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ABSTRACT
When applying a distributed hydrological model in urban watersheds, grid-based land-use classification
data with 10 m resolution are typically used in Japan. For urban hydrological models, the estimation of
the impervious area ratio (IAR) of each land-use classification is a crucial factor for accurate runoff
analysis. In order to assess the IAR accurately, we created a set of vector-based “urban landscape GIS
delineation” data for a typical urban watershed in Tokyo. By superimposing the vector-based delinea-
tion map on the grid-based map, the IAR of each grid-based land-use classification was estimated, after
calculating the IARs of all grid cells in the entire urban watershed. As a result, we were able to calculate
the frequency distribution of IAR for each land-use classification, as well as the spatial distribution of
IARs for the urban watershed. It is evident from the results that the reference values of IAR for the land-
use classifications were estimated very roughly and inherited errors of between about 7% and 70%,
which corresponds to more than 100 mm increase of direct runoff for the 1500 mm annual average
precipitation.
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1 Introduction

1.1 Background

Watershed hydrological models are classified as distributed or
lumped depending on the different schematization of the
processes (Singh 1995). Distributed models take explicit
account of the spatial variability of processes, inputs, bound-
ary conditions and watershed characteristics. In most distrib-
uted models, raster-based approaches have been developed
(e.g. SHE: Abbott et al. 1986, GSSHA: Downer and Ogden
2004, PCRaster: Karssenberg et al. 2010). The advantages of
grid-based distributed models are their simple model struc-
ture and their use of watershed information that is generally
readily available. Another advantage is the spatially explicit
results that are available on each grid cell. Because of these
advantages, grid-based distributed models are widely used,
not only for rural but also for urban watersheds. However,
various land-use classifications that inherit different
impermeable properties are mixed even in one grid cell,
especially in an urban watershed. Therefore, it is difficult to
accurately grasp the permeable characteristics of each grid
cell.

Direct runoff calculated by a hydrological model is usually
based on the permeability of the surface, considering initial
loss and final infiltration capacity (Ando et al. 1986,
Toyokuni and Watanabe 1986). At an impervious surface,
the only rainfall loss is the initial loss, and at a pervious
surface, rainfall exceeding the final infiltration capacity con-
tributes to direct runoff. Van de Ven et al. (1992) reviewed

the initial loss parameters of impervious and pervious sur-
faces. Ando et al. (1986) measured final infiltration capacities
of different land uses in urban watersheds. The contributing
direct runoff from pervious areas is significantly smaller than
that from impervious areas. Especially in urban applications,
direct runoff in each grid cell is usually calculated based on
estimated fractions of impervious area or estimated runoff
coefficients in different land-use categories (e.g. Choi and Ball
2002, Niehoff et al. 2002, Park et al. 2008).

An increased impervious surface area is the primary
agent responsible for the hydrologic changes associated
with the urbanization process. Accuracy in the evaluation
of impervious surface type and extent has significant impli-
cations for prediction of impervious surface impacts on
watershed hydrology. The most general measure of imper-
viousness is total impervious surface area (TIA), usually
expressed as a proportion or percentage of total area
(Shuster et al. 2005). The hydraulically connected portion
of TIA is known as directly connected impervious area
(DCIA). Several studies have attempted to estimate DCIA
using a high-resolution digital elevation model (DEM),
multi-spectral satellite image and digital stormwater drai-
nage pipe network database (Han and Burian 2009, Kunapo
et al. 2009). The extent, connectedness, location and geo-
metry of an impervious area are also likely to be important
co-factors of imperviousness impacts (Shuster et al. 2005).
However, due to lack of availability of required data and
estimation difficulties, TIA is also widely accepted as an
indicator of urbanization for hydrological modelling and
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hydro-ecological studies (Chowdhury et al. 2010).
Regarding the impacts of impervious surface on watershed
hydrology, the reader is referred to Shuster et al. (2005),
who comprehensively reviewed the previous studies and
presented a literature review on the quantitative relation-
ships between the extent and type of impervious area and
the hydrologic characteristics such as shorter concentration
times and higher runoff peaks.

Estimation of impervious surface area is a pre-requisite to
compute TIA. Therefore, an accurate estimation of
watershed imperviousness is of current interest to urban
hydrology researchers (Chabaeva et al. 2009, Chowdhury
et al. 2010). There is a need for a consistent and replicable
technique to easily and quickly calculate watershed imper-
viousness from readily available and cost-effective remote
sensing information and other geo-spatial data that achieves
an acceptable level of accuracy (Civco et al. 2006). A number
of studies have been published during the past few decades
that try to identify the impervious surface areas in urban
watersheds using remote sensing techniques such as satellite
imagery and/or aerial photos. These studies proposed var-
ious methods (e.g. Slonecker et al. 2001, Thomas et al. 2003,
Yang et al. 2003, Yuan et al. 2008, Weng 2012, Sugg et al.
2014). However, their methodologies need the highly accu-
rate and precise calibration and validation surface data (i.e.
the ground truthing data) of the watershed to be compared
with in order to assess their estimation errors. The TIA
estimates of a target urban watershed by remote sensing
data generally involve a not small uncertainty (Civco et al.
2006, Chabaeva et al. 2009). Furthermore, indirect assess-
ments of impervious surface via remote sensing data can be
reasonably robust, but these generally require a ground
truthing level-of-effort similar to manual methods (Yang
2002).

The classification of impervious surface in conurbations
with high heterogeneity in land-use patterns poses significant
challenges to the delineation and classification of impervious
areas (Shuster et al. 2005). It is apparent that there is no
universal estimate of percent impervious surface cover for
any particular land use. A delineation methodology that is
both widely and uniformly employed is required (Leopold
1991), and needs to be made consistent in order to promote
compatibility among studies in different regions. To obtain
the above-mentioned ground truthing surface data of a
watershed, earlier strategies were based largely on user-
guided, manual delineation (Lee and Heaney 2003, Shuster
et al. 2005, Sugg et al. 2014). To quantify land-use categories,
Wibben (1976) used a combination of county property maps,
aerial photographs and visual inspection of recorded infor-
mation. Karvonen et al. (1999) delineated hydrologically simi-
lar units on the basis of land use, slope, soils and vegetation.
For highly urbanized areas with mixed development, Walesh
(1989) derived isochrones representing equivalent travel
times along sewerage to a sub-basin outlet (Shuster et al.
2005). Chabaeva et al. (2009) used photogrammetrically
derived calibration and validation data from high spatial
resolution digital planimetric datasets to assess the results
from various techniques, including remote sensing methods,
for estimating the percentage of impervious surface. The

major disadvantage of manual delineation is the time and
effort required to produce delineations, thus limiting applica-
tion to small areas (McMahon 2007).

In contrast to current modelling approaches, which are gen-
erally based on grid data (e.g. Hsu et al. 2000, Ettrich et al. 2005,
Dey and Kamioka 2007, Cuo et al. 2008), the recent advances in
GIS technology, as well as data availability, open up new possi-
bilities concerning urban runoff modelling. A few non-raster-
based models have been developed from an urban morphology
viewpoint that allow consideration of individual features in the
urban environment. Sample et al. (2001) used GIS to facilitate
urban storm water analysis by using land-use parcel boundaries
(apartment, commercial, low- and medium-density residential
and school). Rodriguez et al. (2003) proposed a vector-based
watershed description based on information in so-called urban
databanks, which include the categories: cadastral parcel, build-
ing, street, sewer system and river, to calculate urban unit
hydrographs. Rodriguez et al. (2008) employed the same con-
cept to develop an urban water budget model. Although their
vector-based data were intended for lumped hydrological mod-
els, and the land-use types are simple, availability of these GIS
data can significantly reduce the time and effort for land-use
discrimination compared to manual delineation.

The authors of this paper also proposed and developed the
TSR (Tokyo Storm Runoff) model that can simulate urban
storm runoff and flood inundation with a vector-based
watershed description, which exactly delineated the pervious
and impervious land surface features, for a typical urban
watershed in Tokyo, Japan (Amaguchi et al. 2010, 2012). The
TSR model employs so-called “urban landscape GIS delinea-
tion” that realistically describes the complicated urban land-
use features in detail (see Section 2.3). In the TSR model, GIS is
used to divide the urban environment into its smallest, per-
fectly homogeneous elements, including sewer network sys-
tems that are hydraulically connected. One key advantage of
the detailed delineation is that flow tracking is possible on an
element-to-element basis (Amaguchi et al. 2012).
Furthermore, the authors have previously evaluated the hydro-
logic effects of ground truthing and grid-based data by using
the TSR model and a grid-based model for a small sample
urban watershed with a total area of 1.2 km2 (Amaguchi et al.
2010). The results showed that not only does the grid-based
model overestimate the runoff rate by as much as 20% more
than the TSRmodel, but also there are significant differences in
the inundation area and depth between the two models.

1.2 Object of the study

The impervious area ratio (IAR) that is basically defined as
the ratio of TIA in a single grid cell (or in a land-use
category) is the most important index representing the direct
runoff characteristic of grid-based hydrological models. A
proper estimation of the IAR of a grid cell (or of each land-
use category) is therefore crucial for accurate runoff simula-
tion in urban systems, with their high degree of impervious-
ness (Leopold 1968). In fact, Amaguchi et al. (2010) clearly
show that estimation of IAR in each grid cell has a great effect
on not only the direct runoff rate but also the distribution of
inundation area and depth.
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In Japan, grid-based hydrological models typically utilize
two kinds of readily available “digital map information data”
published by the Geospatial Information Authority of Japan.
One has 100 m resolution and covers the whole of Japan, and
the other has 10 m resolution and only contains data for three
major metropolitan regions of Japan. In these metropolitan
regions, grid-based land-use classification data at 10-m reso-
lution are generally used for urban watershed hydrological
models as the only source of basic data. However, as these
data were established for the purpose of city planning, the
impermeable properties of the grid cells are not taken into
account. Each 10-m resolution grid cell is assigned only one
dominant land-use classification out of the 17 categories, such
as “industrial land”, “commercial land”, “low-rise residential
land”, etc. Then, the IAR of the grid cell is set automatically
according to its land-use classification. Even in a small
10 m × 10 m grid cell, however, there may exist a wide
range of pervious and impervious features, especially in
urban watersheds in Japan (Amaguchi et al. 2012). This
makes it more difficult to accurately estimate the IAR of
each land-use classification, let alone estimate the IARs of
all the grid cells in the entire watershed. At present, the IAR
of each classification is set almost empirically in the corre-
sponding hydrological models with reference to the related
literature (e.g. Public Works Research Institute 2000, 2002),
in which some test grid cells of each land-use classification
were selected in a sample watershed to estimate the IARs of
the land-use classifications. So far, no papers/reports have
been published on accurately estimating IARs for the land-
use classifications and for all grid cells in the target urban
watershed, because no reference GIS data exist for that pur-
pose in Japan.

When using computer models of watershed hydrology,
there exist four types of uncertainty: (1) natural randomness,
(2) data, (3) model parameters, and (4) model structure
(Melching 1995). In this study, we focused on the uncertainty
of a model parameter (i.e. IAR) involved in grid-based dis-
tributed models. We think that the surest method to calculate
IAR is just to superimpose ground truthing data, which
delineate impervious and pervious surface area completely,
on the grid-based data. In order to assess the IARs of grid-

based land-use classifications in an urban watershed, we
created a set of vector-based “urban landscape GIS delinea-
tion” data as ground truthing data for a sub-watershed of the
Kanda River, a densely-populated typical urban watershed in
Tokyo, Japan. Taking full advantage of the vector-based data
that exactly delineate the pervious and impervious features
into 20 land-use types in the watershed, we accurately esti-
mated the IAR of each grid-based land-use classification with
10-m resolution for the first time, after assessing the IARs of
all grid cells in the entire urban watershed by simply super-
imposing the vector-based delineation map on the grid-based
map. The frequency distribution of IAR for each land-use
classification and the spatial distribution of IARs among all
the grid cells in the entire watershed were also clarified to
improve our ability to assess IARs using the grid-based land-
use classification data.

2 Land-use information of study area

2.1 Study area

The study area selected for assessing the IARs of grid-based
land-use classifications is the Upper Kanda watershed located
in the Tokyo Metropolis, Japan, as shown in Fig. 1. The
Kanda River is the largest small to medium-sized river in
Tokyo. It has a watershed area of 105.0 km2, and a flow
path extending to 25.5 km. The annual average precipitation
and evapotranspiration of the Kanda watershed are about
1500 and 230 mm, respectively (Inter-Ministry/Agency
Coordination Committee for Building Sound Water Cycle
2003). This low evapotranspiration ratio of about 15% is
due to the effect of high urbanization of the watershed. The
Upper Kanda watershed area covers about 11.5 km2, and the
length of the river inside it is about 9 km long. The study area
has been typically urbanized and densely populated, but there
are still quite a few parks and forest-lands. The IAR of the
study area has not yet been investigated. Figure 2 shows an
example of a typical 100 m × 100 m area of the watershed
depicting the relationship between the 10 m × 10 m grid cells
and individual land surface features.

Figure 1. Location of the study area.
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2.2 Grid-based land-use classifications

The grid-based land-use classification data that are generally
used as the basic data source for urban hydrological models
are a set of land-use data with 10 m × 10 m grid cells in the
plane rectangular coordinate system. These grid-based land-
use classification data, which are commercially available, are
established and published by the Geospatial Information
Authority of Japan. Table 1 (column 2) describes the basic
properties of grid-based land-use classifications. There are 17
land-use categories defined without considering the
impermeable properties. Table 2 presents the statistics of the
study area represented by the grid-based land-use classifica-
tion. The table shows that no grids correspond to the classi-
fication numbers 2, 15, 16, 17 exist in this study area. Thus
there are 13 classifications out of 17 in the study area. The
total number of grids amount to more than 113 000 (Table 2,
column 3). Figure 3(a) shows the spatial distribution of 13
grid-based land-use classifications, in which the
100 m × 100 m grid area is indicated enlarged. From
Table 2 (columns 2–5), the “Low-rise residential land” classi-
fication is the most dominant, occupying about 51% of the
study area, followed by “Road” covering 12% of the area. As a
result, “Urbanized” areas occupy about 75% of the watershed,

where “Urbanized” areas are usually defined to include land-
use classifications “Industrial land”, “Low-rise residential
land”, “Densely developed low-rise residential land”,
“Medium and high-rise residential land”, “Commercial
land” and “Road”. It should be noted again that these grid-
based land-use classifications were defined without consider-
ing their impermeable properties.

2.3 Vector-based land-use types by urban landscape GIS
delineation

The urban landscape GIS delineation divides land surface in
the watershed into homogeneous features exactly as seen on
the surface map. These GIS data were constructed by the
authors, and basic properties are shown in Table 1 (column
3). The original data sources used in the urban landscape GIS
delineation are the vector-based basic GIS delineation data
and a 1/2500 topographic paper map provided by the Tokyo
Metropolitan Government. The basic GIS delineation data
only contain the polygon data of roads, rivers and buildings.
Block polygons, which are defined as the areas enclosed by
road and river polygons, were further divided into individual
land-use surface polygons manually according to their per-
meability using topographic maps, aerial photographs, and
actual field survey data by the authors. As a result, the
watershed was divided into a total of 20 land-use type poly-
gons, including road, river and building polygons, as shown
in Table 3 (column 2). Impervious surface types naturally
include buildings, roads and paved areas etc., whereas forests,
grassy areas and bare land etc. are considered pervious. The
land-use types for parking lots, athletic fields, and tennis
courts are categorized into two different pervious/impervious
types, as shown in Table 3. The impervious types are repre-
sented by the imperviousness index ft = 1, whereas pervious
types are represented by ft = 0, as indicated in column 3 in
Table 3. Regarding the type of private premises (t = 13 in
Table 3), buildings inside the premises are exactly delineated
as “building” type, but other surfaces inside the private pre-
mises are combinations of various kinds of pervious/imper-
vious surface features, so that in this study its imperviousness
index is roughly set to ft = 0.5 according to our field survey
estimate. For actual urban hydrological modelling, the indi-
vidual polygons such as roads, rivers, private premises, large
parks, are further divided into smaller polygons, which is the
smallest spatial calculation unit used in the urban runoff
model (Amaguchi et al. 2012). Although such further divi-
sions are not necessary for assessing the IAR of the grid-based
land-use classifications, the main purpose of urban landscape
GIS delineation is for urban storm runoff and flood inunda-
tion simulations with a vector-based watershed description;
therefore, in this study further divisions were carried out.

Table 3 shows the statistics of the final land-use types for
the Upper Kanda watershed using the urban landscape GIS
delineation. The study is comprised of more than 104 000
homogeneous land surface features. This number is less than
that of grid cells in Table 2. Figure 3(b) shows the spatial
distribution of those land surface features into the 20 land-use
types, with the same 100 m × 100 m grid area as in Fig. 3(a)
enlarged. From Table 3, the two largest land-use types are

10 m

Individual land surface features

Figure 2. Relationship between 10 m × 10 m grid cells and individual land
surface features.

Table 1. Basic properties of the grid-based land-use classifications and the
vector-based land-use types by urban landscape GIS delineation.

1 2 3

Item
Grid-based land-use
classifications Vector-based land-use types

Data format Raster Vector
Implementer Geospatial Information

Authority of Japan
(published data)

The authors

Number of
land-use
categories

17 20

Impermeable
property

Not considered Considered

Shape 10 m × 10 m grid Polygon
Data source 1/10 000 aerial photo The vector-based basic GIS

delineation data, and a 1/2500
topographic paper map
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“Private premises (except buildings)” and “Building”, with
about 30% of the area each, followed by “Road” (about
16%) and “Forest” (9%). These four types account for about
84% of the watershed. From the enlarged part of the study
area in Fig. 3(a) and (b), it is obvious that the grid-based
land-use classification is quite coarse compared to the urban
landscape GIS delineation, for use in evaluating impermeable
properties.

3 Method

Based on the urban landscape GIS delineation data, we calculate
IAR in each grid cell. These values are then averaged over each
of 13 grid-based land-use classifications and then over the whole
land-use grid. In order to calculate the IAR of the entire Upper
Kanda watershed (IARe), as well as the IAR of the grid-based
land-use classification (IARc), first, the percentage IAR of each
grid cell i (i = 1 to N; N = 113 394, the total number of grid cells
in the watershed) (IARi, %) needs to be calculated. This is done
by superimposing the vector-based delineationmap on the grid-
based map and IARi is calculated by:

IARi ¼
Xnt

t¼1

ait
ai
ft � 100 (1)

where nt is the number of land-use type t from the urban
landscape GIS delineation (nt = 20, shown in Table 3); ft is the
imperviousness index of the land-use type t (shown in
Table 3, column 3); ait (m

2) is the area of land-use type t in
the grid cell i calculated by using the urban landscape GIS
delineation data; and ai (m

2) is the area of the grid cell i (in
this study, ai = 100 m2 for any i). The ai is also represented
using ait as follows:

ai ¼
Xnt

t¼1

ait (2)

The ait is calculated first by splitting all individual land sur-
face features of the entire watershed, created by urban land-
scape GIS delineation, into 10 m × 10 m grids corresponding
to the grid cells by land-use classification using the Intersect
function of ArcGIS software, and then by calculating the area
of land-use type t in the grid cell i.

The IARc (%) of the grid-based land-use classification c
(c = 1 to nc; nc = 17, the total number of grid-based land-use
categories) is estimated by:

IARc ¼ 1
Nc

�
XNc

i¼1

IARi � 100 (3)

where Nc is the total number of grid cells corresponding to
land-use category c.

Finally, the IARe (%) of the entire watershed is calculated
by equation (4).

IARe ¼ 1
N

XN

i¼1

IARi ¼
Xnc

c¼1

Ac

A
IARc (4)

where Ac (m
2) is the total area of grid-based land-use category

c (shown in Table 2, column 4); A (m2) is the total gridded
area for the entire watershed. The values of Ac and A are
calculated by equations (5) and (6), respectively.

Ac ¼ ai � Nc (5)

A ¼
Xnc

c¼1

Ac (6)

The total number of grid cells, N, is also represented by Nc, as
follows:

Table 2. Statistics of the study area using the grid-based land-use classification. TIA: total impervious area.

1 2 3 4 5 6 7 8 9

Grid-based land-use classifications Urban landscape GIS
delineation

Reference value Difference

Classification
c

Land-use
classification

Number of
grids, Nc

Area,
Ac

Area ratio,
(Ac/A)×100 TIA

IARc IAR’c IARc- IAR’c

(m2) (%) (m2) (%) (%) (%)

1 Forest 1 522 152 198 1.34 40 266 26.46 0 26.46
2 Paddy field 0 0 0.00 0 – 0 –
3 Dry field & other farmlands 2 477 247 698 2.18 74 470 30.06 0 30.06
4 Arranged land 27 2 700 0.02 1700 62.97 75 −12.03
5 Vacant land 4 731 473 094 4.17 317 040 67.01 0 67.01
6 Industrial land 695 69 499 0.61 60 189 86.60 80 6.60
7 Low-rise residential land 57 445 5 744 402 50.66 4 144 170 72.14 85 −12.86
8 Densely developed

low-rise residential land
2 908 290 795 2.56 227 504 78.24 90 −11.76

9 Medium and high-rise
residential land

2 635 263 496 2.32 170 042 64.53 80 −15.47

10 Commercial land 7 068 706 790 6.23 569 609 80.59 95 −14.41
11 Road 13 989 1 398 859 12.34 1 107 847 79.20 100 −20.80
12 Park 9 673 967 288 8.53 273 978 28.32 20 8.32
13 Public facility 9 568 956 788 8.44 628 812 65.72 85 −19.28
14 River, Lake, etc 656 65 599 0.58 61 137 93.20 50 43.20
15 Other land use 0 0 0.00 0 – 30 –
16 Sea 0 0 0.00 0 – – –
17 Non investigated area 0 0 0.00 0 – – –
Total N = 113 394 A = 11 339 205 100.00 7 676 763 IARe = 67.70 IAR’e = 75.16 IARe – IAR’e = −7.46
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N ¼
Xnc

c¼1

Nc (7)

4 Results and discussion

Figure 4(a) shows the frequency distribution of IARi for all
grid cells (i = 1 to N; N = 113 394) together with its mean
value (i.e. IARe) and a reference value IAR’e that is calculated
using IAR from a previous study (Public Works Research
Institute 2000). Additionally, Fig. 4(b)–(d) shows the distri-
butions of IARi (i = 1 to Nc) for the grid cells with their mean
values (i.e. IARc) and reference values IAR’c corresponding to
the three land-use classifications “Low-rise residential”,
“Forest”, and “Road” as examples of the 13 existing classifica-
tions represented in the watershed, where IAR’c is the IAR for
each land-use classification c estimated from another urban
watershed (Public Works Research Institute 2000). The ratio-
nale for the IAR’c reference values is not clearly mentioned in
the reference, but it is surmised that they are estimated

empirically according to the relative degree of imperviousness
in each land-use classification based on the calibration results
by the grid-based model. The numbers of grid cells Nc (c = 7,
1, 11) in those classifications are indicated in the upper-right
part of the figure. Table 4 shows the area, area ratio and IAR
for the 20 land-use types using the urban landscape GIS
delineation for the grid-based land-use classifications of
Fig. 4(a)–(d). Table 2 (columns 6 and 7) shows the calculation
results of TIA, IARc for each grid-based land-use classifica-
tion and the results for the entire watershed (IARe). The
reference values (IAR’c and IAR’e) often used as IAR from a
previous study (Public Works Research Institute 2000), which
were roughly estimated from another urban watershed, are
also listed in Table 2 (column 8). Table 2 (column 9) indicates
the difference between calculated and reference values (IARc

minus IAR’c).
From Fig. 4(a), the overall IAR of the entire watershed

(IARe) is about 68%, and the distribution has three major
peaks. The largest peak is in the IAR range of 80–85%, and
there two other unexpected peaks at 100% and 0%. This

(a)

(b)

Figure 3. Spatial distribution of (a) 13 grid-based land-use classifications, and (b) individual land surface features of 20 land-use types by urban landscape GIS
delineation.
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was clarified from the investigation that about 9000 com-
pletely impervious grid cells mainly came from the land-
use classifications “Public facilities” and “Road”, which
were completely covered by impervious “Building” and
“Road” land-use types, respectively. However, there were
about 9000 completely pervious grid cells, which mainly
correspond to “Park”, “Dry field & other farmland” and
“Forest” classifications. The difference between IARe and
IAR’e is about 7%, which suggests at most about 7%
increase of direct runoff, as an error could occur when
applying the reference value IAR’e to grid-based hydrolo-
gical models. In Fig. 4(b), for the “Low-rise residential
land” grid cells, there is just one major peak in the same
range as in Fig. 4(a), but, in contrast, there are only few
grid cells with 0% or 100% IAR values. For the “Forest”
grid cells in Fig. 4(c), although the reference IAR value
(IAR’c) from the Public Works Research Institute (2000) is
0%, as shown in Table 2 (column 8), there are also IARs
ranging from 5% to 100%, resulting in an average IAR
value (IARc) of 26.5%. The difference between IARc and
IAR’c is about 27%, suggesting a large error (at most about
27% decrease) of direct runoff involved in the “Forest”
land-use classification when applying the reference value
IAR’c. Similarly, for the “Road” grid cells in Fig. 4(d), the
IAR’c is 100% (considered to be completely impervious),
whereas the actual mean value (IARc) is about 79%. The
roughly 21% difference (error) of IAR can cause more
serious error than the “Forest” land-use classification,
because “Road” grid cells occupy more than 12% of the
watershed, compared to about 1% for “Forest” grid cells.

From Table 2 (column 9), the largest difference between
IARc and IAR’c occurred in the “Vacant land” classification,
where the difference is about 67%. The reason is that IAR’c
(column 8) for the classification “Vacant land” is estimated as
0% (completely pervious), whereas actual “Vacant land” clas-
sification includes many impervious land-use types, such as

“Buildings”, “Parking lot (Impervious)”, and so on. The smal-
lest difference between IARc and IAR’c is about 7% in the
“Industrial land” classification (Table 2, column 9), where
there is a large number of completely impervious grid cells,
because many big factory buildings larger than the grid size
exist, so that IAR estimation of the “Industrial land” classifi-
cation is easier than the other classifications. Shuster et al.
(2005) summarized various IAR values for several urban
watersheds mainly in the USA. For example, IAR values for
“Commercial land” and “Industrial land” were estimated in
the ranges 80–90% and 50–90%, respectively. From Table 2
(column 7), IAR values for these classifications were esti-
mated at 81% and 87%, respectively. The IAR value for
“Commercial land” obtained in this study is the same level
as the previous studies, while that for “Industrial land” is
close to the upper bound of the previous studies.

In order to investigate the imperviousness characteristics
of each grid-based land-use classification, we first examined
the most dominant classification: “Low-rise residential land”.
From Table 4 (columns 7–9), almost all 19 land-use types
defined by the urban landscape GIS delineation, except the
“Pond” type, are mixed in the “Low-rise residential land” grid
cells, although a single land-use category is assigned in the
grid-based land-use classification with 10 m × 10 m resolu-
tion. In addition, actual buildings occupy only about 38% of
the “Low-rise residential land” area, and there are many
pervious areas such as “Private premises (except buildings)”
and “Forest” in this classification. It is interesting to note that
in the “Forest” classification grid cells (Table 4, columns
10–12), actual forest occupies only about 50% of the area,
and impervious “Building” and “Road” areas are also
involved, covering about 9% and 6%, respectively. The area
ratio of “Forest” grid cells in the entire watershed is only
1.34% (Table 2, column 5), but actual forest polygons occupy
9.05% in the watershed (Table 3, column 6). In turn, in the
grid cells classified as “Road” (Table 4, columns 13–15),

Table 3. Statistics of land-use types using the urban landscape GIS delineation.

1 2 3 4 5 6

Land-use type,
t

Land-use type Imperviousness
index,
ft

Number of
polygons

Area
(m2)

Area ratio
(%)

1 Building 1.0 34 054 3 382 235 29.39
2 Parking lot (Pervious) 0.0 177 60 351 0.52
3 Parking lot (Impervious) 1.0 635 207 213 1.80
4 Athletic field (Pervious) 0.0 568 225 656 1.96
5 Athletic field (Impervious) 1.0 48 23 288 0.20
6 Forest 0.0 3 185 1 041 020 9.05
7 Grass 0.0 409 171 526 1.49
8 Field 0.0 483 188 587 1.64
9 Park 0.0 310 104 735 0.91
10 Cemetery 0.0 171 70 392 0.61
11 Paved area 1.0 1157 379 521 3.30
12 Rail 1.0 570 149 388 1.30
13 Private premises (except buildings) 0.5 16 765 3 432 446 29.83
14 Tennis court (Pervious) 0.0 108 54 613 0.47
15 Tennis court (Impervious) 1.0 62 30 383 0.26
16 Bare land 0.0 117 52 714 0.46
17 Pool 1.0 27 11 750 0.10
18 Road 1.0 45 104 1 785 662 15.52
19 Pond 1.0 85 36 205 0.31
20 River 1.0 307 99 704 0.87
Total – 104 342 11 507 390 100.00
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actual roads occupy less than 50% of the area, and pervious
areas are also significantly involved. The actual road polygons
occupy 15.52% in the entire watershed (Table 3, column 6),
and the area ratio of “Road” grid cells (12.34%, Table 2,
column 5) is not greatly different from the actual road ratio
in the watershed.

The spatial IAR distribution for all the cells calculated
using the urban landscape GIS delineation, in which each
individual cell has its own value, is shown in Fig. 5(a) with
a 20-colour gradation. Figure 5(b) shows the spatial distribu-
tion of IARc of grid cells, given as the mean values of their
corresponding grid-based land-use classifications (Table 2,
column 7); thus the figure contains just 13 colours. Figure 5
(c) shows the spatial distribution of IAR’c of grid cells that are
assigned as reference values for the grid-based land-use clas-
sifications (Table 2, column 8), and contains only nine values
(colours). Finally, Fig. 6 shows the difference between Fig. 5
(b) and (c), that is, the spatial distribution of the difference
between calculated and reference values (IARc minus IAR’c, as
given in Table 2, column 9).

Figure 5(a) shows a wide range of IAR values, from 0% to
100%, distributed in the watershed, with both impervious
(close to 100% IAR) and pervious (close to 0% IAR) grid
cells being naturally dominant. When applying grid-based
distributed models, setting the true IAR value for each grid
cell, as shown in Fig. 5(a), is the most suitable, but it is almost
impossible in actual practice unless the urban landscape GIS
delineation data are available. Therefore, IAR values are gen-
erally defined based on the grid-based land-use classifications,
in which one land-use classification is assigned one IAR
value. Figure 5(b) shows the distribution of those IAR values
(IARc), as given in Table 2 (column 7) for the classifications,
from which the lowest IAR value is about 26% for “Forest”,
and the highest is about 93% for “River, Lake, etc.”. These
estimated values (Table 2, column 7) will be used in practice
as reference IAR values for a grid-based urban distributed

hydrological model. Figure 5(b) is actually the best set of IARs
from a practical point of view, even though the spatial dis-
tribution of IARs mainly ranges from about 60% to 80%,
eliminating 0% and 100% values. In contrast, Fig. 5(c)
shows that when reference IAR values from the previous
study (Table 2, column 8) are assigned to the area, then all
of the IAR values are too high compared to those of Fig. 5(b).
From Fig. 6, in which the grid cells with a difference between
−20% and 0% are shown in yellow, the reference values are
overestimated, and are dominant, occupying about 83% of all
grid cells in the watershed. These grid cells comprise six land-
use classifications: “Low-rise residential land”, “Public facil-
ity”, “Commercial land”, “Densely developed”, “Medium and
high-rise” and “Arranged land” (Table 2, columns 5 and 9).
However, the grid cells with a difference of between 0 and
20% (light blue), indicating an underestimation, occupy about
9% of all grid cells, and consist of two land-use classifications:
“Park” and “Industrial land” (Table 2, columns 5 and 9).
From Table 2 (column 9), the largest underestimation of
67% was in the “Vacant land” classification, while the largest
overestimation of 21% was for the “Road” classification. This
suggests that if the often used reference IAR values IAR’c are
applied for a grid-based urban distributed hydrological
model, a significant error would be conveyed to the output
results. For example, on the assumption that all the precipita-
tion on impervious surfaces in the Upper Kanda watershed
contributes to direct runoff, a 7.46% overestimation of IAR
(corresponding to IARe minus IAR’e indicated in Table 2,
column 9) would cause an increase in direct runoff of
112 mm/year on the 1500-mm/year average annual precipita-
tion. As a reference, Booth (2000) found that at a 10% level of
effective impervious surface, runoff production increased to
the extent that the post-development 2-year storm was found
to yield the same amount of discharge as a 10-year pre-
development storm (Shuster et al. 2005).

(a) (b)

(c) (d)

Figure 4. Frequency distribution of IAR: (a) all grid cells, (b) “Low rise residential land” grid cells, (c) “Forest” grid cells, and (d) “Road” grid cells.
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5 Conclusion

We estimated the impervious area ratios (IARs) of grid-
based land-use classifications at 10 m × 10 m resolution
in an urban watershed with very high accuracy using vec-
tor-based precisely homogeneous land surface feature data
implemented by the urban landscape GIS delineation tech-
nique. The IAR is a critical factor in calculating direct
runoff using grid-based distributed hydrological models.
The results were used to assess the error inherited in dis-
tinguishing pervious and impervious area estimates from

classical grid-based land-use classification. We also analysed
the impermeable characteristics of grid-based land-use clas-
sifications in the Upper Kanda watershed, a densely popu-
lated typical urban watershed, and found that a wide variety
of land surface features with different impermeable proper-
ties were mixed within all land-use classifications. The ana-
lysis showed the frequency distributions of IARs for all grid
cells and for the grid cells of each land-use classification. As
a result, the overall IAR of the entire Upper Kanda
watershed was accurately estimated to be about 68%,
which was unknown until now. The actual spatial distribu-

(b)

(c)

(a)IARi

IARc

IAR 'c

Figure 5. Spatial distribution of (a) IAR of each grid cell (IARi) calculated using the urban landscape GIS delineation; (b) IAR of grid cells assigned as the mean values
of their corresponding grid-based land-use classifications (IARc); and (c) IAR of grid cells assigned as reference values (IAR’c). .

Figure 6. Difference between Fig. 5(b) and Fig. 5(c) (IARc minus IAR’c).
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tion of IARs in the watershed was also presented, together
with a practical spatial distribution created by setting the
IARs of each land-use classification as their constant mean
values. The distributions were quantitatively assessed and
compared with previous reference values. It is evident from
the results obtained in this study that the reference values of
IAR for the land-use classifications inherited about 20%
overestimation and about 70% underestimation at the max-
imum. It is suggested that IAR should be accurately esti-
mated for each urban watershed by creating a set of vector-
based urban landscape GIS delineation data.

It is reasonable to say that the IARs obtained in this study
are applicable for other highly populated urban watersheds if
the impermeable properties are similar to the study area in
this paper. The methodology presented here for calculating
IARs would greatly contribute to improving simulation accu-
racy by a grid-based distributed hydrological model. In addi-
tion, the developed urban landscape GIS delineation data may
be effectively used as ground truthing data to evaluate identi-
fied impervious areas obtained by remote sensing techniques.
In this way, the methodology presented here has the potential
to derive a guideline for correction of reference values of
IARs in Japan. To this end, it is necessary to establish a
vector-based landscape GIS delineation database, and to uti-
lize the presented methodology for evaluating the IARs for
other watersheds, including not only urban but also rural and
test watersheds that have not applied in this study, in order to
increase the number of samples of IARs. The main disadvan-
tage of this methodology, however, is the time and effort
required to create the vector-based urban landscape GIS
delineation data, in which individual land-use surface poly-
gons have to be manually delineated according to their per-
meability. The authors have already attempted to develop an
automated delineation algorithm (Tanouchi et al. 2013, 2014).
The ground truthing data created by such an automated
algorithm would greatly contribute to accurate evaluation of
IARs used in grid-based hydrological models.
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