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Abstract: The change in the impervious-pervious balance has significantly altered the stream water
quality, and thus the threshold of the impervious surface area in the watershed has been an active
research topic for many years. The objective of this study is to verify the correlation between
impervious surfaces and water quality and to determine the threshold of the percentage of the
impervious surface area (PISA) for diagnosing the severity of future stream water quality problems in
the watershed as well as regulating the PISA in Korea. Statistical results indicated that the PISA is a
suitable indicator of water quality at the watershed scale and can illustrate the water quality problems
caused by the impervious surface. In addition, the results from this study suggest that controlling
the PISA within about 10% in watersheds is a fundamental strategy to mitigate the degradation of
water quality.

Keywords: Han River Basin; impervious surface area; receiver-operating characteristic analysis;
urbanization; Youden index

1. Introduction

Urbanization has led to the increase of impervious surfaces including roads, parking lots,
sidewalks, roof tops, and other impermeable areas, resulting in the decrease of surfaces that can
contribute to clean stormwater [1]. Impervious surfaces prevent rainfall from infiltrating into soil and
ground water, which in turn increases the runoff to streams, and subsequently cause specific changes in
the hydrology, habitat structure, water quality, and biodiversity of aquatic systems [2–7]. In particular,
urban stormwater runoff has been regarded as a key contributor to water quality impairments as it
flows across impervious areas, collecting and accumulating the detrimental pollutants [5,6].

The percentage of the impervious surface area (PISA), which is defined as the ratio of impervious
surface area to the total surface area of the watershed, has for many years been regarded as one
of the useful indicators to measure the impacts of land development on watershed environment.
In addition, watershed managers, water quality regulators, economists, and stream ecologists are
strongly interested in the relationship between the PISA and various indicators and the threshold
of the PISA to prevent the adverse effects caused by the increased impervious area [8]. The PISA at
which degradation of water quality begins is varied. Klein [9] suggested that the initial threshold of
degradation of stream water quality was approximately 15%. Schueler [10] reported that the threshold
was 10%–20%. Holland et al. [11] also reported that the adverse changes in physical, sediment, and
water quality variables could be detected at 10% to 20%.

Although several studies have been done to define impervious area thresholds for water quality
degradation, the chemical responses such as water quality parameters in relation to impervious
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surfaces in the watershed may vary depending on regional conditions [1]. The stream quality is a
combination of the physical, chemical and biological health of a stream. The choice among the different
types of stream quality depends on the concerns of the watershed planner, stream quality regulator, and
policymakers in regions or countries. This may lead to the different PISA thresholds. In general, the
thresholds for biotic measures including fish and macro invertebrate diversity and abundance ranged
from 3.6% to 15%, while the chemical water quality tended to have higher impact levels with thresholds
ranging from 7.5% to 50% [1]. In addition, the water quality standards to maintain the stream quality
differ between countries, resulting in change in the thresholds. It is thus necessary to analyze the
chemical responses under the regional conditions in a specific area in order to effectively develop the
various strategies for minimizing the water quality degrading effects in a specific region. According to
a recent research [12], the PISA in Korea increased from 3.0% in 1970 to 6.9% in 2010. In particular,
certain areas including Seoul exceeded 50%. However, policymakers and watershed managers are
experiencing difficulties in regulating land use in the watershed due to the lack of quantitative analyses
of the PISA threshold in relation to water quality parameters. In addition, most current studies depend
on observation of the relationship, not a quantitative threshold method [7]. Therefore, the purposes of
this study are to assess the relationship between the PISA and the water quality by correlation and
regression analyses and to determine the threshold of the PISA for diagnosing the severity of future
stream water quality problems in the watershed as well as regulating the PISA in Korea using the
diagnostic index-based test.

2. Materials and Methods

2.1. Study Area

This study was focused on the Han River Basin (HRB), which is located in the central part of
the Korean Peninsula (Figure 1). The HRB is the largest river basin in South Korea, covering nearly
32,000 km2. The average annual precipitation in the HRB is about 1300 mm; approximately 70% of
the annual precipitation is concentrated in the summer season (June–September) [13]. The North
and South Han Rivers in the HRB are the major sources of drinking water for more than 24 million
people including the residents of the densely populated Seoul metropolitan area. As land development
pressure continues in the suburban areas in Seoul and its outskirts, the urban area is expected to be
gradually expanded. Since urbanization leads to the increase in impervious surface areas, it is likely to
cause a change in water quality in the watershed.

2.2. Selection of Sub-Watershed

Schueler et al. [8] demonstrated that the impervious cover model (ICM) based on the relationship
between imperviousness and stream quality could not work well in sub-watersheds with major point
sources of pollutant discharge, or extensive impoundments or dams located within the stream network.
Therefore, in this study, the sub-watersheds with extensive impoundment or dams located within the
stream network were excluded. The sub-watershed including the water quality monitoring station
which is located in within 1 km from major point sources of pollutant discharge such as the wastewater
treatment plant was also excluded to minimize the effect of major point sources on water quality
observed from the monitoring stations. Among the sub-watersheds, 47 sub-watersheds were finally
chosen for analysis in this study (Figure 1).
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Figure 1. Location of the Han River Basin and water quality monitoring stations. 

2.3. Impervious Surface Analysis 

The data from the impervious surface analysis conducted by the Ministry of Environment (MOE) 
and Korea Environment Corporation (KECO) in 2013 [12] were used to analyze the impervious 
surface in each sub-watershed. In their study, the impervious surface area was extracted by 
overlapping the digital topographic map, digital cadastral map, and land use zoning map. The digital 
topographic map is designed to be used as a reference for policymaking, education and tourism, and 
it accurately portrays the various information of the Korean national territories including locations, 
geographical features, railways, streams, buildings, tributaries, institutions, topography, 
transportation networks, and administrative districts. Therefore, the digital topographic map is often 
utilized as a national fundamental map in various businesses including land management, urban 
information systems for the local government, and navigation of private sectors. In the digital 
topographic map, the roads, buildings, parking lots, and gas stations were defined as the impervious 
surface. The digital cadastral map provides information on location and land use category, and 
cadastral boundary of each land parcel. In the digital cadastral map, the roads, factories, parking lots, 
gas stations, and storehouses were classified as the impervious surface. The land use zoning map was 
produced to support the zoning regulation which regulates various aspects of how land can be used. 
In the land use zoning map, the residential, commercial, and industrial areas were defined as the 
impervious surface. Although all three maps provide the land use category, the land use was 
differently classified because each map was made for a different purpose. Therefore, the extracted 
impervious surface area generated by overlapping three maps could have relatively enhanced the 
accuracy of the impervious area estimation. 

2.4. Water Quality Data 

In this study, water quality parameters including biochemical oxygen demand (BOD), chemical 
oxygen demand (COD), total organic carbon (TOC), and total phosphorus (T-P) were used to 
represent the stream water quality. Water quality parameters were monitored and analyzed on a 

Figure 1. Location of the Han River Basin and water quality monitoring stations.

2.3. Impervious Surface Analysis

The data from the impervious surface analysis conducted by the Ministry of Environment (MOE)
and Korea Environment Corporation (KECO) in 2013 [12] were used to analyze the impervious surface
in each sub-watershed. In their study, the impervious surface area was extracted by overlapping the
digital topographic map, digital cadastral map, and land use zoning map. The digital topographic
map is designed to be used as a reference for policymaking, education and tourism, and it accurately
portrays the various information of the Korean national territories including locations, geographical
features, railways, streams, buildings, tributaries, institutions, topography, transportation networks,
and administrative districts. Therefore, the digital topographic map is often utilized as a national
fundamental map in various businesses including land management, urban information systems for
the local government, and navigation of private sectors. In the digital topographic map, the roads,
buildings, parking lots, and gas stations were defined as the impervious surface. The digital cadastral
map provides information on location and land use category, and cadastral boundary of each land
parcel. In the digital cadastral map, the roads, factories, parking lots, gas stations, and storehouses were
classified as the impervious surface. The land use zoning map was produced to support the zoning
regulation which regulates various aspects of how land can be used. In the land use zoning map, the
residential, commercial, and industrial areas were defined as the impervious surface. Although all
three maps provide the land use category, the land use was differently classified because each map
was made for a different purpose. Therefore, the extracted impervious surface area generated by
overlapping three maps could have relatively enhanced the accuracy of the impervious area estimation.

2.4. Water Quality Data

In this study, water quality parameters including biochemical oxygen demand (BOD), chemical
oxygen demand (COD), total organic carbon (TOC), and total phosphorus (T-P) were used to represent
the stream water quality. Water quality parameters were monitored and analyzed on a monthly basis
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at the watershed outlet by the National Institute of Environmental Research (NIER). The water quality
data were collected from 2009 to 2013, and the five-year (2009–2013) average values for each water
quality parameter were used as representative values for each water quality station.

2.5. Relationship between PISA and Water Quality

To evaluate the relationship between stream water quality and PISA in the study area, the
five-year average values and PISA values were retrieved from 47 water quality monitoring stations
and corresponding sub-watersheds, respectively (Figure 1). The area of the sub-watersheds ranges
from 77.2 to 1730.3 km2, while the PISA of those ranges from 1.1% to 52.9%. A simple linear regression
analysis was conducted to quantify the relationship between PISA and water quality including BOD,
COD, TOC, and T-P. All statistical analyses were conducted using the computer package Sigmaplot 10.0
(Systat Software Inc, Chicago, IL, USA). A p-value < 0.001 was considered statistically significant.

2.6. Threshold of PISA

In this study, the threshold of PISA was used to represent the point at which the water quality
abruptly degrades in relation to PISA. The receiver operating characteristics (ROC) curve analysis was
performed to evaluate the accuracy of the PISA index and determine the threshold of PISA. The ROC
curve analysis has been frequently applied to evaluate diagnostic index-based tests and to identify the
decision threshold or cut-off value [14–16]. The ROC curve shows how the true-positive proportion
(sensitivity) on the Y-axis changes in relation to the false-positive proportion (1-specificity) on the
X-axis, as the decision criterion (or cut point) is varied [17]. The area under the ROC curve (AUC)
approximates the proportion of correct predictions. The AUC value ranges between 0 and 1 since its
value is a portion of the area of the unit square. The higher values of the AUC indicate better test
performance. Generally, the values of the AUC between 0.50 and 0.70 represent low accuracy (useless
data), whereas higher values (between 0.70 and 0.90) represent high accuracy (useful data) [14]. The
Youden index (J), a function of sensitivity and specificity, is often used in conjunction with the ROC
curve analysis as a commonly used measure of overall diagnostic effectiveness [18]. The Youden index
provides a criterion for choosing the optimal threshold value. The Youden index is defined by:

Youden index pJq “ maximum tsensitivitypcq ` specificitypcq´ 1u (1)

over all cut-off value(c). The Youden index ranges between 0 and 1, where values close to 1 indicate
that the diagnostic effectiveness is relatively large and values close to 0 indicate that the effectiveness
is limited [18]. In this study, the ROC curve analysis for the selection of cut-off values was performed
using the Sigmaplot 10.0.

In Korea, the water quality standards define seven water quality classes for stream management.
Class II indicates that the water quality is suitable for swimming and drinking after general treatment
including filtration, deposition, and sterilization. Class II water is considered to be not polluted: the
regulation levels of BOD, COD, TOC, and T-P are 3.0, 5.0, 4.0, and 0.10 mg/L, respectively. In this
study, the water quality levels for Class II water were used to determine the PISA threshold value.
The threshold value indicates that the water quality dropped below Class II due to the change in
impervious surface area of the sub-watershed.

3. Results and Discussion

3.1. Relationship between PISA and Water Quality

The linear regression analysis and corresponding coefficient of determination (R2) indicated that
there were statistically significant relationships between the PISA and average concentrations of BOD
(R2 = 0.819, p < 0.0001), COD (R2 = 0.743, p < 0.0001), TOC (R2 = 0.442, p < 0.0001), and T-P (R2 = 0.562,
p < 0.0001) (Figure 2). Since this study sampled the full range of possible PISAs within the HRB,



Water 2016, 8, 111 5 of 9

not focusing on urbanizing sub-watersheds, the great concentration of sampling points was distributed
near the origin of the axes as shown in Figure 2. This can affect the coefficient of determination as
well as the relationship. However, the results with the full range of possible PISA values can help the
watershed planner and policymakers understand the relationship between the PISA and water quality
in the watershed as this study showed the effects of the change in the impervious-pervious surface
balance in the watershed on water quality.
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Among the sub-watersheds, some sub-watersheds had better or worse water quality than
expected, given their level of PISA, as shown in Figure 2. To examine why this is the case, these
sub-watersheds were further examined. In the case of sub-watersheds where the PISA values ranged
from 10% to 15%, the impervious surface area including commercial and residential areas was
extensively distributed within a closer proximity to the monitoring station. The impervious surface
location within the watershed along the stream course may contribute to stream health. Generally,
downstream disturbances will create more concentrated impacts, while upstream impacts will create
disturbances over more stream miles [1]. In addition, the sewer systems for urban drainage were
totally not provided in urban areas, leading to water quality degradation. The placement of impervious
surface area and lack of sewer systems are likely the primary reasons why these sub-watersheds have
worse water quality, given their PISA levels, compared to the other sub-watersheds. The sub-watershed,
at which the T-P was 1.6 mg/L, has agricultural land which contributes the most nutrients. This can be
one of the primary reasons why the concentration of T-P at this sub-watershed was relatively higher
than other sub-watersheds, given the PISA level. In the sub-watershed, where the PISA value was
about 22%, the concentrations of COD and TOC were 10.2 and 11.5 mg/L, respectively. Given the PISA
level, the concentrations of COD and TOC were higher in comparison to the other sub-watersheds. The



Water 2016, 8, 111 6 of 9

small-scaled industrial wastewater treatment plant is located about 10 km away from the monitoring
station in this sub-watershed, which could result in the increase in concentrations of COD and TOC.
On the other hand, some sub-watersheds had better water quality than expected, given their level of
PISA ranging from 40% to 50%. In these sub-watersheds, for improving the stream health, projects
including stream restoration and sewer system rehabilitation projects have been implemented, leading
to the improvement in the water quality.

Although the water quality was influenced by other factors including the impervious surface
location within the watershed, the program for improving the stream health, surrounding land use,
and the point sources of pollutant discharge, the general trend in the relationship between the PISA
and water quality indicated that the PISA considerably impacted the water quality parameters in HRB.

3.2. PISA Threshold

The ROC curves plotted for BOD, COD, TOC, and T-P are presented and the values of the AUCs
for BOD, COD, TOC, and T-P were 0.95, 0.97, 0.95, and 0.95, respectively (Figure 3). This result
indicated that the PISA is a useful indicator to discriminate two opposite categories of “good (better
than Class II of the water quality standard)” and “polluted (worse than Class II of the water quality
standard)” since all the AUC values were more than 0.95. The threshold value of the PISA at which
the degradation of water quality starts was determined as the point with the highest Youden index.
The threshold values of the PISA for BOD, COD, TOC, and T-P were all 9.80% (Figure 4). This result
indicates that controlling the PISA to be under 9.8% can be a fundamental strategy to satisfy the
water quality standards for Class II which is the target of the Korean government’s water quality
management. The study by Liu et al. [7] showed that the PISA thresholds for BOD (4 mg/L), COD
(6 mg/L), and T-P (0.2 mg/L) were 33.4%, 41.9%, and 38.9%, respectively. The threshold values in
their study were higher than those in this study. This difference in thresholds may be attributed to a
number of factors including the placement of impervious surface area, runoff characteristics among
different types of impervious and pervious surface areas, stream characteristics, and surrounding land
use. In Korea, residential and commercial areas are densely mixed over the city. In particular, most of
the impervious surface areas including those areas are located close to the stream without buffer zones.
The distance between the impervious cover and stream channel may be one of the primary reasons
causing the difference in thresholds because the placement of the impervious surface area determines
a lot of changes in stream functioning including the speed with which flow enters the stream and the
possible absorption by pervious surface areas [1].

Many previous studies have found that the stream quality starts to be impacted and degraded
when the PISA value of a watershed is between 7% and 20% [8,11]. The results in this study correspond
to the results of the previous studies. Therefore, Class II as the target for water quality management
might be effective for controlling stream health. However, since many other studies considering
biotic water quality indicators, including fish and micro invertebrate diversity and abundance,
showed much lower thresholds than the impact threshold from this study, which only used abiotic
measurements, there needs to be a more careful regulation or management to assure the health of the
water environment [1,8].
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4. Conclusions

In this study, correlation and regression analyses were conducted to assess the relationship
between the PISA and the water quality parameters including BOD, COD, TOC, and T-P. In addition,
the threshold of the PISA for diagnosing future stream water quality problems with the expansion
of impervious surfaces in the watershed was suggested. The results indicated that the PISA can
be an appropriate indicator for water quality at the watershed scale since significant positive linear
relationships were found between the PISA and the average concentrations of BOD, COD, TOC, and
T-P. In addition, the results of the ROC curve analysis indicated that controlling the PISA within about
10% in watersheds is a fundamental strategy to prevent the degradation of water quality.

Since stream water quality in the watershed is influenced by many factors such as meteorological
conditions and anthropogenic activities, only considering the PISA value cannot perfectly represent
the status of stream water quality within the watershed. However, this study demonstrated that the
PISA can potentially serve as one of the important indicators to help determine the status of stream
water quality. In particular, the threshold method described in this study can be useful in assessing
how the change in impervious surface area impacts the water quality of the stream in the watersheds
where agricultural and forested lands are rapidly converted into urban land uses including roads,
parking lots, sidewalks, and roof tops with urbanization.
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