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ABSTRACT

Water resources management requires policy enforcement in a changing environment. Climate change must be considered
in major watershed river restorations in Korea. The aim of river restorations is to provide better water resource control - now
and in the future. To aid in policy making in the government sector, “vulnerability-resilience indexes” (VRIs) with a Delphi
survey method have been adopted to provide a possible reference. The Delphi survey offers prioritized vulnerability proxy vari-
ables based on expert opinions regarding the changing environment in terms of climate change and river restorations. The VRIs
of watersheds were improved after river restorations, with the exception of some locations. However, when climate change was
taken into consideration in the analysis of conditions after the restorations were completed, the results showed that governments

need to provide better mitigation strategies to increase vulnerability resilience in the face of climate change.
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1. INTRODUCTION

To improve the current hazards in mitigation proce-
dure implementation, an enforced policy should be provid-
ed based on new criteria developed in response to climate
change (Fiissel and Klein 2006). A diverse approach should
be taken in the development of new mitigation criteria to
include historical, statistical and sociological factors.

A “vulnerability index” can act as a reference for policy
making and/or the evaluation of developing new criteria, be-
cause the practice of identifying and observing vulnerability
may provide an improved understanding of effective strate-
gies development for reducing hazards (Rygel et al. 2006).
The United Nations Development Programme (Lim et al.
2005) defined vulnerability as the probability of exposure to
shock and disturbance caused by disasters. Vulnerability has
also been defined as the degree of damage after considering
the ability to adapt to stresses, exposure and disturbances
caused by outside forces (Kasperson et al. 2002). The In-
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tergovernmental Panel on Climate Change (McCarthy et al.
2001) classified vulnerabilities conceptually into exposure,
sensitivity and adaptive capacity. Exposure and sensitivity
convey the degree of contact and response to climate haz-
ards. Adaptive capacity shows the capability for adjusting
to given changes in climate. If the sensitivity value is higher
than the adaptive capacity, vulnerabilities to climate change
are increased. In the investigation of vulnerability to climate
change, geographical, sociological, environmental and eco-
nomic elements need to be considered (Rothman and Robin-
son 1997; Fiissel and Klein 2006). Historical flood impacts,
such as casualties and property damage and the probability
of flooding associated with abnormal weather patterns can
have geographical and environmental impacts. Moss et al.
(2001) quantified vulnerability indices of climate change us-
ing proxy variables based on the conceptual classification of
vulnerabilities and resilience, such as exposure, sensitivity
and adaptive capacity to climate change. In their research,
the “vulnerability-resilience indicator prototype” (VRIP)
model was developed to collect climate change impacts
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on various sectors and populations and measure the future
consequences of climate change. Based on the VRIP model,
vulnerability-resilience indexes (VRIs) were generated to
measure the magnitude of aggregate climate change impacts
on the Korean Peninsula with an identical concept to the
VRIP model (Yoo and Kim 2008). Several studies focused
on the vulnerability attributable to climate change (Brooks
et al. 2005; Eriksen and Kelly 2007). Vulnerability indica-
tors were also applied to coastal (Balica et al. 2012) and ag-
ricultural areas (Iglesias et al. 1996; Fiissel and Klein 2006)
due to the impacts of climate change.

The Delphi survey method is a process that prioritizes
proxy variables by implying weights on each proxy variable
to present performance measures that accumulate data into
usable information. Each proxy variable can be applied to a
specific environment in a different way. The advantage of
using a Delphi survey is the ability to obtain a consensus of
expert opinions through a discussion process in an iterative
opinion-sharing manner with a given problem. A Delphi
survey was previously adopted to resolve water resource
conflicts (Taylor and Ryder 2003) and to set up criteria for
flood damage data collection (Elmer et al. 2010) and other
research fields, such as education (Wicklein 1993; Okoli
and Pawlowski 2004) and medicine (Kennedy 2004). Previ-
ously, Jung and Choi (2012) adopted a Delphi survey for
climate issues and proposed that this could be outstanding
means to develop more effective preparations to respond to
climate change. In their research, prioritized vulnerability
proxy variables for a small river basin were obtained and the
degree of consensus for each categorized questionnaire was
analyzed. However, after obtaining weights based on the
priorities of the expert opinions, obtained through a Delphi
survey, no real applications were performed.

The major purpose of this study was to investigate the
applicability of VRIs using the Delphi survey method to de-
liver the strength of resilience of vulnerabilities attributed
to changes in the environment, such as climate change and
river restorations in major watersheds. VRIs based on proxy
variables, prioritized through Delphi surveys, could be a
valuable reference for the policy decision-making process.

2. CLIMATE CHANGE AND RIVER
RESTORATIONS

In this study two major changes (climate change and
river restorations in major watersheds) were considered to
measure the vulnerabilities of the Korean peninsula. Cli-
mate change is an unavoidable issue for water resources.
The Parry et al. (2007) reported that human activities gener-
ated more than 70% of total greenhouse gases during the
34 years between 1970 - 2004. These greenhouse gases can
cause increases in air temperature, melt water, and sea level,
and as a consequence, more convection around the equator,
which induces more rainfall and unexpected storms. Based
on these influences, the Korean government has performed
river restorations for major watersheds to help enforce water
security, flood control, and ecosystem vitality. The Korean
peninsula consists of major watersheds along major rivers
(the Han, Nakdong, Geum, and Youngsan Rivers; Fig. 1).

3. VULNERABILITY AND DELPHI SURVEY
METHOD

Based on Moss et al. (2001), an additional class of
vulnerability on climate change was added in this research.
In addition, the proxy variables generated by Moss et al.
(2001) were modified to make them applicable to the con-
text of the Korean Peninsula with respect to the hydrological
and sociological impacts on life. All proxy variables catego-
rized by the three classes required normalization because
the proxy variables had diverse units. The dimension index
methods used in UNDP (2006) were applied for normaliza-
tion. Proxy variables in each category may have different
impacts on a specific condition; thus, the Delphi survey is
used as a prioritizing function to provide specific informa-
tion on different conditions.

The procedure to develop VRIs was as follows: (1) gen-
erate normalized proxy variables, (2) apply weights based
on the priorities in terms of dependency on climate change,
(3) calculate total values in each category, and (4) produce
the VRIs. Equation (1) presents the dimension index with
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Fig. 1. The four major watersheds of the Korean Peninsula.
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normalization and Egs. (2), (3), and (5) show the weighted
scores for each sector for VRIs. Potential impact score Eq.
(4) presents the negative influence on VRIs Eq. (6).
Dimension index:

xi' - x'min
= (1)

xjmax - xjmin

Exposure score:

M~

. (W; X yy)
Exposure Score; = =—— )
(W)
Sensitivity score:
Z (W; X y;)
Sensitiviity Score, = -=—— 3)
(W)
Potential impact score:
Potential Impact Score; = 4
(Exposure Score; + Sensitivity Score;)/2 @
Adaptation score:
. (W; Xy
Adaptation Score; = =—— (5)
(W)

Vulnerability-resilience index (VRI):
VRI, = (Adaptation Score; - Potential Impact Score;)/2 (6)

where

y;: normalized j™ proxy variable at i" grid.

x;: j™ proxy variable at i grid.

Xjmax: @ maximum value from all grids of j* proxy variable.
Xjmin: @ minimum value from all grids of j* proxy variable.
W;: weight for j* proxy variable.

I: total number of proxy variables in Exposure.

m: total number of proxy variables in Sensitivity.

n: total number of proxy variables in Adaptation.

The proxy variables in Table 1 were selected from
previous studies (Jung and Choi 2012), and classified into
three categories based on the size of the impact and data
availability (exposure, sensitivity, and adaptive capacity).
The first and second items for exposure were obtained from
historical records from the Korea Meteorological Adminis-
tration (KMA). The number of days with > 150 mm rainfall

over a period of 30 years (1981 - 2010) were counted at
each rainfall observation location and the average number
of dates over 30 years were kriged to obtain grid data. Ordi-
nary kriging with an exponential model embedded in Arc-
GIS was used for the kriging process. Property and popula-
tion densities were obtained from annual statistical reports
on real estate and population, respectively. The purpose
of selecting the item ‘People over 61 years and less than
15 years’ was that these people have limitations in handling
the difficulties caused by heavy rainfall. For sensitivity,
geographical and historical items were major components.
Geographical information, such as river length and town
area, was obtained from the Water Management Informa-
tion System (WAMIS) of the Korean government. Histori-
cal flood damage amounts were obtained from annual disas-
ter reports from 1994 - 2010. The slopes of watersheds were
taken directly from the 1 x 1 km digital elevation model
generated in 2000. Adaptive capacity describes the capa-
bility for adaptation to changes in the environment caused
by climate change. Most of the variables were from annual
governmental statistical reports with the exception of ‘Pre-
vention results of local government’ and ‘Hazard mitigation
system,” which were from survey reports from the National
Emergency Management Agency.

Diverse climate change scenarios, including A2, A1B,
and B1, were adopted and assembled for this study to evalu-
ate future vulnerability to climate change. For the genera-
tion of future scenarios, future population, economic sta-
tus, governance, social values and changes in technology
were considered. We selected the CNCM3 model from the
24 Global Circulation Models (GCMs) created by the IPCC
Data Distribution Center (DDC), because this model has
been suggested to be the most appropriate model for the
Korean peninsula (Kyoung 2010).

A Delphi survey was used as a prioritizing function to
give different weights to proxy variables. A Delphi survey
is an iterative survey method that shares participants’ opin-
ions anonymously. Participants can thus recognize priori-
ties that they did not previously consider. All participants
are experts on the given subject. Through a Delphi survey,
some agreement in expert opinion of the given problem can
be expected using the iterative opinion sharing system.

4. RESULTS AND DISCUSSION
4.1 Delphi Survey

For this study, two Delphi surveys were performed, on
12 January and 15 March 2012, with 2-week time periods for
each. The 26 selected experts were researchers with either
a master’s or a Ph.D. degree in water resources who were
working at research institutes. Figure 2 shows the weights
of each proxy variable from the first and second Delphi sur-
veys. The sum of total weights for each classification is one.
In the Delphi survey completion process experts expressed
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their own opinions based on their own criteria and provided
weights for each proxy variable. For exposure, the first proxy
variable, the number of dates with over 150 mm rainfall per
day obtained the maximum weight with minimum changes
through the Delphi survey. The weight of population density
in exposure was decreased substantially compared with the
other proxy values. Based on the experts’ opinions, sl (river
length) had a minimum weight because river length will
be minimally affected by restorations of major watersheds
and/or climate change. The weights of other proxy vari-
ables of sensitivity were distributed around 0.15, with slight
changes in the given weights from the two Delphi surveys.

Adaptive capacity had large differences in weight between
proxy variables. A4 (number of government employees) and
A6 (hazard mitigation system) had minimum and maximum
weights for adaptive capacity, respectively.

The size of variance shown in Fig. 3 may indicate the
priority of a given proxy variable. When the variance size
is smaller than those of other variables, this proxy variable
can have a higher weight for the given criteria (changing
environment impacts) because all experts think this proxy
variable may have a higher influence on vulnerability
attributable to climate change. Exposure 1 (number of dates
with over 150 mm rainfall per day), Sensitivity 4 (town area

Table 1. Categorized proxy variables used in the VRI.

Classification Proxy Variables
1 | Number of days over 150 mm rainfall per day (days)
2 | Daily rainfall probability of 100 years storm (mm)
Exposure 3 | Property density ($ m?)
4 | Number of people over 61 and less than 15 years old (persons)
5 | Population density (persons km?)
1 | River length (km)
2 | Water level changes at the connection of main stream and tributaries (km? or m?)
3 | Effective area of backwater from newly installed dams (km? or m?)
Sensitivity 4 | Town area near river (m?)
5 | Area rate of un-refurbished area (%)
6 | Historical flood damage amount ($)
7 | Slope of watershed (%)
1 | Sewer ratio (%)
2 | Prevention results of local governments (%)
3 | Financial independence (%)
Adaptive Capacity
4 | Number of government employees (persons)
5 | Number of hospital per million people (hospitals/million persons)
6 | Hazard mitigation system (%)
0.3
1%t Round M 2" Round
0.25-
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Fig. 2. Averaged weights of the proxy variables from the Delphi survey (E: exposure, S: sensitivity, A: adaptive capacity).
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Sensitivity STDEV
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near river) and Adaptive Capacity 6 (hazard mitigation sys-
tem) had the maximum weights, with minimal variances of
0.63,0.42, and 0.45, respectively. On the other hand, river
length in Sensitivity 1 and the number of government em-
ployees in Adaptive Capacity 4 had the lowest weights in
both surveys, and both categories had the highest variances.

Table 2 displays the list of ranks for each class from the
two Delphi surveys. To validate the central tendency of rank
variance for an individual proxy variable and opinion concur-
rence of participants’ significant rankings in the decision, rank
variance (D*) and Kendall’s W were used, respectively, as
described by Jung and Choi (2012). Exposure 2 (daily rainfall
probability of a 100-year storm) showed the highest increase
in rank variance in this category. Exposures 1, 3, and 4 had
slightly increased rank variances, too. Conversely, reduced
rank variance was found in Exposure 5 (population density).

The most sensitive proxy variables displayed a re-
duced central tendency in rank variances with the excep-
tion of Sensitivities 4 and 5. Thus, no opinion consensus
was achieved for sensitivity from these two iterations, as
indicated by the reduced Kendall’s W. Proxy variables for
the adaptive characteristic of resilience indicators provided
more than moderate agreement for both Delphi surveys with
a fair confidence in rankings. Exposure showed an increased
W score, from 0.29 - 0.39. Based on these results, prioritized
proxy variables with a given weight were finalized to create
a vulnerability-resilience index.

4.2 Vulnerability-Resilience Index

After obtaining weights for the proxy variables, VRIs
were generated based on the following four cases: case 1,
previous situation (no restorations, no climate change);
case 2, restorations without climate change (restorations, no
climate change); case 3, no restorations with climate change
(no restorations, climate change); case 4, both (restorations,
climate change).

Figures 4a - d show the VRIs for each grid (1 x 1 km)
with a scale of -0.4 to +0.4. If a VRI is close to -0.4, this
means the location has minimum resilience to environmen-
tal changes caused by climate change. Dark lines represent

Exposure_STDEV

Adaptive Capacity STDEV

==<=< 2nd Round Q4
Fig. 3. Variances in responses to each questionnaire for the first and second Delphi surveys.

the main stream of the river. In the case of no consideration
for restorations or climate change (case 1), the four distin-
guished sectors showed minimum vulnerability resilience
(red and orange colors). For case 2, minor changes in VRIs
were seen in any of the locations after restorations of the
major watersheds. When we considered climate change
(case 3), points along the upper stream in the southern area
became worse, as shown by the increase in the number of
red grids, and some grids changed from yellow (0 to -0.05)
to orange (-0.05 to -0.10). An increase in the number of
yellow grids in the northern region appeared after climate
change was considered. To compensate for the influences of
climate change, restorations of the major watersheds were
included in the evaluation (case 4). The VRI grids for case 4
show that no substantial change was found when compared
with the VRIs for case 3. Subtractions of the VRIs between
the two conditions are shown in Figs. 4e - g.

Figures 4e - g show the VRI differences between cas-
es 2 and 1, cases 3 and 1, and cases 4 and 1, respectively.
As shown in Fig. 4e, VRIs were improved, except in some
isolated locations along the main stream, plotted in red.
The locations with worsened VRIs had a higher sensitiv-
ity watershed slope. Northern parts of the upstream area
showed substantial improvement in VRIs, shown in dark
green. Most of the area showed minimal influences from
the restorations of the major watersheds (light green color).
Downstream areas on the east and west sides in the southern
part of Nakdong River showed VRI improvement. When
only climate change was considered, without restorations,
as shown in Fig. 4f, some areas near the main stream of
the river worsened. The center of the southern part of the
Nakdong River basin showed the worst VRI distribution,
shown in red. The upstream starting point showed substan-
tial changes in VRIs. All of the watershed was influenced
substantially by climate change. Considering both condi-
tions shown in Fig. 4g, the restorations did not seem strong
enough to overcome or reduce the vulnerabilities caused by
climate change. However, the central upstream area showed
improvements in VRIs, as shown by the green spots.

Figures 5a - d show the VRISs of various factors in the
Han River basin. Without considering climate change or the
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restorations (case 1), the southeast part of the Han River ba-
sin had minimal VRIs, with orange grids and some red grid
points. This location was not substantially impacted by the
restorations of the major watersheds because the location of
this area is a small distance from the main stream of the Han
River. When considering the effects of restorations (case 2),
the VRIs at each grid showed minor differences from
case 1. Case 3 showed considerable changes, with darker
to lighter greens and more yellow areas, as seen in the case
of the Nakdong River basin. The VRIs for case 4 were very
close to those of case 3. That is, the restorations of the major
watersheds might require enforced or improved policies to
overcome the climate effects.

Figure 5e shows a slight improvement in VRIs caused
by the restorations with darker green areas in the middle of
the main stream of the Han River. For hazard mitigation
some grid points, shown in red, near the improved VRI ar-
eas will require more consideration to minimize the damage

from climate hazards even after the restorations. The major
watershed restorations decreased vulnerabilities under cur-
rent conditions; however, with climate change, these resto-
rations did not show any significant impacts on the Nakdong
River basin in terms of vulnerabilities (Fig. 5g).

The Geum River basin showed more vulnerable areas,
showing red grids after considering climate change, indicat-
ing that these regions still require more attention in terms of
hazard mitigation. As seen in Fig. 6b, essential VRI improve-
ments did not appear in the Han River after the restorations
were completed. That is, these restorations will not produce
results in terms of flood mitigation, even in the current envi-
ronment. After including climate change the number of high-
ly vulnerable locations increased, as shown by the red grids
located in the upper east and lower west side. Worsened areas
can also be seen, with their colors changing from green to yel-
low in the southern and upper middle regions. The final gener-
ation of the VRI map, considering both conditions, displayed

Table 2. List of ranks for exposure, sensitivity, and adaptive capacity in the first and

second Delphi Surveys.

Round 1 Round 2
Issue number
Mean Rank D? Mean Rank D?
1 1.40 2.56 1.33 2.78
2 2.60 0.16 2.13 0.75
3 3.00 0.00 2.80 0.04
Exposure 4 3.13 0.02 347 0.22
5 2.60 0.16 3.28 0.07
.......... TOtals 1273 A 1300 et
B
0.29 0.39
1 4.73 0.54 433 0.11
2 2.07 3.74 2.27 3.00
3 2.60 1.96 340 0.36
4 2.60 1.96 2.33 2.78
Sensitivity 5 393 0.00 3.87 0.02
6 3.20 0.64 413 0.02
7 307 0.87 3.07 0.87
.......... Tma]q 2220 AN 2340 et
B
0.32 0.22
1 3.00 0.25 2.87 0.40
2 2.13 1.87 2.27 1.52
3 3.07 0.19 3.07 0.19
4 4.60 1.21 453 1.07
Adaptive Capacity 5 3.67 0.03 413 0.40
6 1.13 5.60 1.20 5.29
.......... TOtalS 1760 A 1807 e
B
0.52 0.51
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Fig. 4. Vulnerability-resilience index map of the Nakdong River basin for the four cases (a - d): case 1 (w/o restorations, w/o climate change), case 2
(w/ restorations, w/o climate change), case 3 (w/o restorations, w/ climate change), and case 4 (w/ restorations, w/ climate change), and VRI changes
based on the status of the Nakdong River basin (e - g).
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Fig. 5. Vulnerability-resilience index map of the Han River basin for the four cases (a - d): case 1 (w/o restorations, w/o climate change), case 2
(w/ restorations, w/o climate change), case 3 (w/o restorations, w/ climate change), and case 4 (w/ restorations, w/ climate change), and VRI changes
based on the status of the Han River basin (e - g).
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Fig. 6. Vulnerability-resilience index map of the Geum River basin for the four cases (a - d): case 1 (w/o restorations, w/o climate change), case 2
(w/ restorations, w/o climate change), case 3 (w/o restorations, w/ climate change), and case 4 (w/ restorations, w/ climate change), and VRI changes
based on the status of the Geum River basin (e - g).
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a mixture of worsened vulnerabilities. Figures 6e - g show re- restorations, even including the main stream area.
sults similar to those found based on the maps in Figs. 6a - d. For the Youngsan River basin region (Fig. 7a), cur-
The restorations had positive impacts around the main river rent vulnerable resilience without the inclusion of either
stream, as seen in Fig. 6e. However, Fig. 6g shows the worst condition was low compared with the other river basins.
conditions in terms of the VRIs of all grid points after the However, even after river restorations were completed,
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Fig. 7. Vulnerability-resilience index map of the Youngsan River basin for the four cases (a - d): case 1 (w/o restorations, w/o climate change), case 2
(w/ restorations, w/o climate change), case 3 (w/o restorations, w/ climate change), and case 4 (w/ restorations, w/ climate change); and VRI changes
based on the status of the Youngsan River basin (e - g).
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vulnerable resilience did not notably improve. As shown in
Fig. 7e, some grids around the main stream flow of the left
river for the most part improved in vulnerable resilience
with the inclusion of climate change. When climate change
is included, the grids around the main stream were substan-
tially influenced in terms of the VRIs. Additionally, nearly
all of the grids worsened, with minimized VRIs after the
inclusion of climate change.

5. CONCLUDING REMARKS

Diverse changes in water resources are happening (e.g.,
increasing or decreasing precipitation and stream flow),
which can be attributed to changing temperatures and cli-
mate. Based on these changes, central and local governments
need to recognize the current and future status of water re-
sources in controlling and fulfilling water demands. For the
Korean peninsula, two major factors, climate change and the
restoration of major watersheds need to be evaluated to in-
crease adaptation capability. This study implemented VRIs
using Delphi survey applications for weighting factors on
proxy variables based on the opinions of water resources ex-
perts. The VRIs were categorized into three sectors - climate
exposure, sensitivity, and adaptive capacity - and evaluated
for two different conditions. In the Delphi survey, 46% of
the experts (12/26) participated, reaching a consensus was
based on increased Kendall’s W for exposure. VRIs based
on the current environment including consideration of the
major watershed restorations presented a positive impact on
vulnerability resilience around the main stream area. When
including climate change, however, the effects of the resto-
rations were minimized and the impacts of climate change
were seen over the entire watershed area. Central and/or lo-
cal governments should be required to investigate several
factors besides the main stream flow because, even after
the restorations were completed, vulnerable resilience was
seen to decrease. To increase the vulnerability resilience,
enforced adaptive capacity (e.g., a highly ranked proxy vari-
able: a hazard mitigation system) should be provided. The
Youngsan River basin in particular showed the limitations of
vulnerable resilience under current conditions, meaning that
the vulnerable resilience of this region still needs to be im-
proved. With regard to acting as a policy reference, the VRIs
show potential to act as helpful scientific evidence with the
function of weighting factors from the Delphi surveys.
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