitive decision criterion is 561 

cost, followed by the criteria response, driving force, impact, state and pressure in that order. 562 

Since it is definitely certain that the importance of cost component is over 0.127, Alt 5 is 563 

found to be the most preferred alternative in this application. These results led us to conclude 564 

that climate change and urbanization should be considered simultaneously in water resource 565 

management and planning. Lastly, the cost must be included in the real design along with the 566 

sensitivity analyses of weighting values of all criteria. 567 
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