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Abstract: Evaluating land and runoff variations caused by urbanization is crucial to ensure the
safety of people living in highly developed areas. Based on spatial scales, runoff analysis involves
different methods associated with the interpretation of land cover and land use, the application of
hydrological models, and the consideration of flood mitigation measures. Most studies have focused
on analyzing the phenomenon on a certain scale by using a single data source and a specific model
without discussing mutual influences. In this study, the runoff changes caused by urbanization are
assessed and cross-analyzed on three sizes of study areas in the Zhuoshui River Basin in Taiwan,
including basin (large), watershed (medium), and city (small) scales. The results demonstrate that, on
the basin scale, land-cover changes interpreted from satellite images are very helpful for identifying
the watersheds with urbanization hotspots that might have larger runoff outputs. However, on
the watershed scale, the resolution of the land-cover data is too low, and land-cover data should
be replaced by investigated land-use data for sophisticated hydrological modeling. The mixed
usage of land-cover and land-use data is not recommended because large discrepancies occur when
determining hydrological parameters for runoff simulation. According to present and future land-use
scenarios, the influence of urbanization on runoff is simulated by HEC-1 and SWMM on watershed
and city scales, respectively. The results of both models are in agreement and show that runoff
peaks will obviously increase as a result of urbanization from 2008 to 2030. For low return periods,
the increase in runoff as a result of urbanization is more significant and the city’s contribution to
runoff is much larger than its area. Through statistical regression, the watershed runoff simulated by
HEC-1 can be perfectly predicted by the city runoff simulated by SWMM in combination with other
land /rainfall parameters. On the city scale, the installation of LID satisfactorily reduces the runoff
peaks to pre-urbanization levels for low return periods, but the effects of LID are not as positive and
are debatable for higher return periods. These findings can be used to realize the applicability and
limitations of different approaches for analyzing and mitigating urbanization-induced runoff in the
process of constructing a sponge city.
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1. Introduction

Along with urbanization, disaster mitigation becomes more and more important with the growth
of population, industry, and economic activities. The increase of impervious area in cities reduces
water infiltration and soil conservation, thereby increasing the likelihood of flooding and shortening
the time to runoff peak [1,2]. Therefore, analyzing the surface runoff variation from land-cover and
land-use changes pre- and post-urbanization is crucial when developing flood mitigation measures for
urban areas. Research has determined that urbanization greatly influences surface runoff. Liu et al. [3]
adopted 4-y rainfall data to calculate surface runoff generated by different land-use classes in the
Alzette basin of the Steinsel River, Luxembourg, showing that the urban area occupied only 20% of the
total area but generated runoff accounting for 29.3% of the total runoff, whereas other land-use classes
(such as farmland and woodland) generated less proportions of runoff even though they cover a larger
area. For the Buji River Basin in China, Shi et al. [4] indicated that the runoff peak increased by 13.4%
when the urbanized area increased from 2.02 km? (3.5%) in 1980 to 33.58 km? (58.72%) in 2000.

Land-cover and land-use data are different in acquisition and usage. Land cover refers to
the area ratio of a region covered by forests, agricultural land, water bodies, or other types of
landscapes, whereas land use refers to how an area is used by people (e.g., building, conservation,
park). Land-cover changes are usually determined by interpreting multi-period satellite images or
remote-sensed data assisted by spatial analysis tools such as GIS (Geographical Information System)
for map overlaying [5,6]; this is cost-effective and thus suitable for periodically updating hydrological
parameters on a large scale [7-9]. Land-use changes cannot be determined from image processing
but are determined from a filed survey or the investigation of environmental, economic, and social
activities [10-12]. Thus, land-use data are often localized and related to policies regulating human
activities on a small scale [13,14].

The runoff changes caused by land-use and land-cover variations can be estimated by applying
hydrological models that incorporate geographical characteristics. Rainfall-runoff models, such as
HEC-HMS (Hydrologic Engineering Center-Hydrologic Modeling System, Army Corps of Engineers,
Washington, DC, USA) developed by Hydrologic Engineering Center of the US Army Corps of
Engineers [15], are usually coupled with soil infiltration models in conjunction with the GIS to analyze
runoff distributions on basin scales [16,17]. The precision of this approach is restricted by the resolution
of basin size and can be subject to empirical judgement in translating soil conditions into hydrological
parameters. To realize the runoff variation in areas much smaller than a river basin, such as a
highly urbanized community or village, the hydrodynamic simulation of rainfall-runoff processes is
necessary. A variety of hydrological models, such as the SWMM (Storm Water Management Model,
Environmental Protection Agency, Washington, DC, USA), MIKE (Institute for Water and Environment,
Horsholm, Denmark), and INFOWORKS (Innovyze, Conroe, TX, USA), are available for rainfall-runoff
analysis in urban areas [18,19]. Among them, models such as SWMM [20] are prevalent for simulating
runoff generated by single or continuous rainfall to address water quality and quantity problems
related to an urban drainage system. For example, Guan et al. [21] used the SWMM to simulate
hydrological changes when an area develops from rural to residential; Xu and Zhao [18] used SWMM
to demonstrate that surface runoff increased by 3.5 times in the process of urbanization for a small
catchment in Beijing (Liangshui River Basin, 131 km?).
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In the last two decades, the idea of “sponge city” has been put into practice in the United Sates [22],
the United Kingdom [23], Canada [24], Australia [25], and other countries by designing low-impact, green,
and sustainable urban drainage systems in highly urbanized areas. The purpose of sponge city is to reduce
stormwater runoff, restore the ecological environment, and preserve natural resources through land-use
changes that increase absorption, storage, and purification of rainwater [26-28]. To construct a sponge city,
many researchers have suggested that the green infrastructure, also called LID (Low Impact Development)
approach, is more efficient than traditional systems in reducing initial runoff [28-31]. The SWMM is
recommended as the most suitable tool for evaluating the performance of LID facilities [32-35].

From the aforementioned literature review, runoff variations and mitigation in response to
land-use and land-cover changes caused by urbanization have been widely studied. However,
depending on the research objective, most studies have analyzed the phenomenon either on a large
basin scale or on a small city scale by using specific land data and hydrological models. An overall study
of the influences of urbanization on runoff across data, models, and scales has not been conducted.
Therefore, certain questions require to be answered, for example, (a) is it appropriate to mix land-cover
and land-use data for hydrological analysis? (b) how do hydrological models affect runoff results
when the same land data are input? and (c) how do LID approaches benefits flood mitigation on
different spatial scales? The purpose of this study is to assess and cross-analyze land and runoff
changes on basin (large), watershed (medium), and city (small) scales in the Zhuoshui River Basin
in Taiwan. On the basin scale, the historical land-cover and runoff changes are analyzed through
the classification of satellite images and the application of the HEC-1 model. On the watershed
scale, sub-basins with a higher degree of urbanization are pinpointed, and the results from the other
two scales are accumulated and cross-analyzed. On the city scale, runoff changes under present and
future land-use scenarios with and without LID measures are quantified through the application of
SWMM. The procedure enables a comprehensive test of the applicability and limitation of relevant
methodologies and provide valuable information for future studies.

2. Study Areas

On the basin scale, the Zhuoshui River Basin is selected as the study area. It is located in central
Taiwan and has the longest mainstream of 187 km and the second largest catchment of 3157 km?
in Taiwan. The Zhoushui River originates from the Hehuan Mountain at an attitude of 3220 m and
flows westward into the Taiwan Strait while converging with many tributaries that divide the entire
river basin into 21 watersheds, as revealed by geographical processing. Among these watersheds,
the watershed located at the intersection of the Zhoushui River and its tributary the Qingshui River,
is selected as the medium-scale study area where an aggregation of artificial structures has been
observed. Lying in the middle of the selected watershed, the Jushan urban planning district is further
selected as the smallest study area for city-scale land and runoff analyses. Urban planning for Jushan
was first formulated under the Japanese colonial rule in 1917, although the initial content was nothing
but a simple road construction project covering 53.8 hectares. In 1979, the urban planning area was
expanded to 418.1 hectares and has been subsequently revised a total of 13 times since then [36].
Figure 1 illustrates the study areas on basin scale, watershed, and city scales.
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Figure 1. Study areas on different scales.

3. Methodology

In this study, based on the scales of the study areas, different data, models, and time periods
are employed for analysis of land and runoff variations, which are listed in Table 1 and described in
the following paragraphs. In the table, the runoff models are chosen according to their applicability.
The SWMM is developed for simulating water quantity and quality in urban areas with drainage
systems, in which the rainfall-runoff process is determined by methods suitable for small catchments.
The HEC-1 (Hydrologic Engineering Center-1, Army Corps of Engineers, Washington, DC, USA)
model is designed for surface runoff simulation on a river basin scale without considering drainage
systems. Compared with SWMM, the HEC-1 has more options on the methods describing the processes
of evaporation, infiltration, rainfall accumulation, and runoff routing.

Table 1. Study subjects on different scales.

Subject Basin Watershed City
Land Data Land-cover Land-cover/Land-use Land-use
Runoff Model HEC-1 HEC-1 SWMM
Time Period History History /Present/Future Present/Future/Future with LID

3.1. Basin Scale

To determine the land-cover change for the Zhoushui River Basin, historical ortho-images taken
by the satellite FORMOSA 1I are adopted for analysis. The FORMOSA 1I is a sun-synchronous satellite
located at an attitude of 891 km above the ground surface, and it provides high-resolution images
(2 m for black/white images and 8 m for multi-spectral color images) twice a day for Taiwan area.
The satellite images from 1998 to 2013 are collected and divided into smaller segments for interpreting
and extracting land-cover characteristics. Using an object-oriented classification method (i.e., SVM,
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Support Vector Machine [37]), 15 image indexes including NDVI (Normalized Difference Vegetation
Index), SAVI (Soil Adjusted Vegetation Index), mean Brightness, mean Blue, mean Red, mean Green,
mean NIR (mean Near Infrared), std. Blue, std. Red, std. Green, std. NIR (standard deviation
Near Infrared), pix-base Blue, pix-base Red, pix-base Green, and R to RGB (Red, Green, Blue) are
identified for classifying the land-cover into four types: water, built-up land, bare land, and vegetation.
The classification results are then displayed by the area transfer matrix to investigate land-cover
changes between each period [38].

The urbanization level is measured by determining whether an aggregation of artificial structures
is present in the Zhoushui River Basin through Spatial Autocorrelation Analysis (SAA) [39] and Spatial
Hotspot Analysis (SHA) [40]. The SAA uses the Moran’s I and Z-score [41] as indexes to estimate the
significance of homogeneity in structure distributions. If an area has a value of Moran’s I > 0 with a
Z-score > 1.96, the hypothesis of structure aggregation will be accepted under 5% of significance level.
Once the SAA confirms the pattern of structure aggregation, the SHA employs the G; index defined by
Getis and Ord [42] to determine the hotspots of these artificial structures. The more the G; exceeds 0,
the higher the structure aggregation level in an area.

After completing the interpretation of land-cover change, the HEC-1 model, developed by the
US Army Corps of Engineers [43], is employed for runoff simulation on the basin scale for different
periods. Being a lumped model, the HEC-1 divided the whole basin into various watersheds connected
to each other by channel networks, in which the runoff is transported in the forms of overland flow
and channel flow depending on topographical characteristics. The watershed divisions are determined
by processing DEM (Digital Elevation Model) data on a GIS platform. The CN (Curve Number)
method proposed by US Soil Conservation Service (SCS) [44] is employed to estimate infiltration losses
for determining the effective rainfall substituted into the HEC-1 for runoff simulation. The CN is
an empirical value that increases with impermeability; thus, it is a suitable parameter that reflects
urbanization level. The CN values for the four types of land-cover determined earlier are referred to in
the table summarized in the SCS technical book [44].

3.2. Watershed Scale

In addition to historical land-cover changes discovered from the satellite images, present and
future land-use scenarios are investigated on the watershed scale. The national land-use survey data
obtained by the National Land Surveying and Mapping Center of Taiwan in 2008 [45] are selected
as the present land-use scenario. The designed land uses in 2030, which are illustrated in the urban
planning project proposed by the Nantou County government in Taiwan [36], are adopted as future
scenario. Because these scenarios are based on official materials, they are in some ways more realistic
than model predictions when considering social and economic influences. The investigated land-use
scenarios are then put into the HEC-1 model for calculating present and future runoff variations. Thus,
on the watershed scale, the land-runoff relationships are determined for the past, present, and future.

3.3. City Scale

On the city scale, runoff changes induced by land-use development, relocation, and renewal
are more localized and rapidly changing; therefore, they require more sophisticated hydrodynamic
models. The SWMM (ver. 5.1 with LID module) developed by the US Environmental Protection
Agency is adopted for runoff simulation on the city scale. In response to a possible increase in runoff
due to urban development, flood mitigation measures based on the concept of LID are introduced.
Common LID techniques include permeable pavements, green roofs, rain gardens, bio-retention
cells, tree box filters, grass swales, infiltration gutters, and rain barrels. Permeable pavements are
porous layers that increase the infiltration and evaporation of surface water; green roofs use vegetation
planted on roofs to reduce surface runoff and delay the occurrence of runoff peak; rain gardens and
bio-retention cells use landscaping and plants to create retention pools that accumulate stormwater
for small areas; tree box filters collect runoff from curbside entrances to store and filter water through
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plants before discharging it into sewer systems; grass swales or infiltration gutters are ditches with
grass or permeable covers that increase infiltration while transporting runoff; and rain barrels are small
rainwater harvesting systems that collect and retain rainfall water from roofs. In this study, various
LID measures are installed based on their applicability.

4. Results and Discussion

4.1. Land-Cover and Runoff Changes on the Basin Scale

Table 2 summarizes the areas of water, built-up land, bare land, and vegetation in 1998, 2003,
2008, and 2013. Area changes for vegetation and water are not significant in terms of ratio because
approximately 91.5% of the total land is covered by vegetation, 4% by water, 3.5% by bare land, and only
1% by built-up land. The built-up area showed a constant increase from 1990 hectares in 1998 to 3023
hectares in 2013, with a total increase of 51.91%. The area of bare land slightly increased from 8551 hectares
in 1998 to 9650 hectares in 2003, and substantially increased to 14,561 hectares in 2008, followed by a
decrease to 10,347 hectares in 2013, resulting in a total increase of 21% from 1998 to 2013. In contrast, the
area covered by vegetation had the opposite pattern by decreasing constantly from 277,445 hectares in
1998 to 270,717 hectares in 2008 before subsequently increasing to 274,707 hectares in 2013. This finding
indicates that there was a switch between the bare land and vegetation land from 1998 to 2013.

Tables 3-6 display the land-cover transfer matrixes between 1998-2003, 2003-2008, and 2008-2013,
respectively. From Table 3, the increase in built-up land, with a peak increase of 40.28% from 1998 to
2003, can be attributed to construction on vegetation land and bare land. Moreover, the increase in
bare land displayed in Tables 3 and 4 is a result of the deterioration of vegetation land, particularly
from 2003 to 2008 when 10,170 hectares of vegetation land were converted into bare land. However,
in Table 5, a rapid recover of vegetation land from bare land between 2008 and 2013 is seen, with
6008 hectares of bare land being transformed into vegetation land. These phenomena can be explained
by the occurrence of a devastating earthquake in 1999, with its epicenter located in the Chi-Chi area
in the study river basin. During the Chi-Chi earthquake, slope lands became weaker and unstable,
causing collapses and landslides that washed away vegetation covers in the typhoon seasons of the
following 10 years. The recovery of vegetation land between 2008 and 2013 indicates that the slope
land has regained stability. The significant increase in the built-up area between 1998 and 2003 can also
be attributed to the Chi-Chi earthquake owing to the relocation and reconstruction of the buildings
destroyed in the disaster. Thus, in the study area, the occurrence of a major earthquake speeds up
urbanization by forcing more undeveloped land to become built-up areas.

To determine the spatial aggregation of artificial structures in the Zhuoshui River Basin, SAA
is conducted in grid units with a resolution of 500 m. Table 6 lists the Moran’s indexes, Z-score,
and p-value for 1998, 2003, 2008, and 2013. With all Moran’s I > 0, Z-scores > 2.58, and p-values ~0,
it demonstrates that the artificial structures in Zhoushui river basin are not distributed randomly in
space, but are highly accumulated. Figure 2 shows the hotspots of the artificial structures in 1998,
2003, 2008, and 2013, in which the grey lines are the boundaries of the 21 watersheds and the red color
denotes the grids with higher G; (Getis) values. The hotspots of artificial structures were concentrated
in the watersheds around the bottleneck between the upstream catchment and the downstream river
channel, particularly in watersheds numbered W19 and W20, which are thus chosen as the subjects for
the medium-scale studies.

Table 2. Changes in land-cover areas against time on basin scale.

Land-Cover Types 1998 (ha) 2003 (ha) 2008 (ha) 2013 (ha) 1998-2013 Change Ratio

Water 12,264 12,284 12,170 12,173 —0.74%
Built-up Land 1990 2792 2802 3023 51.91%
Bare Land 8551 9650 14,561 10,347 21.00%

Vegetation 277,445 275,524 270,717 274,707 —0.99%
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Table 3. Land-cover transfer matrix from 1998 to 2003.
1998 Water Built-Up Land Bare Land  Vegetation Total 1998-2003
2003 (ha) (ha) (ha) (ha) (ha) Change Ratio
Water 11,209 86 376 614 12,284 0.16%
Built-up Land 80 1637 248 827 2792 40.28%
Bare land 237 66 3074 6273 9650 12.84%
Vegetation 738 201 4854 269,731 275,524 —0.69%
Total 12,264 1990 8552 277,445 300,250
Table 4. Land-cover transfer matrix from 2003 to 2008.
2003 Water  Built-Up Land  BareLand Vegetation  Total 2003-2008
2008 (ha) (ha) (ha) (ha) (ha) Change Ratio
Water 11,935 77 85 73 12,170 —0.93%
Built-up Land 137 2249 30 386 2802 0.37%
Bare Land 98 82 4211 10,170 14,561 50.89%
Vegetation 114 384 5324 264,895 270,717 —1.74%
Total 12,284 2792 9650 275,524 300,250
Table 5. Land-cover transfer matrix from 2008 to 2013.
2008 Water Built-Up Land Bare Land Vegetation Total 2008-2013
2013 (ha) (ha) (ha) (ha) (ha) Change Ratio
Water 12,024 22 25 102 12,173 0.03%
Built-up Land 16 2208 275 524 3023 7.87%
Bare Land 92 330 8253 1673 10,347 —28.94%
Vegetation 38 242 6008 268,419 274,707 1.47%
Total 12,170 2802 14,561 270,717 300,250
Table 6. Spatial autocorrelation of artificial structures from 1998 to 2013.
Index 1998 2003 2008 2013
Moran’s I 0.67 0.76 0.60 0.63
Z-score 94.90 98.20 103.92 118.60
p-value 0.00 0.00 0.00 0.00
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Figure 2. Hotspots of artificial structures on basin scalein (a) 1998; (b) 2003; (c) 2008; (d) 2013.

To initiate the HEC-1 model for runoff simulation, the 24-h rainfall amounts under different
return periods are obtained from frequency analysis based on the historical records of the Chi-Chi rain
station. The 24-h rainfall amounts under 2-, 5-, 25-, 50-, and 100-y return periods are 204.61, 308.29,
473.97, 543.38, and 612.50 mm, respectively. The rainfall hyetographs served for runoff simulation
are determined by the intensity-duration-frequency relationships suggested by Horner and Flynt [46]
according to the design handbook published by the Water Resource Agency, Taiwan [47]. Table 7 lists
the parameters for the HEC-1 model and Table 8 summarizes the CN, the area ratio of impermeability
(IMP), and 100-y peak runoff discharge (Q},OO) on different scales. Overall, no significant changes are
observed in CN, IMP, and Q%,OO on the basin scale. This may be due to the fact that the land-cover
are classified into four groups only, with vegetation land accounting for 91.5% of the total land,
which limits the variation of CN and consequent runoff. Table 8 also indicates that, because the W20
watershed has higher values of CN and IMP, it generates runoff of 0.24 cms/ha, which is much higher
than the basin average 0.16 cms/ha.

Table 7. Parameters for HEC-1 model.

Watershed Area (km?) Length-W (m)  Slope-W Length-C (m) Slope-C~ Roughness-W  n-C

W01 222.84 2328 0.63 47,855 0.05 0.20 0.02
W02 223.20 2619 0.61 42,612 0.05 0.20 0.02
W03 159.35 1665 0.65 47,856 0.05 0.20 0.02
W04 167.32 1836 0.66 45,557 0.06 0.20 0.02
W05 21.16 306 0.71 34,579 0.02 0.20 0.02
WO06 19.20 1101 0.73 8721 0.19 0.20 0.02
W07 144.80 5708 0.66 12,684 0.08 0.20 0.02
W08 255.09 2924 0.65 43,617 0.06 0.20 0.02
W09 416.28 23,867 0.72 8721 0.19 0.20 0.02
W10 434.60 4840 0.65 44,893 0.08 0.20 0.02
W11 13.70 1089 0.45 6312 0.15 0.20 0.02
Wi2 111.10 1808 0.39 30,739 0.03 0.20 0.02
W13 125.60 2044 0.27 30,739 0.03 0.20 0.02
W14 19.40 562 0.09 17,291 0.02 0.20 0.02
W15 102.10 1982 0.38 25,752 0.07 0.20 0.02
W16 269.90 3546 0.57 38,056 0.06 0.20 0.02
W17 141.00 8741 0.46 8065 0.02 0.20 0.02
W18 117.60 1282 0.02 45,867 0.01 0.20 0.02
W19 26.70 1657 0.19 8065 0.02 0.20 0.02
W20 7.60 468 0.06 8065 0.02 0.20 0.02
w21 2.40 282 0.11 4318 0.05 0.20 0.02
W23 0.15 276 0.07 270 0.01 0.20 0.02

Note: Length-W: representative length of watershed; Slope-W: representative slope of watershed; Length-C:
representative length of channel; Slope-C: representative slope of channel; Roughness-W: overland-flow roughness
coefficient; n-C: Manning’s n for channel.
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Table 8. Variations of CN, IMP, and Q},OO related to land-cover and land-use changes on different
study scales.

Land-Cover Land-Use
Index
1998 2003 2008 2013 2008 2030
Basin scale
Zhuoshui Basin (316,800 ha)
CN 43.42 4417 44.64 44.09
IMP (%) 0.53 0.62 0.69 0.79
Q" (cms) 48,835 49,350 49,379 49,446
Watershed scale
W19 (2673 ha)
CN 51.45 53.18 51.34 52.20 60.55 62.31
IMP (%) 12.91 13.13 14.05 15.00 14.12 18.76
Q3 (cms) 416 422 417 424 467 486
W20 (755 ha)
CN 65.38 64.14 63.63 64.92 69.75 76.48
IMP (%) 7.29 8.66 8.79 9.64 13.50 14.73
Q3 (cms) 182 181 182 183 188 198
City scale
Jushan Dist. (422 ha)
IMP (%) 45.78 61.80
Q3 (cms) 79.62 84.26

4.2. Land-Cover, Land-Use, and Runoff Changes on the Watershed Scale

Present (2008) and future (2030) land-use maps on the watershed scales for W19 and W20 are
illustrated in Figure 3. Current land uses are divided into 11 categories, and the future land uses
are further refined into 32 categories. By 2030, large areas of forests are set to be transformed into
agricultural land and many residential regions will be converted into commercial areas. According to
land-use changes from 2008 to 2030, for W19, the CN values increase from 60.55 to 62.31, and the IMP
increase from 14.12% to 18.76%; for W20, the CN values increase from 69.75 to 76.48, and the IMP
increase from 13.50% to 14.73%, as listed in Table 8. However, in the overlay year of 2008, the CN values
interpreted from land-use data are much larger than those interpreted from land-cover data (equal to
51.34 for W19 and 63.63 for W20), which can lead to different runoff estimations. These discrepancies
are not surprising and can be attributed to the difference in land classification, as 11 types of land-uses
exists but only four types of land-covers are classified. This finding indicates that uncertainty analysis
should be performed if different sources of land data are incorporated for hydrological analysis;
otherwise, their results should be regarded separately. In this paper, runoff variations resulted from
land-cover and land-use changes are separately discussed.
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Figure 3. Present and future land-use maps on watershed scale: (a) present; (b) future.

Figure 4 shows a comparison of present and future runoff peaks under different return periods
for W19 and W20, respectively. Peak runoff are demonstrated to increase in the future under all
return periods for both W19 and W20. Although the increments of peak runoff are smaller at low
return periods, their change ratios are instead larger. For both watersheds, the peak runoff under 2-y
return periods increase by more than 10% and then drop to a level of 5% under return periods larger
than 25 years. The runoff hydrographs under 2-y return period for W19 and W20 are displayed in
Figure 5, showing that future runoff peaks not only increase but also shift forward; the integration
of runoff hydrographs against time shows that the total increases in runoff volume are 212,400 m3
and 140,400 m? for W19 and W20, equivalent to 85 and 56 standard swimming pools, respectively.
Such an increase presents a non-negligible extra risk of flooding if additional flood control measures
are not implemented.

C_Present mEmm Future =----Difference [ 1Present B Future =----Difference
600 15 250 15
500 AN
E - g BTN g
S 400 e 10 ;’ S ‘\\ 10 \g
= N B= 4y 150 \ B=
° N < o e <
g 300 AN o~ g S a7
N, (5] | (]
& N = ~ 100 =1
~ 200 AN N 5 & ~ --4- B --a- 5 &
g B " 8 g 5
0 I_. 0 0 0
2-y 5-y 25-y 50-y  100-y 2-y 5-y 25-y 50-y  100-y

(a) W19 (b) W20

Figure 4. Present and future runoff peaks on watershed scale for (a) W19 and (b) W20.
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Figure 5. Runoff hydrographs under 2-y return period for watersheds (a) W19 and (b) W20.

4.3. Land-Use and Runoff Changes on the City Scale

According to the sewer system report for Jushan in 2008 [48], the Jushan District is divided into
seven drainage sections as shown in Figure 6 and the land-use maps for these sections at present and in
the future are compared in Figure 7. The figure indicates that, by 2030, the commercial area will greatly
expand and will be mostly concentrated in S4; a large industrial block will be developed at the borders
of S1 and S2; and the residential areas will be increased in almost every section. Figure 8 indicates that
the IMP for all the seven sections increase simultaneously, from 23-69% at present to 36-88% in the
future, in which the S1 has the highest increase of 58%. The variations of average IMP and Q},OO on the
city scale are also listed in Table 8, which shows that this increased IMP will raise Qllgoo from 79.62cms
to 84.26cms by 2030. Table 9 summarizes the parameters for SWMM.

Table 9. Parameters for SWMM.

Drainage Section  Area (ha) Slope (%)  n-Imp n-Per  S-Imp (mm)  S-Per (mm)

S1 48.84 0.7 0.01 0.1 0.05 0.05
52 57.7 0.7 0.01 0.1 0.05 0.05
S3 69.45 0.7 0.01 0.1 0.05 0.05
54 58.96 1.45 0.01 0.1 0.05 0.05
S5 92.76 1.45 0.01 0.1 0.05 0.05
S6 54.44 1.45 0.01 0.1 0.05 0.05

Note: n-Imp: Manning’s n for impervious land; n-Per: Manning’s n for pervious land; S-Imp: depression storage for
impervious land; S-Per: depression storage for pervious land.

0 150 300
) meter

[ Drainage Sections
[ River

Figure 6. Drainage divisions on city scale.
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Figure 7. Present and future land-uses on city scale: (a) present; (b) future.
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Figure 8. Comparison between present and future IMP on city scale.

In response to the increasing of flood risk, various LID measures are designed and incorporated
into the SWMM on the city scale to evaluate their effectiveness of runoff reduction. To reduce public
resistance, the LID measures are installed on government-owned lands or facilities. Some lands or
facilities such as cemeteries, sewage treatment plants, and gas stations are discounted for LID because
of their particular usages. Table 10 summarizes the areas of different land-uses and the area ratios in
which different LID facilities are installed. Rain gardens and bio-retention cells are installed in less
built-up areas such as parks, parking lots, and plazas, while green roofs are mainly set up on the tops
of markets, agencies, and schools. Using the LID control editor built in the SWMM, parameters of the
LID facilities are given by different ground layers including surface, soil, and storage, as summarized
in Table 11. The surface and soil layers are porous, allowing water to pass through; the storage
layer contains water within the soil void and when the storage is full, excessive water will overflow.
In this study, no underdrains are considered. The IMP for each drainage section is adjusted for runoff
simulation according to the area occupied by each LID facility.

Table 10. Area ratios of different LID facilities with respect to land-uses.

Land-Use Area Bio-Retention Rain Garden Green Roof Infiltration Permeable
Types (ha) Cell (%) (%) (%) Gutter (%) Pavement (%)
School 29.03 - 10 30 15 5

Park 11.82 920 - - - -
Agency 717 35 - 50 - -
Social 7.17 - - 30 15 5
Market 0.95 - 10 80 -
Tourist 0.66 35 - 50 - -
Parking Lot 0.58 - 35 - - -

Plaza 0.29 - 35 - - -
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Table 11. Parameters for LID facilities.

Ttem Bio-Retention Rain Green Infiltration Permeable
Cell Garden Roof Gutter Pavement
Surface Berm Height (m) 0.15 0.15 0.04 - -
Soil Thickness (m) 0.45 0.45 0.10 - 0.25
ot Porosity 0.25 - 0.30 - 0.25
Storage Thickness (m) 0.15 - - 0.10 0.45
8 Void Ratio 0.25 - - 025 025

Figure 9 shows the simulated runoff peaks and runoff volumes for different return periods under
three land-use scenarios: present, future, and future with LID. Without LID, the runoff peaks and
runoff volumes are found to increase simultaneously for all return periods due to the increase in IMP
in future urban planning. The increased amounts at high return periods are slightly larger than those
at low return periods, but not obvious. After introducing the LID facilities, Figure 9a shows that
the runoff peaks for 2-y and 5-y return periods will be effectively reduced to a level even less than
the present condition. However, for the 25-, 50-, and 100-y return periods, the introduction of LID
instead leads to slight increases in runoff peaks. In fact, this phenomenon has been discovered in
previous papers (e.g., MaChtcheon, et al., 2012; Tao, et al., 2017), however, currently, no satisfactory
explanation has been provided. Fortunately, Figure 9b shows that LID does help to reduce runoff
volumes no matter at high or low discharges. From the aforementioned case study, it is certain to say
that the introduction of LID benefits flood mitigation at low discharges, but as discharge increases,
the effectiveness of LID becomes trivial or unfavorable; consequently, LID should be implemented in
conjunction with other flood mitigation measures.

Present ==--=-Future ——Future w/ LID OPresent OFuture ®Future w/ LID
100 3000
7 " & 2500 B

L = 2000
~ 60 >

él:’ 0 E‘ 1500

Lé § 1000
[
2 3

~ 20 g 500
o~

0 0

2-y S5-y 25-y 50-y 100-y 2-y 5-y 25-y 50-y 100-y
(a) Runoff Peak (b) Runoff Volume

Figure 9. (a) Runoff peak and (b) runoff volume for different return periods under land-use scenarios
of present, future, and future with LID.

Table 12 summarizes the runoff on watershed scale simulated by HEC-1 and those on the city
scale simulated by SWMM, in which Viy19, Vivao, and Vi are the runoff volumes generated in W19,
W20, and Jushan District, respectively. At low return periods, the V;;;,, has a larger share in the total
watershed runoff Viyi9 + Viyoo than at high return periods. Considering that Jushan District only
occupies 12% of the total watershed area, the city runoff volume at 2-y return period almost doubles
no matter at present or in the future. This finding is quite reasonable because, compared with the city
areas, rural areas have higher infiltration rates so that lower portions of rainfall will be transformed
into effective runoff at initial stages. Through cross-analysis of the runoff results produced by HEC-1
and SWMM, the concomitant usage of different hydrological models on different scales is practical if
the same land-use data are applied. Overall, at 2-y return period, LID can reduce approximately 10%
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of the city runoff volume, equivalent to 2% of the watershed runoff volume and 0.02% of the basin
runoff volume.

By conducting statistical analysis on the results in Table 12, the relationship between city runoff
and watershed runoff can be expressed by the following equation:

a b c
Vwatershed _ Awatershed % ( IMPCity > % Rcity (1)
Vcity Acity IMPyatershed R%u(izotershed

in which Vitersheq and Vijp, are runoff volumes on watershed and city scales, respectively; IMPygsershed
and IMP;y, are the area ratios of impermeability on watershed and city scales, respectively; R,
is the observed rainfall on city scale; R%U(Lot ersheq 1S the rainfall on watershed scale under 100-y
return period. The coefficients a, b, c are determined by multiple regression analysis which yields
a= 3.01, b = 071, ¢ = 0.37. With correlation coefficient R = 0.99 and Root-Mean-Square-Error
RMSE = 0.27, the Vyatersheq Values simulated by hydrological model are in good agreement with those
predicted by the equation, as shown in Figure 10. Being a general expression linking city runoff to
watershed runoff, Equation (1) can be applied to any watershed, not only for the specific region in this
study. When the ratio of Aygtersied/ Acity increases, the watershed will receive more rainfall water and
generate more runoff compared with the city. A larger value of IMPe;1, / IMPyygtersheq Tepresents that
impermeable ratio at city increases compared with that at watershed; thus, the city will make a larger
contribution to watershed runoff. The ratio of Rc;t / R;Szot ershed
from the rainfall observation at city; meanwhile, it reflects the phenomenon that the contribution of
city runoff decreases at high discharges. The influence of land use will be implicitly included in the

coefficients of a, b, c which vary with watershed conditions.

allows us to predict watershed runoff

20

Ju—
(V)]

Prediction (10 m3)
=)

5 R =099
RMSE =0.27

0o
0 10 20

Simulation (10° m?)
Figure 10. Comparison between the simulated and predicted runoff volumes on watershed scale.

Table 12. Comparison of runoff simulated under different land-use scenarios on watershed and
city scales.

Title 2-y 5-y 25-y 50-y 100-y
Present

Vivig (108 m3) 2250 4428 8622 10,105 11,840

V w20 (103 m3) 1022 1811 3136 3654 4190

V ity (103 m?) 731 1137 1793 2069 2345

Veity/ (Vwig + Vinao) (%) 22 18 15 15 15
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Table 12. Cont.

Title 2-y 5-y 25-y 50-y 100-y
Future
Vivio (10° m?) 2462 4788 9050 10,606 12,366
V wao (103 m3) 1163 1994 3348 3884 4446
V ity (10° m?) 762 1175 1839 2118 2396
Vcity/ (Vng + VWZ(])(O/O) 21 17 15 15 14
Future with LID

V ity (10° m?) 687 1061 1790 2072 2347

5. Conclusions

Analyzing runoff variations from land-cover and land-use changes caused by urbanization is
critical for flood mitigation. However, analysis should not be conducted only on a city scale but also
on larger scales because a city is also a part of a wider watershed or river basin. In this study, land
and runoff variations resulting from urbanization are analyzed on the basin scale (large), watershed
scale (medium), and city scale (small) for the Zhuoshui River Basin, Taiwan. Based on the scale sizes,
different data and models are employed for land interpretation and runoff simulation in the past,
at present, and in the future (Table 1). Overall, patterns of land-runoff changes due to urbanization
are discovered on the basin scale; discrepancies raised from the usage of different land data and
hydrological models are evaluated on the watershed scale; and the impacts of LID facilities on flood
reduction in response to urbanization are quantified on the city scale. The research findings for the
different scales are summarized as follows:

1.  On the basin scale, the land-cover transfer matrixes are established from the interpretation
of multi-period satellite images. The results show that a large area of vegetation land
(10,170 hectares) became bare land from 1998 to 2008, accompanied by a significant increase (40%)
in built-up area from 1998 to 2003. This suggests that the major Chi-Chi earthquake, occurred in
1999, increased the pace of urbanization in the process of reconstruction and relocation at a speed
faster than the recovery of natural land covers. Through hotspot analysis, built-up areas were
discovered to be mainly concentrated in the Jushan and Chi-Chi districts in the study river basin,
which was the earthquake epicenter. However, this increase in built-up area is less than 1% of the
entire river basin area; therefore, it has no influence on the variation of simulated runoff on the
basin scale.

2. On the watershed scale, the sub-basins containing Jushan District are selected to simulate the
runoff variations with respect to land-cover changes from 1998 to 2013 and land-use changes from
2008 to 2030. Again, no significant land-cover and runoff variations were found from 1998 to 2013,
but from 2008 to 2030, the increases in CN and IMP caused by land-use changes lead to 5-10%
increases in runoff peak under different return periods. However, in the overlay year of 2008
when the land-cover and land-use data are both available, discrepancies in runoff estimations are
found because the values of CN and IMP interpreted from land-use data are much larger than
those interpreted from land-cover data. Thus, mixed usage of satellite-interpreted land-cover
data and manual-investigated land-use data is not recommended for hydrological analysis unless
their uncertainties can be quantified on the same basis. In contrast, the concomitant usage of
HEC-1 and SWMM shows no contradiction in runoff results if the same land-use data are applied.
According to the results by HEC-1 and SWMM, a regressive relationship is derived for predicting
watershed runoff from city runoff multiplied by the parameters of area, IMP, and rainfall raised to
certain powers. This regression provides a general expression of runoff scaling between different
spatial scales. The good agreement between the simulation and prediction demonstrates that the
cross-analysis of land /runoff by multiple models is valuable.
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On the city scale, experimental LID facilities are installed on governmental lands in an attempt to
reduce the runoff peaks for Jushan District. The results show that the LID facilities effectively
reduce the runoff volumes for all return periods, and the runoff peaks at low return periods
will be reduced to a level even less than that at present. However, for high return periods,
the introduction of LID instead slightly increases the runoff peaks. Although the “side effects”
of LID on increasing runoff at high discharges have been previously discovered, they have
not been systematically discussed and require follow-up studies for clarification. Statistically,
under 2-y return period, the introduction of LID reduces up to 10% of city runoff volumes,
which equals to 2% and 0.02% of watershed and basin runoff volumes, respectively. According to
these findings, LID approaches are better regarded as local flood mitigation measures in
low-discharge conditions.
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