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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. Land use classifications into 17 categories are made without taking into 
account their impermeable properties. Thus, for such a grid-based urban hydrological model, the estimation of the 
Impervious Area Ratio (IAR) of each land use classification is a crucial factor for accurate runoff analysis in urban 
watersheds. However, so far IAR of each classification is estimated very roughly and applied in the corresponding 
hydrologic models almost empirically. Thus 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 using detailed land use recognition, 
which exactly delineated the pervious and impervious features into 20 land use types in the watershed. These vector 
data are used to improve the impervious area depiction of grid-based land use classifications. By superimposing the 
vector-based delineation map on the grid-based map, the IAR of each grid-based land use classification was 
estimated with very little uncertainty, 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.
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1. Introduction 

From a process description point of view, watershed hydrological models for different purposes can be classified 
into lumped and distributed models (Singh, 1995 [1]). Distributed models take explicit account of the spatial 
variability of processes, inputs, boundary conditions and watershed characteristics. In most distributed models, 
raster-based approaches for land-use characterization using Digital Elevation Model (DEM) have been developed 
(e.g. SHE (Abbott et al., 1986 [2]), GSSHA (Downer & Ogden, 2004 [3]), PCRaster (Karssenberg et al., 2010 [4])). 
The advantages of grid-based distributed models are their simple model structure and their use of watershed 
information that is generally readily available. Because of these advantages, grid-based distributed models are 
widely used. 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. Niehoff et al., 2002 
[5]; Choi & Ball, 2002 [6]; Park et al., 2008 [7]). The Impervious Area Ratio (IAR) 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 simulation in urban systems, with their 
high degree of imperviousness (Leopold, 1968 [8]). 

In Japan, grid-based hydrological models typically utilize readily available “digital map information data” 
published by the Geospatial Information Authority of Japan. In metropolitan regions, grid-based land use 
classification data on 10-m resolution 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. 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 [9]). 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. 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 purpose in Japan. 

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 various methods (e.g. Slonecker et al., 2001 [12]; Thomas et al., 2003 [13]; Yang, et al., 2003 [14]; 
Yuan et al., 2008 [15]; Weng, 2012 [16]; Sugg et al., 2014 [17]). However, their methodologies need the highly 
accurate 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 IAR estimates of a target urban watershed by remote 
sensing data generally involve not a small uncertainty (Civaco et al., 2006 [18]; Chabaeva et al., 2009 [19]). 
Furthermore, indirect assessments 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 [20]). 
On the other hand, the recent advances in GIS technology, as well as data availability, open up new possibilities 

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. In contrast to current modelling 
approaches, which are generally based on grid data (e.g. Hsu et al., 2000 [21]; Ettrich et al., 2005 [22]; Dey and 
Kamioka, 2007 [23]; Cuo et al., 2008 [24]), we proposed and developed a new approach to simulate urban storm 
runoff and flood inundation with a vector-based watershed description that exactly delineated the pervious and 
impervious land surface features for a typical urban watershed in Tokyo, Japan (Amaguchi et al., 2012 [9]). This 
urban watershed-based methodology employs so-called “urban landscape GIS delineation” that faithfully describes 
the complicated urban land use features in detail (see Section 2.3). 

In this study, we focused on the uncertainty of a model parameter IAR involved in grid-based distributed models. 
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 delineation” 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 estimated the IAR of each grid-based 
land use classification with 10-m resolution for the first time in Japan, after assessing the IARs of all grid cells in the 
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entire urban watershed. 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. 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 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 these are still quite a few parks and forest-lands. The IAR of the study area has 
not yet been investigated. 

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. Table 1 
presents the statistics of the study area represented by the grid-based land use classification. The table shows thus 
there are just 13 categories out of 17 are represented in the study area. Code numbers 2, 15, 16, 17 do not appear in 
this area. The study area consists of more than 113000 grid cells. Figure 1(a) shows the grid cell spatial distribution 
of the 13 land use classifications for the study area, in which the 100 m × 100 m grid area is enlarged. In Table 1 
(columns 2-5), the “Low-rise residential land” is recognized as the most dominant, occupying about 51 % of the 
study area, followed by “Road” covering 12 % of the area. Urbanized areas occupy about 75 % of the watershed. 

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 

Table 1. Statistics of the study area using the grid-based land use classification. TIA: total impervious area. 

1 2 3 4 5 6 7 
Grid-based land use classifications Urban landscape GIS delineation

Classification 
c

Land use classification Number of grids
Nc

Area,
Ac

Area  ratio, TIA IARc

(m2) (%) (m2) (%) 
1 Forest 1 522 152 198 1.34 40 266 26.46 
2 Paddy field 0 0 0.00 0
3 Dry field & other farmlands  2 477 247 698 2.18 74 470 30.06 
4 Arranged land  27 2 700 0.02 1 700 62.97 
5 Vacant land 4 731 473 094 4.17 317 040 67.01 
6 Industrial land 695 69 499 0.61 60 189 86.60 
7 Low-rise residential land 57 445 5 744 402 50.66 4 144 170 72.14 
8 Densely developed  

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

9 Medium and high-rise 
residential land 

2 635 263 496 2.32 170 042 64.53 

10 Commercial land 7 068 706 790 6.23 569 609 80.59 
11 Road 13 989 1 398 859 12.34 1 107 847 79.20 
12 Park 9 673 967 288 8.53 273 978 28.32 
13 Public facility  9 568 956 788 8.44 628 812 65.72 
14 River, Lake, etc 656 65 599 0.58 61 137 93.20 
15 Other land use 0 0 0.00 0
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

 100
A
Ac
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seen on the surface map. 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 permeability 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 polygons, 
including road, river and building polygons, as shown in Table 2 (column 2). The impervious types are represented 
by the imperviousness index ft = 1, whereas pervious types are represented by ft = 0, as indicated in column 3 in 
Table 2. 

Table 2 shows the statistics of the final land use types for the upper Kanda watershed using the urban landscape 
GIS delineation. The study area comprises more than 104000 homogeneous land surface features. This number is 
less than that of grid cells in Table 1. Figure 1(b) shows the spatial distribution of those land surface features into the  

Table 2. Statistics of the study area using the grid-based land use classification. 

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 1 157 379 521 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 

Fig. 1. 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. 

(a) (b) 
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20 land use types, with the same 100 m × 100 m grid area as in Fig. 1(a) enlarged. From Table 2, the two largest 
land use types are “Private premises (except buildings)” and “Building”, with about 30 % of the area each, followed 
by “Road” (about 16 %) and “Forest” (about 9 %). These four types account for about 84 % of the watershed. From 
the enlarged part of the study area in Fig. 1(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 (IARe) of the entire upper Kanda watershed as well as the IAR of the grid-based land use 
classification, first, the percentage IAR of each grid cell i (i = 1 to N ; N = 113394, the total number of grid cells in 
the watershed) (IARi,%) needs to be calculated. This is done by superimposing the vector-based delineation map on 
the grid-based map and IARi is calculated by Equation (1). 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 Equation (3). The IARe (%) 
of the entire watershed is calculated by Equation (4). 

100
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where nt is the number of land use type t from the urban landscape GIS delineation (nt = 20, shown in Table 2); ft

is the impervious index of the land use type t (shown in Table 2, column 3); ait (m2) is the area of land use type t in 
the grid cell i calculated by using the urban landscape GIS delineation data; ai (m2) is the area of the grid cell i (in 
this study, ai = 100 m2 for any i ) by Equation(2); Nc is the total number of grid cells corresponding to land use 
category c; Ac (m2) is the total area of grid-based land use category c (shown in Table 1, column 4); and A (m2) is the 
total gridded area for the entire watershed. 

4. RESULTS AND DISCUSSION 

Figure 2(a) shows the frequency distribution of IARi for all grid cells (i = 1 to N; N = 113394) together with its  

       
Fig. 2. Frequency distribution of IAR: (a) All grid cells, (b) "Low rise residential land" grid cells

N N c

(a) (b) 
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Table 3. Area, area ratio and IAR of the 20 land use types by the urban landscape GIS delineation for the grid-based land use classifications of 
Fig. 2(a) and (b). 

1 2 3 4 5 6 7 8 9 

Land use type 

t

Land use type Impervious 

Index 

ft

Whole grid cells “Low-rise residential” grid cells 

Area 

(m2)

Area ratio

(%) 

IAR 

 (%) 

Area 

(m2)

Area ratio 

(%) 

IAR 

(%) 

1 Building 1.0 3 364 050 29.67 29.67 2 190 177 38.13 38.13 

2 Parking lot 0.0 60 322 0.53 0.00 19 954 0.35 0.00 

3 Parking lot 1.0 206 529 1.82 1.82 55 036 0.96 0.96 

4 Athletic field 0.0 225 656 1.99 0.00 4 032 0.07 0.00 

5 Athletic field 1.0 23 288 0.21 0.21 503 0.01 0.01 

6 Forest 0.0 1 034 359 9.12 0.00 402 335 7.00 0.00 

7 Grass 0.0 171 506 1.51 0.00 27 550 0.48 0.00 

8 Field 0.0 187 046 1.65 0.00 21 831 0.38 0.00 

9 Park 0.0 103 925 0.92 0.00 12 985 0.23 0.00 

10 Cemetery 0.0 70 392 0.62 0.00 1 671 0.03 0.00 

11 Paved area 1.0 378 530 3.34 3.34 103 527 1.80 1.80 

12 Rail 1.0 149 001 1.31 1.31 12 144 0.21 0.21 

13 Private premises 0.5 3 403 818 30.02 15.01 2 200 893 38.31 19.16 

14 Tennis court 0.0 54 612 0.48 0.00 497 0.01 0.00 

15 Tennis court 1.0 30 383 0.27 0.27 3 428 0.06 0.06 

16 Bare land 0.0 52 714 0.46 0.00 8 929 0.16 0.00 

17 Pool 1.0 11 750 0.10 0.10 594 0.01 0.01 

18 Road 1.0 1 675 437 14.78 14.78 667 854 11.63 11.63 

19 Pond 1.0 36 205 0.32 0.32 0 0.00 0.00 

20 River 1.0 99 681 0.88 0.88 10 461 0.18 0.18 

Total  11,339,205 100.00 67.70 5 744 402 100.00 72.14 

mean value (i.e. IARe). Additionally, Fig. 2(b) shows the distributions of IARi (i = 1 to Nc) for the grid cells with 
their mean values (i.e. IARc) corresponding to the land use classifications “Low-rise residential” as examples out of 
the 13 existing classifications represented in the watershed. Table 3 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. 2(a) and 
(b). From Fig. 2(a), the overall IAR of the entire watershed (IARe) is about 68 %, and the distribution has three 
major peaks. Besides the largest peak of IAR is in the range of 80-85%, but there are two unexpected peaks at 0 % 
and 100 %. This was clarified from the investigation that about 9000 completely 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. 
These were mainly grid cells in the “park”, “Dry field & other farmland” and “Forest” classifications. In Fig. 2(b), 
for the “Low-rise residential land” grid cells, there is just one major peak in the same range as in Fig. 2(a), but, in 
contrast, there are only few grid cells with 0% or 100% IAR values. 

Table 1 (columns 6 and 7) shows the calculation results of TIA, IARc for each grid-based land use classification 
and the results for the entire watershed (IARe). In order to investigate the imperviousness characteristics of each 
grid-based land use classification, we examined the most dominant classification: “Low-rise residential land”. From 
Table 3 (columns 7-9), almost all 19 land use types defined by the urban landscape GIS delineation are mixed in the 
“Low-rise residential land” grid cells. 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. 

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. 3(a) as 20-colour gradation. Figure 3(b) shows the spatial 
distribution of IARc of grid cells, given as the mean values of their corresponding grid-based land use classifications 
(Table 1, column 7); thus the figure contains just 13 colours. Figure 3(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. 3(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 generally defined based on the grid-
based land use classifications, in which one land use classification is assigned one IAR value. Figure 3(b) shows the 
distribution of those IAR values (IARc), as given in Table 1 (column 7) for the classifications, from which the lowest 
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Fig. 3. Spatial distribution of (a) IAR of each grid cell (IARi) calculated using the urban landscape GIS delineation, (b) IARs of grid cells (IARc) 

assigned as the mean values of their corresponding grid-based land use classifications.

IAR value is about 26 % for “Forest”, and the highest is about 93 % for “River, Lake, etc.”. These estimated values 
(Table 1, column 7) will be used in practice as reference IAR values for a grid-based urban distributed hydrological 
model. Figure 3(b) is actually the best set of IARs from a practical point of view, even though the spatial distribution 
of IARs mainly ranges from about 60 % to 80 %, eliminating 0 % and 100 % values. 

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 vector-based precisely homogeneous land surface 
feature data implemented by the urban landscape GIS delineation technique. 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 distinguishing pervious and impervious area estimates from classical grid-based land use classification. 
We also analysed the impermeable characteristics of grid-based land use classifications in the upper Kanda 
watershed, a densely populated typical urban watershed, and found that a wide variety of land surface features with 
different impermeable properties were mixed within all land use classifications. The analysis 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 distribution 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. It is suggested that IAR should be accurately estimated 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 accuracy by a grid-based distributed 
hydrological model. In addition, the developed urban landscape GIS delineation data may be effectively used as 
ground truthing data to evaluate identified impervious areas obtained by remote sensing techniques. The main 
disadvantage of this methodology, however, is time and effort required to create the vector-based urban landscape 
GIS delineation data, in which individual land use surface polygons have to be manually delineated according to 
their permeability. At present, the authors already attempted to develop an automated delineation algorithm 
(Tanouchi et al., 2014 [26]). The ground truthing data created by such an automated algorithm would greatly 
contribute to accurate evaluation of IARs used in grid-based hydrological models. 

(a) IARi (b) IARc
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